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Pr e fACe

Nelson Physics Units 3 & 4 for the Australian Curriculum has been written to meet the requirements of the 
aCaRa australian senior secondary Curriculum – Physics. The text has been written to enable students to 
meet the a level achievement standard. It also allows all students to maximise their learning and results. 

Physics deals with the wonderfully interesting and sometimes strange universe. Physicists investigate 
space and time (and space-time), from the incredibly small to the incredibly large, from nuclear atoms 
to the origin of the universe. They look at important, challenging and fun puzzles and try to work out 
solutions. 

Physicists deal with the physical world where energy is transferred and transformed, where things 
move, where electricity and magnetism affect each other, where light and matter interact. as a result, 
physics has been responsible for about 95 per cent of the world’s wealth – electricity supply and 
distribution, heating and cooling systems, computers, diagnostic and therapeutic health machines, 
telecommunications, safe road transport.

But physicists are not just concerned with observing the universe. They explain these observations, 
using models, laws and theories. Models are central to physics. Physicists use models to describe, 
explain, relate and predict phenomena. Models can be expressed in a range of ways – via words, 
images, mathematics (numerical, algebraic, geometric, graphical), or physical constructions. Models 
help physicists to frame physical laws and theories, and these laws and theories are also models of the 
world. Models are not static. as scienti(c understanding of concepts or physical data or phenomena 
evolves, so too do the models scientists use to describe, explain, relate and predict these. Thus, the text 
emphasises both the observations and quantitative data upon which physicists develop the models 
they use to explain the data. Central to this is the rigorous use of mathematical representations as a key 
element of physics explanations.

Nelson Physics Units 3 & 4 for the Australian Curriculum is written by academic and classroom 
teaching experts. They were chosen for their comprehensive knowledge of the physics discipline 
and best teaching practice in physics education at secondary and tertiary levels. They have written 
the text to make it accessible, readable and appealing to students. They have included numerous, 
current contexts to ensure students gain a wide perspective on the breadth and depth of physics. This 
contextual, mathematically rigorous and methodological approach is designed to ensure students can 
reach the highest possible standard. The intention has been to ensure all students achieve the level of 
depth and interest necessary to pursue tertiary studies in physics, engineering, technology and other 
scienti(c courses.

each chapter follows a consistent pattern. learning outcomes from the science Understanding 
strand appear on the opening page. learning outcomes from the science as a human endeavour and 
science Inquiry skills strands are mapped on pages XII–XIII. The text is then broken into manageable 
sections under headings and subheadings. Relevant diagrams support the text. New terms are bolded 
and de(ned in a glossary at the end of the chapter and book. Important concepts are summarised in 
boxes to assist students to take notes.

Worked examples, written to connect important ideas and solution strategies, are included 
throughout the text. solutions are written in full, including algebraic transformations, substitution of values 
with units, and a proposed marking scheme. In order to consolidate learning, students are challenged 
to try similar questions on their own.

Question sets appear at the end of logical sections. There is a comprehensive set of Review questions 
at the end of each chapter. all question sets have been graded from lower to higher order thinking skills: 
Remembering, Understanding, applying, analysing and ReFecting. Numerical answers appear at the 
end of the book. Complete worked answers appear on the NelsonNet teacher website.

experiments and Investigations demonstrate the high level of importance the authors attach to 
understanding-by-doing physics. These activities introduce, reinforce and enable students to practise 
science Inquiry skills, especially experimental design, data collection, analysis and conclusions. The 
scienti(c Investigations chapter consolidates important investigative concepts and values. It enables 
students to learn and reFect on their experience as puzzle-solvers and investigators. It is an invaluable 
tool for students undertaking the extended experimental investigation (eeI).
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système Internationale (sI) units and conventions, including accuracy, precision, uncertainty and 
error are introduced in the Measurement chapter. This invaluable tool supports student learning through 
chapter questions, experiments and investigations as well as their eeI.

Case studies elucidate examples in context, part of the science as a human endeavour strand. 
scienti(c literacy activities ensure students develop the key science Inquiry skills capability of 
comprehending and evaluating scienti(c claims and synthesising a response.

Nelson Physics Units 3 & 4 for the Australian Curriculum provides students with a comprehensive study 
of modern physics that will fully prepare them for exams and any future studies in the area.

neil Champion

Series editor
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u S I n G N e ls o N P hys ic s

Nelson Physics Units 3 & 4 for the Australian Curriculum has been purposely crafted to 
enable students to achieve maximum understanding and success in this subject. each 
page has been carefully considered to provide students with all the information that 
they need without appearing cluttered or overwhelming. students will (nd it easy to 
navigate through each chapter and see connections between chapters. Practical work 
has been integrated within the text so the students can see the interconnectedness 
between the theoretical and practical aspects of physics. 

each chapter begins with a Chapter opener. This presents the content 
descriptions from the science Understanding strand of the senior Physics australian 
Curriculum that will be incorporated into the chapter.

The text has been authored and reviewed by experienced Physics educators, 
academics and researchers to enable students to achieve the maximum level of 
achievement of which they are capable. a number of devices have been utilised 
to improve literacy and understanding. one of these is the use of shorter sentences 
and paragraphs. This is coupled with clear and concise explanations and real-world 
examples. New terms are bolded as they are introduced and appear in an end-of-
chapter as well as an end-of-book glossary. 

Throughout the text, important ideas, formulas and laws are summarised in the 
Important concept box. 

Mathematical representations and relationships are presented in context. step-
by-step instructions on how to perform mathematical calculations are shown in the 
Worked examples. The logic behind each step is explained and approximate marks 
allocated so that students can see that they need to show their full working out. 
students are then able to practise these steps by attempting the related problems 
presented at the end of the worked example. 

Physics is a practical subject and students need to be given the opportunity 
to explore and discover through practical activities. These are presented in three 
different types of boxes throughout the text.

The Activities provide the opportunity for short hands-on tasks to clarify or 
reinforce a concept. The activities can be performed either individually or in groups. 

The experiments introduce and reinforce the science Inquiry skills strand of the 
australian Curriculum. experiments contain guided instruction on the materials, 
procedure, collection and analysis of results and discussion. 

The Investigations allow students to practice science Inquiry skills. They provide 
students with the opportunity to design and carry out their own scienti(c investigation 
either individually or in a group. students are prompted to consider ideas for 
improvement and further investigation to illustrate that science is an ongoing and 
improving process. further information on how to conduct a scienti(c investigation 
can be found in the scienti(c Investigations chapter on page 327.

The risk assessment table occurs within the experiment and investigation boxes. 
The table highlights the risks to the students and provides suggestions on how to 
minimise these risks. Teachers are able supplement this table by adding any further 
risks speci(c to their school situation.

Many so called scienti(c claims are used to promote an issue, product or idea. 
It is important that students are able to understand and analyse the information 
presented to them so they can make well-informed choices. The Scienti-c literacy 
boxes present scienti(c texts or media articles that enable students to use evidence 
to evaluate the claims and conclusions presented. This allows them to use reasoning 
and knowledge beyond the information presented to construct a valid scienti(c 
argument. 

By the end of this chapter you will have covered the following material.

Science Understanding 

 ● Atomic phenomena and the interaction of 
light with matter indicate that states of matter 
and energy are quantised into discrete 
values (ACSPH135) 

 ● Atoms of an element emit and absorb 
speci�c wavelengths of light that are unique 
to that element; this is the basis of spectral 
analysis (ACSPH138)

 ● The Bohr model of the hydrogen atom 
integrates light quanta and atomic energy 
states to explain the speci�c wavelengths in 
the hydrogen spectrum and in the spectra of 

other simple atoms; the Bohr model enables 
line spectra to be correlated with atomic 
energy-level diagrams (ACSPH139)

 ● On the atomic level, energy and matter 
exhibit the characteristics of both waves 
and particles (for example, Young’s double-
slit experiment is explained with a wave 
model but produces the same interference 
pattern when one photon at a time is passed 
through the slits) (ACSPH140)
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 Case studies provide students with the opportunity to see how science is applied 
using an up-to-date and real-world example in context.

full understanding of a concept is often constructed from many pieces of 
information. Due to the sequential nature of a book, this information cannot always 
be presented together as it is best placed in other chapters. links between concepts 
that occur on other pages and chapters are indicated using margin notes. 

Review of student understanding is attained through the Question sets throughout 
each chapter. Questions are ordered from lower to higher order thinking skills. The 
addition of reFection questions gives students the opportunity to reFect upon not only 
what they are learning but why they are learning it, and how they are learning it. 

The end of chapter review provides:
 ● a Summary of the important concepts presented within the chapter. This will be a 

valuable tool when students are revising for tests and exams
 ● a Glossary of all the new terms introduced within the chapter 
 ● Chapter review questions that review understanding of concepts from the chapter. 

Questions are ordered from lower to higher order thinking skills and also include 
reFection questions.

Where answers to questions are numerical, they are provided in the back of the book.

nelsonnet 

NelsonNet is your protected portal to the premium digital resources for Nelson 
textbooks located at www.nelsonnet.com.au. once your registration is complete 
you will have access to an exciting and stimulating digital suite of resources for each 
chapter that are designed to enhance and reinforce learning. 

each chapter will also be supplemented with the following digital resources: 
 ● Prior learning activity sheet to revise content from year 11 that is a prerequisite to 

understanding
 ● Activity sheets, including theory and practical exercises
 ● revision sheets to complete at home to revise class work
 ● a review quiz containing 20 auto-correcting multiple-choice questions to review 

understanding
 ● videos to provide extra information or real-world examples. Pages that have videos 

associated with them are indicated with a blue icon in the footer
 ● links to websites that contain extra information. These are hotspotted within the 

ebook and they can also be accessed at http://pac3and4.nelsonnet.com.au.

Please note that complimentary access to NelsonNet and the NelsonNetBook 
is only available to teachers who use the accompanying student textbook as a 
core educational resource in their classroom. Contact your sales representative for 
information about access codes and conditions.

Case study

Margin note

Q u e S t I o n  S e t
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Chap Te r  S U M Mary

 ● Magnetic �elds are created by moving charges and currents.

 ● Magnetic �elds exert forces on moving charges and currents.

 ● The magnetic force is perpendicular to both the magnetic �eld and the direction of movement. 

F 5 qvB sin u for a single charge

F 5 IℓB sin u for a current

 ● The right-hand rule (figure 4.3) is used to �nd the direction of the force.

 ● The magnetic �eld due to a current-carrying wire varies with the size of the current and decreases with the 

distance from the wire: 

B
I

r2

0
5

m

p
.

 ● Solenoids are used to create large, uniform magnetic �elds.

 ● Magnetic �eld lines show the direction of force acting on a north pole. 

 ● The density of the �eld lines is an indication of the �eld strength. 

 ● The direction of the �eld is given by the right-hand rule.

 ● Magnetic �eld lines due to currents form loops.

 ● Magnetic materials always have a north pole and a south pole. 

 ● Magnetic �eld lines start on north poles and end on south poles. 

 ● earth’s magnetic �eld is similar to that of a bar magnet with a north magnetic pole near the south 
geographic pole. 

aurora australis the southern lights; light produced 
by the collision of high-energy charged particles with 
air molecules close to the South pole

aurora borealis the northern lights; light produced 
by the collision of high-energy charged particles with 
air molecules close to the north pole

electromagnetic �eld model a combination of the 
electric �eld model and the magnetic �eld model, 
including the interaction between the two �elds 

ferromagnetic having magnetic properties like iron; 
able to be magnetised and retain the magnetisation 
so that the material is magnetic

magnetic �eld the �eld created by moving 
charges, including charges in magnetic materials, 
which exerts a force on moving charges and 
magnetic materials

magnetic !ux density the magnitude of the 
magnetic �eld, measured in T

magnetic force the force that a magnetic �eld 
exerts on a moving charge or current

magnetic moment, μ also called the dipole 
moment, it is a vector of magnitude proportional to 
the magnetic �eld produced by a current loop,  
m 5 IA. The magnetic moment points in the direction 
of the �eld at the centre of the current loop 

magnetic pole magnetic north or south pole, a 
point from which �eld lines come out or go in

magnetite an iron oxide, fe3o4, that is a natural 
magnetic material 

mass spectrometer a device that uses a magnetic 
�eld to characterise materials by the atoms and 
molecules they contain 

permeability of free space, μ
0
 the physical 

constant that determines the strength of the 
magnetic �eld produced by a current in vacuum.  
it has the value 4p × 1027 T m a21 

solenoid a coil of current-carrying wire that creates 
a large uniform �eld within the coil

spin in quantum theory, a property of particles, 
including electrons, that results in them having their 
own magnetic moment and hence magnetic �eld

synchrotron a machine that uses electric and 
magnetic �elds to accelerate charged particles to 
large velocities while containing them in rings, to 
produce high-energy light

tesla the unit of magnetic �eld, 1 T 5 1 kg s21 C21; it is 
named after nikolai Tesla

vector cross product the vector cross product, 
5 3C A B

  

, gives a vector perpendicular to both 
A Band
 

 with magnitude C 5 AB sin u, where u is 
the angle between A Band

 

. The right-hand rule 

gives the direction of C

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remembering

 1 how is magnetic �eld related to magnetic force?

 2 list three ways in which magnetic �elds and gravitational �elds are different. 

 3 list three ways in which electric �elds and magnetic �elds are different.

Understanding

 4 at what angle to a magnetic �eld can an electron and a neutron travel to have the same path?

 5 Why does earth’s magnetic �eld not protect us from high-energy light (photons)? how does it protect us 
from the other forms of cosmic radiation?

 6 Draw the magnetic �eld of a bar magnet, showing the north and south poles of the magnet. add the vector 
, the magnetic moment of the bar magnet, to your diagram. 

 7 figure 4.31 shows two bar magnets placed with their north ends together. 

a Draw the magnetic �eld lines associated with this arrangement. 

 
S N N S

 Figure 4.31 

b are there any points in figure 4.31 where the magnetic �eld is zero? if so, where?

 8 figure 4.32 shows a solenoid that carries a current in the direction as shown in the diagram.

a Copy the diagram and carefully draw the magnetic �eld of the solenoid.

b What is the effect on the magnetic �eld within the solenoid of:

i increasing the current in the solenoid?

ii reversing the direction of the current in the solenoid?

iii increasing the number of turns of wire in the solenoid without changing the length of the solenoid?

  Figure 4.32

applying

 9 What is the minimum magnitude of a magnetic �eld necessary to apply a force of 1 3 10212 n to an electron 
moving at a speed of 500 km s21?

10 a 5 m long current-carrying wire is at an angle of 30° to a magnetic �eld. it carries a current of 30 a and 
experiences a force of 0.02 n. how large is the magnetic �eld? 

11 a how large a current is necessary to produce a �eld of 0.15 T a distance of 1.0 cm from a wire? 

b What is the �eld at a distance of 2.0 cm from this wire? 

12  a wire 2.1 m long carrying a current of 0.85 a has a force of 5.0 3 1022 n exerted on it by a uniform magnetic 
�eld at right angles to the wire. What is the magnitude of the magnetic �eld?

13 a small magnetic compass needle is placed at the centre of a single loop of wire that carries an electric 
current of 2 a, as shown in figure 4.33. The loop has a radius of 2.0 cm. The plane of the coil is vertical and 
east–west. The magnitude of the magnetic �eld of the loop is much greater than earth’s magnetic �eld at this 
location.

  

N

 Figure 4.33
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unit 3 unit 4
Chapter

1 2 3 4 5 6 7 8 9 10 11 12
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ls

Identify, research and construct 
questions for investigation; propose 
hypotheses; and predict possible 
outcomes (ACSPH078 And ACSPH114)

✓ ✓

Design investigations, including the 
procedure to be followed, the materials 
required, and the type and amount of 
primary and/or secondary data to be 
collected; conduct risk assessments; and 
consider research ethics (ACSPH079 And 
ACSPH115)

✓ ✓

Conduct investigations, including 
 ●  the manipulation of force measurers 
and electromagnetic devices (ACSPH080)

 ●  use of simulations and manipulation of 
spectral devices (ACSPH116) 

safely, competently and methodically for 
the collection of valid and reliable data

✓ ✓

✓ ✓ ✓ ✓

✓

Represent data in meaningful and useful 
ways, including using appropriate sI 
units, symbols and signi(cant (gures; 
organise and analyse data to identify 
trends, patterns and relationships; identify 
sources of uncertainty and techniques 
to minimise these uncertainties; utilise 
uncertainty and percentage uncertainty 
to determine 

 ●  the uncertainty in the result of 
calculations (ACSPH081) 

 ●  the cumulative uncertainty resulting 
from calculations (ACSPH117)

and evaluate the impact of measurement 
uncertainty on experimental results; and 
select, synthesise and use evidence to 
make and justify conclusions

✓ ✓ ✓ ✓ ✓ ✓

Interpret a range of scienti(c and media 
texts, and evaluate processes, claims 
and conclusions by considering 

 ●  the accuracy and precision of 
available evidence (ACSPH082) 

 ●  the quality of available evidence  
(ACSPH118)

and use reasoning to construct scienti(c 
arguments 

✓ ✓ ✓ ✓

✓ ✓

Cu r r ICu lu m Gr I d



C U R R I C U l U M  G R I D  x I I I9 7 8 0 17 0 2 4 2 11 0

unit 3 unit 4
Chapter

1 2 3 4 5 6 7 8 9 10 11 12
select, construct and use appropriate 
representations, including text and 
graphic representations of empirical and 
theoretical relationships

 ●  vector diagrams, free body/force 
diagrams, (eld diagrams and circuit 
diagrams (ACSPH083)

 ●  simulations, simple reaction diagrams 
and atomic energy level diagrams 
(ACSPH119)

to communicate conceptual 
understanding, solve problems and make 
predictions

✓ ✓ ✓ ✓

✓ ✓ ✓ ✓ ✓ ✓

select, use and interpret appropriate 
mathematical representations, 
including linear and non-linear graphs 
and algebraic relationships representing 
physical systems, to solve problems 
and make predictions (ACSPH084 And ACSPH120)

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Communicate to speci(c audiences and 
for speci(c purposes using appropriate 
language, nomenclature, genres and 
modes, including scienti(c reports 
(ACSPH085 And ACSPH121)

✓ ✓ ✓ ✓ ✓ ✓ ✓
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ICT and other technologies have 
dramatically increased the size, 
accuracy and geographic and temporal 
scope of datasets with which scientists 
work (ACSPH086 And ACSPH122)

✓ ✓ ✓ ✓ ✓

Models and theories are contested and 
re(ned or replaced when new evidence 
challenges them, or when a new model 
or theory has greater explanatory power 
(ACSPH087 And ACSPH123)

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

The acceptance of science 
understanding can be inFuenced by the 
social, economic and cultural context in 
which it is considered (ACSPH088 And ACSPH124)

✓ ✓ ✓

People can use scienti(c knowledge to 
inform the monitoring, assessment and 
evaluation of risk (ACSPH089 And ACSPH125)

✓ ✓

science can be limited in its ability to 
provide de(nitive answers to public 
debate; there may be insuf(cient reliable 
data available, or interpretation of the 
data may be open to question  
(ACSPH090 And ACSPH126)

✓ ✓ ✓ ✓

International collaboration is often required 
when investing in large-scale science 
projects or addressing issues for the 
asia-Paci(c region (ACSPH091 And ACSPH127)

✓ ✓ ✓ ✓

scienti(c knowledge can be used 
to develop and evaluate projected 
economic, social and environmental 
impacts and to design action for 
sustainability (ACSPH092 And ACSPH128)

✓ ✓
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By the end of this chapter you will have covered the following material.

Science Understanding

 ● the movement of free-falling bodies in Earth’s 
gravitational "eld is predictable (ACSPH093) 

 ● Gravitational "eld strength is de"ned as the 
net force per unit mass at a particular point 
in the "eld (ACSPH097)

 ● the vector nature of the gravitational force 
can be used to analyse motion on inclined 
planes by considering the components 
of the gravitational force (that is, weight) 
parallel and perpendicular to the plane 
(ACSPH098)

 ● Projectile motion can be analysed 
quantitatively by treating the horizontal 
and vertical components of the motion 
independently (ACSPH099)

 ● When an object experiences a net force 
of constant magnitude perpendicular to 
its velocity, it will undergo uniform circular 
motion, including circular motion on a 
horizontal plane and around a banked  
track (ACSPH100)

chaP tEr  1 
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See Chapter 7 in 
Nelson Physics Units 1 
& 2 for the Australian 
Curriculum.
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Introduction
A force is applied by one object on another (Figure 1.1).

If, in an interaction involving two objects A and B, object A is the external agent that acts on 
the receiver, B, we denote this by:

(by A onB)
��

F

Simultaneously, B acts on A, so that, from this viewpoint, B is the agent and A the receiver:

(by Bon A)
��

F

$is basic idea, that forces act on objects, leads to Newton’s three laws:

Newton 1: If the vector sum of all forces acting on an object is zero, then its velocity 
remains constant.

Newton 2: $e acceleration, 

a , of an object is dependent on the vector sum of all forces 

acting on it and its mass, m:

(onobject)
5
 Σ
a

F

m

Newton 3: (by A onB)
��

F  and (by A onB)
��

F :
 ● are equal in magnitude
 ● are opposite in direction
 ● have the same fundamental nature

AND
 ● each force acts on a di,erent object.

In Nelson Physics Units 1 & 2 for the Australian Curriculum we distinguished between 
contact and non-contact forces. In this chapter we now abandon the idea of contact 
force. Instead, we develop the more powerful concept of .eld and show how it is used to 
explain interactions between objects. Fields mediate the forces: object A a,ects object B 
by way of A’s .eld stretching out beyond A, and B acts reciprocally on A via its own .eld.

Consequently, all forces may be considered to be action-at-a-distance e,ects. 
$e gravitational .eld of a mass a,ects all other masses. Similarly, we shall see in 
chapters 3 and 4 that electrostatic and magnetic forces act at a distance from charges 
and magnets respectively. 

Figure 1.2 shows a person standing on the surface of Earth. 
$e electrostatic force applied by the surface, (by S on P)

��

F , acts upwards while the 
gravitational force on the person, (by on )E P

��

F M m , acts downwards. $e  
 respective Newton 3 pairs for these forces are also shown. Only the forces acting on 
the person a,ect the person’s motion.

Movement of free-
falling bodies in Earth’s 
gravitational field
 At any point near Earth’s surface, an object experiences the e,ect of the mass of Earth.  
 Newton was the .rst to realise that this same e,ect was the force that held the Moon in orbit 
around Earth and the planets in their orbits about the Sun. 

Gravitational "eld near Earth’s surface
Due to Earth’s nearly-spherical shape, an object anywhere near Earth’s surface is about the same 
distance from the centre of mass of Earth. $is point can be taken as the point in space from 
where Earth’s gravitational .eld emanates throughout the universe. In theory, this .eld will 
apply a force to every object in the universe. However, the great distances within our own solar 

ME

Surface

F(by S on P)
F(by ME on mP)

F(by P on S)

F(by mP on ME)

Figure 1.2 p  
the feet and Earth’s 

surface are in contact and 
act on each other, but the 

masses of Earth and the 
person act on each other 

from a distance

A B

B

pushes

A

A

pushes

B

Figure 1.1 p
Person a contacts 

person B, so a acts on 
B: F( by a on B). notice 

that at the same time B 
contacts a, so B acts on 

a: F( by B on a)

NEwtoN’S 
coNSIdEratIoN

newton’s 
consideration 
of how Earth’s 
gravitational "eld 
emanates through 
space led him to 
the invention of 
integration.



system, galaxy and group of galaxies mean that, in reality, Earth’s gravitational .eld really only 
has an in7uence on objects within a few hundred million kilometres.

weight force near Earth’s surface
$e gravitational .eld strength around any mass is determined by the distance from the centre 
of mass and the mass itself. $e force applied to any mass within the gravitational .eld is, in 
turn, determined by the strength of the gravitational .eld. Near Earth’s surface, a 1 kg mass has 
a force of 9.8 N applied to it by Earth’s gravitational .eld. $e gravitational .eld strength is:

g
F m

m

(by mass of Earth on mass )
N kg 15 2

According to Newton’s third law, Earth’s mass and a 1 kg mass will apply the same 
magnitude of gravitational force on each other. $ese forces will be in opposite directions, along 
a line joining their centres of mass. $e forces will apply to di,erent masses: the 1 kg mass acts 
on Earth’s mass, and Earth’s mass acts on the 1 kg mass.

F(by mass of Earth on 1 kg mass) and F(by 1 kg mass on mass of Earth):

 are equal in magnitude.

 are opposite in direction.

 act on different things.

 cannot be added to make a net force.

If the 1 kg mass is released, the mass will fall to Earth and Earth will fall towards the 1 kg 
mass. Earth will, in fact, fall an immeasurably small distance, while the 1 kg mass will fall 
through the distance between it and the ground below.

Weight, w, is a force, the force applied by the mass of Earth on a nearby mass:

w 5 F(by mass of Earth on nearby mass)

For any mass m, the magnitude of the force applied to it by Earth’s gravitational .eld, the 
weight force w, is given by:

w 5 mg

where g is the gravitational .eld strength. $e value of g near Earth’s surface is 9.8 N kg21.

Gravitational acceleration
Newton’s second law, 

net
5




a
F
m , can be applied to the gravitational force applied to any mass m 

near Earth’s surface. Using net 5

F w, we get:

so:

we get:

net
5

5

5

5







 

a
F

m
w

m
w ma

a g

$erefore, the acceleration of a mass free to move near Earth’s surface is 9.8 m s22.
As g is the acceleration due to gravity, the direction of the acceleration must be towards 

the centre of mass of Earth as well. $is also tells us that the gravitational .eld, g, actually is 
the gravitational acceleration. 

You may have already guessed this from the units. 1 N kg21 is equal to 1 m s22, which is the unit 
for acceleration. (Recall that 1 N 5 1 kg m s22, therefore 1 N kg21 5 (1 kg m s22)(1 kg21) 5 1 m s22. ) 

Beware of assuming 
that if two quantities 
have the same units 
they are the same 
thing. Although this 
is often the case, it is 
not always so, as we 
shall see when we 
look at torque. Torque 
can be written in the 
same units as work 
(N m) but it is not the 
same thing.
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E a r t h ’S  G r av i tat i o n a l  f i E l d  S t r En Gt h
the period, T, of a pendulum is dependent on two variables: the length of the pendulum, ℓ, and the strength of 

the gravitational "eld, g, in which it is swinging. to a good approximation, for small displacements. T
g

5 p2


aim
to measure the strength of Earth’s gravitational "eld, g, near the surface using a pendulum

Materials
 ● retort stand
 ● boss head and clamp
 ● string, mass bob 
 ● stopwatch or timing device
 ● ruler
 ● data logging apparatus optional

procedure
1 Set up the apparatus as shown in figure 1.3.

 

Rod
Boss
head
and
clamp

Retort
stand

Vertical axis
String

Mass bob

Direction of
the swing

58

 
t Figure 1.3 
Experimental set-up

2 as accurately as possible, measure the effective length of the pendulum from the top of the string to the 
centre of mass of the bob. this length should be about 1 m.

3 Pull the mass bob back until it makes an angle of about 5° with the vertical.

4 if it is available, use data logging apparatus to record the period of oscillation of the pendulum. otherwise, 
record the time taken for 10 complete oscillations of the pendulum.

5 change the length of the string to about 0.8 m and repeat steps 3 and 4.

6 repeat again with string lengths of about 0.6 m and 0.4 m.

7 calculate the period of the pendulum and the value of g and record it in the following data table.

E xpE r I M E Nt  1.1

$is gives us a very simple way of measuring the gravitational .eld at any point in space. We simply 
have to ensure no forces other than gravity are acting on a test mass, and then observe its acceleration. 

The gravitational �eld at any point is equal to the acceleration of a mass due to the 

gravitational force at that point, g 5 
F

m

gravitational
. 

Close to Earth’s surface: 

 gclose to Earth 5 9.8 N kg–1 5 9.8 m s–2
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results
record the data in a table similar to the one shown below.

Length of pendulum (ℓ) (m) time for 10 oscillations (s) period of pendulum (T ) (s)

analysis of results
two methods can be used to calculate the value of g.

Method 1: Using equations to model the pendulum

use: T
g

T
g

g
T

⇒5 p 5 p

5
p

2 (2 )

4

2 2

2

2

 



Substitute each period and length into the equation. calculate a value for g each time and then take an 
average of the four values found.

Method 2: Using graphical representations to model the pendulum

Plot the relationship between ℓ and T 2. Plot ℓ on the x axis, as it is the independent variable. T 2, the dependent 
variable, is plotted on the y axis. the data points should be plotted and a line of best "t drawn.

using: T
g

T
g

T
g











5 p

5 p

5
p

2

(2 )

4

2 2

2
2







this indicates that the value of the gradient of the graph of T 2 vs ℓ is 
g

p4 2

.

using any two points on the line of best "t, "nd the gradient of the graph and hence calculate the value of g 
using this method.

discussion
1 What are the sources of uncertainty in this experiment?

2 Suggest ways in which these uncertainties could be minimised.

3 Explain why the time for 10 oscillations was measured and then divided by 10 to "nd the period, T.

4 if the length of the pendulum was always being over-estimated, how would this effect the value of g 
obtained for each analysis method?

5 Give your best estimate of g, including the uncertainty.

taking it further
investigate how accelerometers are used in cars and how they work.

Vertical motion
An object that is free to fall near Earth’s surface will experience a gravitational force in a 
vertically downwards direction, regardless of its direction of motion. $e gravitational force 
results in the object accelerating vertically downwards with a value of acceleration equal to g.
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As the value of g is 9.8 m s22 downwards, we get:

(the definition of acceleration)

so:

5
2

5 1

5 1

a
v u

t
v u at

v u gt

y y

y y

y y

       (1)

Notice that written in this way, if upwards is taken as being the positive direction, then change 
in speed is negative, and the value of g must be written as 29.8 m s22 (downwards direction).

$e velocity versus time graph for an object with constant acceleration is shown in Figure 1.4.  
$e area under the v–t graph is a triangle plus rectangle in area, and is equal to the value of the 
distance interval, s.

Use the rectangle plus the triangle to .nd the area:

1

2
( )

1

2
( )

1

2
2

5 1 2

5 1

5 1

s ut v u t

s ut at t

s ut at

Considering the vertical motion of a free-falling object for which a 5 g, we get:

 

1

2
25 1s u t gty

 (2)

Combining equations (1) and (2) we can derive a third useful equation.

From s 5 ut 1 
1

2
at2 and v 5 u 1 at (hence, t 5 

2v u

a
), we can show that:

v2 5 u2 1 2as

Again, if we consider the vertical acceleration only, with a 5 g, we have:

 vy
2 5 uy

2 1 2gy (3)

$e symbol y replaces s, the displacement interval, as only the vertical component of the 
object’s motion is being considered here.

Time interval
0

0

Time

Velocity

Final
velocity

Uniform acceleration a 5
(v 2 u)

t

5

1
2 (at)t

Area 5
1
2 (v 2 u)t

Area 5 ut

Initial
velocity

u

v

(v 2 u)

u

Figure 1.4 p 
motion of a point mass 

along a straight line

wo r k E d  E x aM pLE  1.1

a rock is dropped out of a hot air balloon that is hovering stationary 200 m above the ground.

a With what speed does the rock hit the ground?

b how long does the rock take to fall?

answers Logic

a identify known and required variables:

u a y v

0 29.8 m s22 2200 m ?

 Select the equation and solve:

 vy
2 5 uy

2 1 2gy

Select the appropriate equation. 1 mark

 vy
2 5 02 1 2 3 29.8 m s22 3 2200 m

 vy
2 5 3920 

Substitute known values and solve the equation. 1 mark

 vy 5 63 m s21 vertically down use correct units and number of signi"cant "gures. 1 mark

Equations (2) 
and (3) are 
sometimes written: 

s gt u t
y

5 1
1

2
2

 

vy
2 5 2gy 1 uy

2
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b identify known and required variables: Select the appropriate equation. 1 mark

u a s t

0 29.8 m s22 2200 m ?

 Select the equation and solve:

 
5 1

1

2
2s u t gty

  

s

g

5

5

5
3 2

2

5

2

1

2

2

2 200m

9.8ms

6.4 s

2

2

s gt

t

t

t

rearrange for t and substitute known values.

 

use correct units and number of signi"cant "gures.

1 mark

 

1 mark

try these yourself

a ball is thrown vertically upwards at 20 m s21.

a What is the maximum height reached by the ball? (hint: v 5 0 at the maximum height.) (3 marks)

b how long will the ball take to fall back to its original position? (hint: the motion of the ball is 
symmetrical about the maximum height reached.)

(3 marks)

In the example above, the upwards direction was chosen as being positive. Quantities with a 
downwards direction, such as acceleration and displacement, are therefore assigned negative 
values. It would be possible to assign the reverse – assigning negative values to quantities with an 
upwards direction. If this was done the answer would have the same physical meaning and value.

Q U E S t I o N  S E t  1.1

remembering
1 What are the units of g?

2 can you be weightless when you are in a spacecraft orbiting Earth? use a sketch to aid your answer.

Understanding
3 identify the purpose of using the notation vy rather than simply v for vertical motion.

4 Explain why ay 5 g for free-falling objects near Earth’s surface.

5 When "nding the maximum height reached by a tennis ball hit 
vertically upwards, the value of v is assigned to be zero. Why is 
this done?

applying
6 a rock is dropped from a very high cliff. how long does it take 

until the rock is moving at 60 m s21?

7 a ball is thrown from a window with an initial downwards speed 
of 4.4 m s21. it hits the ground after 1.4 s. how high is the window?

8 With what minimum speed must a student throw a pencil case 
vertically upwards so that it reaches a window 5.5 m high?

analysing
9 the shape of the v versus t graph for an object is shown in  

figure 1.5. find the displacement interval, s, for the object over 
the time shown.

v (m s–1)

0

0 7.0 14.0
t (s)

8.0

16.0

p Figure 1.5
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the vector nature of 
gravitational force
$e force exerted on an object within a gravitational .eld is applied in a direction towards the 
centre of mass of the object. Gravitational .elds exist even for the smallest of masses. $erefore, 
we can say that a gravitational force is acting between you and the person nearest you. However, 
because this force is so small, it goes unnoticed. $e very large mass of Earth results in a 
gravitational force on any object near it that cannot be ignored. $e position of the centre of 
mass of Earth means that the gravitational force is exerted vertically downwards. Only tiny 
variations in the direction of this force are caused by local in7uences such as mountains or dense 
bodies of rock beneath the surface.

Vector addition of forces
Newton’s second law, net

5




a
F

m
, allows for the fact that any number of forces may be acting on a  

mass m at any time. $e symbol net


F  signi.es the resultant force (or net force), or the sum of all 

the forces acting.

∑ (by other objects on A) net on A5
 
F F

To .nd the sum of the forces acting on an object, the magnitudes, or sizes, of the forces 
cannot simply be added. $e vector nature of force means that the directions of the individual 
forces must be taken into account.

When adding two force vectors acting on an object at the same time, the resultant force may 
be found either geometrically or by using a scale diagram.

wo r k E d  E x aM pLE  1. 2

a barge has two tug boats pulling it with ropes attached in the directions shown in figure 1.6. What is the vector 
sum of these two applied forces? (3 marks)

800 N east

600 N north

Barge

 

t Figure 1.6 using the tip-to-tail method, 
the two force vectors form two sides of  
a right triangle.

reAecting
10 Given that the acceleration of objects near Earth’s surface is directed vertically downwards, explain why 

a bullet shot horizontally from a height h hits the ground at the same time as one dropped from the same 
height.
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answer Logic

600 N

north 1000 N

800 N east

u

 

t Figure 1.7  
a right triangle is formed 
by the two forces and the 
resultant of these two forces.

construct a correct vector diagram. 1 mark

the resultant, or net force, on the barge can be 
found by using Pythagoras’ theorem:

5 1 5600 n 800 n 1000 nnet
2 2F

find the magnitude of the force. 1 mark

force is a vector, so its direction is required:

°u 5 52tan
800 n

600 n
531

find the resultant angle. 1 mark

Fnet 5 1000 n, n53°E

an alternative method can be used using a scale 
diagram. the scale chosen may, in this case, be  
1 cm 5 100 n.

try this yourself

two ropes attached to a tree stump apply forces of 900 n to the north and 1600 n to the east. find 
the resultant force on the stump. use geometric methods "rst by constructing a scale diagram and 
then check using trigonometry.

(5 marks)

components of forces
When a resultant force is applied in one direction but motion can only 
occur in a di,erent direction, only a part of the applied force will be 
e,ective. $e object will only accelerate in the direction in which the 
motion is allowed. 

Figure 1.8 shows a child pulling a toy car on a string. $e direction of the 
force applied to the toy by the string is at an angle u to the direction of the 
motion of the toy. We shall assume that the wheels are .xed and the toy is 
sliding across the 7oor. Friction is negligible.

Figure 1.9 shows how a right triangle can be used to .nd the component 
of the applied force vector that is in the direction of motion of the toy car. 

$e component of this force in the direction of motion, which in this case is 
horizontal, is found by:

u 5

5 u

cos
(string on toy)

(string on toy)cos

H

H

F

F

F F

u

F (by string on toy)

p Figure 1.8  
u is the angle between 
the direction of the force 
applied to the toy car 
and the car’s direction 
of motion

Figure 1.9 u 
the component of the 
applied force F(string  

on toy) by the string is F h FH

F (by string on toy)

u
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wo r k E d  E x aM pLE  1.3

in the example shown in figure 1.8, the force applied by the string on the toy car is 15.0 n. the angle made by 
the string with the horizontal direction of motion is 25°. What is the component of the force by the string in the 
direction of motion? (1 mark)

answer Logic

(string on toy)cos

15cos25

13.6 n

5 u

5

5

°

H
F F Select the correct equation and 

substitute.
1 mark

try this yourself

a toy truck is being pulled by its string at 15° above the horizontal. the force applied by the 
string on the truck is 17.5 n. What force is acting in the direction of the motion of the toy truck? 

(1 mark)

Motion down an inclined plane
Any object free to move down an inclined plane does so because of the component of the 
gravitational force acting in the direction of motion. For our purposes, we will model the 
motion of such objects as if they are free to slide down the inclined surface with no friction 
forces acting.

Of course, in reality, balls actually roll and boxes slide. $e rolling action of a ball means 
that the ball possesses rotational kinetic energy as well as translational kinetic energy. Hence 
the gravitational potential energy is transformed into two di,erent types of kinetic energy. 
$is means that, if you fail to account for the rotational kinetic energy, a ball rolling down 
an inclined plane will have a speed at the bottom that is less than that predicted by energy 
conservation. $e e,ect of friction on the rotation of wheels is beyond the scope of this book, 
but you should be aware of this e,ect in practical situations. For our purposes, objects will 
usually be analysed as sliding without rolling.

A sliding box will have a friction force applied to it in a direction opposite to its direction 
of motion. Again, this will mean that the speed of the box down the inclined place will be less 
than if the friction force did not act.

Figure 1.10 shows the two forces acting on a car on a frictionless inclined plane. $e force 
arrows on the car are shown starting at the centre of mass of the car. We are modelling the car’s 
mass as being a point mass for our purposes.

$e weight of the car, which is the gravitational force by the mass of the Earth on the car, 
acts directly downwards. $ere is also a contact force acting on the car due to the road surface. 
To analyse the forces, we decompose the forces into components parallel and perpendicular 
to the surface. We choose parallel and perpendicular to the surface rather than vertical and 
horizontal because we know from experience that if there is any acceleration it will be along the 
direction of the slope. 

$e weight can be broken into two components, one parallel to the surface, w(parallel), and 
one perpendicular to the surface, w(perpendicular):

w(parallel) 5 w sin u 5 mg sin u

w(perpendicular) 5 w cos u 5 mg cos u 

$e contact force has two components: a component perpendicular to the surface and a 
component parallel to the surface.

$e component of the force perpendicular to the surface, which is applied by the road 
surface on the car, is called the normal force, N. $e friction force, F(friction), is the 
component of the force parallel to the surface, which is applied by the road surface on the car 
(Figure 1.10).

The normal force 
and friction were 
described in Nelson 
Physics Units 1 & 2 
for the Australian 
Curriculum. 
Remember that the 
normal force and the 
friction force are the 
perpendicular and 
parallel components 
of the force applied 
by one surface on 
another surface.
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perpendicular to the surface
No acceleration occurs perpendicular to the surface: 

⇒ F(net)⊥ 5 0

⇒ N 2 mg cos u 5 0

⇒ N 5 mg cos u

�e normal force, N, balances the perpendicular component of the weight.

parallel to the slope 
For a sloping surface, we expect the acceleration of the car to be a�ected by the friction on the 
object by the road and the angle of the slope:

⇒ F(net)|| 5 ma

⇒ mg sin u 2 F(friction) 5 ma

If the hand brake is on so that the wheels cannot rotate, the car will exhibit one of two 
possible fates. If it is stationary, it will remain at rest, or if it is travelling at constant velocity,  
it will continue at constant velocity (Newton’s 'rst law). In these cases, F(net) 5 0 (Newton’s 
second law). 

⇒ F(net)⊥ 5 0

⇒ mg sin u 2 F(friction) 5 0

⇒ F(friction) 5 ma 2 mg sin u

Alternatively, if the wheels are prevented from rotating, the car may accelerate down the 
slope. But it will slide – the wheels will not rotate. 

In general, when the wheels rotate and the car slides, motion is a bit more complicated 
to analyse. �is is because the friction force on the wheels acts at the surface but the axis of 
rotation, the axle, is at another place; the friction force causes rotational motion. 

If we make the approximation that the surface is frictionless, the net force acting is directed 
down the slope and is equal to the component of the gravitational force parallel to the slope:

F(net) 5 mg sin u  for a frictionless slope

If a car rolls down a 
hill, it is not because 
of an absence of 
friction between the 
tyres and the road. 
Friction is required 
to make the wheels 
turn. On a completely 
frictionless slope a 
car will slide without 
the wheels turning.

We often make the approximation that there is no friction force acting on one surface by 
another surface with which it is in contact. We know from experience that this is usually not 
realistic. However, it does give us a simple model that we can use to give us an indication of how 
an object will behave, even if it doesn’t exactly match the real situation. 

Every model that we use is an approximation. Sometimes it is reasonable to ignore friction, 
but sometimes it is not. You need to think about the situation you are modelling, and decide 
which approximations are reasonable to make and which ones are not. 

z Figure 1.10  
a) Forces acting on a 
car on a slope. b) the 
forces acting shown as 
components parallel 
and perpendicular to 
the slope. note that  
N 5 w cos u. c) if the 
slope is frictionless,  
then the net force  
F(net) 5 w sin u down  
the slope.

w w

N N

Ffriction
Ffriction

u

N

Ffriction

w sin u

w cos u

N

w sin u

w cos u

a b c
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wo r k E d  E x aM pLE  1. 4

a 1000 kg car is on a frictionless inclined plane that is at an angle of 15° to the horizontal, as shown in figure 1.11.

1000 kg

158   

p Figure 1.11

a copy the diagram and draw the force vectors acting on the car and the force vector diagram to show Fnet. 
(2 marks)

b find Fnet, the force acting on the car in the direction of motion. (2 marks)

c hence "nd the car’s acceleration. (2 marks)

answers Logic

a 

W
N

Fnet

1000 kg

158 W

N  

 p Figure 1.12

correct force vectors shown on car.

correct vector diagram drawn.

1 mark

1 mark

b Fnet 5 W sin u

  5 mg sin u

  5 1000 kg 3 9.8 n kg21 3 sin 15°

  5 2.5 3 103 n down the incline

correct calculation.

direction is given.

1 mark

1 mark

c 5

5
3

5 2

2.5 10 n

1000kg

2.5 m s down the incline

net

3

2





a
F

m

correct calculation.

direction is given.

1 mark

1 mark

try these yourself

an 800 kg car rests on a frictionless inclined roadway at 10° to the horizontal.

a draw a diagram to show this and then draw the force vectors acting on the car and the 

force vector diagram to show Fnet.

b find Fnet, the force acting on the car in the direction of motion.

c hence "nd the car’s acceleration, assuming it slides down the slope.

d What is the minimum force by the brakes on the car so that the car does not begin to roll 
down the hill?

     (7 marks)
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acc El Er at i o n  d oW n  a n  i n c l i n Ed  P l a n E

aim
to measure the acceleration of an object moving down an inclined plane

Materials
 ● steel ball 
 ● ramp or desk placed on an incline
 ● ruler 
 ● stopwatch or data logger and electronic timing gate

procedure 
1 Set up the ramp or desk at an incline and measure the length of the ramp, ℓ, and the height of the raised 

end, h, above the lower end.

2 measure the length of a course for the ball to roll down the incline.

3 use a stopwatch or electronic timing apparatus to record the time taken for the ball to roll down the course 
when it is released from rest.

4 repeat step 3 at least twice more.

results
record your results in a table similar to the one below.

Length of course 5    m trial 1 trial 2 trial 3 average

time for ball to roll (s)

analysis of results
1 find the average time interval taken for the ball to roll down the course. include the uncertainty in your result.

2 use the appropriate equation to "nd the speed of the ball at the bottom of the slope. Estimate the 
uncertainty in this value. 

3 use the appropriate equation to "nd the average acceleration of the ball down the slope. Estimate the 
uncertainty in this value.

discussion
1 calculate the expected value of the acceleration and the "nal speed of the ball, ignoring its rotational 

motion. to do this, take a 5 g sin θ  where θ is the angle between the horizontal and the slope. 

2 compare the expected speed and acceleration with the measured values. do they agree? don’t forget that 
you need to consider the experimental uncertainties to say whether the values agree or not. 

3 how can these differences (if any) be explained by rotational motion? 

4 When we calculate a value of g from an experiment like this, we are modelling a rolling ball as an object 
sliding without friction. comment on the appropriateness of using this model in this situation. do you think 
there is a better model that could be used?

taking it further
the surface must apply friction to the ball for it to roll, otherwise it would slide. however, we cannot measure 
the frictional force between the ball and the slope using this particular experiment. design an experiment 
or investigation to measure the frictional forces between different surfaces using objects sliding, rather than 
rolling, down a slope.

E xpE r I M E Nt  1. 2
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projectile motion
A projectile is an object that moves relatively freely through space. Near Earth, projectiles 
are mainly affected by the gravitational field and friction effects. Projectiles can be 
launched vertically, horizontally or at any angle. Their initial speed, u, is determined by 
an initial force such as an explosion, a throw or a hit.

Real projectiles on Earth move quite di,erently from projectiles launched in a gravitational 
.eld where there is no atmosphere, such as on the Moon. Drag force is the frictional force 
applied by the air to a moving body. In general, drag acts in the opposite direction to that of 
the motion of the projectile relative to the air. $e drag force depends on the air density, the 
speed of the projectile, its shape and surface material. In general, the smaller and more curved 
the surface, the less air drag there is. $e faster its motion, the greater the drag. Details of the 
surface of an object, such as its texture, also a,ect the way air 7ows around it and, hence, the 
magnitude and direction of various forces applied to it. $e dimples on a golf ball (Figure 1.13) 
actually cause the ball to 7y further than one without dimples. 

In this chapter, we will ignore the e,ects of friction on projectiles and model their motion 
as if the only force applied to them after being launched is the gravitational force. $is force is 
always directed vertically downwards.

horizontal component 
$e gravitational force acts vertically; it has no horizontal. Consequently, if we ignore friction, 
the projectile has zero acceleration in the horizontal direction, and we can say that its speed  
in the horizontal direction is constant. $is is consistent with Newton’s .rst law.

S
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Q U E S t I o N  S E t  1. 2

remembering
1 Which two methods can be used to "nd the resultant of two force vectors?

2 Why are the force vectors acting on a car shown originating from the centre of the car?

3 What is the direction of the net force by a roadway on a car, assuming no friction?

Understanding
4 if the component of the net force acting on an object down a frictionless incline is Fnet 5 W sin u, what 

would be the acceleration of the object when:

a u 5 0°?

b u 5 90°?

5 Would there be a limit to the number of force vectors acting on an object simultaneously for which a 
resultant Fnet could be found?

applying
6 a using a scale drawing, "nd the resultant of forces a, B and c on an object.

 a 5 500 n north, B 5 400 n west, c 5 200 n south

b verify your answer to part a using geometric methods.

7 find the north and east components of a force vector of 650 n in a direction n38°E.

8 a 1200 kg car is parked on an incline of 8°. What friction force is required to hold the car in position when 
the handbrake is released?

analysing
9 Explain the consequences of the total reaction force of a roadway on a car being at an angle to the 

surface on a horizontal road. When would this occur?

10 at the end of many steep declines there are emergency exit points for trucks that have sand as a base 
rather than solid roadway. Explain why these are necessary.

Figure 1.13 p 
the dimples on golf balls 
actually assist it to move 
through the atmosphere 

with less resistance. 
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wo r k E d  E x aM pLE  1.5

a a projectile is "red at an angle of 30° to the horizontal with a speed of 120 m s21. find the horizontal 
component of the projectile’s initial velocity. (1 mark)

b Some time later, the projectile hits the ground. With what horizontal speed does this occur? Explain your 
answer. (1 mark)

answers Logic

a ux 5 u cos u

  5 120 m s21 3 cos 30°

  5 104 m s21

Select the correct equation and substitute. 1 mark

b vx 5 ux 5 104 m s21 

  there is no force applied to the projectile in 
the horizontal direction, so its horizontal speed 
remains constant throughout its Iight.

correct assumption made with reason. 1 mark

try these yourself

draw a sketch of the problem and then "nd the horizontal component of the initial velocity of 
projectiles "red:

a at an angle of 65° above the horizontal and a speed of 45 m s21.

b from a high cliff at an angle of 25° below the horizontal at 50 m s21.

(4 marks)

Vertical component 
When considering the vertical component of projectile motion, the action of the gravitational 
force must be taken into account. As has been seen previously, this force acts on any object near 
Earth’s surface. $e vertical force, Fv acting on a projectile is therefore its weight force, w, where 
w 5 mg. We take the value of g as 9.8 m s22 downwards.

$e vertical component of a projectile’s motion can be treated independently of its horizontal 
motion. $e two components can then be combined at a later stage to get a complete picture of 
the projectile’s motion in two dimensions.

$e initial vertical component of a projectile’s speed, uy can be found using Figure 1.14. It 
can be seen that:

uy 5 u sin u

The vertical component of a projectile’s motion can be treated independently of its 

horizontal motion.

To .nd the magnitude of the initial horizontal component of velocity, ux, a vector 
diagram is drawn as shown in Figure 1.14.

$e horizontal component of the initial velocity is given by:

ux 5 u cos u

p Figure 1.14  
the horizontal and vertical 
components of the initial 
velocity, u

uy

u

ux

u
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wo r k E d  E x aM pLE  1.6

a projectile is "red at an angle of 45° above the horizontal with a speed of 86 m s21.

a find the vertical component of the initial velocity of the projectile. (2 marks)

b find the maximum height (vertical displacement) reached by the projectile. (4 marks)

c What is the time taken for the projectile to reach its maximum height? (2 marks)

answers Logic

a uy 5 u sin u

  5 86 m s21 sin 45°

  5 61 m s21

correct equation and substitution. 2 marks

b uy ay vy y

161 m s21 29.8 m s22 0 ?

v 2 5 uy
2 1 2gy 

 

2

(61m s )

2 9.8 m s

2

1 2

2

y
u

g
y

5

5
3

2

2  
 5 190 m

correct equation.

rearranging for y, noting that v 5 0.

correct substitution.

correct answer given.

1 mark

1 mark

1 mark

1 mark

c uy ay vy t

161 m s21 29.8 m s22 0 ?

use: vy 5 uy 1 gt

   

5t
u

g

y

correct equation and substitution.

rearranging for t, noting that v 5 0.

1 mark

1 mark

 

5

5

2

2

61ms

9.8 ms

6.2 s

1

2
t

correct substitution.

correct answer given

1 mark

1 mark

try these yourself

1 a projectile is "red with an initial speed of 210 m s21 at an angle of 70° above the  
horizontal.

a find the vertical component of the initial velocity of the projectile.

b find the maximum height (vertical displacement) reached by the projectile.

c What is time taken for the projectile to reach its maximum height? 

(8 marks)

2 a golf ball is hit and given an initial speed of 50 m s21 at an angle of 19° above the 
horizontal. find its height 2.4 s after being hit. 

(3 marks)

As the weight of the projectile, mg, acts all the time (assuming the projectile stays near to Earth’s 
surface), the acceleration of the projectile is equal to 2g, 29.8 m s22 , i.e. directed downwards.

$e same equations used for vertical motion are used to analyse the projectile’s vertical 
component of motion.
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how far will a projectile Iy over level ground if it is launched from ground level with a speed of 35 m s21 at an 
angle 55° above the horizontal? (7 marks)

answer Logic

first, the time of Iight must be found for the projectile. this can be 
done by analysing the vertical component of motion.

 uy 5 u sin u

 5 35 m s21 sin 55°

  5 28.7 m s21

find the initial vertical  
component of velocity.

1 mark

the time of Iight can be found from the vertical component of motion 

only. using the symmetrical nature of the motion, where vy 5 2uy.

uy ay vy t

128.7 m s21 29.8 m s22 228.7 m s21 ?

use:  vy 5 uy 1 gt

    

5
2

5
2 2

2

2 2

2

28.7 m s 28.7 m s

9.8 m s

1 1

2

t
v u

g

y y

   t 5 5.86 s

correct equation and 
substitution.

rearrange for t.

 
correct substitution and answer.

1 mark

 

1 mark

 
1 mark

Projectile moves with constant horizontal component of speed:

 ux 5 u cos u

  5 35 m s21 cos 55°

  5 20.1 m s21

correct horizontal component 
used.

correct equation used.

1 mark 

1 mark

the range of the projectile is:

 x 5 uxt

  5 20.1 m s21 3 5.86 s

  5 120 m correct answer calculated with 
correct signi"cant "gures and units.

1 mark

try these yourself

1 What is the maximum height reached by a netball that is thrown at 6.0 m s21 at 45° above 
the horizontal? 

(5 marks)

2 What is the range of a cricket ball that is struck at 37 m s21 and an angle of 50°? (7 marks)

combining horizontal and  
vertical components
Once launched, a projectile will move with a constant horizontal velocity while simultaneously 
moving vertically with an acceleration of 9.8 m s22 downwards.

$e two components of motion can be calculated independently of each other and then combined. 
$e time of 7ight for the projectile depends only on the vertical speed, uy, of the projectile. If launched 
from ground level and moving over level ground, the projectile’s motion will end when it hits the 
ground, when y 5 0. Finding the time of this event will allow the range of the projectile to be found.

As the projectile moves with a constant horizontal speed ux, we have:

x 5 uxt



2 0  n E l S o n  P h y S i c S  u n i t S  3  &  4  f o r  t h E  a u S t r a l i a n  c u r r i c u l u m 9 78 017 0 2 4 2110

a n a lyS i n G  t h E  m ot i o n  o f  a  P r oJ Ect i l E

aim
to "nd the launch velocity of a projectile by analysing its motion

Materials
 ● curved ramp such as a toy car track
 ● ball bearing or toy car
 ● ruler
 ● sand tray

procedure
1 Set up the curved track on the edge of a desk as shown in 

figure 1.15. Ensure the end of the track is horizontal.

2 Place the sand tray on the Ioor a small distance from the 
desk.

3 measure the height hdesk of the end of the track above the 
sand tray.

4 release the ball bearing or toy car from a height htrack above 
the end of the track.

5 Position the sand tray so that the car or ball lands in the 
sand. measure the horizontal distance x from the impact 
point in the sand to the end of the track.

6 repeat for several attempts and "nd the average distance x.

results
1 hdesk, the height of the end of the track above the sand tray:       m

2 htrack, the height the ball or toy rolls through down the track:       m

3 horizontal distance Iown by ball or toy, x:

 attempt 1:       m

 attempt 2:       m

 attempt 3:       m

 average:         m

analysis of results
1 choose the appropriate equation to relate time of Iight to the height of the desk, hdesk.

2 use your average value of x to calculate the launch speed ux.

discussion
1 using conservation of energy, where gained kinetic energy 5 lost gravitational potential energy, "nd the 

theoretical launch speed of the projectile. note that we are ignoring the rotational motion of the ball.

2 compare this value to the value of ux found in the experiment. do you think the model you have used, which 
ignores the rotational kinetic energy of the ball, is an appropriate one for this situation? Explain your answer.

taking it further
Suggest ways in which this experiment could be improved.

E xpE r I M E Nt  1.3

hdesk

htrack

sand tray

x

p Figure 1.15 Experimental set-up
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remembering
1 list the kinematic equations associated with projectile motion. de"ne all variables.

2 on a vector diagram show the horizontal and vertical components of the initial velocity of a projectile. 
Why do we assume that there is no horizontal component of acceleration for a projectile?

Understanding
3 Why is the time of Iight for a projectile independent of the projectile’s horizontal speed?

4 Sketch separate speed versus time graphs for the horizontal and vertical motions of a projectile that is 
launched directly upwards and lands below the launch position.

applying
5 how long will it take a ball thrown at 12 m s21 at an angle of 70° above the horizontal to reach a height of 

4.0 m above its launch position?

6 a rock is thrown from a 55 m high cliff at an angle of 20° below the horizontal at an initial speed of 
35 m s21. how long will it take the rock to land?

7 find the range of a cannon ball that is launched with a velocity of 300 m s21 at an angle of 35° above the 
horizontal and lands at the same height as the launch site.

analysing
8 a projectile is launched at an angle of 60° above the horizontal and reaches a maximum height of 25 m. 

With what speed was it launched?

reAecting
9 how does the trajectory of a real projectile differ from that of the model of projectile motion used in this chapter?

Q U E S t I o N  S E t  1.3

circular motion
Newton’s .rst law states that an object travelling in a straight line at a constant 
speed has no net force acting on it. What happens when the object travels at 
constant speed going around a corner? As the direction of motion is changing, 
clearly a net force must be acting on the object. $is net force can be applied 
by such forces as the friction by the surface on the object, or a tension force 
exerted by an attached rope or string. It can also be exerted by the gravitational 
force by one mass on another mass.

If you are in a vehicle that is turning a sharp corner you will feel as if you 
are being thrown to the side. If you carefully examine your situation, you will 
realise that as the vehicle changes direction, you are trying to maintain your 
velocity in a straight line. $e road surface pushes on the car through the 
tyres. In turn, the side of the vehicle and the seat push you towards the inside 
of the curve (see Figure 1.16). Your body is still trying to obey Newton’s  
.rst law.

Uniform circular motion
An object going around a circle of radius r at a constant speed v takes a period of time T to 
complete one revolution around the circumference.

$e period is the time taken to go around the circle. It has the unit of time, second (s). 
A related quantity is frequency f. $is has the unit per second, s21, or hertz (Hz):

1
f

T
5

p Figure 1.16 
a car on a horizontal road 
turns as a result of the inwards 
directed net force applied to 
the tyres by the road. 
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The speed of the object is the distance it covers per unit time interval. In circular motion the 
object travels one circumference in one time period, so the speed is:

circumference

time

2
25 5

p

5 pv
r

T
rf

The object’s direction is changing, so its velocity is changing. The velocity at a point on a 
circle is the speed in the direction along the tangent to the circle at that point (Figure 1.17).

The velocity is constantly changing, so the object is accelerating. Acceleration is the rate of 
change of velocity. In Figure 1.18(a), and1 2

 

v v  are velocity vectors separated by a time interval 
Δt. The average acceleration, aave, over the time interval is:

ave 5
D

D





a
v

t

The instantaneous velocity can be found by making the time intervals smaller and smaller 
until you reach the limit:

→

liminst

0

5
D

DD





a
v

tt

In this case, the speed is constant, so the average acceleration is the same magnitude as the 
instantaneous acceleration, 

inst



a , halfway through the time interval. Also ∝ ,inst D
 

a v  so inst



a  points 
in the direction of D



v , that is, towards the centre of the circle.
The concept of instantaneous acceleration uses a mathematical trick by taking the limit of 

Dt close to zero without actually being zero. If Dt was equal to zero, a division by Dt would not 
be possible. Here we are modelling by saying that the instant in time is so short it doesn’t really 
matter, while at the same time saying it cannot be zero. This forms the basis for calculus and all 
other mathematical concepts based on taking the limit of a value.

In the same time interval Dt, the distance covered by the object is vDt and the change in 
velocity is Dv. The angle between the initial and *nal vectors is the same in each case.

Figure 1.17 p  
The velocity of the object 
at any point on the circle 

is the tangent to the circle 
at that point.

v

v

r

v

Figure 1.18 u 

a) The net force, F


, 
acting on a particle in 

uniform circular motion 
points radially inwards 
towards the centre of 

the circle, for any 
position. The 

instantaneous 
acceleration, a

inst



, is in 

the same direction as 
the force. The particle’s 
velocity, which is radial, 
is perpendicular to the 

force and acceleration.  
b) The average 

acceleration is the 
change in velocity 

divided by the time taken 
for that change to occur:  

a
ave



 
5

 v v

t

2

D

2 1

 

 5 
v

t

D

D



.  

in the limit that the time 
interval Dt is very small, 
a
ave



 approaches a
inst



 

and vD


 points towards 
the centre of the circle. 

v2

r u

v1

F

F

Fainst ~

a
v2

⫺v1

Dv

u

Dv ~ a
ave

  

b

Newton is often 
credited with the 
invention of calculus, 
although in fact 
the mathematician 
Leibniz published 
the central ideas 
of calculus �rst. 
Newton claimed to 
have developed the 
same ideas much 
earlier, but without 
publishing them. 
This led to a long 
and bitter argument 
between the two.

The centre-seeking, or centripetal acceleration, ac, is found using similar triangles  
(Figure 1.19).

2

c

2

v

v

v t

r

v

t

v

r

a

v

r

D
5

D

D

D
5

5

⇒

⇒

Substituting for v, we get 
4 2

2
5

p

a
r

T
c
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Force and uniform circular motion
As the acceleration of an object undergoing uniform circular motion is directed towards the 
centre of the circle, the net force Fnet is also applied towards the centre of the circle.

$e magnitude of the net force can be found using Newton’s second law:

SF(on object) 5 ma

⇒ SF(on object) 5 
42 2

2
m

v

r
m

r

T
5

p

$e net force applied to an object to keep it moving around a circle is called the 
centripetal force. $ere is no real force called centripetal force. It is a net force, the 
sum of real forces. A person in a rotor (Figure 1.20) is forced around the circle by the 
normal force exerted by the wall of the rotor on the person and towards the centre . 
$is is written as

4
c

2 2

2
F

mv

r
m

r

T
5 5

p

‘centrifugal’ force – a fictitious force
Being in an accelerating frame of reference can lead to incorrect conclusions. A person in a 
‘rotor’ may perceive themselves as being thrown outwards by a ‘centrifugal’ force. In reality, the 
wall of the rotor is applying the centripetal force necessary to keep the rider moving in a circle, 
as viewed by a spectator.

Cases of apparent ‘centrifugal force’ can always be explained by using a valid, 

non-accelerating frame of reference to analyse the motion in question.

u

r

vDt

r

u

⫺v1

vD

v2

t Figure 1.19 
the vector diagrams for 
distance covered in a time 
interval and change in 
velocity are similar. in similar 
triangles the ratio of 
corresponding sides is the 
same. note that v

1


 and v

2


 are 

perpendicular to r at the 
relevant points on the circle. 
When v


 is translated to the 

middle of the time interval, it 
can be seen to point radially 
in towards the centre.

p Figure 1.20  
a person in a ‘rotor’ 
maintains their circular 
motion by the normal 
force applied by the wall 
to the person. this is the 
centripetal force.

N

v W

F
s

Centripetal acceleration is always directed radially in towards the centre of the 

circle: a
c
 5 

2 4 2

2

pv

r

r

T
5

$is allows us to calculate the magnitude of the acceleration when we know the speed and 
radius data.

In the rotor ride shown in Figure 1.20, it is the normal force that provides the net, centre-
directed force to keep the person in uniform circular motion. As we shall see in the next section, 
the other component of the contact force, the friction force, can also be part of the net force 
that causes circular motion.

A third force, the tension in a rope or cable, may also be used to supply the net force for 
circular motion. Remember that tension always acts in the direction of the cable. If the only 
forces acting on an object swung in a circular path are the tension force in the cable and the 
gravitational force, then the sum of the two gives the net force. $is net force is what is termed 
‘centripetal force’. Notice that there is no such force, called centripetal force, in the sense that 
tension and gravitational force are forces. Centripetal force is a net force, the vector sum of real 
forces, in this case tension and gravitational forces.



2 4  n E l S o n  P h y S i c S  u n i t S  3  &  4  f o r  t h E  a u S t r a l i a n  c u r r i c u l u m 9 78 017 0 2 4 2110

Consider an object being whirled in a horizontal circle, as in Figure 1.21(a). You can see that 
the string makes an angle θ with the horizontal so that the tension has both a horizontal and a 
vertical component.

$e vertical component of the tension is equal to the gravitational force acting on the object, 
as it has zero vertical acceleration. 

Vertically:

 F(net) 5 0
⇒ T(vertical) 2 mg 5 0
⇒ T sin u 5 mg

T(horizontal) is the only component of the force that can act on the object to cause it to 
change direction, hence accelerate:

Horizontally:

 F(net) 5 
2

m
v

r
⇒ T(horizontal) 5 T cos u

⇒ T cos u 5 
2

m
v

r

Figure 1.21 u  
an object being whirled 

in a) a horizontal and  
b) a vertical circle

$e tension in this case has a constant magnitude, but its direction varies.
When an object is whirled in a vertical circle, as in Figure 1.21(b), it is the sum of the 

gravitational force (w) and the vertical component of the tension that add to give the net force 
towards the centre. Take the simple case of an object being whirled in a vertical circle with the 
cable vertical also. At any point on the circle the net force is:

+(net) 5
��

��
��

F w T

At the bottom of the circle, the net force is upwards. Hence, at this point the tension must 
be larger than the weight, as they act in opposite directions. At the top of the circle, where w 
is acting in the same direction as T, the total force must still be the same, so the tension must 
be less and may even drop to zero. In this case the tension not only varies in direction but in 
magnitude also. 

T

Tv

mg

r 5 1.2 m

a

T

T

w

w

b
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1 a 50 kg person is in a rotor moving with a speed of 6.0 m s21. the radius of the rotor is 3.0 m. What is the 
centripetal force applied to the person? (2 marks)

2 a 250 g aeroglider on the end of a string is swung in a horizontal circle with a radius of 1.2 m, as shown in 
figure 1.21. the aeroglider makes a revolution every 2.0 s.

a What is the speed of the aeroglider? (2 marks)

b What is the horizontal component of the tension (force) in the string? (2 marks) 

c What is the acceleration of the aeroglider? (2 marks)

answers Logic

1 
c
5

5
3

5

250 kg (6 ms )

3 m

600 n towards the centre

2

1 2

F
mv

r
correct equation and substitution.

correct answer given with direction.

1 mark

1 mark

2 a  
5

p

5
p 3

5 2

2

2 1.2 m

2.0 s

3.8 m s 1

v
r

T
correct equation used.

correct answer given.

1 mark

1 mark

b 
C H

5 5

5
3

5

20.250 kg (3.8 ms )

1.2 m

3.0 n towards the centre

2

1 2

F T
mv

r
correct equation used.

correct answer with direction.

1 mark

1 mark

c 
c

5

5

5

2

2

(3.8 m s )

1.2 m

12 m s towards the centre

2

1 2

2

a
v
r

correct equation used.

correct answer given with direction.

1 mark

1 mark

try these yourself

1 What is the maximum speed allowed for a rotor ride of radius 2.5 m if the maximum net 
(centripetal) force exerted on a 70 kg person is not allowed to exceed 1000 n?

(3 marks)

2 What is the radius of a rotor ride that is exerting a 400 n net force on a 30 kg child when the 
speed of the child is 4.5 m s21?

(3 marks)
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Scienti�c literacy: NASA’s GRAIL mission to map 
the Moon’s gravitational �eld

in 2011 naSa’s Gravity recovery and interior laboratory (Grail) mission placed two spacecraft into the 
same orbit around the moon. as they Iew over areas of greater and lesser gravity, caused both by visible 
features such as mountains and craters and by masses hidden beneath the lunar surface, they moved 
slightly towards and away from each other. an instrument aboard each spacecraft measured the 
changes in their relative velocity very precisely. Scientists translated this information into a high-resolution 
map of the moon’s gravitational "eld.

this gravity-measuring technique is essentially 
the same as that of the Gravity recovery and 
climate Experiment (GracE), which has been 
mapping Earth’s gravity since 2002.

Grail’s engineering objectives were to 
map lunar gravity and to use that information 
to increase understanding of the moon’s 
interior and thermal history. Spacecraft have 
been observed to change orbit unexpectedly 
as a result of unobserved regions of mass 
concentrations or mascons. accurate 
gravitational maps of the moon will enable future 
moon missions to be safer and more precise.

Getting the two spacecraft where they 
needed to be, when they needed to be there, 
was extremely challenging. it required a set of 
manoeuvres never before carried out in solar 
system exploration missions.

the two Grail spacecraft were near-twins, each about the size of a washing machine, with minor 
differences resulting from the need for one speci"c spacecraft (Grail-a) to follow the other (Grail-B) 
as they circled the moon at a height of 55 km. they each described the same polar orbit lasting  
113 minutes.

the on-board lunar Gravity ranging Systems measured changes in the distance between the two 
spacecraft down to a few microns – about the diameter of a red blood cell. that’s not bad, considering 
they were Iying 150 km apart.

Each spacecraft carried a set of cameras for moonKam (moon Knowledge acquired by middle 
school students). this was the "rst time a naSa planetary mission had carried instruments expressly for an 
education and public outreach project. among other things, these cameras recorded the "nal crash site 
at the end of the mission.

the two Grail spacecraft communicated with each other and Earth through antennas. in this way 
they could record any changes in the distance between them. one of the antennas on each craft was 
mounted on the sunny side of the spacecraft and another on the dark side. the sunny-side antennas 
pointed to Earth during the full moon and the dark-side antennas pointed to Earth during new moons. 
this system avoided the need to rotate the antennas mechanically during the mission. any changes 
would have altered the spacecraft’s centre of mass and disturbed the measurements.

the mission lasted for about a year, terminating at the crash site, Sally ride, in december 2012.
Source: naSa: Grail mission overview, July 12, 2011 (http://www.nasa.gov/mission_pages/grail/overview/index.html#)

Questions

1 What do the acronyms, Grail and moonKam, stand for? 

2 What was the purpose of the Grail mission?

3 Why were two spacecraft used for this mission? 

4 describe how measuring the distance between the two craft enables the local value of g to be 
calculated. 

5 the moon has a mean radius of 1.74 3 103 km. calculate: 

a the orbital speed of the Grail twins

b the orbital acceleration of the Grail twins

6 do some more research and "nd out why naSa launched this mission in the "rst place. Why would it 
be useful to have a map of the moon’s gravitational "eld?

n
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c
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e
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p Figure 1.22 an artist’s impression of the twin spacecraft 
that comprise the Grail mission
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a 0.20 kg object is whirled in a vertical circle on the end of a string of length 0.60 m. the speed of the object is 
a constant 3.0 m s21.

a What is the tension in the string at the top of the circle? (3 marks)

b calculate the tension in the string at the bottom of the circle. (3 marks)

answers Logic

a at the top:

 

correct analysis of forces.

rearrange for T.

correct substitution and answer.

1 mark

1 mark

1 mark

b 

0.2 kg
(3.0 m s )

0.60 m
0.20 kg 9.8 m s

5.0 n

net

2

2

1 2
2

5 2

2 5

5 1 3

5

2

2



= +

⇒

F T mg

T mg m
v

r

T m
v

r
mg

T

T

correct analysis of forces.

rearrange for T.

correct substitution and answer.

1 mark

1 mark

1 mark

try these yourself

a rock with mass 1.5 kg is being whirled in a vertical circle on a string 0.80 m long. the speed 

of the rock is constant. at the top of the circle, the tension T in the string is zero.

a find the speed of the rock. (3 marks)

b find the tension in the string when the rock is at the bottom of the circle. (3 marks)

Think carefully about 
the direction of 
friction forces. Friction 
acts to oppose the 
relative motion of 
surfaces in contact. 
This does not always 
mean that it ‘acts to 
oppose motion’ as 
you may have heard.

Going around corners
In order to travel around a circular path such as running around the bend in a 200 m race 
or driving a car around a corner, you must push outwards on the ground. $e ground will 
push back on you (Newton’s third law) towards the centre of the circular path you are taking. 
Remember that the contact force has two components: the parallel friction component and the 
perpendicular normal component. When you drive a car, it is the friction force that acts on the 
tyres in the direction of the car’s motion that makes the car go forwards. When you apply the 
brakes, it is again the friction force, this time acting in the opposite direction, which slows the 
car down. Without friction, the tyres would slip against the road, the wheels would spin, and 
you wouldn’t be able to start or stop.

When you want to drive around a corner on a 7at road, the tyres must push down at an 
angle to the horizontal. $e ground then pushes back with an equal and opposite force. It is 
friction, or the parallel component of this reaction force, that supplies the centripetal force 
needed to make the car go around the corner. Hence when a car corners on a 7at road, for the 
part of the corner that is approximately circular we can say that:

Fc 5 Ffriction 5 
2

m
v

r

Remember that 
friction and the 
normal force are 
two components of 
the same force – the 
contact force that 
one surface exerts on 
another surface.

0.20kg
(3.0 m s )

0.60m
0.20kg 9.8m s

1.0n

net

2

2

1 2
2

5 1

1 5

5 3 2 3

5

2

2



= +

⇒

F T mg

T mg m
v
r

T m
v
r

mg

T

T
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We can see from this that the ability of a car (and its driver) to successfully negotiate a corner 
depends on how sharp the corner is and how fast the car is going. $e faster the car is going, the 
greater the frictional force required, and the force increases with the square of the velocity. $ere is 
a maximum friction force that the road can exert on the tyres. $erefore, slowing down for a corner 
can make a big di,erent between staying on the road and having an accident. $e maximum 
friction force is signi.cantly reduced by water, mud or oil on the road, and by worn tyres.

cornering on a banked road
If a vehicle travels around a corner on a banked road and it maintains the same radius of 

curvature, it travels horizontally. In this case, there must be an inwardly directed net force, net


F  

acting on the vehicle.
$ere are at least two forces acting on the vehicle. $ese are its weight, due to gravity, 

and the contact force due to the road acting on the tyres. Air resistance or drag may also be 
important if the car is going fast. Again, consider the contact force as two components; the 
normal force and the .ction force. For this analysis we shall make the simplifying assumption 
that only the weight and normal forces are signi.cant.

$e forces applied to the vehicle are therefore:

 normal force, 


N

 weight force, 

w

$e vector sum is:

net 5 1
  
F N w

From Figure 1.23:

⇒

tan

tan

net net

net

5 5 u

5 u

F

w

F

mg

F mg

Figure 1.23 u 
forces on a car 
cornering on a 

frictionless banked road. 
the net force is the 

horizontal component of 
the normal force.

w

N

u

u

Fnet

a

N cos u = w

N sinu

N

u

b

$e weight force acts vertically downwards, and so cannot contribute to the centripetal force, 
which is horizontal. It is therefore the horizontal component of the normal force that provides 
the centripetal force. 

We know that the vertical component of the normal force must be equal to the weight: 

NV 5 N cos u 5 w

   so:

cos
5

θ
N

w



U N I t  3  c h a p t E r  1 :  m o t i o n  i n  o n E  a n d  t W o  d i m E n S i o n S  2 99 78 017 0 2 4 2110

$e centripetal force is then:

Fc 5 NH 5 N sin u 5 θ

θ

sin

cos

w  5 w tan u

Recalling that w 5 mg, we have:

Fc 5 mg tan u 5 
2

m
v

r

$is analysis assumes no friction force. $e friction force is of course never really zero. 
In this example, the friction force may act parallel to and up the slope, or down the slope, 
depending on the speed of the car. If the car is going very slowly, the friction force acts up 
the slope, preventing (or slowing) the car from sliding down the slope. If the car is going very 
quickly, the friction force may act in the opposite direction, pushing the car up the slope.

wo r k E d  E x aM pLE  1.10

the car in figure 1.23 has a mass of 1500 kg. it is travelling horizontally at 20 m s21 around a bend that is banked 
at 10° to the horizontal.

a What is the normal force acting on the car? (3 marks)

b What is the net force acting on the car? (2 marks)

c What radius of curvature must the road have so that the car can turn the corner with no friction force 
acting? (3 marks)

answers Logic

a 

θ

×

°

−

u 5

5

5

5 3

cos

cos

1500 kg 9.8 m s

cos10

1.49 10 n

2

4

N mg

N
mg

N

N

correct equation used.

rearrange for N.

correct substitution and answer.

1 mark

1 mark

1 mark

b 

°

5 u

5 3 3

5 3

2

tan

1500 kg 9.8 m s tan10

2.59 10 n towards centre of curve

net

net
2

3

F mg

F

 correct equation used.

correct substitution and answer.

1 mark

1 mark

c  5

5

net

2

2

net

F m
v
r

r
mv
F

 
 
 
 
 

⇒ 5
3

3

21500 kg (20 m s )

2.59 10 n

1 2

3
r  

 
    5 232 m

correct equation used.

 

rearrange for r.

correct substitution and answer.

1 mark

 
1 mark

1 mark

try this yourself

a car moving at 17 m s21 enters a curve with a radius of 150 m. What is the ideal angle of banking 
for this road so that the horizontal component of the normal force on the car is equal to the 
centripetal force required to maintain the car’s circular motion? Why is the mass of the car not 
needed for this calculation?

(6 marks)
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Vertical circular motion
A car of mass m, travelling at speed v, goes over the crest of a hill, as shown in Figure 1.24, 
which we shall approximate as a part of a circular surface with a radius r.

At the top, the net force is downwards to the centre of the circle:

⇒

net

2

2

5 2

2 5

5 2


F mg N

mg N m
v

r

N mg
mv

r

$is means that there is a speed at which N 5 0, above which the car will leave the ground. 
$e speed at which this occurs depends only on the radius of curvature of the crest:

⇒

0

0

2

2

2

2 5

2 5

5

5

m
v

r
mg

v

r
g

v gr

v gr

At this speed the occupants would feel a moment of weightlessness (even 
though they are not) as the car is in free-fall.

If the car goes through a dip, which can be approximated as part of a circular surface, at the 
bottom, the net force is upwards towards the centre of the circle (Figure 1.25).

⇒

2

2

S 5 2

2 5

5 1


F N mg

N mg m
v

r

N mg m
v

r

net

Hence the normal force is much greater than mg and you feel ‘heavier’ because the car seat 
pushes up on you harder.

We have seen in this section that the centripetal force is the net force acting on an object 
in circular motion. $is force may be due to a single force, such as the normal force on a rotor 
ride, or one component of a single force, such the horizontal component of the tension for an 
object whirled in a horizontal circle. It may also be due to the sum of two (or more) forces, such 
as the gravitational force and tension for an object whirled in a vertical circle on a cable. In each 
of these cases, and in all others, the centripetal force is the net force acting. When you analyse 
circular motion you should be able to identify which forces add to give this net force. $e 
centripetal force is the result of forces acting, not a separate force, so it should never be added to 
other ‘physical’ forces. 

Remember that the centripetal force is the net force acting on an object undergoing 

circular motion. You should never add the centripetal force to other forces to get a 

total force – the centripetal force is the total force.

The centripetal force may be due to a single force, or the sum of two or more forces.

Figure 1.25 p  
the net force on a car 
in a dip in the road is 

upwards. it is the vector 
sum of the normal force 

and the weight force.

SF 5 N 2 W

W

N

Figure 1.24 p  
the net force on a car 
on the crest of a hill is 
the vector sum of the 
normal force and the 

weight force. the normal 
force can be zero if the 
speed is great enough.

W

N

SF 5 W 2 N
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Q U E S t I o N  S E t  1. 4

remembering
1 describe uniform circular motion in your own words.

2 Why is an object that is undergoing uniform circular motion said to be accelerating?

Understanding
3 a person in a ‘rotor’ ride experiences a force directed towards the centre of the ride. Why does this 

occur?

4 Give an example of when a non-physics student may cite ‘centrifugal force’ to explain what happened to 
them.

applying
5 a car undergoing uniform circular motion going around a corner has a centripetal force F acting on it.

a in which direction is this force?

b in terms of F, what is the magnitude of the centripetal force if the car enters the same curve moving at 
twice the speed? Show your working.

6 a track for a very fast train cannot have curves with a small radius. use an appropriate equation to show 
why this is so.

7 What net force will need to be applied to a 70-tonne aeroplane that is turning with a radius of curvature 
of 5.0 km and Iying at 100 m s21? What is the origin of this force?

analysing
8 Show with a diagram why the tension in a string is greatest at the bottom of the circle when a rock is 

being whirled in a vertical circle.

reAecting
9 list examples of motion other than those mentioned in this chapter in which uniform circular motion 

occurs or is occurring.

10 a stunt car goes through a loop, so that it follows a vertical circular path. assume that the car has 
approximately constant speed. 

a Sketch a graph of:

i the weight force acting on the car as a function of time as it performs the loop.

ii the magnitude of the normal force acting on the car as a function of time as it performs the loop.

iii the magnitude of the total force acting on the car as a function of time as it performs the loop.

b Explain how your graphs are possible, given that the weight and normal must add at all times to give  
the total (centripetal) force.

w
o

w Simple machines

renaissance builders identi"ed six types of simple machine: 
lever, wheel and axle, inclined plane, wedge, pulley and screw. 
Simple machines change the direction of the effect of a force 
or change the effort needed to achieve a result. the wheel 
and axle enables a force at the perimeter of a circular object 
to rotate the object about its central axis. the brilliant florentine 
master builder, filippo Brunelleschi, used these to advantage in 
the building of the dome of the great church of florence, Santa 
maria del fiore di fiorenza, known as the duomo. 

Figure 1.26 u 
the dome of the 

duomo in florence, italy

dUoMo 

learn more about 
the duomo and 
Brunelleschi, 
the man who 
designed it.
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torque and rotation
We have seen that when a force acts on an object the object accelerates in a straight line in 
the direction of the force. $is is a referred to as translational motion. We have also looked at 
uniform circular motion, which is type of rotational motion. 

Imagine using a spanner to undo a bolt. You want the bolt to turn, but you don’t want to 
move it sideways or up or down. So you want it to twist, but not to translate. Similarly, when 
you open a door, you want to make the door rotate about its hinges. You don’t want the door to 
come o, its hinges and move up or down or go forwards or backwards. In these cases in which 
we want rotation but not translation, we need to apply a torque to the object. 

Torque is the rotational equivalent of force. To get a stationary object to rotate, we must apply 
a torque. To get a rotating object to stop rotating, we must also apply a torque. $e greater the 
torque that is acting on an object, the greater the change in the rotational motion of the object.

A torque causes a change in rotational motion, and is due to a force acting on an 

object at some distance from a pivot point or axis of rotation. 

The torque, t, acting on an object due to a force, F, is given by

t 5 rF sin u

where r is the distance from the pivot point to the point at which the force acts. 

The angle, u, is the angle between the line joining the pivot point to the point of 

application of the force, and the force itself. 

$is is shown in Figure 1.27. Torque is also called moment, 
particularly in engineering. 

Torque has units of N m. $ese are the same units as work, which 
we often write in units of J because work is an energy. However torque 
is not a type energy, even though it has the same units, so we never write 
the units of torque as J. Energy is a scalar quantity, but torque is a vector 
quantity. $e direction of the torque vector is important because it 
determines the direction of the resulting rotation. 

To .nd the direction of torque, point the .ngers of your right hand 
in the direction of the line joining the pivot to point of application of the 
force, as shown in Figure 1.28. Now curl your .ngers in the direction of 
the force. Your thumb points in the direction of the torque vector, and 
your .ngers show the direction of the resulting rotation. It may seem 
odd that the torque vector is perpendicular to the direction of rotation. 
However, every point on a rotating object is changing the direction of 
its velocity constantly, as we saw in circular motion. So it makes sense to 
de.ne the torque vector as perpendicular to the plane in which rotation 
occurs. $is is the only way that we can assign it a unique direction for 
the whole rotating object. 

From the equation for torque we can see that the greater the force, 
the greater the torque. $e greater the distance between the pivot and the 
point of application of the force, the greater the torque. When the force 
acts right at the pivot point the torque is zero. 

$e angle is also important. $ink about using a spanner to undo a 
bolt again. To get the maximum torque, you apply the largest force you 
can, at the end of the handle furthest from the bolt. You apply the force 
perpendicular to the handle of the spanner, as shown in Figure 1.29. $e 
angle in this case is u 5 90° and the torque has its maximum value, tmax 
5 rF. If you pull or push on the handle of the spanner along the line of 
the handle, then the angle is u 5 0, and the torque is also zero, and no 
rotation is achieved. 

$e pivot point is the point about which the object rotates. We always talk about the torque 
about a point, as the torque can be calculated about any arbitrary point on an object. $e point 

F

r

u

Figure 1.27 q  
the torque applied to 

the spanner by the hand 
is t 5 rF sin u.

Figure 1.28 p   
the right-hand rule for 
"nding the direction of 

a torque

rW

FW

tW 
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we choose determines the distance r. Often there is an obvious 
choice, such as the hinges of a door, or some other point at which 
a restraining force acts. If you try to balance a pencil on its end on 
your desk (Figure 1.30a), it will rotate about its tip and fall over. $e 
tip is the pivot point. Sometimes we talk about an axis of rotation 
rather than a pivot point. $is just means we are thinking about 
a three-dimensional object rotating about a particular axis. For 
example, a bolt or screw (Figure 1.30b) rotates about a line along its 
own long axis when it is turned with a spanner.

r

F

p Figure 1.29 
torque is at a maximum 
when the lever arm (r) 
and the force (F) are 
perpendicular.

t Figure 1.30 
a) the tip of the pencil 
is the pivot about which 
the pencil will rotate 
when it falls. b) the bolt 
rotates about a line 
along its own long axis.

Pivot point

a Axis of

rotation

b

p Figure 1.31 you turn a screw a) clockwise to tighten it and b) anticlockwise to loosen it.

w
o

w Right-handed thread

most screws and bolts have ‘right-handed’ thread as shown in figure 1.31. to remember 
which way to turn them, point your right thumb in the direction in which you want the screw to 
move – either into or out of the material. your "ngers then naturally curve in the direction you 
should turn the screw: clockwise to tighten and anticlockwise to loosen. note that a very small 
fraction of screws are made with left-handed thread. these are generally used in applications 
where the screw is part of a device that rotates, for example the rotating handle on an apple 
slinky machine. this makes it less likely that they will come undone during normal operation 
of the device. there are many right-hand rules in physics, you will meet other useful ones in 
chapters 4 and 5. 

Screw goes
down

a

Screw goes

up

b

Torque is more 
correctly given as the 
vector cross product 
of the vector r and 
the force f:  
 r Ft 5 3

  

 
Vector cross products 
are used often in 
physics, and are 
discussed in more 
detail in Chapter 4. 
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wo r k E d  E x aM pLE  1.11

a mechanic uses a spanner to tighten a bolt in a car. She uses a spanner with a handle 35 cm long, and 
applies a force of 95 n perpendicular to the handle. 

a What torque does she apply? (3 marks)

b if she applied the force at an angle of 45°, how much force would she need to apply to produce the same 
torque? (4 marks)

answers Logic

a t 5 rF sin u relate torque to given data. 1 mark

 t 5 0.35 m 3 95 n 3 sin (90°) Substitute values with correct units. 1 mark

 t 5 33 n m calculate "nal value and round to 
correct signi"cant "gures.

1 mark

b t 5 rF sin u relate torque to given data. 1 mark

 
=

τ

usin
F

r
rearrange for force. 1 mark

 °
5

3

33 n m

0.35 m sin45
F Substitute values with correct units. 1 mark

 F 5 130 n calculate "nal value and round to 
correct signi"cant "gures.

1 mark

try this yourself 

if 50 n m is the torque required to turn the bolt, and the mechanic can exert a maximum force of 
150 n, what is the minimum length handle she needs on her spanner?

(3 marks)

$e distance r is often called the lever arm, and the longer the lever arm is, the greater the 
applied torque for a given applied force.

A lever is any device that allows you to apply a force at one point to produce a larger or 
smaller force at some other point. A seesaw is a simple example of a lever. When you sit on one 
end, the seesaw rotates about the pivot in the middle because of the torque due to your weight. 
$is produces a force at the other end of the seesaw. $e torque produced at any point along the 
seesaw is the same. Hence, an object close to the pivot point experiences a greater force because 
the lever arm is smaller here.

A lever is a device for amplifying forces. The longer the lever arm, the more the 

force is ampli�ed.

Most tools we use are actually levers or combinations of levers. When we wish to exert a 
large force, we use a long lever arm between the pivot and the applied force, and a short lever 
arm between the pivot and the load. 

$e torque applied at the long end is equal to the torque at the load:

tapplied 5 r1Fapplied 5 r2Fload 5 tload

Tools that are designed to take a small applied force and amplify it usually have a long 
handle, and a short distance from the pivot to the load. Long-handled pruning secateurs are an 
example of this. 
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wo r k E d  E x aM pLE  1.12

a small boy sits on a seesaw and asks his father to sit on the other end to balance it. the boy has a mass of 
22 kg and the seesaw is 4.4 m long with the pivot at its centre. the father has a mass of 95 kg.

a if the father sits down on the other end of the seesaw and lifts his feet from the ground, how much force is 
applied to the boy? What will happen? (5 marks)

b Where should the father sit to just balance the boy’s weight? (4 marks)

answers Logic

a rfatherF(by father) 5 rboyF(by boy) relate the force applied by the father  
to the force on the boy.

1 mark

 F(by father) 5 F(by boy) recognise that rfather 5 rboy 1 mark

 Ff(by father) 5 wfather 5 mfatherg recognise that the force exerted by  
the father on the seesaw is equal to  
his weight.

1 mark

 F(by boy) 5 mfatherg 5 95 kg 3 9.8 m s–2 5 930 n Substitute values with units and 
calculate "nal answer.

1 mark

 this force pushes upwards on the boy as the 
seesaw pivots. the boy’s weight (the gravitational 
force downwards on him) is much less than this,  
so he accelerates upwards.

1 mark

b tfather 5 tboy 

 rfatherF(by father) 5 rboyF(by boy)

the torques must be equal in this case  
if the seesaw is not to rotate.

1 mark

 rfather 5 
( (by boy))

(by father)

boy
r F

F
rearrange for rfather. 1 mark

 rfather 5 5
( )

( )

( )
boy boy

father

boy boy

father

r m g

m g

r m

m
recognise that the force each applies  
is equal to their weight.

1 mark

 rfather 5 
3(4.4m 22 kg)

95 kg
 5 1.0 m Substitute values with units and 

calculate "nal answer.
1 mark

try these yourself 

1 if the father sits closer to the pivot than 1.0 m, what will happen? draw a diagram showing the 
forces acting. 

(3 marks)

2 if the boy’s mother (62 kg) now sits on the seesaw right at the opposite end from her son, is 
there any point on the seesaw where the father can sit to balance it? if so, "nd the point and 
show it on a diagram. 

(3 marks)

In Worked example 1.12, when the torques applied at each end of the seesaw are equal, the 
seesaw balances. It does not rotate in either direction. We say that the seesaw is in equilibrium 
because it is not accelerating in a straight line nor is it rotating. 

work and torque
Remember that when we apply a force, F, and move an object through a distance, s, we are 
doing work: 

W 5 Fs

$e work done is the energy transferred to the object from the agent doing the work. 
When we apply a torque, for example to one end of a lever, if the lever moves and pushes on 

a load at some other point, we are also doing work. $e work done is again equal to the force 
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applied multiplied by the distance through which the force is applied. $e lever acts to amplify 
the force, so that the force acting on the load is greater than the force we apply. So it may at .rst 
seem as though a lever can violate conservation of energy by allowing us to do more work at one 
end of the lever than is done at the other end. However this is not the case. 

$ink again about the seesaw in Worked example 1.12. Imagine the father sits down at a 
distance closer to the pivot than that needed to balance his son’s weight, before his son gets on 
the seesaw. His son then gets on at the far end. $e force applied by the son to his father (the 
load) via the seesaw is

( )
load

applied applied

load

5F
F r

r

$is force is greater than the weight of the father if he is close enough to the pivot point, 
and he experiences a net force and hence accelerates upwards. Figure 1.32 shows this. In some 
time, the boy moves down a distance hboy and the father moves up a distance hfather. $e triangles 
shown in Figure 1.32(b) are similar triangles, so 

applied

load

applied

load

5
r

r

h

h

and therefore

Fload 5 
( )

applied applied

load

F h

h
 or Fload hload 5 Fappliedhapplied

$e work done on the load, is equal to the work done by the applied force. 
$is means that although a lever allows us to apply a greater force to the load than that 

which we apply to our end of the lever, we cannot actually move the load as far as we have to 
move our end of the lever. 

Boy

Father

Father
moves up

Boy moves
down

rboy rfather

hboy

rboy rfather

hfather

hboy

rboy

hfather

rfather

u

u

Figure 1.32p  
a) a boy and his father 

on a seesaw. b) the boy 
goes down a distance 

hboy, the father goes  
up hfather.

a b

A lever allows a force to be ampli�ed, but the force must be applied through a 

greater distance to do the same amount of work as the larger force acting through a 

shorter distance at the other end of the lever.
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wo r k E d  E x aM pLE  1.13

a man is using a lever to move a small water tank into position. he uses a rock as the pivot under a long length 
of wood, and pushes the end of the wood under the tank so that its centre of mass is 0.80 m from the pivot 
point. the tank has a mass of 250 kg and the man lifts it through a height of 25 cm. the lever arm between the 
pivot and the man has a length of 3.5 m. 

a how much work does the man do on the water tank? (3 marks)

b What force does he apply to do this work, assuming the tank moves slowly at constant speed as it lifts? (4 marks)

c through what distance must he apply this force? (3 marks)

answers Logic

a Won tank 5 Fs 5 Wtankhtank 5 mtankghtank relate work to data given. 1 mark

 Won tank 5 250 kg 3 9.8 m s–2 3 0.25 m Substitute values with correct units. 1 mark

 Won tank 5 610 J correct answer given. 1 mark

 note that Won tank is the work done on the tank, it is 

an energy and has units of J, Wtank is the weight of 
the tank, it is a force and has units of n. 1 mark

 

b Fmanrman 5 Wtankrtank the torque applied by the man must 
be equal to the torque applied by the 
weight of the tank.

1 mark

 Fman 5 5
( ) ( )

tank tank

man

tank tank

man

W r

r

m gr

r
rearrange for Fman. 1 mark

 Fman 5 
250kg 9.8ms 0.8m

3.5m

23 32  
Substitute values with correct units.

1 mark

 Fman 5 560 n correct answer given. 1 mark

 this force is much less than the weight of the tank, 
which is 2500 n! 

c Wby man 5 Won tank apply law of conservation of energy. 1 mark

 Fmanhman 5 Won tank 1 mark

 hman 5 on tank

man

W

F
rearrange for hman. 1 mark

 hman 5 610J

560n
 5 1.1 m Substitute and calculate "nal answer 1 mark

 you could also use the ratios of the lever arms and 
the heights to solve part c. 

try these yourself 

a girl (25 kg) sits on one side of a seesaw, 1.8 m from the pivot. her brother pushes on the other 
end so that she is slowly lifted 0.75 m up before the seesaw bumps against a stop and she stops 
moving.

(3 marks)

a how much work is done on the girl? 

b if the brother applies a constant force of 180 n, at what distance from the pivot must he be 
pushing down on the seesaw? 

c how far down does he push the seesaw at his end? 
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Equilibrium
When no net force and no net torque acts on an object we say that the object is in  
equilibrium. 

No net force does not mean that no forces are acting. It means that all forces, when correctly 
added as vectors, sum to give a zero total force. $ere are no unbalanced forces acting. 

From Newton’s second law, F 5 ma, this means that the object has zero acceleration. Hence 
it has constant velocity. 

An object in equilibrium has constant velocity. 

The vector sum of all forces acting on the object is zero: SF

 5 F



net
 5 0

$is equation is extremely useful for analysing the forces acting on objects in equilibrium. 
However we need to remember that forces are vectors, and add them as such. Often it is easiest 
to break the forces into components and apply the equation of equilibrium in each direction 
separately. When we do this, we use:

SFH 5 0    and     SFV 5 0    

where FH are the horizontal components of all forces acting, and FV are the vertical components.
Consider for example the block shown in Figure 1.33(a). When the block is stationary, the 

only forces acting are the weight of the block and the normal force acting on the block, both in 
the vertical direction. So we can write:

SFV 5 0,   so   N – w 5 0, or N 5 w

Hence, when no other forces are acting and an object is not moving, its weight is equal to 
the normal force acting on it. 

Now consider the situation in Figure 1.33(b). $e block is pulled along at a constant velocity. 
Constant velocity means the block is again in equilibrium. In the horizontal direction, the forces 
acting are the horizontal component of the applied force, Fapplied,H 5 Fapplied cos u, and the friction 
force, Ffriction (the parallel component of the contact force). Hence:

SFH 5 0,   so   Fapplied cos u – Ffriction 5 0, or Fapplied cos u 5 Ffriction

In the vertical direction, we have three forces: the normal force, N, the weight of the 
block, w, and the vertical component of the applied force, Fapplied,V 5 Fapplied sin u. Applying the 
equilibrium equation in the vertical direction gives:

SFV 5 0,   so   Fapplied sin u 1 N – w 5 0, or Fapplied sin u 1 N 5 w

We can see that in this case the normal force is no longer equal to the weight of the block. 
$e normal force is reduced because of the applied force. 

Remember that 
the normal force is 
the perpendicular 
component of 
the contact force 
between surfaces. 
It is only vertical 
when the surfaces 
are horizontal. The 
parallel component 
is the friction force.

Figure 1.33 u  
a) N 5 w for a block at 

rest on a table.  
b) N 1 Fapplied sin u 5 w for 
a block being pulled at 

constant velocity.

Some students think 
that the normal force 
is always equal to the 
weight of an object. 
This is not true. It is 
only the case when 
no other vertical 
forces are acting.

N

w

Fapplied

Ffriction

␪

w

N

a b
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$e condition that SF 5 0 is a necessary condition for equilibrium, but it is not suNcient. 
It is possible that there is zero net force acting on an object and that it is not in equilibrium. 
$is can happen when the forces acting on an object are balanced, but they do not act along 
the same line. 

Consider the steering wheel shown in Figure 1.34. $e hands exert equal and opposite 
forces on the wheel, so there is no net force. However each hand also exerts a torque on the 
wheel, and these torques add to give a total torque twice that of the torque due to one hand. 

t 5 rF 1 rF 5 2rF

A pair of equal, opposite and parallel forces such as those shown in Figure 1.34 are 
called a ‘couple’. $ey result in a torque called a couple moment on the object, which 
causes the object to rotate but not translate. 

Hence the steering wheel is not in equilibrium because its rotational state of motion is 
changing. 

The second requirement for equilibrium is that there is no net torque: St 5 t
net

 5 0.

We shall use couples to 
calculate the torque on 
motors in Chapter 5.

F

F

r

r
0

p Figure 1.34 
Each hand exerts a force, 
F, on the wheel. the total 
force is zero. Each hand 
also exerts a torque, t 5 rF. 
the total torque ttotal 5 2rf, 
so the wheel rotates.

wo r k E d  E x aM pLE  1.14

a 35 kg boy sits on a seesaw at a distance 1.6 m from the pivot. the seesaw has a mass of 45 kg, and is uniform, 
with the pivot supporting it at its centre.

a use the equations of equilibrium to "nd the torque that must be applied to prevent the seesaw rotating. (3 marks)

b if this torque is to be applied by a 25 kg boy sitting on the seesaw, what normal force must be applied by the 
pivot of the seesaw? (3 marks)

answers Logic

a St 5 0, t1 1 t2 5 0 apply the equation of equilibrium for torque. 1 mark

 t2 5 2t1 5 r1F1 5 r1m1g find an expression for torque in terms of 
data given.

1 mark

 t2 5 1.6 m 3 35 kg 3 9.8 m s–2

 t2 5 550 nm

Substitute values including units and 
calculate "nal answer.

1 mark

b SF 5 0, Fpivot 2 F1 2 F2 2 wseesaw 5 0 apply the equation of equilibrium for force, 
noting that all the forces are in the vertical 
direction, so we can add them algebraically 
(taking care with signs).

1 mark

 Fpivot 5 F1 1 F2 1 wseesaw5 m1g 1 m2g 1 mseesawg 

 5 (m1 1 m2 1 mseesaw)g

find an expression for the force in terms of 
data given.

1 mark

 Fpivot 5 (35 kg 1 25 kg 1 45 kg) 3 9.8 m s–2

 Fpivot 5 1.0 kn

Substitute values including units and 
calculate "nal answer.

1 mark

try these yourself 

1 at what point on the seesaw must the 25 kg boy sit to balance the torque due to the 35 kg boy? (3 marks)

2 use the equations of equilibrium to show that the normal force acting on a table is equal to 
the weight of the table when there is nothing on the table, but larger than the table’s weight 
when any object is placed on top of the table. use force diagrams. 

(3 marks)
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remembering
1 Write the equation for torque and de"ne all the terms used. 

2 Write the equations for equilibrium.

Understanding
3 you are having dif"culty undoing a screw. Should you use a screwdriver with a longer handle or a thicker 

handle? draw a diagram and explain your answer. 

4 a person stands next to a table. Explain how they can apply forces to the table to:

a increase the normal force of the Ioor acting on them.

b decrease the normal force of the Ioor acting on them.

5 Why is it so much harder to hold a heavy bag with your arm outstretched horizontally than to hold it close 
to your body?

applying
6 how much force must be applied at a distance of 35 cm from a bolt to produce a torque of 250 nm on the bolt?

7 if a torque of 250 nm is applied to a 1.0 cm thick bolt that is embedded in wood and the bolt does not 
turn, what frictional force is acting on the bolt due to the wood? 

8 a car is moving at constant speed down an inclined road at an angle of 12° to the horizontal. the car has 
a mass of 1500 kg and experiences a drag force of 250 n.

a calculate the normal force acting on the car’s tyres due to the road.

b calculate the friction force acting on the car’s tyres due to the road.

c draw a diagram showing all the forces acting on the car. 

analysing
9 a hammer uses a torque to effectively hammer a nail into a piece of wood. Explain, with the aid of  

diagrams, why this is the case. hint: consider what you do with your wrist and arm when you use a hammer.  

10 the 15 kg wheelbarrow shown in figure 1.35 is in 
equilibrium. the weight acts through the centre of 
mass, a distance 65 cm from the pivot as shown. 
a force of 100 n is applied to the handle at 60° to 
the horizontal. use the equations of equilibrium to 
calculate: 

a the normal force acting on the wheelbarrow due to 
the ground.

b the friction force acting on the wheelbarrow due to 
the ground.

c the distance between the pivot (the wheel) and the 
applied force. 

Q U E S t I o N  S E t  1.5 

Ffriction

Fapplied = 100 N

60°
w

N

p Figure 1.35
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chap tE r  S U M Mary

 ● a force is applied by one object on another: F(by a onB)
��

 ● forces are vectors. in vector diagrams forces are drawn pointing away from the point of application. vectors 
are added and subtracted geometrically.

 ● newton 1: if the vector sum of all forces acting on an object is zero, then its velocity remains constant, 
including zero velocity.

 ● newton 2: 
(on object)

a
F

m

��

5
Σ

 ● newton 3: (by a on B)F
��

 and (byB on a)F
��

 are equal in magnitude, opposite in direction, have the same 
fundamental nature and each force acts on a different object.

 ● a gravitational "eld surrounds each mass and affects other masses.

 ● the gravitational "eld near the surface of Earth is g − −5 59.8n kg 9.8 ms1 1


.

 ● near Earth, the weight force, w


, applied by Earth’s mass on a mass, m, is w mg5
���

.

 ● Projectile motion can be resolved into independent vertical and horizontal components that can later be 
combined. 
for initial launch velocity, u

��

:

– horizontally: v u u x u t
x x x

θ5 5 5 5cos constant; thus,

– vertically: sinv u u
y y

5 5 θ

 

gt

2

1

2

2 2

2

5 1

5 1

5 1

v u

v u gy

y u t gt

y y

y y

y

 ● for motion along an inclined plane, components are taken parallel and perpendicular to the plane,

– Parallel to the plane, the component of the weight is F mg θ5 sin
//

.

– Perpendicular to the plane, the component of the weight is F mg θ
⊥

5 cos . the normal force has the 
same magnitude but opposite direction.

 ● for an object travelling in a circle of radius, r,  at constant speed, v, in a time interval, T:

v
r

T

a
v

T

r

T

v

r

5
p

5
p

5
p

5

2

2 4
c

2

2

2

– net force, Fnet, is the sum of real forces such as weight, normal force, tension, friction:

 
2

m
4

net c

2

2

2

5 5
p

5
p

5F ma m
v

T

r

T
m

v

r
 ● torque is the equivalent of force for rotational motion. torque relates to forces that are applied at positions 

other than the centre of mass:

r F rF θ
⊥

t 5 5 sin

 ● a non-zero net torque causes rotational motion.

 ● many tools are levers that use torque to change the magnitude and direction of a force.

 ● for an object to be in equilibrium two conditions must be met:

F τ5 50 and 0
net net



4 2  n E l S o n  P h y S i c S  u n i t S  3  &  4  f o r  t h E  a u S t r a l i a n  c u r r i c u l u m 9 78 017 0 2 4 2110

chap tE r  r E V I E w Q U E S t I o N S

remembering

 1 What is the horizontal acceleration of a projectile?

 2 de"ne equilibrium.

 3 Why are long-handled tools generally more effective than short-handled tools?

 4 What general expression can be used to "nd the horizontal component, ux of a projectile’s initial velocity?

 5 What is meant by the ‘tension’ in a rope?

 6 de"ne ‘centripetal acceleration’?

Understanding

 7 at the bottom of a rollercoaster ride, the people on the ride feel much heavier than usual. draw a diagram 
to show the forces acting and then explain the reason for this sensation.

 8 Explain why it is accepted that an object undergoing uniform circular motion is accelerating.

 9 Why are the speed limits on windy, curved roads reduced?

10 Why do equal but opposite forces that act along the same line, even if that line does not pass through the 
pivot point, not result in a torque? draw a diagram to explain your answer. 

11 Explain why curved railway tracks are usually banked towards the inside of the curve. use a force vector 
diagram to illustrate your answer.

applying

12 a ball is thrown vertically upwards at 35 m s21.

a What is the maximum height reached by the ball?

b how long will the ball take to reach this height?

13 a golf ball is struck at 45 m s21 and an angle of 15° above the horizontal.

a What is the vertical component of the ball’s initial velocity?

b Will the ball pass over the head of a 2.0 m high golfer standing 50 m away?

chap tE r  GLo S Sary

action-at-a-distance non-contact force; one 
object experiences a force due to the presence of 
another object that is not touching it

centripetal centre-seeking; applied to force and 
acceleration on and of objects moving with uniform 
circular motion

component the part of a vector pointing in a 
particular direction (usually horizontal or vertical)

contact force a force applied to an object by 
another object having physical contact

couple moment the torque or moment resulting from 
two equal but opposite forces acting on an object

equilibrium having a constant state of motion; 
acted on by no unbalanced forces or torques 

friction the component of the contact force 
between surfaces which is parallel to the surfaces, 
and resists relative motion of the surfaces 

lever arm the distance between the point of 
application of a force and a pivot point 

moment see torque

net force the resultant of all the forces acting on an 
object 

normal force a reaction force perpendicular to the 
surface; a component of the contact force

radius of curvature the radius of a curve that is an 
arc (part of a circle in shape)

tension the pulling force applied to an object by a 
string or cable

torque the turning effect of a force; the product of 
force and distance from the axis of rotation or pivot 
to the point of application of the force; also called 
moment

unbalanced force when the resultant of two or 
more forces acting is not zero, i.e. SF ≠ 0

uniform circular motion circular motion with 
constant speed

vector a quantity that has magnitude and direction
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14 the bottom of a rollercoaster ride has a track with a radius of curvature of 28 m. the ride passes this point 
with a speed of 12 m s21. What is the normal force on a 50 kg person by the ride’s carriage?

15 a car goes over a crest in the road that has a radius of curvature of 34 m. at what speed will the car lose 
contact with the road?

16 a spanner is used to apply a torque of 500 n m to a nut.

a What minimum force must be applied to achieve this torque if the handle of the spanner is 45 cm long? 

b What minimum force must be applied if it is applied at an angle of 25° to the handle?

17 a projectile is "red from ground level at an angle of 45° above the horizontal with a speed of 38 m s21.

a find the horizontal and vertical components of the projectile’s initial velocity.

b find the time of Iight for the projectile, assuming it is travelling over level ground.

c find the horizontal distance (the range) of this projectile.

18 a 2.0 kg rock is being whirled around in a horizontal circle held by a 0.70 m long string that will break if the 
tension in the string exceeds 38 n. find the shortest period, T, for the motion of the rock just before the string 
breaks. model the string as approximately horizontal.

19 a train goes around a bend of radius 350 m that is banked at an angle of 8.0°. at what speed should the 
train travel around the bend?

analysing

20 a girl is swinging on a maypole in a playground as shown in figure 1.36.

208

rCentre of
mass of girl

 t Figure 1.36 

  the girl has a mass of 36 kg and when she is moving with a speed of 2.0 m s21 the light rope makes an 
angle of 20° with the vertical. consider the motion of the centre of mass of the girl, which moves in a 
horizontal circle of radius r.

a What is the vertical component of the tension in the rope?

b What is the horizontal component of the tension in the rope?

c What is the tension in the rope?

d What is the net force acting on the girl?

e What is the radius of the circle?

21 how many times more centripetal force is required to act on a vehicle moving around a curve with a radius 
of curvature of 200 m compared with a curve with a radius of curvature of 400 m if the vehicle is travelling 
safely at the same speed?

22 a projectile is "red at an angle of 20° above the horizontal. another projectile is "red at the same speed at 
an angle of 70° above the horizontal. Show that the horizontal distances travelled by both projectiles is the 
same.
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23 a balancing bird toy (as shown in figure 1.37) can balance on a "nger. model the bird as being made of 
three parts: the body and two wings. draw a diagram showing the forces acting on each part of the bird, 
and the torques resulting from these forces. Write the equations of equilibrium for the bird based on the 
forces and torques shown in your diagram. Explain how the bird balances.

  

 p Figure 1.37

reAecting

24 how has the content of this chapter assisted you in your understanding of the causes of car crashes that 
occur on a bend on a country road?

25 make a spider diagram for all the physics you have learnt in this chapter which has helped you understand 
how a car works. include all the relevant forces you can think of, as well as torques. draw a diagram 
showing where the different forces and torques act.



By the end of this chapter you will have covered the following material.

Science Understanding

 ● Uniformly accelerated motion is described in 
terms of relationships between measurable 
scalar and vector quantities, including 
displacement, speed, velocity and 
acceleration (ACSPH060)

 ● Representations, including graphs and 
vectors, and/or equations of motion, can 
be used qualitatively and quantitatively to 
describe and predict linear motion (ACSPH061)

 ● Vertical motion is analysed by assuming the 
acceleration due to gravity is constant near 
Earth’s surface (ACSPH062)

By the end of this chapter you will have covered the following material.

Science Understanding

 ● The movement of free-falling bodies in Earth’s 
gravitational �eld is predictable (ACSPH093)

 ● All objects with mass attract one another 
with a gravitational force; the magnitude of 
this force can be calculated using Newton’s 
Law of Universal Gravitation (ACSPH094)

 ● Objects with mass produce a gravitational 
�eld in the space that surrounds them; �eld 
theory attributes the gravitational force on 
an object to the presence of a gravitational 
�eld (ACSPH095)

 ● When a mass moves or is moved from one 
point to another in a gravitational �eld and 

its potential energy changes, work is done 
on or by the �eld (ACSPH096)

 ● Gravitational �eld strength is de�ned as the 
net force per unit mass at a particular point 
in the �eld (ACSPH097)

 ● Newton’s Law of Universal Gravitation is used 
to explain Kepler’s laws of planetary motion 
and to describe the motion of planets and 
other satellites, modelled as uniform circular 
motion (ACSPH101)
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Projectile 
motion

read about 
the history of 
the analysis of 
projectile motion 
by Galileo.

introduction
Why do things fall to the ground? To us, this seems obvious: gravity pulls things down towards 
Earth. For Aristotle (384–322 BCE) and his contemporaries, the answer was also obvious: 
things fell to the ground because they were made of earth, and earth naturally moved towards 
Earth. )ey had a kind of heaviness or gravitas that enabled them to fall straight down. In 
Aristotle’s world, there was no need for our modern concept of gravity.

A long appraisal of Aristotle’s ideas led to the emergence of a way of understanding motion 
that we would now recognise as kinematics – the relationship between measurements of distance 
and time. It was not until the -fteenth and sixteenth centuries that experiments on projectiles 
and the motion of falling objects were carried out. )e most signi-cant of these experiments 
were undertaken by Galileo (1564–1642 CE). He showed experimentally that falling objects 
accelerated more or less uniformly towards Earth. 

In 1687, Newton (1643–1727 CE) -nally showed how an inverse-square law of 
gravitational force could account for this acceleration. )is law was ‘universal’ because it 
incorporated all motion, from Earth to the ends of the universe.

Newton’s gravity was built on the impressive measurements of Tycho Brahe (1546–1601 CE) 
and the mathematical interpretation of these data by Johannes Kepler (1571–1630 CE). 

Earlier work by Nicolaus Copernicus (1473–1543 CE), itself indebted to the accuracy of 
Muslim astronomers, such as Muhammad al-Battani (c. 868–929 CE), and Galileo on the 
motion of the planets around the Sun, as well as data from the Royal Observatory at  
Greenwich (1675 onwards) contributed to Newton’s con-dence in the universality of his 
gravitational theory.

Newton’s universal gravitational law remained undisputed until Albert Einstein 
(1879–1955 CE) made signi-cant modi-cations in his 1915 paper on general relativity. 
)ese changes, and the upsurge in high-quality astronomical observations – Earth-based 
and from space – during the last hundred years have hugely enhanced our knowledge 
of the universe. )eories of dark matter and dark energy are signi-cantly based on our 
understanding of gravity.

Universal gravitation
Edmund Halley (1656–1742 CE), Robert Hooke (1635–1703 CE) and 
Newton all recognised that the elliptical orbits of planets, -rst described by 
Kepler, could be explained by a force that depended on distance from the Sun. 
Newton coined the word ‘gravity’ to name this force. He wrote to Halley: 
‘It is now established that this force is gravitas, and therefore we shall call it 
gravitas from now on.’ We see here that Newton used the Aristotelian idea of 
‘heaviness’ to describe what we now refer to in  
English as gravity.

In 1687, Newton published Philosophiae Naturalis Principia Mathematica in 
which he described the law of universal gravitation.

We can imagine that every mass has a gravitational �eld, g, surrounding it. 
)is -eld reaches to in-nity. )e gravitational -eld of a mass, M, exerts a force  
on another mass, m, as shown in Figure 2.5. When the masses are not in contact, 
the force is an action-at-a-distance force. We say that the force is mediated by  
the -eld. 

When measuring the local value of the gravitational -eld due to M, we try 
not to disturb the -eld too much by a large mass, so we use a small test mass. )e 
force on the small test mass, m, due to the gravitational -eld of M causes m to 
accelerate. It is this acceleration that is the -eld strength:

g
F M m

mM
5

(by on )

As force is a vector, -eld is a vector that points in the same direction as the gravitational force.

Kinematics was 
studied in Nelson 
Physics Units 1 & 2 
for for the Australian 
Curriculum.

Figure 2.1 p 
Galileo Galilei
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history oF 
gravity

read about the 
history of gravity 
and the people 
behind the 
advances in our 
understanding.

Gravitational force and gravitational �eld are models that explain action-at-a-distance. 

 ● Gravitational force is modelled as acting at the centre of mass of an object.
 ●  Gravitational �eld is modelled as the force per unit mass, directed towards the 

centre of mass of an object. 
 ● Gravitational force and gravitational �eld are vectors.

)e gravitational -eld has the units of N kg21, which, as we have seen previously, is the same 
as the units of acceleration, m s22. )us, if we can measure the acceleration of a mass placed near 
M, we can -nd the value of the gravitational -eld. 

Newton showed that the gravitational force, which would keep the planets in their orbits, 
was an inverse-square law. 

)e force by M on m was dependent on both masses, as well as the inverse of the square of 
the distance, r, between m and M. )e distance, r, is measured from centre of mass to centre 
of mass of objects. )us:

F M m G
Mm

r
5(by on )

2

It follows from the de-nition of gravitational -eld that the -eld of M at distance r from M is 
given by:

g G
M

r
5

2

Notice that the -eld associated with M does not depend on the mass m in the -eld. )e 
gravitational -eld due to M exists whether we put another mass nearby or not.

p Figure 2.3  
Sir isaac Newton
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Philosophiae Naturalis Principia 
Mathematica, 1686, by isaac Newton
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p Figure 2.5  
The gravitational �eld 
surrounding a mass, M, is 
the acceleration of m

You saw in Nelson 
Physics Units 1 & 2 
for the Australian 
Curriculum Chapter 
11 that an inverse- 

square 
1
2r )(  distribution  

is characteristic of 
any point-like or 
spherical source 
because of the 
symmetry of the 
source.

The gravitational 
'eld near Earth is 
9.8 N kg21. This means 
that all objects, 
independent of their 
masses, fall at the 
same acceleration, 
9.8 m s22. This result 
was used in Unit 2 
and in the previous 
chapter.
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strength oF 
gravity

The cavendish 
experiment was 
the �rst to measure 
the strength of 
the gravitational 
constant G.

W
o

W Isaac Newton and the Black Death

in 1665, while Newton was studying at cambridge University near London, an outbreak 
of the Black Death, or bubonic plague, swept through London and cambridge. The 
university was closed, sending Newton back to his mother’s apple orchard, where he 
spent many hours contemplating, among other things, the path of the Moon in its circle 
around Earth. he concluded that the force that made an apple fall to the ground is the 
same force that keeps the Moon in its orbit. Newton returned to cambridge, but it was to 
be another 22 years before he �nally published his law of universal gravitation.

Newton’s law of universal gravitation:

 by onF( M m) G
Mm

r 2
5

Gravitational �eld surrounding a mass, M:

 g G
M

r 2
5

Gravitational �eld strength is measured by �nding the acceleration of a small test 

mass in the �eld.

Units of gravitational �eld: N kg21 or m s22

Field models are 
powerful tools that 
have excellent 
explanatory and 
predictive power. The 
gravitational 'eld 
model will be joined 
by 'eld models of 
electromagnetism 
and the strong and 
weak nuclear forces.

newton’s third law and universal gravitation
We have seen that the -eld due to M acts on a mass, m (Figure 2.6), with a force:

F M m G
Mm

r
5(by on )

2

But, what about the force applied by m on M? )is force has the same magnitude:

F m M G
mM

r
5(by on )

2

)is is just what Newton’s third law describes. Recall that for two masses, the gravitational forces:
 ● are equal in magnitude

 ● are opposite in direction 

 ● have the same fundamental nature

AND
 ● each force acts on a diCerent object.

)e acceleration of m is the -eld strength of M at distance r: g G
M

rM
5

2

)e acceleration of M is the -eld strength of m at distance r: g G
m

rm
5

2

)us, m and M accelerate at diCerent rates, but the magnitude of the force applied to each 
is the same. For example, the gravitational -eld of Earth acts on a 100 g apple with a force of 
0.98 N. )e apple accelerates at 9.8 m s22. )e apple acts on the Earth with the same force, 
0.98 N, but Earth’s mass, approximately 5.97 3 1024 kg, will not accelerate very much!

the universal gravitational constant, G
In 1798, seventy-one years after Newton’s death, Henry Cavendish (1731–1810) measured the 
value of the constant of proportionality, G, in Newton’s law of universal gravitation. He placed 
very massive lead balls near two very much smaller balls at the end of a long rod, as in Figure 2.7. 

No matter how much 
you may be tempted 
to add these two 
gravitational forces 
to make zero, this 
is not possible. 
Adding forces is what 
Newton’s second 
law describes. But 
Newton’s second law 
refers to forces acting 
on a single object. 
These forces act on 
different objects, m 
and M respectively; 
thus, they cannot be 
added.

gravity

Watch this short 
explanation of 
gravity.
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cavendish 
and the 
valUe oF G

Learn about 
the cavendish 
experiment. 

)e forces applied to each of the smaller balls caused a rotation of the rod. )is rotation was 
opposed by the metal suspension line. )e amount the suspension line rotated was used in the 
calculations to -nd G.

Cavendish measured the value of G to within about 1% of the currently accepted value:

G 5 6.673 84 3 10211 N m2 kg22

M1

m1
M2

m2

Metal suspension

line

p Figure 2.7  
cavendish’s measurement of the 
universal gravitation constant, G.

m

r

M

F(by M on m) F(by m on M)

p Figure 2.6  
The force by one mass, M, on the other mass, 
m, is the same magnitude, but oppositely 
directed, to the force applied by m on M.

Wo r k e d  e x am Ple  2 .1

What is the gravitational force of attraction between Earth and the Sun? (2 marks)

  Mass of Earth: 5.97 3 1024 kg

  Mass of the Sun: 2.0 3 1030 kg

  radius of Earth’s orbit around the Sun: 1.5 3 1011 m

answer logic

5
2

F G
Mm

r
Force of attraction between Earth  
and the Sun is given by an equation.

1 mark

5 3 3
3 3

3

2 26.67 10 Nkg m
(2.0 10 kg)(5.97 10 kg)

(1.5 10 m)
11 2 2

30 24

11 2
Substitute the correct values with units.

1
2 mark

     5 3.6 3 1022 N calculate the answer. 1
2 mark

try this yourself

Given the mass of the Moon is 7.35 3 1022 kg and its mean orbital radius about Earth is 3.84 3 108 m,  
�nd the gravitational force of attraction between Earth and the Moon.

(2 marks)

W
o

W The hunt for gravity waves

Einstein’s theory of general relativity describes gravity as an artefact of the warping of 
the fabric of space–time by the presence of a mass. This can be visualised by thinking of 
space–time as the surface of a trampoline and a mass as being a person standing on the 
trampoline. The stretching of the trampoline means that a ball will roll around the person 
in the same way that an object moves around a mass in space. When events such as 
two black holes colliding occur in the universe, it is believed that ripples in space–time will 
spread out, rather like ripples on the surface of a trampoline. Australian physicists are looking 
for variations in the precise signals from pulsars received by the parkes radiotelescope in an 
effort to detect gravity waves and test the theory of general relativity.
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remembering
1 De�ne ‘gravitational �eld’. how does gravitational �eld differ from gravitational force?

2 a Write an algebraic expression for:

i gravitational �eld.

ii gravitational force.

 b What two variables determine the acceleration due to gravity at the surface of a planet?

Understanding
3 ‘Gravitational �eld does not depend on the mass, m, in the �eld.’ Explain this statement.

4 What is the difference between Aristotelian gravitas and Newtonian gravitas?

5 Two masses, m and M, are in an isolated system. The gravitational forces, F(by M on m) and F(by m  
on M ), are equal and opposite. Why do they not add to a zero net force?

applying
6 Two masses, m and M, have a gravitational force of attraction F when they are a distance r apart. What 

is the force when this distance is increased to 4r?

7 What is the gravitational force of attraction between a 500 kg satellite with an orbital radius of 7000 km 
and Earth? (Mass of Earth 5 5.97 3 1024 kg)

8 What is the acceleration of a rock dropped onto the Moon’s surface? The radius of the Moon is 1700 km,  

and its mass is 7.3 3 1022 kg.

analysing
9 Why could cavendish claim that his experiment was ‘weighing the Earth’? Support your answer with 

quantitative calculations. (Gravitational �eld strength 5 9.8 N kg21, radius of Earth 5 6370 km)

re=ecting
10 Are you satis�ed that masses really do attract other masses by �elds that stretch out to in�nity? Explain.

Q U e s t i o n  s e t  2 .1

gravity and fields
Each fundamental force (gravitational, electromagnetic, strong and weak) can be described as 
acting via a �eld. )ese fundamental forces are all action-at-a-distance forces. )ey all allow 
us to explain how one object is able to exert a force on a second object without being in contact 
with it.

)e gravitational -eld model allows us to explain how objects can exert forces without being 
in contact. It also allows us to:

 ● predict the acceleration of an object in any gravitational -eld.

 ● calculate the mass of an object from the observed force it exerts on another object.

 ● calculate the mass of distant objects such as planets by observing their orbits about the Sun. 

Measuring the acceleration of objects dropped on the surface of the Moon tells us about the 
mass of the Moon. )e radius of the Moon can be measured from astronomical observations, 
and then combining the size and mass information tells us that the Moon has a density very 
similar to that of Earth’s crust. )is information was important in the development of modern 
theories of the formation of the Moon. )ese theories say that the Moon was actually formed 
when a massive object collided with Earth and a chunk broke oC – that chunk stayed in orbit 
and became the Moon.

Forces such as the 
normal force and 
the friction force are 
manifestations of the 
fundamental forces. 
The friction force and 
the normal force are 
due to the interaction 
of electrons on the 
surfaces of objects.

Field theory does not 
explain why interactions 
are not instantaneous. 
This limitation of 
'eld theory was one 
factor that led to the 
development of a 
different model of forces –  
the exchange particle 
model. This model is 
discussed in detail in 
Chapters 9 and 10.
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Wo r k e d  e x am Ple  2 . 2

What is the gravitational �eld strength on the surface of the Moon? (3 marks)

Use:

  M: massMoon 5 7.3 3 1022 kg

  r: radiusMoon 5 1740 km

answer logic

5
2

g G
m

r
Use the correct formula. 1 mark

6.67 10 Nm kg
7.3 10 kg

(1740 10 m)
11 2 2

22

3 2
5 3

3

3

2 2 Substitute the correct values with units. 1 mark

 5 1.6 m s22 calculate the answer. 1 mark

try these yourself

1 What is the gravitational �eld strength for a satellite orbiting Earth at an altitude of 36 000 km? 

 Use massEarth 5 6.0 3 1024 kg; radiusEarth 5 6370 km. 

(3 marks)

2 Earth’s gravitational �eld strength is 4.9 m s22 at a satellite. how far away from Earth’s centre 
must the satellite be? 

(3 marks)

gravity ‘near earth’
At Earth’s surface, we are always subject to the force of attraction applied to masses by 
the mass of Earth. Unless otherwise constrained, all objects fall from a height to the 
surface with an acceleration of 9.8 m s22. )is is the eCect of Earth’s gravitational -eld 
on the masses. 

‘Near Earth’ is an approximation. )e -eld lines in a local area are very nearly 
parallel to each other and very nearly strike the surface at right angles (Figure 2.8). Up 
to several kilometres – well above the tallest buildings – the -eld strength varies by very 
little. We say there is negligible variation in -eld strength over any local region.

)e approximation that the gravitational -eld is constant is reasonable when close 

to the surface of Earth. )e -eld decreases as 
1
2r
 above Earth’s surface. Once an object 

is at the height of the International Space Station (about 400 km), the gravitational 
-eld is approximately 90% of that at Earth’s surface. For satellites that may be several 
thousand kilometres above Earth’s surface, the near Earth approximation cannot be 
used because g is substantially less than 9.8 m s22. 

Earth

p Figure 2.8  
The gravitational �eld is 
perpendicular to the surface and 
directed to the centre of Earth.

Always think carefully 
about your choice 
of model and 
approximations. 
The uniform 'eld 
approximation for near 
Earth is reasonably close 
to the surface of Earth. 
However, it is not a good 
choice for modelling the 
behaviour of satellites.
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act iv i t y  2 .1

T h E  i N v Er S E - Sq UA r E  L AW
aim

To model the inverse-square law

you will need

Access to a computer with Excel or another spreadsheet application installed

What to do

1 in column A, list the numbers 1–10.

2 in column B, insert a formula so that the result is the inverse of the corresponding row in column A.

3 in column c, insert a formula to square the value of the corresponding row in column B.

4 insert a scatter graph for the values of columns c (the y axis) and column A (the x axis).

What did you discover?

1 What shape is the resulting line of best �t?

2 What does this relationship show for the values of the cells in columns A and c?

3 how does this model the relationship shown in the inverse-square law?

4 What is the mathematical relationship in an inverse-square law?

Weight, apparent weight  
and weightlessness
Mass and weight are diCerent. Mass is an intrinsic property of an object, which depends on 
how many and what sort of atoms make up the object. 

Weight is the gravitational force applied to a mass:

w 5 mg

It follows that weight depends on where the mass is placed in relation to other masses.
Our common experience of weight is related to the mass of Earth. )e only signi-cant 

mass aCecting our mass is the approximately 6.0 3 1024 kg of mass below our feet. Weighing 
machines measure the force applied by this mass, then convert it to a mass reading on the scale. 
For example, a person with a mass of 50 kg will usually be measured by the weighing machine as 
having a weight, w 5 50 kg 3 9.8 N kg21 5 490 N; yet the scale will show 50 kg.

Mass and weight are different.

Mass is a measure of how much matter (the number and type of atoms) in an object. 
 ● Unit: kilogram, kg
 ● It does not vary with the position of the object.

Weight is the gravitational force acting on an object.
 ● Unit: newton, N 
 ● It does vary with the position of the object. 

)e confusion that many people have between weight and mass comes from the way 
in which we typically measure mass. When you measure your mass, you usually do so by 
standing on a set of scales. If you stand still on the scales, on a still, level Ioor, Earth applies a 
weight force on you: w 5 mg. You exert a force on the scales downwards: F(by you on scales). 
According to Newton’s third law, the scales exert a force on you upwards: F(by scales on you). 
)is force is equal in magnitude to the force you applied downwards.

Weighing scales 
such as kitchen and 
bathroom scales do 
not display weight; 
they display mass. 
They measure the 
weight force and then 
convert it into a mass, 
which is displayed in 
kilograms.
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)e forces acting on you can be used to produce an equation for the net force (Newton’s 
second law).

If you and the scales are in equilibrium, the net force on you is zero:

ΣF(on you) 5 0

⇒ N(by scales on you) 1 w(by Earth on you) 5 0

⇒ N(by scales on you) 5 –w(by Earth on you)

Hence we can deduce that, at equilibrium, the normal force exerted on you by the scales is 
equal and opposite to the gravitational force by Earth on you: your weight. )e normal force by 
the scales on you, N(by scales on you) is the way we measure the force you applied to the scales, 
N(by you on scales). As has been indicated, this is a consequence of Newton’s third law.

)at is, the scales really measure the normal force that you exert on them: N(by you on 
scales). Usually this is done by measuring the compression of a spring, or a piezoelectric crystal. 
)e scales are calibrated to convert this compression, which depends on the force, into a mass 
that is displayed in kilograms. )e actual calibration process of going from distance compressed 
to mass can be quite complicated, but it takes into account the factor of g 5 9.8 N kg21 in the 
conversion. So the quantity that is displayed on the screen or pointed to on the scale is your 
mass in kilograms. It is not your weight. 

We use the normal force on an object to measure the weight force on the object. 

The mass of the object is then inferred from this measure. 

The normal force is only equal to the weight if the following three conditions all 

apply:
 ● The surface exerting the normal force is horizontal.
 ● No vertical forces other than weight and the normal force are acting on the object. 
 ● The object being weighed is in equilibrium.

)e normal force you exert on the scales may not be the same as your weight. You can, for 
example, push up on a nearby table while standing on the scales. )e table will then push down 
on you, which will increase your normal force on the scales. Consequently, the scales will push 
with a greater normal force upwards and you will apparently have a larger mass, hence weight. 
Similarly, you can apparently decrease your weight by pushing down on the table.

Figures 2.9–2.11 show a man in a lift. Imagine that the man is standing on a set of scales. 
)e reading on the scales will change, depending on whether he is accelerating up or down. 
His mass will not change. Nor will his weight – the gravitational force in Earth’s -eld – change 
(except for the negligible change associated with change in distance from Earth’s centre).

We shall discuss each -gure in terms of the forces applied to the man; that is, we shall infer 
from changes to the mass reading that a change to the normal force applied to the 
man by the scales, hence by the man to the scales, has occurred. In each case, the 
force measured will be his apparent weight, as it is what the scales suggest. In the 
static case, of course, his apparent weight is his true weight in Earth’s gravitational 
-eld. In the following we take down as the negative direction and consider the 
magnitudes of the force.

Figure 2.9 shows the man in equilibrium, neither accelerating up nor down.

N(by scales on man) 2 w(by Earth on man) 5 0 (Newton’s second law)

⇒ N(by scales on man) 5 w(by Earth on man)

⇒  )e scales measure the weight of the man in Earth’s gravitational -eld.

Figure 2.10 shows the man accelerating upwards.

N(by scales on man) 2 w(by Earth on man) 5 ma (Newton’s second law)

⇒ N(by scales on man) 5 w(by Earth on man) 1 ma

N(by scales on man)

w(by Earth on man)

p Figure 2.9  
in a stationary lift the weight 
force and the normal force 
are equal: N 2 mg 5 0.
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a

N(by scales on man)

w(by Earth on man)

Figure 2.10 p 
in a lift accelerating upwards, the 
normal force is greater than the 
weight: N 5 w 1 ma.

a

N(by scales on man)

w(by Earth on man)

Figure 2.11 p 
in a lift accelerating downwards, 
the normal force is less than the 
weight force: N 5 w 2 ma.

Figure 2.12 u 
The crew of the 

international Space 
Station is apparently 

weightless in their 
environment.
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⇒  )e scales measure an apparent weight that is greater than the weight of the man in Earth’s 
gravitational -eld.

Figure 2.11 shows the man accelerating downwards.

w(by Earth on man) 2 N(by scales on man) 5 ma (Newton’s second law)

⇒ N(by scales on man) 5 w(by Earth on man) 2 ma

⇒  )e scales measure an apparent weight that is less than the weight of the man in Earth’s 
gravitational -eld.

Imagine now that the lift is in free fall. )e man and the lift will be accelerating at the 
same rate. )e man cannot apply a normal force to the scales and the scales cannot apply a 
normal force to the man. )e scales will register zero: the man’s apparent weight will be zero and 
he will experience apparent weightlessness. However, his weight in the -eld is still w 5 mg.

Your apparent weight is related to how you feel in an accelerating reference frame. Although your 
weight in the -eld is still w 5 mg, you feel ‘heavier’ when you are being pushed upwards, and ‘lighter’ 
when you are accelerating downwards. In the limit that there is no normal force acting on you, 
you feel ‘weightless’. )is is the case when you are in free fall. In this case, you are falling with the 
acceleration due to gravity because the only signi-cant force acting on you is your weight. )is is why 
astronauts ‘Ioat’ in space in the International Space Station. )ey are actually falling with the local  
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Scienti�c literacy: Testing the gravitational  
inverse-square law

henry cavendish (1731–1810) was the �rst person to measure the universal 
gravitational constant, G. he used a system of very large masses to attract 
other, smaller masses. By a cunning arrangement involving a torsion balance, 
he was able to deduce a value of G to 1% accuracy (Figure 2.13(a)). This was 
an extraordinary undertaking in the 18th century. cavendish understood the 
importance of extraneous variables on the results. he took action to ensure these 
effects were minimised. his accuracy was not bettered for more than 100 years!

in order to achieve this result, cavendish calibrated the torsion balance 
using known forces to twist the wire. he developed an empirical relationship 
between the angle of twist and the force applied by the wire in reaction to the 
force applied to the wire. This is the force per unit twist angle. A torsion balance 
makes use of torque. Torque is the rotational equivalent of translational force. A 
force, F, applied at a perpendicular distance, r

⊥
, from a point of suspension or 

axis of rotation causes a rotation or torque, t: t 5 r
⊥
F. For the torsion pendulum, 

the torques from both sides cause a twist. When the torsion wire is twisted 
enough its restoring force per twist angle is just equal to the combined torques 
of the two masses. The forces measured in this way are of the order of 10210 N.

very much more precise equipment can now be used to measure the universal 
gravitation constant. The current value of the universal gravitational constant is  
G 5 (6.673  84 6 80) 3 10211 m3 kg21 s22.

Will the law of universal gravitation always be true? Nothing seems more certain than the 
‘fact’ that there are three dimensions of space. But can we be sure that there are only three 
dimensions? imagine a tightrope walker balancing on a cable high above the ground. 
To the tightrope walker the cable is effectively a 1D object. But an ant sees the cable as 
a 2D object, because it can crawl along and also around the cable. Today, increasing 
numbers of physicists are seriously questioning whether we are like tightrope walkers, 
unaware of the true number of dimensions in space. They suggest that the best way to 
discover the dimensions of space is to study how the gravitational attraction between two 
objects depends on the distance between them. if the universe contains more than three 
spatial dimensions our current laws of gravity should break down at small distances.

One of the outstanding challenges in physics is to �nish what Newton started and 
achieve the ultimate ‘grand uni�cation’ of gravity with the other three fundamental forces (electromagnetic 
force, strong force, weak nuclear forces) into a single theory. String theorists, for example, use 1D strings and 
higher-dimensional ‘branes’ rather than familiar point-like particles. String theorists seriously entertain the idea 
that there are actually six or seven additional spatial dimensions, which are needed to make the theory both 
mathematically consistent and capable of describing gravity.

Adelberger, E., heckel, B. & hoyle, c.D. (2005) ‘Testing the gravitational inverse-square law’, Physics World,  
April 2005, http://physicsworld.com/cws/article/print/2005/apr/03/testing-the-gravitational-inverse-square-law 

henry 
cavendish 

Find out about 
the �rst person 
to measure 
the universal 
gravitational 
constant.

exPlanation 
oF 
cavendish’s 
exPeriment

The apparatus 
cavendish used to 
measure the value 
of the universal 
gravitational 
constant G is 
shown in this 
video.

Figure 2.13 p 
a) cavendish’s sketch of his equipment and b) a modern precision instrument used to measure the universal 
gravitational constant 6.67384 3 10211 m3 kg21 s22

a

W
ik

ip
e

d
ia

/c
re

a
ti

v
e

 c
o

m
m

o
n

s

b

A
la

m
y/

sc
ie

n
c

e
p

h
o

to
s



5 6  N E L S O N  P H Y S I C S  U N I T S  3  &  4  F O R  T H E  A U S T R A L I A N  C U R R I C U L U M 9 78 017 0 2 4 2110

Questions

1 Draw a simpli�ed diagram of Cavendish’s experiment to show the position of the large masses, the 
smaller masses and the forces that lead to the twisting of the torsion wire.

2 List the quantities that Cavendish measured. Show how these quantities relate to Newton’s equation:

1 2

2
F G

mm

r
5

3 What is the percentage uncertainty in the currently accepted value of G? If you were to undertake 
this experiment in a school laboratory would you be justi�ed in using Cavendish’s result or the current 
value? Give reasons.

4 Draw and label a diagram to show distances, forces and torques associated with a torsion pendulum.

5 How is the analogy between a person and an ant on a tightrope relevant to the development of 
understanding about gravitational force? (Conduct further research if necessary.)

acceleration due to gravity (about 90% that of Earth’s surface g), but so is the spaceship in which 
they are travelling. �e spaceship can only exert a normal force on astronauts (or anything else) 
when they push against it. 

True weightlessness occurs when the gravitational #eld at a point is zero. For example, the 
Moon exerts a gravitational force towards Earth and the Earth exerts a gravitational force towards 
the Moon. Objects between the Moon and Earth and close enough to the Moon and far enough 
from Earth will experience a zero net force. As the local value of ‘g’ is zero, a mass at this point is 
weightless (but not massless).

Lagrangian points

Lagrangian points are points in space at which peculiar things happen with the gravitational 
�elds of Earth, Moon and Sun. One such point about 1.5 million km towards the Sun from 
Earth is known as L1. A spacecraft can be positioned here so that it orbits the Sun with the 
same period as Earth. Earth’s gravitational �eld opposes that of the Sun’s suf�ciently for this 
to occur. The solar observatory SOHO is positioned at L1, among a few other observatories. 
SOHO monitors the solar wind and can give us a few hours warning of the approach of 
dangerously high levels of energetic particles before they hit Earth’s magnetic �eld.

Other forces at a distance

Gravitational force is not the only force that acts at a distance. �e other such forces are the 
electrostatic forces between charged particles, the magnetic force that is easily observed using 
magnets and compasses, and the strong and weak nuclear forces that act over very small distances 
within the nuclei of atoms. Without these two forces atoms would not be stable, but they are not 
detectable over distances usually encountered in everyday life.

When forces act at a distance, the force is a result of the objects involved interacting with 
the surrounding #eld. It takes a #nite time for the interaction to be transmitted from one object 
to the other. �e e/ect is not instantaneous, as is sometimes thought. Field theory does not 
explain why interactions are not instantaneous. �is limitation of #eld theory was one factor 
that led to the development of a di/erent model of forces – the exchange particle model. �is 
model is discussed in detail in Chapters 9 and 10.

Weightlessness

View videos 
of astronauts 
enjoying 
weightlessness.

Apparent 
‘weightlessness’ 
occurs when the 
only force acting on 
objects is weight!

W
O

W
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Case study

Dr George Hobbs

George hobbs is a research scientist at the cSirO Astronomy and Space Sciences division based in 
Mars�eld, Sydney. he has received the young Tall poppy, NSW Scientist of the year award as well as 
the cSirO Julius career Award. included in his busy schedule is the pulse@parkes student program, by 
which either school excursions can come to cSirO or cSirO can come to the school. The pulse@parkes 
experience allows students to take control of the world famous 64 m parkes radiotelescope for a 90-minute 
session. During this time, signals from pulsars are received and the information stored, ready for analysis. 
pulsars are believed to be collapsed remnants of large stars that have reached the end of their lives as 
stars. Gravity is so strong in these dense remains that matter as we know it collapses, forcing electrons 
and protons to combine. The resulting material, made of neutrons, is millions of times more dense than 
normal matter. pulsars rotate rapidly on their axes and emit a narrow beam of electromagnetic radiation 
in the radio frequency part of the spectrum. When these beams sweep over Earth, radiotelescopes detect 
a short burst of a radio signal. The time between of these signals is very regular.

George hobbs and a team of astronomers and astrophysicists are looking for variations in these 
signals that may be caused by a warping of the fabric of space–time. Einstein’s theory of general relativity 
predicts that this warping may occur when very massive objects, such as black holes, combine. Then 
‘ripples’, or gravity waves, are sent out through space at the speed of light.

pulsars, which are often located at the centres of nebulae – gas and dust left over from exploding  
stars – are also used by Dr hobbs as distance indicators in space. The various frequencies of radio waves 
being detected from a pulsar travel at slightly different speeds through space. This causes a small delay in 
their arrival. The speed difference is due to the presence of interstellar electrons at very low densities.

Questions

1 What type of matter do astronomers believe are the source of the radio signals being used to look for 
gravity waves?

2 Why would the variation on a signal from a pulsar be considered abnormal?

3 Why are pulsars often found at the centres of nebulae?

4 Why do you think the discovery of gravity waves will be considered such a big breakthrough?

5 Why would Dr hobbs consider it important to spend time with school students on programs such as 
pulse@parkes?

t Figure 2.14  
Dr George hobbs helping students 
control the parkes radiotelescope 
during a pulse@parkes session.
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remembering
1 how can a gravitational �eld model enable us to explain action-at-a-distance?

2 a Distinguish between mass and weight.

b Explain how weight is measured using a set of weighing scales.

3 For a non-zero gravitational �eld, de�ne:

a weight.

b apparent weight.

c apparent weightlessness.

Understanding
4 Why is the gravitational �eld of a planet considered an ‘acting-at-a-distance’ force even though it may 

be applying forces to objects that are in contact with it.

5 Explain why the Moon’s gravitational �eld exerts a greater force on Earth than the Sun’s gravitational �eld, 
even though the Sun’s mass is many millions of times greater.

applying

6 What is the gravitational �eld strength on the surface of a planet with mass 3.0 3 1024 kg and a radius of 4000 km?

7 What is the apparent weight of a 40 kg child in a lift that is descending with an acceleration of 1.8 m s22?

analysing
8 An astronaut on the Moon drops a ball from a height of 1.50 m. it takes 1.36 s for the ball to fall to the 

surface of the Moon. Given that the Moon has a radius of 1.74 × 106 m, calculate its mass.

9 At what distance from Earth’s centre is the net gravitational �eld of Earth and Moon zero? Take the 

distance between Earth and Moon to be 3.84 × 105 km. (MEarth 5 5.97 3 1024 kg, MMoon 5 7 3 1022 kg)

re=ecting
10 Draw a concept map or spider diagram to show the relationships between mass, weight, gravitational �eld, 

gravitational force, measurement of mass and weight, normal force, apparent weight, weightlessness.

Q U e s t i o n  s e t  2 . 2

gravitational potential energy
)ere are two types of energy: kinetic energy and potential energy. Energy is transferred 
when a force acts over a distance. When a force, F, acts on an object and moves it through some 
displacement, s, in the direction of the force, work is done:

W 5 Fs

Both force and displacement are vectors; however, work is done only when the force and the 
component of the displacement are parallel to each other.

When work is done on an object its kinetic energy changes. When the component of the 
displacement is in the same direction as the force, the work done causes the kinetic energy of 
the object to increase. At the same time, the potential energy of the system must decrease so 
that energy is conserved. Conversely, when the component of the displacement is in the opposite 
direction to the force, kinetic energy decreases and the potential energy increases.

)us, the change in kinetic energy is the opposite of the change in potential energy:

DEk 5 2DEp

Gravitational potential energy is due to the interaction of objects via their gravitational 
-elds. It is the gravitational -eld that mediates or exerts the force on one object due to the mass 
of another. Hence we say that the gravitational -eld does work when an object falls in Earth’s 
gravitational -eld. In this case, the work is done by the -eld on the object because the object moves  
in the direction of the -eld. )e kinetic energy increases and the potential energy decreases.

Recall from Chapter 
1 of Nelson Physics 
Units 1 & 2 for the 
Australian Curriculum 
that the de'nition of 
work is the energy 
transferred due to the 
action of a force.

Remember that 
potential energy 
belongs to a system 
of interacting objects. 
It is not meaningful to 
refer to the potential 
energy of a  
single object.

See Chapter 8 of 
Nelson Physics Units 1 
& 2 for the Australian 
Curriculum.
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Consider a pencil allowed to fall in Earth’s gravitational -eld, as in  
Figure 2.15(a). If we de-ne our system as the pencil and Earth, the 
gravitational -eld of Earth does work on the pencil, increasing its kinetic 
energy. )e potential energy of the Earth–pencil system has decreased. If we 
then pick up the pencil and lift it through some height, we must apply a force 
in the direction opposite to the gravitational -eld (Figure 2.15(a)). We do work 
equal to Fs on the pencil, where F is the force we apply through a distance s. 
If the pencil begins and ends at rest, there is no change in the pencil’s kinetic 
energy. Yet we have done work, so energy must have been transferred. )e 
-eld was also doing work at the same time. In this case the work done by the 
-eld was negative. )e total work done on the pencil is zero. )e total work 
done on the Earth–pencil system is the amount of work that we have done, 
and is equal to the change in potential energy of the Earth–pencil system. 
We say that this work was done on the -eld. So the energy transferred by the 
application of the force appears as an increase in the potential energy of  
the system. 

When you hold the pencil stationary, both you and the gravitational 
-eld are exerting a force on it. However the displacement is zero, so no 
work is done by either force. )is is also the case when the displacement is 
perpendicular to the -eld, that is in the horizontal direction. In this case there 
is no component of displacement in the direction of the -eld, so the work 
done by or on the -eld is zero (Figure 2.15(b)).

)e gravitational potential energy belongs to the system, which is both the object creating the 
-eld and the object experiencing a force due to the -eld. But, you might wonder, where is the 
energy stored? A pencil does not contain gravitational potential energy. Gravitational potential 
energy is not stored in the object.

We need to think about the relationship between force and potential energy again. )e -eld 
is able to do work because it exerts a force. So we can model the potential energy as being stored 
in the !eld. )e energy is distributed throughout all space where the -eld exists. )e energy in a 
given volume (the energy density) depends on the -eld strength. 

In �eld theory, we model the action-at-a-distance forces, including gravity, as 

being mediated by a �eld. The �eld applies a force to objects in the �eld. 

Because the �eld is able to do work, we say that the potential energy of the system 

is stored in the �eld. 

choosing a zero of gravitational 
potential energy
To be able to say how much potential energy a system has, we need to be able to de-ne a zero 
energy position or con-guration for the system. Note that we are again talking about systems, 
not isolated objects.

Both kinetic and potential energy cannot be de-ned for an isolated object. An object only 
has potential energy because a force is exerted on it, and the force must have some agent. Kinetic 
energy must be measured against some reference frame.

Choosing a zero for the potential energy of the Earth–pencil system may seem obvious. If we 
take the zero as being when the pencil is on the ground, then the potential energy of the system 
when the pencil is at any height, h, above the ground is simply mgDh 5 mg(h 2 0) 5 mgh. Recall 
from Nelson Physics Units 1 & 2 for the Australian Curriculum that we can arrive at this conclusion 
by considering the work done to lift the pencil to this height. )e work done must be equal and 
opposite to the work done by the gravitational -eld if the pencil is to begin and end at rest, so:

W 5 DEP 5 Fgs

⇒ DEP 5 mgDh

In Chapter 3 we shall 
see that potential 
energy is also stored 
in an electric 'eld. We 
use a quantity called 
potential, which you 
met in Chapter 3 of 
Nelson Physics Units 1 
& 2 for the Australian 
Curriculum, to represent 
the energy changes as 
a charge moves in an 
electric 'eld.

Energy transfers and 
systems are described 
in Chapters 1 and 2 of 
Nelson Physics Units 1 
& 2 for the Australian 
Curriculum.

The potential energy 
of an object is always 
dependent on 
other objects, which 
generate the force 
'eld. Even kinetic 
energy is not truly the 
property of a single 
object because it is 
due to motion, which 
is always relative to 
other objects in a 
frame of reference.

Pencil

Field does
no work for
horizontal
translation

Fg
h

g

Ground

a b

p Figure 2.15 
a) When we lift the pencil at constant speed, 
we do work Fappliedh and the gravitational 
�eld does work Fgh. Work is done on the 
�eld and the kinetic energy is unchanged, 
but the potential energy of the pencil–Earth 
system is increased. When the pencil falls 
through a distance of h, the �eld does work 
Fgh on the pencil, increasing its kinetic 
energy. b) When we move the pencil 
horizontally, no work is done on or by the �eld 
and there is no change in potential energy.
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)is is a useful working de-nition when considering forces and motion close to Earth’s 
surface. However, you must be careful to de-ne exactly what you mean by the surface or ground 
level, as this may vary according to the situation. It also means that the potential energy of 
any Earth–object system becomes negative whenever the object falls below the de-ned zero 
level. )ere is nothing wrong with a negative potential energy. )e negative sign means that 
the potential energy at the end is less than the potential energy at the beginning. We only ever 
measure changes in potential energy. )ese changes can be positive or negative. 

)is ‘ground level’ de-nition for zero potential energy is not very useful as soon as we are 
talking about other planets, or the solar system. Nor is it useful if we want to be able to look at 
the behaviour of things that move a long way above the surface of Earth. )e simplest way to 
de-ne a zero that everyone can agree on, and that is not based on any single particular object, is 
to take the zero as being when all objects in a system are in-nitely separated. 

Consider a system of massive objects very far apart from each other. When all the objects in 
the system are in-nitely separated, the forces acting on them are zero. We de-ne the potential 
energy of this con-guration as zero. If the objects are not moving there is no kinetic energy, so 
the total energy of the system is zero.

)e gravitational force is always attractive. Any change from this zero con-guration lowers the 
potential energy of the system to a negative value. )e gravitational -eld due to each object does 
work on the other objects, bringing them closer together. )e work done by the -elds decreases the 
potential energy of the system, as it attracts the objects closer together. )is means that the kinetic 
energy must increase to compensate. As they accelerate closer together, their kinetic energy increases.

)e law of conservation of energy means that no change occurs to the total energy in a system:

DET 5 0

⇒ DEk 1 DEp 5 0

⇒ DEk 5 2DEp

)is is the general result, which we saw previously in the particular case of an object moving 
in Earth’s gravitational -eld.

The zero of gravitational potential energy is de�ned to be when the components of 

the system are in�nitely separated. 

All other con�gurations have a negative potential energy. 

changes in energy in a gravitational field
When an object moves in the direction of the gravitational -eld, the gravitational -eld does 
positive work, the potential energy of the system decreases. If no other forces are acting, the 
kinetic energy of the object increases. 

When an object moves against the gravitational -eld in an isolated system (where no other 
force is exerted on it) the gravitational -eld does negative work and the kinetic energy of the 
object decreases. )e potential energy of the system increases. 

In an open system, work can be done on the objects in the system by an external agent, for example 
you lifting a pencil in the Earth–pencil system. In this case, if an object is moved against the -eld, the 
potential energy of the system again increases, but there may or may not be a change in kinetic energy.

We can summarise these changes in Table 2.1.

table 2.1 Summary of energy changes 

system object moves Work is done Potential energy kinetic energy

closed With the �eld by the �eld decreases increases

Against the �eld on the �eld increases decreases

Open With the �eld by external agent decreases increases

Against the �eld by external agent increases either

The same convention 
for choosing the zero 
of potential energy 
for a system is used 
in electrostatics, 
as we shall see in 
Chapter 3. However 
the electrostatic force 
can be attractive 
or repulsive, so the 
potential energy of 
a system of charges 
can be either positive 
or negative.
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Wo r k e d  e x am Ple  2 .3

A 10 kg school bag is lifted onto a shelf 2.0 m above the ground.

a how much work was done on the bag? (2 marks)

b By how much did the bag’s gravitational potential energy change? (1 mark)

c if the bag fell off the shelf, with what kinetic energy would the bag land on the ground? (1 mark)

answers logic

a  W 5 mg 3 s

  5 10 kg 3 9.8 m s22
 3 2.0 m

  5 196 J

Using work done, W 5 F 3 s, and F 5 mg we  
get this equation.

Substitute the correct values with units.

1 mark 

1 mark

b  DEp 5 196 J The bag’s Ep changed by the same amount as 
the work done on the bag.

1 mark

c  Ek 5 196 J Assuming there is no air friction, DEp 5 2DEk. 1 mark

try these yourself

1 a how much work is done on the gravitational �eld when a 60 kg diver falls through a  
vertical height of 3.0 m? 

(2 marks)

b Using energy conservation, with what speed will the diver enter the water? (3 marks)

2 A 400 kg rocket is launched from ground level. When it is at an altitude of 100 m its speed is 50 m s21.

a What is the Ek of the rocket when the rocket is at 100 m altitude?

b how much work was done on the rocket to change its gravitational potential energy?

c how much work in total was done on the rocket?

(5 marks)

Note that when work is done by an external agent to move an object in a -eld, the -eld still 
does work also. )e work done by the -eld is positive if the object moves with the -eld and 
negative if it moves against the -eld.

remembering
1 a Write the conservation of energy law in terms of energy changes.

b When an object falls in a gravitational �eld, potential is reduced. Where does this energy go to? 

2 De�ne:  

a kinetic energy.

b potential energy. 

c gravitational potential energy.

Understanding
3 When an object near the Earth moves horizontally the gravitational potential energy in the �eld does not 

change. Explain.

4 Explain why a falling object is having work done on it by the gravitational �eld.

Q U e s t i o n  s e t  2 .3
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models of planetary motion
Models of planetary motion have been proposed for centuries. )e ancient Greek philosopher 
Plato had the heavenly bodies -xed in concentric crystalline spheres (Figure 2.16). )e stars 
were -xed in one sphere while the Moon and Sun had diCerent spheres. )e word ‘planet’ is 
Greek for ‘wanderer’. )e planets were observed to wander across the sky. )is example of a 
model made to explain observations is one of many developed over the centuries as thinking 
changed and the models improved.

Ptolemy’s later models retained the circles and added epicycles, circles on circles (Figure 2.17). 
)ese were required in the models so that the motion of the planets in the sky could be explained. 

Figure 2.16 u 
plato’s model of the 

universe had concentric 
crystalline spheres 

containing the heavenly 
bodies
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applying
5 how much work is done in raising a 200 kg mass through a vertical height of 30 m?

6 The gravitational potential energy associated with an object is 26.0 3 103 J. The object is not moving.

a What is its kinetic energy? Explain. 

b What is the minimum amount of work that must be done to ensure it does not reach Earth? Give reasons.

analysing
7 Explain why the gravitational �eld of an asteroid is small compared to Earth’s.

8 400 J of work is done on a stationary 5.0 kg mass to raise it from a position 100 m above the ground. 

a how far above the ground is it raised? 

b When dropped from its new height, what is its speed as it passes its original position? 

c how fast is it travelling when it strikes the ground? Assume all other forces are negligible.

re=ecting
9 Discuss the reasons why de�ning zero gravitational potential energy as being an in�nite distance away 

avoids problems that other de�nitions might have.
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greek 
astronomy

read a detailed 
account of the 
development of 
models of the 
universe from the 
early Greeks to 
modern times.

Better observations required better models. However, the models quickly became complex, with 
no explanation of how the epicycles were maintained.

kepler’s laws of planetary motion
Kepler inherited the volumes of Tycho Brahe’s meticulous observations of the motions of 
the planets, the Moon and the stars. Built up over many years, Brahe’s measurements and 
recordings, all made before the invention of the telescope, enabled the mathematically minded 
Kepler to propose a new model for the motion of the planets.

kepler’s first law: the law of orbits
It had always been assumed that the planets orbited Earth, and in later models, the Sun, in 
perfectly circular orbits. )is was, in part, due to the belief that the heavens were perfect and 
that circles were considered to be a perfect shape. Moving in anything but a circle had not been 
proposed previously. Kepler found that, if the planets were considered as moving in elliptical 
orbits, then their observed positions in the sky could be predicted almost perfectly.

Kepler’s �rst law: All planets move in elliptical orbits with the Sun at one focus.

An ellipse is a curved shape, such as that shown in Figure 2.18. It has a major or long axis, 
which is the longest line between two points on the edge drawn through the geometric centre. 
)e minor axis of an ellipse is the shortest line joining two points on the edge 
drawn through the geometric centre. An ellipse has two foci. )ese are special 
points such that any line drawn from one focal point to any point on the edge, 
and then to the other focal point has the same length. 

A circle is a special case of an ellipse in which the two axes are equal and 
the two foci are at the same position. )e orbits of most planets, moons and 
satellites are very close to circular, with some exceptions. 

kepler’s second law: the law of areas
Kepler noticed that the speeds of the planets changed during their orbits. Nearer to the Sun 
their speeds increased; further away their speeds decreased. He was able to conclude that the 
areas covered in equal time intervals were the same. 

Kepler’s second law: A line that connects a planet to the Sun sweeps out equal 

areas in equal times.

t Figure 2.17 
Epicycles, circles on 
circles, were added 
to plato’s model of the 
universe.

Earth
Epicycles

Planet

p Figure 2.18  
Segments AB and cD 
are swept out in an 
equal time interval.

Sun B

A

C

D

Kepler’s analysis 
involved angular 
momentum. Angular 
momentum is the 
rotational equivalent 
of momentum in 
linear motion. We 
will use angular 
momentum in 
Chapter 10.
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kepler’s third law: the law of periods
By doing further work on Tycho Brahe’s data and using his own observations, Kepler showed that 
there is a relationship between the average radius of orbit of the planets and their period of revolution 
around the Sun.

Kepler’s third law: The square of the period of a planet’s orbit is proportional to the 

cube of the mean radius of its orbit:

 T 2 ~ r3

Kepler arrived at his three laws empirically. He based the laws  
on an analysis of the data Brahe had given him, and his own 
observations. )ey were not based on any underlying models or 
theories. Kepler’s laws gave excellent predictive power, but as they 
had no theoretical basis; they did not give any explanation of the 
observed behaviour of the planets. Newton’s model for gravity 
and the principle of conservation of momentum provided the 
theoretical framework needed to explain why planets and other 
orbiting bodies move as described by Kepler’s laws. 

newton’s law of universal 
gravitation and kepler’s  
third law

We can deduce Kepler’s third law from Newton’s universal gravitation law as follows. For 
simplicity, we assume that the planet follows a circular orbit, although a more complex 
geometrical analysis of elliptical orbits gives the same result. We use the equations we derived for 
circular motion in Chapter 1.

A planet (mass m) orbits the Sun (mass M) at a distance, r, from the Sun. )e only force 
applied to the planet is the force mediated by the gravitational -eld of the Sun. )e circular 
motion equations can be used:

F G
mM

r

F m
r

T

m
r

T
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mM

r
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r GM
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⇒
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⇒
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)is ratio is a constant for all objects that revolve around the Sun. )is is what was expected 
from Kepler’s third law, namely:

5 5

5

∝

⇒ ( constant)

2 3

2 3

2

3

T r

T kr k

T

r
k

Figure 2.19 shows this relationship. Notice that the radius is given in units of AU, which is 
the Earth’s orbital radius (approximately 1.5 3 108 km). )e period is given in years, y. 

)e analysis does not apply just to planetary motion around the Sun. It applies to all 
satellites orbiting much larger masses, for example, the moon and satellites orbiting the Earth or 
moons orbiting Jupiter. )e value of the constant will change from central mass to central mass 
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A graph of  

r 3 versus T 2 for the 
planets in our  

solar system
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because the constant 
p4 2

GM
 depends on the mass, M, around which the bodies are circulating. 

)is means that k is not a universal constant, but a constant that is particular to a given system. 

Wo r k e d  e x am Ple  2 . 4

1 Find the period T for a satellite of Earth with an orbital radius of 42 000 km. Take Earth’s mass as 6.0 3 1024 kg. 
(4 marks)

2 A small planet is observed to orbit a star every 30 days. A second planet orbits the same star at a distance 
that is nine times the orbital radius of the �rst planet. What is the period of the second planet? (4 marks)

answers logic

1 
4

4

2

3

2

2
2

3

5

5 3

p

p

T

r GM

T
GM

r

Use the correct formula.

rearrange for T.

 1 mark

 1 mark

 

4

(6.67 10 Nkg m ) (6.0 10 kg)
(42000 10 m)

2

11 2 2 24

3 3T 5
p

3 3 3
3 3

2 2

Substitute the correct 
values with units. 

 1 mark

    5 8.5 3 104 s (approx. 1 day) calculate the answer.  1 mark

2 here, the mass M of the star is unknown. The term 
p4 2

GM
 is the 

same for both planets as they are orbiting the same star, so we 

can use:

5 constant
2

3

T
r

Use the correct 
strategy.

 1 mark

 

and 9 , 30 days

(30 days) (9 )

1

2

1
3

2

2

2
3 2 1 1

2

2 1

2

2
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1
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2
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3

1
3

T

r

T

r
r r T

T
T r

r

T
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5 5 5

5
3

5
3

Use the correct 
equation.

rearrange for T2.

 1 mark

 1 mark

 T2 5 810 days calculate the answer.  1 mark

try these yourself

1 A spacecraft orbits the Moon with a period of 4.0 hours. it is then lowered into an orbit with half 
the radius. What is its new orbital period?

(4 marks)

2 What is the mass of a star if its planet has an orbital period of 95 Earth days and an orbital radius of 

5.0 3 1010 m?

(4 marks)

satellite motion
)e motion of a satellite can be modelled as uniform circular motion. Most satellites have 
circular or very nearly circular orbits around Earth. )ey are in a constant state of free-fall; the 
only force acting on them is gravity or their weight. )e gravitational force by Earth’s mass on a 
satellite is directed towards Earth’s centre, which is also the centre of the satellite’s circular orbit. 
)erefore, the net force acting on the satellite is perpendicular to the velocity of the satellite.
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orbital speed
)e gravitational force applied to a satellite is the centripetal force keeping the satellite in 
its circular orbit (Figure 2.20).

)e gravitational force can be found from F G
Mm

r
5G

2
, which provides the centripetal  

force F
mv

r
5c

2

.

Equating these two forces gives:

5

5

5

5

c G

2

2

2

F F

mv

r
G

Mm

r

v
GM

r

v
GM

r

Orbital velocity enables a satellite to fall at just the rate necessary to return to 

its original position: 

v
GM

r
5

Wo r k e d  e x am Ple  2 .5

What is the speed of any satellite orbiting Earth at an altitude of 630 km? (3 marks)

 Mass of Earth 5 5.97 3 1024 kg

 radius of Earth 5 6370 km

answer logic

r 5 6370 1 630 5 7000 km 

5v
GM

r

calculate the radius of the satellite’s orbit. 

Select the appropriate equation.

1 mark

1 mark

  
5

3 3

3

2 2(6.67 10 Nkg m )(5.97 10 kg)

7000 10 m

11 2 2 24

3
Substitute known values into the equation  
with units.

1 mark

   5 7.5 3 103 m s21 or 7.5 km s21 calculate the answer. 1 mark

try these yourself

1 Describe what would happen to the orbital speed of a satellite if the satellite was moved  
to an orbit with a higher altitude. 

(1 mark)

2 Find the altitude of a satellite in orbit around Earth given that its orbital speed is 5.0 km s21. (4 marks)

satellites 

Watch the video 
clip of this satellite 
launch. Observe 
the angle of the 
launch vehicle 
shortly after lift-off.

v

F

Earth

Figure 2.20 p 
The net force on a satellite 

is perpendicular to its 
velocity and directed 

towards the centre of its 
circular orbit.
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satellite orbits
An orbiting satellite is still very much within Earth’s gravitational -eld. It is falling to Earth 
with an acceleration equal to the gravitational acceleration g at that distance from Earth. An 
orbiting spacecraft or satellite is given a horizontal velocity so that, as it falls, it is also moving 
horizontally with such a speed that its path is circular. If no force other than that due to the 
gravitational -eld acts on the satellite, the satellite will continue in its orbit forever.

In order to escape the eCect of the Earth’s gravitational -eld, extra energy must be expended. 
Escape velocity is the speed needed for an object to leave the gravitational -eld of a planet or 

other large mass so that it no longer experiences a gravitational force due to that large mass. It can 
be derived by considering the initial and -nal kinetic energies of the object. )is change in kinetic 
energy is equal to the change in potential energy of the system. )e initial potential energy is 
negative, and the -nal potential energy must be zero if the object is to escape the gravitational -eld. 

)e escape velocity can be shown to be related to the distance of the object from the source 
of the -eld, and the mass of the body from which it is to escape:

v
GM

r

2
escape

5

For objects launched from the surface of Earth, this becomes

v
GM

R
5

2
escape

Earth

Earth

 5 1.12 3 104 m s21

Escape velocity is the minimum velocity required by an object to escape the 

gravitational �eld of a large mass:

 

5v
GM

r

2
escape

Satellites in low Earth orbit are high enough to be modestly aCected by atmospheric 
friction but low enough to be relatively easily serviced from Earth. )is region extends from 
about 250 km to 1000 km above Earth’s surface.

A geostationary satellite remains above one place on Earth. It must travel directly above 
a point on the equator. Geosynchronous satellites travel above any great circle. A great 
circle is any circle on Earth whose radius extends from Earth’s centre. Both geostationary and 
geosynchronous orbits have approximately 24 hour periods (23 h 56 min 4 s or 86 164 s).

Note that this is 
the escape speed 
ignoring the rotation 
of Earth. The rotation 
of Earth can be used 
to assist in achieving 
escape velocity by 
launching the object 
at the appropriate 
angle and close to 
the equator where 
the speed due to 
rotation is greatest.

W
o

W Low Earth orbit satellites

The international Space Station 
(iSS) has been in low earth orbit 
since November 1998. its altitude 
averages 370 km. Even at this 
height, its rocket motors must be 
�red every few weeks to boost it 
into a higher orbit. The friction of 
the very low density atmosphere 
found at this altitude is suf�cient 
to slow the iSS down. As this 
happens, the orbital radius 
decreases. At lower altitudes 
there is more friction and the 
whole process would result in the 
iSS eventually crashing back to 
Earth in a �ery re-entry.

p Figure 2.21  
The international Space Station in low Earth orbit
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chaP te r  s U m mary

 ● G is the gravitational constant: G 5 6.67 3 10211 N m2 kg22

 ● Gravity is an action-at-a-distance force. Action-at-a-distance forces can be modelled as being mediated by a �eld.

 ● All objects with mass are surrounded by a gravitational �eld. 

 ● All objects with mass experience a force in a gravitational �eld. This force is called the weight force.

 ● The gravitational �eld at a particular point is de�ned as the force per unit mass experienced by an object at 
that point: 

g
F

m

GM

r 2
5 5

 ● The gravitational �eld has units of N kg21 or m s22

 ● in the absence of other forces, the gravitational �eld is the acceleration of an object in the �eld. 

 ● close to the surface of Earth the gravitational �eld is approximately constant and has the value 9.8 m s22.

 ● Gravitational potential energy is stored in any system of masses because the gravitational force acts on the masses.

 ● The zero of gravitational potential energy is, by convention, when all objects in the system are in�nitely separated.

 ● in �eld theory, we model the energy as being stored in the �eld.

 ● When an object moves in a gravitational �eld, work is done on or by the �eld.

 ● When work is done by the �eld, the potential energy of the system decreases. When work is done on the 
�eld, the potential energy of the system increases. 
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remembering
1 a State Kepler’s three laws. 

b Why are Kepler’s laws referred to as empirical laws?

2 Distinguish between orbital velocity, orbital acceleration and escape velocity.

Understanding
3 Draw sketches to distinguish between geostationary, geosynchronous and low Earth orbits. 

applying
4 Explain why the acceleration of a satellite with an orbital radius of 42 000 km is less than that for a satellite 

with 7000 km orbital radius.

5 Titan, a moon of Saturn, has an orbital radius of 1.22 × 106 km. it takes Titan 15 days and 22 hours to 
revolve around Saturn. Find the mass of Saturn.

6 A satellite is orbiting the Sun with a radius of 1.5 3 1010 m. What is its orbital speed, given the mass of the 

Sun is 2.0 3 1030 kg?

7 Find the orbital period of an asteroid around the Sun, given that its mean orbital radius is twice Earth’s 
orbital radius. Do not use the mass of the Sun in this calculation.

analysing
8 The law of parsimony states that the simpler explanation is to be preferred. how does this law apply to the 

explanations of planetary motion provided by ptolemy, Kepler and Newton?

re=ecting
9 create a series of annotated diagrams to illustrate what you have learnt about the orbits of planets and 

satellites.

Q U e s t i o n  s e t  2 . 4



apparent weight subjective experience of weight, 
which is generally measured as the normal force 
exerted on an object that is not in equilibrium

apparent weightlessness the experience of having no 
normal force exerted on you; this occurs during free fall

concentric having the same centre

centre of mass the average position of the mass in 
an object or group of objects. it is the point at which 
the gravitational force can be modelled as acting 
when the object is in a gravitational �eld 

epicycles circles on circles, as used to describe the 
orbits of the planets 

Deld the means by which action-at-a-distance 
forces are exerted

Deld theory the theory that describes forces as 
being mediated by �elds and potential energy as 
being stored in �elds 

free fall falling with the acceleration g, the local 
gravitational �eld strength

geostationary orbit of period 24 h approx. directly 
above a single point on Earth’s equator

geosynchronous orbit of period 24 h approx. above 
a great circle on Earth

gravitational potential energy the potential energy 
associated with the interaction of objects via the 

gravitational force. The potential energy is stored in 
the gravitational �eld

gravitas Aristotelian idea about the ‘heaviness’ of 
objects made of earth that allowed them to fall in 
straight lines towards Earth

gravitational Deld the �eld that mediates the 
gravitational force between all objects with mass; the 

�eld surrounding all objects with mass, g
GM

r 2
5

inverse-square law describes a relationship in 
which the dependent variable is proportional to the 
square of the inverse of the independent variable

low earth orbit an orbit between 250 km and 
1000 km above Earth

negligible any value or variation in a value that is 
too small to be taken into account

potential energy energy stored in a system due 
to the interaction of components in the system via 
forces; energy stored in a �eld. potential energy gives 
a system the ability to do work

weight the gravitational force that acts on an 

object, w 5 mg 5 
GmM

r 2

work energy transferred due to the action of  
a force, W 5 Fs 

chaP te r  glo s sary

 ● Early models of the universe had the heavenly bodies �xed on spheres in space, including crystalline 
spheres and later epicycles, to explain the observed motion of the planets.

 ● Galileo observed that falling bodies had constant horizontal motion and accelerated vertical motion.

 ● Tycho Brahe’s meticulous observations enabled Kepler to propose his three laws of planetary motion:

– Kepler’s �rst law: planets orbit the Sun in elliptical orbits

– Kepler’s second law: planets orbits sweep out equal areas in equal time

– Kepler’s third law – the law of periods: T 2 ~ r 3 for planets orbiting the same central mass, and:

42

3

2T

r GM
5

p

 ● Kepler’s laws of planetary motion were derived empirically but can be explained as resulting from Newton’s 
law of universal gravitation and conservation of angular momentum.

 ● Newton’s law of universal gravitation gives the gravitational force that any mass, M, exerts on any other mass, m:

2
F G

Mm

r
5

 ● A satellite’s motion can be modelled as uniform circular motion.

 ● The gravitational force acting on a satellite is the net (centripetal) force.

 ● The orbital speed of a satellite is given by v
GM

r
5 .

chaP te r  r e v i e W Q U e s t i o n s

remembering

 1 Write down Kepler’s third law.

 2 Why was Tycho Brahe’s work so important for Kepler?
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 3 Write down the gravitational �eld strength according to Newton’s law of universal gravitation. 

 4 a What are epicycles?

b Why were they needed in early planetary models? 

 5 Why is the net force acting on a satellite considered to be a centripetal force?

 6 De�ne these terms.

a Weight b Apparent weight c Weightlessness 

Understanding

 7 a how are work and gravitational force connected?

b Explain why no work is being done when you hold a brick above your head. 

 8 how is gravitational potential energy de�ned? Why must a zero point be stated before the potential energy 
of a system can be calculated?

 9 Under what circumstances is your weight equal to the normal force acting on you? if you carry a heavy 
school bag, is your weight equal to the normal force exerted on you by the ground? Draw a diagram 
showing all the forces acting on you, to explain your answer. 

10 Why is an orbiting satellite considered to be in free-fall?

11 What happens to the gravitational force between two objects when they are moved 10 times further apart?

applying

12 What minimum work must be done to move a 1500 kg car up a 300 m high hill? What work is done by the 
gravitational �eld as the car is moved up the hill?

13 What is the orbital speed of the moon of a planet, given that the planet has a mass of 4.5 3 1024 kg and the 
Moon’s mean orbital radius is 3.8 3 108 m?

14 A 5.0 kg rock is dropped from 10 m above the surface of Ganymede, a moon of Jupiter. Ganymede has a 
mass of 1.5 3 1023 kg and radius of 2600 km. 

a What is the gravitational �eld near Ganymede? 

b What is the acceleration of the rock? 

c how much gravitational potential energy was transformed as the rock fell to the surface?

d What was the maximum amount of kinetic energy gained by the rock?

15 What is the centripetal force acting on Earth by the Sun? The mass of the Sun is 2.0 3 1030 kg, the mass of 
Earth is 5.97 3 1024 kg and the distance between the two is 1.5 3 1011 km.

16 What is the orbital period in Earth years for an asteroid that is orbiting the Sun with a mean orbital radius 
that is three times the orbital radius of Earth?

17 What is the mass of the central body being orbited by a star when the star’s orbital period is 8.0 hours and 
its distance from the central body is 4.5 3 1010 m?

18 A geostationary satellite orbits Earth once every 24 hours. (Mass of Earth 5 5.97 3 1024 kg; radius of  
Earth 5 6.38 3 106 m).

a What is the value of the Kepler ratio 
R

T

3

2
? b how high above Earth’s surface is it placed? 

analysing

19 To what speed must a satellite be propelled if it is to maintain an orbit with a radius of 10 000 km around 
Earth?

20 Explain how Kepler’s third law can be used by astronomers to deduce the mass of a star.

21 When watching a satellite launch, the launch vehicle is seen to ascend at an angle rather than vertically. 
Explain this observation.

22 A space station is made in the shape of a doughnut, 160 m across. it rotates about an axis so that the 
workers experience down to be towards the outer wall. 

a Sketch the space station and indicate the force that simulates the gravitational force applied to a worker 
standing upright.

b At what speed must the space station rotate in order to simulate Earth’s gravitational �eld? 

re=ecting

23 Models are simpli�cations of real systems used to help us understand the universe. Draw a concept map 
summarising gravitational �eld theory.

24 how has your understanding of forces and energies changed while studying this chapter? Write a short 
summary and compare your summary with those of other students.



chap ter  3 

electr ic  f i elds

By the end of this chapter you will have covered the following material.

Science Understanding

 ● Electrostatically charged objects exert a 
force upon one another; the magnitude 
of this force can be calculated using 
Coulomb’s Law (ACSPH102)

 ● Point charges and charged objects 
produce an electric �eld in the space that 
surrounds them; �eld theory attributes the 
electrostatic force on a point charge or 
charged body to the presence of an electric 
�eld (ACSPH103)

 ● A positively charged body placed in an 
electric �eld will experience a force in the 
direction of the �eld; the strength of the 
electric �eld is de�ned as the force per unit 
charge (ACSPH104)

 ● When a charged body moves or is moved 
from one point to another in an electric �eld 
and its potential energy changes, 
work is done on or by the �eld (ACSPH105)
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Introduction 
There are four fundamental forces. These are the strong force, the weak force, the gravitational 
force and the electromagnetic force. The gravitational force was described in the previous 
chapter. The strong and weak forces will be described in Chapters 9 and 10. The electromagnetic 
force is a combination of the electrostatic and magnetic forces. This chapter is about the 
electrostatic forces that are due to charges. 

You have seen that there is a gravitational �eld around all objects with mass. It is this 
gravitational �eld that allows objects with mass to exert forces on each other at a distance. This 
�eld, and hence the force, depends on the mass of the objects and on the distance between 
them. It increases linearly with the masses and decreases with the square of the distance between 
the objects. The gravitational force is always attractive, acting to pull two objects with mass 
closer together. The electric �eld is in many ways similar to the gravitational �eld. The electric 
�eld is created by charged particles. 

You have already seen some of the applications of electricity in Nelson Physics Units 1 & 2 for 
the Australian Curriculum, Chapters 5 and 6. You have probably already used electricity at least 
a dozen times today. An understanding of electrostatics is the �rst step in understanding how 
electricity is produced, transferred and used in the many devices that we take for granted. We 
shall look at some of these applications in the next chapter. 

The electric field
The �rst model that we shall be using in this chapter is the electrostatic �eld model. This 
model was developed from Michael Faraday’s idea of ‘lines of force’. These lines of force enable 
an object to exert a force on a second object some distance away. Faraday described both electric 
and magnetic �elds. His �eld model was re�ned and extended by others, particularly James 
Clerk Maxwell. 

For the electrostatic �eld model we assume that the charges are not moving, and we ignore 
any quantum or relativistic e0ects. This model is extremely good at predicting the behaviour of 
most interacting charged objects. You will see that this model is very similar to Newton’s model 
of universal gravitation.

You can do experiments to show that a charged object exerts a force on another charged 
object some distance away. For example, if you rub a balloon on your hair and then hold it close 
to your head you will see or feel your hair being pulled towards it. The charge on the balloon 
attracts the charge on your hair, even though the two are not in contact. In the same way, the 
mass of Earth attracts the mass of any other object without having to touch it. 

All objects with electric charge create an electric �eld around themselves. This �eld depends 
on the size of the charge and the distance from the charged object. It increases with the size of 
the charge and decreases proportionally with the square of the distance. Unlike the gravitational 
�eld, the electric �eld can exert an attractive or repulsive force (pull or push) because charge 
comes in both positive and negative types. You already know that like charges repel each other 
and unlike charges attract. Hence a positive charge pulls a negative charge towards itself and 
pushes another positive charge away. 

The electric 
eld at a point is de
ned as the force per unit charge that acts on a 

small positive test charge at that point.

5




E
F

q
E



E  is the electric �eld and 


F
E
 is the force acting on an object with charge q. Force has units of 

newtons (N) and charge has units of coulombs (C), so electric �eld has units of N C21. 

If the objects are 
moving very fast we 
need to take into 
account relativistic 
effects and use 
a relativistic �eld 
model. Relativity 
is described in 
Chapter 6. If the 
objects are very 
tiny we may need 
to use a quantum 
mechanical model. 
Quantum mechanics 
is discussed in 
Chapters 7 and 8. 

For almost any 
situation there is a 
choice of models 
which can be used. 
In general, we try to 
use the simplest one 
that captures all the 
features of the system 
and which has 
good predictive and 
explanatory power.
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Force is a vector – it has both magnitude and direction – so �eld is also a vector. Its direction 
at any point is the same as that experienced by a small positive test charge at that point. The 
force on a negative charge is in the opposite direction to the �eld. In Figure 3.1 the small 
positive test charge experiences a force due to the electric �eld created by the large charge. The 
�eld is the magnitude and direction of this force, divided by the charge on the small test charge. 

This is similar to the de�nition of the gravitational �eld, which is force per unit mass acting on a 
small test mass. However with electric �elds we have to think about direction a bit more carefully. 

Wo r k e d  e x am ple  3 .1

A battery is connected across a piece of copper wire giving an electric �eld of 3.0 N C21 in the wire. What is the 
force on an electron in this wire? (5 marks)

answer logic

E


 5 
F

q
E



Use the de�nition of �eld. 1 mark

F
E



 5 E


q rearrange to �nd the force. 1 mark

F
E



 5 (3.0 N C21)(21.6 3 10219 C) Substitute known values, remembering to 
include units.

1 mark

F
E



 5 24.8 3 10219 N do the calculation. 1 mark

The force is in the direction opposite that of 
the �eld.

State the direction of the force. 1 mark

Try this yourself

What is the force on a copper nucleus in this wire? (6 marks)

The units of electric 
�eld are N  C21.  
1  N 5 1  kg  m  s22 5 1  J  m21, 
and 1  V 5 1  J  C21, so 
the units for electric 
�eld can also be 
written as V  m21.

pFigure 3.1  
a) A large positive charge repels a small positive charge. b) A large positive charge attracts a small negative charge. 
c) A large mass attracts a small mass. 

E

FQ on q

1q1Q

FQ on 2q

2q1Q

E

FM on m

m
M

g

a b c

An electric 
eld exerts a force in the direction of the 
eld on a positive charge, and 

in the opposite direction on a negative charge.

Table 3.1 Some electric �eld strengths

electric 1eld due to… approximate 1eld strength, n  C21

hairdryer, 20  cm away 4

Thunderstorm 50, upwards

Earth’s fair weather �eld 100, downwards

high voltage overhead power lines, 
30  m away

10 to 1000

old electric blanket, 10  cm away 2000

In Nelson Physics 
Units 1 & 2 for the 
Australian Curriculum 
you studied electric 
circuits. The potential 
difference supplied 
by the battery in a 
circuit creates an 
electric �eld that 
applies a force to 
the free electrons, 
creating a current. 
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In Nelson Physics Units 1 & 2 for the Australian Curriculum you studied circuits and saw that 
when a battery is connected across a conductor it causes a current to 8ow. The battery creates an 
electric �eld in the wire because one terminal is positive and the other is negative. This polarity 
is due to charge separation in the battery. This �eld in the conductor exerts a force on all the 
charged particles in the wire. The conduction electrons, which are free to move, are accelerated 
by this electric �eld. The movement of these electrons along the wire due to their drift velocity 
is what we observe as a current. Electric �elds can be set up whenever there is a means of 
separating charges. 

Recall from your studies of radiation and nuclear physics in Nelson Physics Units 1 & 2 for 
the Australian Curriculum that electrons have a charge of 21.6 3 10219 C. This is called the 
electron charge or the elementary charge, e, because all particles have an integer multiple of 
this charge, q 5 ne where n 5 60, 1, 2, … Protons and positrons (b1 particles) have charge 
11.6 3 10219 C. Ions that have extra electrons have a charge equal to the number of electrons 
times the electron charge. Ions with missing electrons have a charge equal to some multiple of 
11.6 3 1019 C. For example, an O22 ion has charge 2 3 21.6 3 10219 C 5 23.2 3 10219 C.  
An Fe31 ion has charge 3 3 1.6 3 10219 C 5 4.8 3 10219 C. 

Wo r k e d  e x am ple  3 . 2

A Ca21 ion with a mass of 6.7 3 10226 kg experiences an acceleration of 4.8 3 1013 m s22 as it moves through a 
channel in a cell membrane. What is the electric �eld in the membrane? (6 marks)

answer logic

a
Eq

m
5




relate the acceleration to the �eld. 1 mark

E
am

q
5




rearrange for the electric �eld. 1 mark

W
o

W Electroreception in platypuses

Platypuses can detect electric �elds with 
special cells called electroreceptors on their 
bills. This sense is called electroreception. 
Platypuses and echidnas are the only 
mammals that have this ability. The 
platypus’s electroreception was �rst 
demonstrated in an experiment in 1986, 
in which platypuses found and attacked 
hidden batteries. Previously, their hunting 
ability with their nostrils, ears and eyes closed 
had been a mystery. Their electroreceptors 
can detect electric �elds as small as 
0.002  N  C21. Platypuses combine information 
from electroreceptors and pressure sensors 
on their bills to determine the direction of 
their prey and their distance from it. 

pFigure 3.2 A platypus has very sensitive electroreceptors in its bill 
to help it hunt for food.
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To understand how a charged object behaves in a �eld we need to use another model: 
Newton’s laws. Newton’s �rst law tells us that an object experiencing a net force will accelerate. 

Newton’s second law quanti�es the acceleration. Newton’s second law says that 5a
F

m



. Using 

the de�nition of electric �eld 5




E
F

q
, we can see that 



F  5 


Eq, so that:

a
Eq

m
5



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electric field lines
Fields can be represented by �eld diagrams. An electric �eld diagram uses lines with arrows to 
show the direction of the force on a small positively charged test particle. 

To draw a �eld diagram, start by considering the force on a test charge at various points. 
Let’s start with a single positive charge and think about what happens when we put a small 
positive test charge close to it. We know that like charges repel, so the test charge will be 
accelerated away from the positive charge, as shown in Figure 3.4(a). Anywhere close to the 
positive charge the direction of the electric �eld is radially away from the charge. If we join up 
the arrows in Figure 3.4(b) we get �eld lines, as shown in Figure 3.4(c). 

a 5 4.8 3 1013 m s22

m 5 6.7 3 10226 kg

q 5 2 3 1.6 3 10219 C 5 3.2 3 10219 C

Identify numerical values for all 
parameters.

1 mark

E 5
3 3

3

2

2

(4.8 10  m s )(6.7 10  kg)

3.2 10 C

13 –2 26

19
Substitute the correct values with units. 1 mark

E 5 1.0 3 107 m kg s22 C 5 1.0 3 107 N C21. Calculate �nal answer. 1 mark

The �eld is in the direction of the acceleration. 1 mark

Try this yourself

What is the acceleration of a sodium ion, Na1, in this channel? (5 marks)

W
o

W Electric �elds in cell membranes

The cells in your body have an electric �eld in 
their membranes. This �eld is maintained by 
pumps in the cell wall which move ions through 
the membrane. The outside of the cell is positive 
compared to the inside, so the electric �eld points 
inwards and is approximately constant in the cell 
membrane. The �elds are about 10  000  000  N  C21! 
The main ions involved are K1, Na1 and Cl1. Large 
molecular anions (A42) are also involved in binding 
the positive ions. other ions, such as calcium, 
Ca21, are important in nerve cells. When a nerve  
cell sends a message, the electric �eld in its 
membrane collapses and then acts in the 
opposite direction as ions Fow into and out  
of the cell. 

Cell
membrane

Across membraneCharge separation

IntracellularExtracellular
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Figure 3.3u 

A cell maintains a large electric �eld 
across its membrane by pumping ions into 

and out of the cell.
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Wo r k e d  e x am ple  3 .3

draw a �eld line diagram for a pair of equal positive charges. (5 marks)

answer logic 

1 1

a

1 1

Figure 3.6 p 
Construction of a �eld diagram for a pair of positive 

charges. a) Show the force acting on a small positive test 
charge at points around the charges.  

b) Connect the lines of force to show �eld lines.

Think about putting a small positively 
charged test object at points close to the 
charges as shown in figure 3.6(a). 

1 mark

draw arrows showing the forces due to the 
two charges.

1 mark

The vector sum of these two forces gives the 
total force, and the direction is the same as 
the direction of the �eld at that point. 

2 marks

do this at lots of points (figure 3.6(a)) and 
then join up your arrows to form �eld lines 
as in figure 3.6(b).

1 mark

Try this yourself

draw a �eld diagram for a pair of negative charges. (5 marks)

Figure 3.4(c) shows a �eld line diagram for a single positive point charge. If the point 
charge was negative instead of positive, the �eld lines would all point inwards. A small positive 
test charge would be attracted to a negative charge (see Figure 3.5). This looks just like the 
gravitational �eld around a spherical object such as Earth, as you saw in Chapter 2. 

2

2q

Figure 3.5 p 
field line diagram for a 
negative point charge

In Nelson Physics 
Units 1 & 2 for the 
Australian Curriculum 
you studied forces. 
Recall that forces 
need to be added 
as vectors. As �elds 
are a force per unit 
charge (or mass), 
they also need to be 
added as vectors.

Figure 3.4 p 
Constructing a �eld 

diagram. Start by drawing 
arrows to show the 

acceleration at various 
points, then join them up 

to form �eld lines.

F

q

Q

1

1

1 1

Electric 
eld lines have the following characteristics:

    They point in the direction of the force acting on a positively charged particle 

due to the 
eld.

   They never cross.

   They begin on positive charges and end on negative charges.

   The 
eld strength is proportional to the density of 
eld lines.

When you draw a �eld line diagram there is an in�nite number of possible �eld lines that 
you can draw. However, you only have �nite time, so choose a sensible number! In general, 
make sure you draw enough lines so that you can see what the �eld looks like around the charge 
or charges. Typically at least eight �eld lines are needed. They should be evenly spaced around a 
point charge. Make the ratio of �eld lines coming out from or entering any charge proportional 
to the magnitude of the charge. This will ensure your �eld lines have the properties listed above. 

a b c

b
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Wo r k e d  e x am ple  3 . 4

1 figure 3.9(a) shows a ball thrown horizontally close to the surface of Earth. (5 marks)

a draw a diagram showing the gravitational �eld lines.

b draw the path taken by the ball.

c describe in words the shape of the path. 

2 figure 3.9(b) shows a positively charged particle entering a uniform electric �eld, travelling perpendicular to 
the �eld. (3 marks)

a draw a diagram showing the path taken by the particle.

b describe in words the shape of the path.

m

vi

a

1q

E

vi

b

tFigure 3.9 a) A ball thrown 
horizontally close to the surface of 
Earth. b) A positively charged particle 
enters a uniform electric �eld and 
travels in a direction perpendicular to 
the �eld.

A common con�guration of charges is a dipole. This is a combination of a positively 
charged object and a negatively charged object close together. Figure 3.7 shows the electric �eld 
in the region around a dipole.

You have probably met the idea of polar molecules in chemistry. Polar molecules such 
as water (Figure 3.8) are loosely bound by van der Waals forces because of the attraction 
between the negative part of one molecule and the positive part of a nearby molecule. This is 
also called hydrogen bonding because it commonly happens with hydrogen.

1 2

pFigure 3.7  
Electric �eld around a dipole

1 1

2

pFigure 3.8  
Electric �eld due to  
a polar water molecule

A charged particle starting at rest in an electric �eld will accelerate along a path parallel to 
the �eld lines. It will accelerate in the direction of the �eld lines if it has a positive charge. If it 
has a negative charge it will accelerate in the opposite direction. If a charged particle has some 
initial velocity in an electric �eld, then the �eld lines give the direction of acceleration, but 
they do not show the path of the particle. You have already seen this as projectile motion in a 
gravitational �eld. If an object is released from rest its path is that of a gravitational �eld line 
down to the surface of Earth. If it has some initial velocity then the gravitational �eld lines give 
the direction of acceleration, but do not give the path of the object.

ChargeS  
and FIeldS

This simulation lets 
you move charges 
around and see 
their electric �eld. 
Try it with two 
positive charges, 
two negative 
charges and a 
positive and a 
negative charge.
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Just as in the gravitational case, we use kinematics to calculate the trajectory. The 
acceleration depends on the electric �eld. In the case of a uniform �eld, as described next, the 
acceleration is constant.

Uniform electric fields
A uniform �eld is one that has the same magnitude and direction at all points. 

A uniform electric �eld exists close to any large, 8at, uniform distribution of charge. If we 
look at the �eld very close to the surface of a large charged sphere, such as the dome of a van 
de Graaf generator, the �eld is approximately uniform. You have seen and used this useful 
approximation many times before for the gravitational �eld of Earth. Every time you write  
F 5 mg you are making the approximation that Earth is 8at. Most of the time this is perfectly 
reasonable. Close to the surface of Earth the gravitational �eld is e0ectively constant.

answers logic

1 a  

Path of ball

g

vi

Figure 3.10 p 
Gravitational �eld lines and  

path of ball

The �eld lines are directed straight down and 
are parallel because the �eld is constant.

2 marks

b See figure 3.10. The ball is pulled down by the gravitational 
force, but the horizontal velocity is unchanged.

2 marks

c The ball follows a parabolic path. Give a correct description of path. 1 mark

2 a  

Path of
charged particle

q

E

vi

Figure 3.11p  
Electric �eld lines and  

path of particle

The particle is pulled in the direction of the 
electric �eld, but the horizontal velocity is 
unchanged. 

2 marks

b The particle follows a parabolic path. This 
is the same shape as the path followed 
by the ball in the gravitational �eld. 

1 mark

Try this yourself

repeat question 2 for a negatively charged particle in a uniform electric �eld. (4 marks)

In Nelson Physics Units 
1 & 2 for the Australian 
Curriculum you 
studied the kinematics 
equations for constant 
acceleration. The 
acceleration due 
to a uniform �eld is 
constant. This is true for 
both the gravitational 
�eld close to Earth and 
any uniform electric 
�eld. Hence we use 
the same equations in 
both cases. 
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Earth also has an electric �eld; you will be familiar with the e0ects of this �eld 
in stormy weather, such as that shown in Figure 3.12 The size of the �eld varies with 
weather conditions (Figure 3.13). In sunny weather Earth has an electric �eld of about 
100 N C21, pointing downwards. It is larger in fog or snow, and reverses direction in 
heavy rain. The �eld varies over the surface of Earth, but can be treated as uniform over 
distances of a few hundred metres or more. The force due to Earth’s electric �eld on a 
small charged particle such as an electron is many orders of magnitude greater than that 
due to the gravitational �eld. For large, neutral objects such as humans, the gravitational 
force is much larger.

On a smaller scale, a uniform electric �eld can be created by two charged parallel 
plates. This arrangement of charged plates is called a capacitor. Capacitors are a common 
circuit element. Figure 3.14 shows the electric �eld created by a pair of parallel plates. 

Wo r k e d  e x am ple  3 .5

An approximately uniform electric �eld is created by charging two large parallel metal plates. A charged 
soap bubble drifts between the plates, with an initial velocity v

i
 parallel to the plates, as shown in figure 3.15. 

The bubble has mass m and charge 1q, the magnitude of the �eld between the plates is E . Assume that the 
gravitational force on the bubble is negligible in comparison to the electrostatic force. 

1 2

E
y

x

vi

 

tFigure 3.15  
A bubble enters the uniform electric �eld between 
a pair of charged plates.

1 find the acceleration of the bubble. (4 marks)

2 Write an expression for the position of the bubble as a function of time once it enters the �eld between the 
plates. (4 marks)

pFigure 3.12 Lightning 
strikes a tree when the 
electric �eld between the 
cloud and the ground 
becomes too large.
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pFigure 3.14  
The electric �eld between the 
plates of a parallel plate capacitor 
is uniform.

a b

pFigure 3.13  
Earth’s electric �eld in a) fair weather and  
b) stormy weather
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The model that we have applied here is non-relativistic. This is reasonable for a bubble, but 
an object with very small mass such as an electron could quickly be accelerated to relativistic 
speeds. For any speed greater than about 0.1c, we should really be using the relativistic 
equations, given in Chapter 6. 

A dipole, such as that shown in Figure 3.7, experiences no net force in a uniform electric �eld. 
This is because each charged part of the dipole experiences an equal but opposite force. The two 
forces, one on the positive part and one on the negative part, add to give a total force of zero. This 
does not mean that a dipole is not a0ected by the �eld. Each force produces a torque on the dipole, 

causing it to rotate and line up with the �eld. A pair of forces like this are called a 
‘couple’, and the torque produced is called a ‘couple moment’. As you saw in Chapter 
1, a gravitational �eld can also exert a torque and cause rotation. However, the 
gravitational �eld only exerts a force in one direction, so it always applies a net force 
as well as a torque. 

electric field due to  
a point charge 
Point charges occur commonly in nature. Fundamental particles such as protons 
and electrons can be modelled as point charges. 

We saw in the previous section that up close, mass and charge distributions look 
8at and give uniform �elds. In contrast, any �nite mass or charge distribution seen 
from a great distance away can be modelled as a point mass or charge. Earth seen from 
a great distance away looks like a point mass. Newton’s law of universal gravitation 
treats it as such. The dome of a van de Graa0 generator looks like a point charge from 
a great distance away. Hence it is very useful to us to know what the �eld due to a 
point charge is. 

We know from experiment that the bigger the charge, the bigger the �eld. 
So we expect �eld to be proportional to charge. We also expect the �eld to have 
spherical symmetry, as there is no preferred direction around a point. We can see 
this from our �eld line diagrams. 

answers logic

1  5 5
x

xa
F

m

E q

m
The force acts only in the direction of the �eld. 
It is zero in a direction perpendicular to the 
�eld. This is analogous to projectile motion in a 
gravitational �eld, as in the previous example.

relate acceleration to data given.

2 marks

a
y
 5 y

E q

m
 5 0 Noting that the �eld is entirely in the x direction. 2 marks

2 x 5 v
x, i 

t 1 
1

2
 a

x
t2 

 5 0 1 2
x

2E qt

m  

 5 2
x

2E qt

m

As the situation is analogous to projectile 
motion, apply the kinematics equations.

2 marks

y 5 vy, it 1 
1

2
a

y
t 2 5 vy, it 1 0 5 vy, it

 We can see from the equations that the particle curves towards the direction of the �eld lines, but 
always has some component of its velocity perpendicular to the �eld – it does not follow the �eld lines. 
hence the path followed is the same as that shown in figure 3.11 in the previous example. 

 
2 marks

Try this yourself

repeat the questions above for a soap bubble with charge –2q and the same mass. (6 marks)

r1

r2

A

q

A

Figure 3.16p  
field lines due to a point charge. The number 
of �eld lines passing through the sphere with 
radius r1 is the same as the number passing 
through the sphere with radius r2. however, 

the number passing through any small area, 
A, which is a measure of the density of �eld 
lines and hence �eld strength, is greater for 

the smaller sphere.

Fields apply forces; 
hence they are also 
able to apply a torque 
and cause rotation of 
an object. You studied 
torques Chapter 1. 
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We also know from experiments that the �eld becomes weaker at greater distances from the 
charge. A charged balloon does not pull as hard at your hair if you move it further away. We need 
to know how the �eld strength varies with distance. We can use �eld line diagrams to work it out.

The �eld lines become less dense the further away they are from a point charge (Figure 3.16). If 
you draw concentric circles around a point charge, the number of �eld lines crossing each circle 
is constant. However the density decreases with the radius of the circle. In three dimensions, 
the �eld lines radiate out in all directions. If you imagine concentric spheres around a point 
charge, the number, n, of �eld lines crossing each sphere is the same. However the density of lines 
decreases with the square of the radius because the area of each sphere is proportional to r2.  

Density is 
number

area
, and area of a sphere 5 4pr2. So density 5 

p4 2

n

r
.

Hence, the �eld strength, which is proportional to the �eld line density, decreases with 

distance squared from the source. This 
1
2r  form is common to all point sources, whether they are 

sources of electric �eld, gravitational �eld, light or sound waves.
The electric �eld due to a charged particle or a spherical charged object is:

5
p«









E

q

r

1

4 0
2

where «0 5 8.9 3 10212 C2 N21 m22 so the constant 
p«

1

4 0

 5 9 3 109 N m2 C22.

This expression meets the requirements described above.

The constant 
p«

1

4 0

 is sometimes known as the Coulomb constant, after Charles-

Augustin de Coulomb, and given the symbol k
e
. The constant «0 is called the permittivity of 

free space. It tells us how the �eld varies in a vacuum, as well as giving us the correct units for 
�eld. This is an important physical constant. The speed of light depends on this constant, as we 
shall see in Chapter 5.

Figure 3.17 shows a plots of �eld strength as a function of distance for a positive and a 
negative charge.

r

E

r

Ea b

You already know that electrons and protons have electric charge. We can now calculate the 
�eld around these particles.

tFigure 3.17  
Plots of E(r) for a) 1q 
and b) 2q

Wo r k e d  e x am ple  3 .6

Calculate the electric �eld due to a proton at a distance of 8.0 3 10211 m. This is the average orbital radius of the 
electron in a hydrogen atom. This distance is four orders of magnitude larger than the size of the proton, which 

is about 10215 m, so we can treat the proton as a point charge. (4 marks)

answer logic

E
q

r
5

p«

1

4 0
2







 relate �eld to data given. 1 mark

q 5 1.6 3 10219 C find values needed but not given. 1 mark

Recall from Chapter 11  
of Nelson Physics 
Units 1 & 2 for the 
Australian Curriculum 
that light intensity 

decreases with 
1

r 2
 

for a point source of 
light.



8 2  N E L S o N  P h y S I C S  U N I T S  3  &  4  f o r  T h E  A U S T r A L I A N  C U r r I C U L U m 9 78 017 0 2 4 2110

Coulomb’s law 
You already know that charges exert forces on each other. Now that we know what the �eld 
due to a point charge is, we can quantify those forces that the charge exerts on a second 
charged particle. 

5 3 3
3

3
2

2

2
(9.0 10 N m C )

(1.6 10 C)

(8.0 10 m)
9 2 1

19

11 2
E Substitute values, including units. 1 mark

E 5 2.3 3 1011 N C21 Calculate the �nal value. 1 mark

Try this yourself

Calculate the electric �eld due to a proton at distances of 1 3 10210 m (a typical distance 
between atoms), 1 cm and 1 m. 

(3 marks)

Q U e S T I o n  S e T  3 .1

remembering
1 Write down the relationship between the electrostatic force and electric �eld. 

2 When is an electric �eld directed towards a charge, and when it is directed away from a charge?

Understanding
3 Consider the two arrangements of charges shown below in figure 3.18. Compare the electric �eld at point 

P in the two cases. Is it the same in each case? If not, which is larger and why? 

 

d

d

1q

P

1q

1q 1q

a

d

1q1q1q

P

1q

b

 tFigure 3.18

4 draw a table comparing the properties of electric �elds and gravitational �elds. List similarities and 
differences.

applying
5 Calculate the electric �eld at a distance of 10 cm away from a point charge of 15.0 mC. 

6 Calculate the acceleration of an electron in a constant electric �eld of 95 N C21, directed upwards. In  
which direction does the electron accelerate? 

7 A pollen grain of mass 0.001 g and charge 0.05 nC starts at rest in an electric �eld of 80 N C21. Assuming no 
other forces, how far does the pollen grain move in 1 minute? 

analysing
8 draw a �eld diagram for the:

a electric �eld around two nearby positive charges.

b electric �eld around two nearby negative charges.

c gravitational �eld around the moon and Earth.
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If our �rst point charge has charge Q then it creates an electric �eld:

5
p«











1

4 0
2

E
Q

r

Using the de�nition of electric �eld, 5




E
F

q
, the force exerted on a second point charge 

with charge q is:

5 5
p«











1

4 0
2

F Eq
Qq

r

This is known as Coulomb’s law. It describes the force that a point charge Q exerts on 
a second point charge q when they are separated by a distance r. The force will be directed 
towards or away from charge Q. Remember that forces are vectors. The form of Coulomb’s law 
given here only gives the magnitude of the force. You should always draw a diagram to show 
the direction of the force. Remember: like charges repel and unlike charges attract.

If we now write an equation for the force that charge q exerts on charge Q, we get exactly the 
same expression. This should not come as a surprise. From Newton’s third law, whatever force q 
exerts on Q, Q must exert an equal and opposite force on q. According to Newton’s third law:

F(by q on Q) and F(by Q on q):
 ● are equal in magnitude
 ● are opposite in direction
 ● have the same fundamental nature

AND
 ● each force acts on a di0erent object. 
This is shown in Figure 3.19.
The gravitational and electric forces depend on the product of the property of the objects 

that creates the �eld, and decreases with the square of the distance between the objects. 

W
o

W Quantisation

you may wonder how negatively charged electrons can orbit the positively charged 
nucleus of an atom without being attracted into the nucleus and colliding with it. As you 
saw in the previous chapter, the development of Newton’s law of universal gravitation and 
Kepler’s laws gave us a model for planetary motion that helps us understand how Earth 
and the other planets orbit the Sun without crashing into it. 

Niels Bohr noted that Coulomb’s law has the same form as Newton’s law of universal 
gravitation. he applied the planetary model developed by Newton and Kepler to atoms, 
substituting the Coulomb force for gravity. however, this still left other problems unsolved. 
To make the model work, he introduced quantisation. In Bohr’s model the electrons can 
only sit in de�ned, quantised, orbits and so are prevented from falling into the nucleus.

You will study Bohr’s 
planetary model 
in the chapter on 
quantum mechanics, 
as well as the more 
modern quantum 
model of the atom. 

pUT an 
eleCTron In  
orBIT aroUnd 
a proTon

See if you can �nd 
an initial position 
and velocity that 
will result in the 
electron orbiting 
the proton and not 
colliding with it.

F(by Q on q) F(by q on Q)

Q
q

pFigure 3.19 Two 
charges exert forces on 
each other.

Coulomb’s law states that the force that one charged particle exerts on a second 

charged particle is given by:

5
p«









F
Qq

r

1

4 0

2

where Q and q are the charges on the particles, r is the distance between them and 

«
o
 is the permittivity of free space. 

The force is attractive if the particles have unlike charges, and repulsive if they 

have like charges. 
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Wo r k e d  e x am ple  3 .7

Calculate the force exerted by a proton on an electron at a distance of 8 3 10211 m. This is the orbital radius of 
an electron in hydrogen. (4 marks)

answer logic

5
p«

Qq

r
F











1

4
0

2

 
Use Coulomb’s law to relate force  
to data given.

 
1 mark

q 5 2Q 5 1.6 3 10219 C find values needed but not given. 1 mark

F 5 3 3
2 3 3

3
2

2 2

2
(9.0 10 N m C )

( 1.6 10  C)(1.6 10  C)

(8 10  m)
9 2 1

19 19

11 2
Substitute values, including units. 1 mark

F 5 23.6 3 1028 N Calculate �nal value. 1 mark

The negative sign indicates that the force is towards 
the proton. We could also have done this by simply 
taking the answer to the previous example and 
multiplying it by the charge of an electron: 

F 5 Eq 5 2.3 3 1011 N C21 3 21.6 3 10219 C 

  5 23.6 3 1028 N

Try these yourself

1 Calculate the force on an electron due to a helium nucleus at the same distance. (4 marks)

2 Calculate the force on the helium nucleus due to the electron. Compare it with the force on 
the electron due to the helium nucleus. 

(2 marks)

remembering
1 Copy and complete the following table by writing ‘attractive’ or ‘repulsive’ in the spaces.

Force by → 
on ↓

positive charge negative charge

Positive charge

Negative charge

Understanding

2 Two charges, q1 and q2, are such that q1 5 3q2. What is the ratio of the force Fq
1
 on q

2
 to Fq

2
 on q

1
? 

3 draw a table comparing the forces between two spherical or point-like masses and two point-like charges. 
List both similarities and differences.

Applying

4 Calculate the force on a charge of 12.0 mC a distance 10 cm away from a point charge of 15.0 mC. 

5 a At what distance from a proton does an electron experience a force of 2.3 3 10219 N?

b At what distance does the force have half this value?

c What is the force if the distance is doubled?

6 What charge is needed to exert a force of 1 N on a charge of 1 mC at a distance of 1 m? 

Q U e S T I o n  S e T  3 . 2
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energy transfers and 
transformations in  
electric fields 
You already know a lot about energy. You know that there are two types of energy: potential 
energy and kinetic energy. Objects that are moving have kinetic energy and we can say that 
objects that are subject to a force have potential energy. You have already seen and used this 
many times for the gravitational �eld close to Earth. Although, strictly, it belongs to the �eld, 
we can say that the potential energy of an object of mass m in the gravitational �eld g at a height 
h above the surface of Earth is mgh. 

You also know that energy is conserved. When you lift up an object such as a pencil and 
then drop it, gravitational potential energy is transformed into kinetic energy (Figure 3.21a). 
This transformation happens because of the gravitational force exerted by the gravitational �eld 
on the pencil.

Remember from Chapter 2 that the gravitational force is given by F 5 mg. From your studies 
of work and heat in Nelson Physics Units 1 & 2 for the Australian Curriculum you know that the 
work, W, done by a force, F, on an object as it is displaced a distance, s, in the direction of the 
force is W 5 Fs. Hence, when the pencil falls through a height h, the gravitational �eld does work 
on the pencil, W 5 mgh.

The same happens to a charged object in an electric �eld (Figure 3.21b). If the object starts 
at rest and is allowed to move, it will accelerate. We can say that it accelerates because the �eld’s 
potential energy is converted to kinetic energy; we can say that it accelerates because the force 
(due to the �eld) does work on it. These two views are equivalent.

Just as the gravitational �eld does work on an object falling or being lifted in a gravitational 
�eld, the electric �eld does work on a charged object moving in an electric �eld. The electric 
�eld does work because it exerts a force through some distance. The work done is equal to the 
change in the potential energy of the system. 

Although we often say that an object has potential energy, this is not strictly correct. It is the 
combination of objects that make up the system that has potential energy. A pencil held above 
the ground does not really have potential energy. It is the combination of Earth and pencil that 
has the potential energy. We could also say it is the gravitational �eld and the pencil, because in 
the �eld model of gravity it is the �eld that applies the force to the pencil. Potential energy exists 
whenever a force acts between objects. Similarly, a small isolated charge cannot be said to have 
potential energy. It only has potential energy because of its interaction with an electric �eld, 
which is due to some other charged object. Again, the potential energy is due to the application 
of a force to the charge, which occurs via the �eld.  

eleCTrIC 
FIeld

Position two or more 
charges in the 
electric �eld. Click 
‘go’ to see how 
they accelerate. 
you can also view 
the electric �eld 
lines and lines of 
equipotential.

1 m

11 C 12 C

pFigure 3.20 find the 
position on the line 
at which a negatively 
charged object 
experiences no net force.

Analysing

7 Two positively charged objects are a distance 1 m apart. The �rst object has a 
charge of 11 C. The second has a charge of 12 C, as shown in figure 3.20.

a Along the line shown, is there a position at which a positively charged object can 
be placed such that it experiences no net force? mark the approximate position. 

b Along the line shown, is there a position on the line at which a positively 
charged object can be placed such that it experiences no net force? mark 
the approximate position.

8 A dipole, such as that shown in figure 3.7, is in a uniform electric �eld such that 
initially the line joining the two charges is perpendicular to the �eld lines.

a draw a diagram showing the dipole in this position and show the forces acting on the two charges. 

b Explain why there is a torque but no net force acting on the dipole.

c describe what happens to the dipole if it is free to move.

d draw a diagram showing the forces acting on the dipole if it is aligned with the �eld. Is there a net 
torque in this case? 

You studied energy in 
Nelson Physics Units 1 
& 2 for the Australian 
Curriculum, when 
you looked at heat 
and work in Unit 1 
and again when you 
looked at energy 
conservation and 
forces in Unit 2. The 
idea of work being 
done by an applied 
force is used again 
here.

Remember that 
although we talk about 
the potential energy of 
an object, the potential 
energy really belongs 
to the system of  
objects – to their �eld. 



8 6  N E L S o N  P h y S I C S  U N I T S  3  &  4  f o r  T h E  A U S T r A L I A N  C U r r I C U L U m 9 78 017 0 2 4 2110

Hence, �elds are not only a way of exerting a force at a distance: %elds also store energy.  
The gravitational �eld stores gravitational potential energy and the electric �eld stores 
electric potential energy. 

v

g

m

Fg

a

v

E

FE

q

b

electric potential energy  
and electric potential
When you studied circuits in Nelson Physics Units 1 & 2 for the Australian Curriculum, you 
met the idea of potential difference. To understand potential di0erence we �rst need to 
understand electric potential.

Electric potential (or simply ‘potential’) has the same relationship to potential energy that �eld 

has to force. The �eld is de�ned as the force per unit charge: 5E
F

q
. The potential is de�ned as the 

potential energy per unit charge: V 5 
U

q
.

The units for V are joules per coulomb, J C21, also known as volts, V.
When you studied circuits, the potential was de�ned relative to the ground. We assign the 

ground (or earth) connection a potential of 0 V. If there is no earth connection, then we usually 
de�ne the zero of potential as being in�nitely far away from any charged objects. 

We can change where we decide to place the ‘zero’ of potential, so we usually talk about 
potential di0erences rather than potentials. A potential di0erence is the di0erence in electric 
potential between two points:

DV 5 V�nal 2 Vinitial 5 
DU

q

The unit for potential di0erence is the volt, V, the same unit as for potential. Sometimes just 
the symbol V is used for potential di0erence, but really the D should be included to indicate that 
it is a di(erence, not an absolute value. Sometimes potential di0erence is called voltage, from 
the unit volt, just as power is sometimes referred to as ‘wattage’. The term ‘potential di0erence’ is 
more precise, but ‘voltage’ is more common.

The change in potential energy when a charged particle is displaced in a �eld is equal to the 
work done on the charged object. This is a consequence of conservation of energy. Any work done 
on the system by moving the charge in the �eld appears as an increase in the potential energy of 
the system, assuming that the charge begins and ends at rest or at the same speed. The change in 
potential is the work done per unit charge. Hence we can also write the potential di0erence as: 

DV 5 
W

q

Figure 3.21 u  
a) A dropped pencil 

has gravitational 
potential energy that 

is transformed into 
kinetic energy. b) A 

charged bubble in an 
electric �eld has electric 

potential energy that is 
converted into kinetic 

energy.

Potential difference 
in circuits was 
studied in Nelson 
Physics Units 1 & 2 
for the Australian 
Curriculum.

V is the symbol for 
potential or potential 
difference. It has the 
unit volt, V. Try not to 
confuse the quantity 
with its unit!

Think carefully 
about your system 
when you apply 
conservation of 
energy. Make sure 
you know whether 
your system is open, 
closed or isolated. 

When an object moves in a 
eld, work is done by or on the 
eld and the potential energy 

of the object in the 
eld changes. The change in potential can be written as either: 

 DV 5 
U

q

D
 or DV 5 

W

q
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A positively charged object released from rest in an electric �eld will be accelerated in the 
direction of the �eld. The force exerted on the object by the �eld acts to increase its kinetic 
energy. From conservation of energy, this kinetic energy must come from somewhere. It comes 
from a decrease in potential energy. Hence the positive charge has moved from a point of higher 
electric potential to one of lower electric potential, so DV must be negative. 

If a negatively charged object moves from higher to lower potential so that DV is negative, 
then the change in potential energy, DU, is positive. This can only happen if the charge has 
some initial kinetic energy, or if some external force is doing work on the system. This is shown 
in Figure 3.22. This is the case for an electron in a circuit passing through a battery.

Table 3.2 summarises the changes in potential and energy when a charge moves in a �eld. 
The �eld will do work on the charge when a positive charge moves with the �eld or a negative 
charge moves against the �eld. Work must be done on the system to make a positive charge 
move against the �eld or a negative charge move with the �eld. 

Wo r k e d  e x am ple  3 .8

An alpha particle of charge 3.2 3 10219 C moves a distance of 1.0 m along Earth’s fair weather �eld lines. The 

�eld is 100 V m21 so the particle passes through a potential difference of 100 V. What is the change in potential 
energy of this particle? (4 marks)

answer logic

DV 5 
U

q

D  
relate energy to potential.

 
1 mark

DU 5 qDV rearrange for change in energy. 1 mark

DU 5 (3.2 3 10219 C)(100 V) Substitute numbers including units. 1 mark

DU 5 3.2 3 10217 J Calculate �nal answer. 1 mark

Note that we have not speci�ed the direction in 
which the alpha particle moves, so we do not 
know whether the change in potential energy is 
positive or negative. 

Try this yourself

What is the change in potential energy of an electron moving through this potential 
difference? 

(4 marks)

ChargeS, 
FIeldS and 
poTenTIalS

Set up some 
charges then 
move the gauge 
around to measure 
the potential at 
different points. 
Try it with a single 
charge, then with 
a dipole. 

E

2q 2q

DU . 0

c

E

1q 1q

DU , 0

a

E

1q 1q

DU . 0

b

pFigure 3.22 Energy changes when a charge moves in an electric �eld. a) A positive charge moving in the direction of the 
�eld, b) a positive charge moving against the direction of the �eld, c) a negative charge moving in the direction of the �eld, 
d) a negative charge moving against the direction of the �eld.

E

2q 2q

DU , 0

d
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Table 3.2 Changes in potential and energy for a charge moving in a �eld

Charge movement  
with or against 
the 1eld lines

Change in 
potential

Change in 
potential 
energy

Work done by 
or on the 1eld

1 With Negative 
(decrease)

Negative 
(decrease) 

By

1 Against Positive 
(increase) 

Positive 
(increase)

on

2 With Negative 
(decrease)

Positive 
(increase)

on

2 Against Positive 
(increase)

Negative 
(decrease)

By

In a circuit, when an electron passes through a resistor, it goes from a point of lower 
potential to one of higher potential. (Remember that electrons travel in the opposite direction 
to conventional current.) As it does so, the potential energy of the electron decreases. We also 
know that the current through a single loop circuit is the same at all points. Electrons are not 
created or destroyed in a circuit. Therefore, if the current is the same, the electrons will have 
the same drift speed, and the kinetic energy of the electrons has not changed. We know from 
conservation of energy that the energy must be somewhere, and in fact it appears as heating of 
the resistor. 

Electrons and other subatomic particles moving through potential di0erences are so 
common that a special unit is used to describe the change in energy when this happens. When 
an electron moves through a potential di0erence of 1 V it has a change in energy of DU 5 qDV  
5 eDV 5 (1.6 3 10219 C)(1 V) 5 1.6 3 10219 J 5 1 electron volt. The electron volt or eV is 
a good size for describing the energy of subatomic particles. The SI unit joule is very large by 
comparison. You will see the unit electron volt a lot whenever you study quantum physics, 
particle physics or radiation. It is also used in chemistry to describe the energy of reactions. 

The zero of potential energy
You may have noticed that we have mainly been talking about changes in potential and potential 
energy because this is what we measure. These changes can be positive or negative. Potential and 
potential energy can themselves also be positive or negative, depending on how we de�ne the 
zero of potential energy. We use the same convention in electrostatics as we use in gravity. The 
zero of potential energy is when the components of the system are in�nitely separated, so all the 
charges that make up the system are very far apart. 

Consider the case of two positive charges very far apart. This arrangement has zero potential 
energy. If we want to bring them closer together into some �nal arrangement, we have to do 
work on them because they will repel each other. We put work into the system, so the �nal 
potential energy is positive. Now consider a positive charge and a negative charge very far apart, 
so they have zero potential energy. They will act to attract each other without external work 
needing to be done. If we release them from far apart they will move closer together, gaining 
kinetic energy and hence losing potential energy. A system of a positive and negative charge at 
any separation less than in�nite has negative potential energy. This is also the case for a pair of 
masses, as gravity is always attractive.

We can use the 
idea of derivatives 
to relate the �eld 
to the potential 
mathematically.  

The �eld is E
dv

dx
52 .  

You can see this 
from the units: V  m21 
and V respectively. 
Force and energy 
are related in the 

same way: F
du

dx
52 . 

Be clear about 
potential, potential 
difference and 
potential energy. 
Potential is the 
potential energy per  
unit charge at a 
point, relative to 
some zero point. 
Potential difference, 
sometimes called 
voltage, is the 
difference in 
potential between 
two points.

We de
ne the zero of electric potential energy as all charges in the system being 

in
nitely far apart. Any other arrangement may have positive or negative potential 

energy. 
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m A P P I N G  Eq U I P oT EN T I A L S

Equipotentials are lines or surfaces along which the potential is constant. hence, the potential difference 
between any two points on an equipotential is zero. Lines of equipotential are always perpendicular to �eld 
lines. This means that we can use lines of equipotential to construct �eld lines. 

aim
To map lines of equipotential and use these to draw �eld lines for a dipole

materials
 ● 12 V dC power supply with leads
 ● conductive paper
 ● voltmeter

What are the risks in doing this experiment? how can you manage these risks to stay safe?

Power supplies can be dangerous if not used 
correctly.

only connect the power supply as instructed.

Keep liquids away from the power supply.

In your write-up, add any more risks you can think of, as well as ways to manage them.

e xpe r I m e nT  3 .1

Wo r k e d  e x am ple  3 .9

An electron in an X-ray machine is accelerated through a potential difference of 100 kV before colliding with a 
target and emitting X-rays. What is the energy of the electron just before it hits the target? Give your answer in 
electron volts and joules. (5 marks)

answer logic

E
k
 5 DU By conservation of energy the kinetic energy is 

the change in potential energy.
1 mark

E
k
 5 DU 5 qDV relate the energy to the parameters given. 1 mark

E
k
 5 e(100 000 V) Substitute numbers, with units. 1 mark

E
k
 5 100 keV Calculate �nal value. 1 mark

E
k
 5 100 keV 3 1.6 3 10219 C 5 1.6 3 10214 J Convert units. 1 mark

you can see that the unit eV is much more 
suitable for describing energies on this scale 
than the joule, even when large potential 
differences are involved. 

Try this yourself

find the speed at which the electron will be moving after passing through this potential 
difference. Note that to get a better estimate of the speed we should really use a relativistic 
model, as described in Chapter 6.

(3 marks)
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procedure 
1 Attach the positive terminal of the power supply to a point near one end of your conductive paper and the 

negative terminal near the other end as shown in figure 3.23. you now have a dipole with a positive and 
negative electrode on your paper. 

  
2 1

 tFigure 3.23 Experimental set-up

2 With one probe from your voltmeter touching the negative electrode, move the other probe around on the 
paper until you get a reading of 2 V (figure 3.24). mark this point. 

 

OFF

V

V

A

A

A

21

1

2

 tFigure 3.24 measuring the potential

3 Carefully move the probe around and mark other points of 2 V potential on the paper. Join the dots: this is 
your �rst equipotential line. Label this line. 

4 repeat steps 2 and 3 to map out equipotential lines of 4 V, 6 V, 8 V and 10 V potential. Label these lines on  
the paper. 

results
you should now have a piece of paper showing a set of lines of equipotential. record the positions of the 
electrodes on your paper by tracing around them.

analysis of results
Use the equipotential lines to draw electric �eld lines for your arrangement of electrodes.  
Plot graphs of potential as a function of distance from one of your electrodes. do this for the line joining the two 
electrodes and one other line.

discussion
Are the equipotential lines equally spaced? 
do the �eld lines look the way you would expect from the �eld line drawings in figure 3.7? 
describe the relationship between potential and distance from the electrodes. Can you write an equation  
to describe this relationship? 

Taking it further
how could you extend this experiment?
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Q U e s t i o n  s e t  3 .3

remembering
1 What is the relationship between electric potential and electric potential energy?

2 What are units for electric potential, potential difference and potential energy? 

Understanding

3 show that 1 V is equal to 1 kg m2 s23 A21 in si base units. 

4 An alpha particle is ejected from a radioactive atom, leaving behind a negative ion. As the alpha particle 
moves away from the ion, is work done by or on the alpha particle by the ,eld due to the ion? 

applying
5 A charge of 2.0 c .ows through a resistor. the potential difference across the resistor is 1.5 V. Given that  

the electrons have the same kinetic energy at each end of the resistor, how much energy must be 
dissipated by the resistor?

6 A current of 1.0 A .ows through a 12 V battery for 1.0 s. What is the change in potential energy of the 
battery? 

analysing
7 What is the speed of a particle that has been accelerated from rest through a potential difference of 

1000 V when the particle is:

a an electron?

b a proton?

c an alpha particle?

re(ecting
8 How has your understanding of what goes on in electric circuits been changed as a result of this Unit? 

draw a concept map linking the concepts that you learnt in Nelson Physics Units 1 & 2 for the Australian 

Curriculum Unit 1 with the new ideas introduced in this unit. 

9 draw diagrams summarising your understanding of potential energy in gravitational and electric ,elds. 
include diagrams showing how potential energy changes when charged objects and  objects with mass 
are moved from the zero of potential energy to some ,nal position.

Chap te r  s U m mary

 ● Electric charges create electric ,elds.

 ● Electric ,elds exert forces on electric charges.

 ● the electric ,eld is the force per unit charge acting on a small positive test charge. it has units N c21 and is a 
vector.

 ● Electric ,eld lines show the direction of the electrostatic force acting on a positive test charge.

 ● Electric ,eld lines go in to negative charges and come out from positive charges. 

 ● An electric dipole is a closely spaced pairs of positive and negative charges. 

 ● dipoles experience a torque in a ,eld.

 ● the kinematics equations are used to model the motion of a charged particle in a uniform ,eld.

 ● the electric ,eld due to a point charge varies with the size of the charge and decreases with the distance 
squared from the charge:  

E
Q

r











1

4
0

2
5

p«
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 ● The force that one point charge, Q, exerts on a second point charge, q, is given by coulomb’s law: 

F
Qq

r











1

4
0

2
5

p«

 ● electric .elds store electric potential energy.

 ● The potential energy stored by the .eld changes when work is done on or by the .eld.

 ● electric potential is the potential energy per unit charge in an electric .eld. it has units J c21 or V.

 ● Potential difference is the difference in potential between two points in an electric .eld. it also has units V 
and is sometimes called voltage. 

Chap te r  glo s sary

coulomb the unit of charge, named after charles 
Augustin de coulomb

Coulomb constant the constant of proportionality 

for electric .elds, ke 5 
1

4 0p«

 5 9 3 109 N m2 c22 

Coulomb’s law the relationship between force, 
charge and distance for two point charges

dipole a closely spaced pair of positive and 
negative charges (electric dipole) or north and south 
poles (magnetic dipole) 

electron charge charge of an electron, 21.6 3 10219 c

electric #eld the .eld due to electric charges, 
which applies a force to electric charges

electric potential potential energy per unit charge 
in an electric .eld

electric potential energy the potential energy 
stored in an electric .eld; the potential energy of a 
charge in an electric .eld 

electromagnetic force  the combination of electric 
and magnetic forces acting on a charge, due to an 
electric and a magnetic .eld 

electron volt, eV a unit of energy equal to 1.6 3 10219 J 

electrostatic #eld model the model that assigns an 
electric .eld to stationary charges; it is this .eld that 
exerts forces on other charges 

electrostatic force force due to and acting on 
stationary charges

permittivity of free space, «0 the physical constant 
that determines how large an electric .eld is 
produced by a charge in vacuum. it has the value 
8.9 3 10212 c2 N21 m22

polar having regions of positive and negative charge 

potential difference the difference in potential 
between two points in an electric .eld

uniform #eld a .eld with a constant magnitude 
and direction over some region in space

van der Waals forces electrostatic forces due to 
charged regions of molecules, resulting in weak 
chemical bonds including hydrogen bonds

voltage more correctly called the potential 
difference, it is measured in volts

volt, V unit of potential difference, 1 V 5 1 J c21 

Chap te r  r e V i e W q u e s t i o n s

remembering

 1 how is electric .eld related to force?

 2 how is electric potential related to electric potential energy?

 3 list three ways in which electric .elds and gravitational .elds are similar. 

understanding

 4 Two charged particles enter a uniform electric .eld, as shown in figure 3.25. Both particles have the same 
magnitude charge. 

a Which of the two charged plates creating the .eld shown is the positively charged plate? 

b What can you say about the charges and relative masses of the two particles? 

 

a

b
E

 tFigure 3.25
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 5 Two small balls with equal positive charges are hung from retort stands as shown in figure 3.26. draw a 
diagram showing how the balls will hang if the charge on the second ball is reduced but that on the �rst 
ball remains the same. Clearly show how the angles change. 

 

u2u1

1Q 1Q

 tFigure 3.26

 6 Two small balls with equal positive charges are hung from retort stands as shown in figure 3.26 above. draw 
a diagram showing how the balls will hang if the charge on the second ball is removed but that on the �rst 
ball remains the same. Clearly show how the angles change. 

 7 Consider three charged particles, a helium nucleus and its two orbiting electrons, arranged as shown in 

figure 3.27. rank the magnitudes of the forces Fa on b, Fa on c, Fb on a, Fb on c, Fc on a and Fc on b from smallest to 
largest. 

 

2 2

a

e2e2

b

c

 tFigure 3.27

 8 The dome of a van de Graaff generator is charged up such that there is an electric �eld in the region 
surrounding it. A small test charge with charge q is brought into this region and placed at a point P. If the 
test charge is replaced with a small test charge of 2q, what happens to: 

a the electric �eld at point P? 

b the force on the test charge? 

c the electric potential at point P? 

d the potential energy of the dome or test charge system?

 9 The �eld at a distance of 1 m from the dome of a van de Graaff generator is 1000 V m21. model the dome as 
a point charge at this distance.

a By how much would the charge on the dome need to increase for the �eld at this point to double? 

b At what distance from the dome is the �eld now 1000 V m21?

applying

10 A dust particle has a mass of 1 3 1026 g. What charge must this dust particle have for the electrostatic force 
on it due to Earth’s fair weather �eld with magnitude 100 V m21 to balances the gravitational force? Give the 
sign and magnitude of the charge. 

11 A polystyrene bead with mass 1.0 g and charge 11.0 nC is in an electric �eld of 50 V m21. Calculate the force 
on and acceleration of the bead due to the �eld. 

12 An electron moving at 25 km s21 enters a uniform electric �eld of magnitude 550 V m21 in the direction of its 
velocity. 

a What is the force on the electron? 

b After what distance does the electron come to a stop? 

13  Two protons in a molecule are 3.80 3 10−10 m apart.

a find the magnitude of the electric �eld due to one of the protons at this distance.

b find the magnitude of the electrostatic force exerted by one proton on the other.

14 An electron moves in an electric �eld from a point at which the potential is 1.5 V to a point at which the 
potential is 3.5 V.

a By how much does the potential energy of the electron–�eld system change?

b Is this change positive or negative?

c Where does the energy come from or go to? 
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15 Two protons in a nucleus are a distance 2.0 3 10215 m apart. 

a What is the magnitude of the electrostatic force that they exert on each other? 

b What is the magnitude of the gravitational force that they exert on each other?

c repeat parts a and b for a pair of neutrons the same distance apart. 

analysing 

16 A proton is released from rest in a uniform electric �eld.

a describe the motion of the proton. 

b describe the changes in the:

i proton’s kinetic energy.

ii potential energy of the proton–electric �eld system. 

c does the �eld do work on the proton, or does the proton do work on the �eld? 

17 An electron moving at 20 km s21 enters a uniform electric �eld of magnitude 500 V m21 in the direction of its 
velocity. 

a What is the kinetic energy of the electron? 

b Use an energy approach to calculate the distance it takes for the electron to come to a stop. 

c What is the potential difference between the initial point at which the electron entered the �eld and the 
point at which it comes to a stop? 

reAecting 

18 read about Earth’s electric �eld and the global circuit. Compare and contrast this circuit with circuits that 
you learnt about in Unit 1. Prepare a 10-minute talk on Earth’s electric �eld and the global circuit that could 
be presented to students currently studying the Unit 1 module on circuits. 

19 The �eld model allows us to explain how forces act at a distance. research one alternative model and 
summarise its main features. What evidence supports this other model? Contrast this model with the �eld 
model. Evaluate the two and determine which is the better model.

20 draw a spider diagram to connect all the concepts and equations in this chapter.



By the end of this chapter you will have covered the following material.

Science Understanding

 ● Uniformly accelerated motion is described in 
terms of relationships between measurable 
scalar and vector quantities, including 
displacement, speed, velocity and 
acceleration (ACSPH060)

 ● Representations, including graphs and 
vectors, and/or equations of motion, can 
be used qualitatively and quantitatively to 
describe and predict linear motion (ACSPH061)

 ● Vertical motion is analysed by assuming the 
acceleration due to gravity is constant near 
Earth’s surface (ACSPH062)

By the end of this chapter you will have covered the following material.

Science Understanding 

 ● Current-carrying wires are surrounded by 
magnetic �elds; these �elds are utilised in 
solenoids and electromagnets (ACSPH106)

 ● The strength of the magnetic �eld produced 
by a current is called the magnetic �ux 
density (ACSPH107)

 ● Magnets, magnetic materials, moving 
charges and current-carrying wires 
experience a force in a magnetic �eld;  
this force is utilised in DC electric  
motors (ACSPH108)
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Introduction 
We have seen that gravitational �elds are created by objects with mass, and that electric �elds are 
created by objects with charge. �e third �eld model that we will now explore is the magnetic 


eld. Magnetic �elds are important to us in many ways. Earth has a magnetic �eld that protects 
us from cosmic rays from the Sun (see Figure 4.1). Magnetic materials are used in many devices, 
such as transformers and USB drives. Magnetic �elds interact with electric �elds to make motors 
and generators work. 

Earth’s magnetic �eld has been used for navigation by 
animals such as pigeons, sharks, bees and bacteria for millions 
of years. Humans have used it for thousands of years: there is 
evidence that the compass was used in China in the 13th 
century BCE. Animals such as pigeons, sharks, bees and 
bacteria have used it for millions of years. �e Greeks knew 
about magnetism as early as 800 BCE. �ey discovered that 
the stone magnetite (Fe3O4) attracts iron. One legend says 
that the material magnetite was named after the shepherd 
Magnes. �e iron nails of his shoes reportedly stuck to pieces 
of magnetite as he pastured his 3ocks. �e words ‘magnet’ and 
‘magnetism’ derive from ‘magnetite’. 

Most magnetic materials in use today still contain iron. 
�ese materials make transformers and electromagnets more 
e5cient. We use magnetic materials for most of our data 
storage including hard drives, USB drives and credit cards.

William Gilbert, an English physician in the 16th century, hypothesised that Earth itself 
is magnetic. He deduced from this that the centre of Earth is made of iron. He also performed 
many experiments with magnets and discovered that cutting a magnet in half results in two 
smaller magnets, not in separated north and south poles. 

In the 19th century, experiments by Michael Faraday and Hans Christian Oersted, as well 
as many others, showed that magnetic �elds arise from currents. Hence, moving charges are a 
source of magnetic �elds.

Magnetic materials such as magnetite remained a mystery; it is only in the last hundred years that 
quantum mechanics has begun to explain these materials. It is the properties and behaviour of 
fundamental particles such as electrons that give rise to the magnetic behaviour of iron.

�is means that to understand magnetism we need to extend our previous model, the 
electrostatic �eld model. We must include moving charges. When we do this, our new model is 
called the electromagnetic 
eld model. We will look at the magnetic �eld part of this model 
now. In the next chapter we will look at how the two �elds interact to give us electromagnetism.

The magnetic field
We can measure the magnetic �eld by its e;ect on moving charges, for example a current in 
a wire. Experiments using lengths of current-carrying wire in magnetic �elds show that the 
magnetic force on the wire depends on three things:

 ● the size of the current carried
 ● the strength of the magnetic �eld 
 ● the angle between the direction of the current and the �eld. 

These observations can be summarised mathematically as:

F 5 I,B sin u

where F is the magnitude of the force vector F


, B is the magnitude of the magnetic �eld, 

B


, I is the magnitude of the current, I


, , is the length along which the current �ows  

and u is the angle between the vectors I and B.
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Figure 4.1 p 
earth’s magnetosphere

Remember that a 
vector quantity is 
written as 



A, and it 
has a magnitude 
and direction. The 
magnitude of vector 


A is written as A.
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�is is not a vector equation, but it does use the magnitudes of two vectors, 


B  and I


, to give 
us the magnitude of a third vector, the force, 



F . I


 is the vector representing the current and u is 
the angle between the vectors 



B  and I


. �e angle u tells us how the directions of the vectors 


B 
and 



I  a;ect the direction and magnitude of vector 


F . 
�is expression tells us that the force is zero if 



B and 


I  are in the same direction, and a 
maximum when they are perpendicular to each other. Figure 4.2 shows some examples.

9 7 8 0 17 0 2 4 2 11 0

t   Figure 4.2  
The magnetic force 
applied to a current-
carrying wire depends 
on the angle between 
the current element 
within the �eld and the 
magnetic �eld.

We have said that F is the magnitude of the force 


F . A complete description of the force 
includes the direction of the force, because force is a vector. �e magnetic �eld, 



B , is also a 
vector, as is the current 



I  because it points in a particular direction. So, just as with other forces, 
the force due to the magnetic �eld is a vector and we need to think about directions. Magnetic 
�elds apply a force perpendicular to the direction of both the magnetic �eld and the current. 

The right-hand rule
To �nd the direction of the force we use the right-hand rule as shown in 
Figure 4.3. Hold the �ngers of your right hand together and point your 
thumb straight out, at a right angle to your hand. Move your hand so your 
�ngers point in the direction of the current. Curl them towards the �eld. Your 
thumb is now pointing in the direction of the force. 

You may come across other ways of applying the right-hand rule. You  
can use whichever version you like, because they all give the same answer.

For example, you can point your index �nger towards 


I , then point your 
middle �nger towards 



B. Your thumb will then point towards 


F , as shown in  
Figure 4.4(a). �is is exactly the same as the rule shown in Figure 4.3 except 
that you leave your index �nger behind when you curl your �ngers. 

F = 0

B

I

a

F = IøB (up the page)
       Magnetic field into
          the page

B

I

F

b

Figure 4.3 q 
The right-hand 
rule for currents in 
magnetic �elds

FB(1) Point your fingers in
      the direction of I and
      then curl them towards
      the direction of B. 

(2) Your thumb shows
      the direction of the
      magnetic force on
      a positive particle.

I

B

F

B

F = IøB (to the right)
       Current, I,  into
          the page

c

I

u
ø

F = IøB sin u (into the page)

B

Force into
the page

d
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Figure 4.4 u 
There are two variations on 
the right-hand rule: a) the 

pointing version and b) 
the right-hand slap.

F

B

I

a

F

B

I

b

The definition of magnetic field
From the equation F 5 IℓB sin u we get our de�nition of magnetic �eld. �e �eld is the force per 
unit current, per unit length, which we write mathematically as: 

,
5

usin
B

F

I

�e magnetic �eld, 


B, has units of N s C21 m21 or in basic units kg s21 C21. �is has the name 
tesla, T, after Nikolai Tesla. 



B  is also called the magnetic �ux density. 
�is de�nition of magnetic �eld is similar to our de�nitions of electric and gravitational 

�elds. All three �elds are de�ned as force per unit ‘something’, where ‘something’ is the property 
that the �eld acts on. In the case of gravity, the something is mass, m; for electric �elds it is 
charge, q; for magnetic �elds it is the current element, 



,I . �is ‘something’ – m, q or 


,I  – is also 
the property that creates the �eld. 

�e unit tesla, T, is a large unit. Most magnetic �elds that you come across are measured 
in micro- or millitesla (see Table 4.1). Only in the last few decades have we been able to create 
magnetic �elds larger than a few tesla. 

W
O

W Vector cross product

The equation for the force acting on a current element due to a magnetic �eld is more 
correctly written as:

  

,5 3( )F I B

This is a vector equation using a vector cross product (


I  3 


B). The cross product is 
necessary because the force depends on the angle between 



I  and B


. The cross product of 
two vectors is another vector. The vector 



F  is perpendicular to both 


I  and 


B. it is perpendicular 
to the plane de�ned by 



I  and 


B . it is important to note that 
 

, 3( )I B  ≠ 
 

, 3( )B I : in fact 
 

, 3( )I B  5 
 

,2 3( )B I , indicating that they are in opposite directions. 
if you are studying specialist maths you will already have used both the vector dot 

product and the vector cross product. you will see the vector cross product 
  

5 3C A B 
often in physics. 



A, 


B  and 


C  are vectors and the magnitude of 


C  is C 5 AB sin u. The 
direction of 



C  is given by the right-hand rule, shown in figure 4.3. 

VeCTOr 
CrOSS 
prOdUCT

Work through this 
simulation to see 
how the vector 
cross product 
A B C
  

3 5  varies 
as you change 
the magnitudes  
of A


 and B


 
and the angle 
between them. 

Some people point their thumb in the direction of 


I , their �ngers in the direction of 


B , and 
then their palm is facing towards 



F . �is is sometimes called a right hand slap rule because it 
looks as though you are about to slap in the direction of 



F . �is is shown in Figure 4.4(b). 
�ese are all just mnemonics for solving a vector cross product. �e important thing is 

that you �nd the way that you can remember, and then stick to it. Just remember to always use 
your right hand !
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Table 4.1 Some typical magnetic �eld strengths

Source of 3eld Magnitude, T (approximate)

earth (surface) 3 3 1025 to 6 3 1025

Typical fridge magnet (surface) 5 3 1023

Modern rare earth magnet (surface) 1

Medical Mri system (inside) 3

Strong research facility �eld 100

neutron star >108

WO r k e d  e x aM ple  4 .1

an overhead power line carrying a current of 10 000 a is in a magnetic �eld of 30 mT. The �eld is perpendicular to 
the wire. What force per unit length does the wire experience? (4 marks)

answer logic

F 5 I,B sin u relate the force to the �eld and current. 1 mark

F/, 5 IB sin u rearrange for force per unit length. 1 mark

F/, 5 (10 000 a)(30 3 1026 T) sin (90o) Substitute values with units. 1 mark

F/, 5 0.30 a T 5 0.30 n m21 Calculate the �nal answer. 1 mark

This is quite a large force considering how long a span of high voltage power line is. 
however, remember that the current is alternating 50 times per second. The force also 
alternates direction rather than constantly pulling the wire in a single direction.

Try this yourself

What total force would be exerted on a span of the wire if it was 200 m long? how does 
this force compare with the gravitational force acting on the wire if the wire has a linear 
density of 750 kg km21? 

(4 marks)

Charges moving in magnetic fields
A current is a collection of charges moving in the same direction. Recall from Unit 1 that 

current is charge per unit time, I 5 
q

t
. A current experiences a force in a magnetic �eld; 

therefore, we expect that a single moving charge will also experience a force. Experiments show 
that this is the case. �e equation for the force is the same, but we need to replace Iℓ with qv. 

Now Iℓ 5 
,q

t
 5 qv. �e magnitude of the force is given by

F 5 (qv)B sin u

where q is the charge on the particle, measured in C, v is the magnitude of its velocity in 
m s21, and u is the angle between the vectors 



qv  and 


B . �e direction of the force is again 
perpendicular to both the magnetic �eld and the velocity.

We need to use the right-hand rule again (Figure 4.3). Point the �ngers of your right hand 
in the direction of the velocity, then curl them towards the �eld. Your thumb gives the direction 
of the force. Note that q and 



v  are together in brackets. Hence if the charge is negative, the 
direction of 



qv  is opposite the direction of 


v . In this case your �ngers start by pointing opposite 
to 


v  and then curling towards 


B .

The force acting on 
a charged particle 
moving with velocity, 

v


, in a magnetic 
!eld, B



, is given 
mathematically 
by the vector cross 

product 5 3F qv B






.  
This is another 
example of the use of 
vector cross products 
in physics.



A particle with charge q moving at velocity v in a magnetic �eld B experiences a 

force given by:

F 5 qvB sin u 

where u is the angle between the �eld and the velocity of the particle. The direction 

of the force is perpendicular to both the velocity and the �eld and is given by the 

right-hand rule.
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Once we have the force on the moving charge (Figure 4.5a), we use Newton’s laws to 
calculate the acceleration. We can then use kinematics to determine its trajectory (Figure 4.5b).

Figure 4.5 u 
a) The force on a 

positively charged 
particle in a magnetic 

�eld is perpendicular to 
both the �eld and the 

particle’s velocity.  
b) The forces on 

positively and negatively 
charged particles in 

a magnetic �eld. The 
dashed lines show the 
paths of the particles.

u

1

1

2

The magnetic forces 
on oppositely charged 
particles moving at the 
same velocity in a 
magnetic field are in 
opposite directions.

The magnetic force is 
perpendicular to both v and B. F

F

F

v

v

v

B

B

WO r k e d  e x aM ple  4 . 2

an alpha particle enters earth’s magnetic �eld at a velocity of 55 000 m s21. The local �eld strength (magnetic 
�ux density) is 40 mT. What is the range of possible accelerations of the alpha particle? (9 marks)

answer logic

5a
F
m

relate acceleration to force using 
newton’s second law.

1 mark

F 5 qvB sin u relate the force to the given parameters. 1 mark

5
usin

a
qvB

m
relate acceleration to the given 
parameters: acceleration, a, can have 

any value in the range 
2qvB

m
 to 

1qvB

m
.

3 marks

q 5 2e 5 2 3 1.6 3 10219 C 5 3.2 3 10219 C,  
m 5 6.6 3 10227 kg find the values needed. 1 mark

5

5
3 3

3

2 2 2

2

(3.2 10 C)(55 000 m s )(40 10 T)

6.6 10 kg

19 1 6

27

a
qvB

m
Substitute values with the correct units.

1 mark

a 5 1.1 3 108 m s22.

acceleration can have any value between 21.1 3 10 8 m s21 
and 11.1 3 108 m s22. The value depends on the angle 
between the velocity and the magnetic �eld.

Calculate the �nal value. 2 marks

Try these yourself

What acceleration would an electron entering this �eld at the same speed have if it was moving 
in a direction:

(7 marks)

a perpendicular to the �eld?

b parallel to the �eld?

c at an angle of 45° to the �eld? 
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paths of particles in magnetic fields 
As you saw in Worked example 4.2, fast-moving charged particles experience large forces even in 
small magnetic �elds. �ese forces result in large accelerations. You might expect, therefore, that 
the �eld is doing a lot of work on the particle. �is is not the case. Work done by a force is equal 
to the product of the force and the distance over which it acts. �e distance is the component in 
the direction of the force only. 

W 5 Fx cos u

where u is the angle between the force and the displacement, x.
Magnetic �elds do no work on charged particles. �e force is perpendicular to the velocity, 

and hence to the displacement, at any moment in time. �e �eld changes the direction of the 
velocity, and hence the path of the particles, but not their speed.

�e path of a charged particle in a uniform magnetic �eld depends on the angle between the 
initial velocity and the �eld. �e path may be a straight line, a circle or a helix. 

�e particle has a straight-line trajectory only when its velocity is parallel to the �eld. In this 
case the force on the particle is zero. 

If the particle is moving in a plane perpendicular to the �eld then the force is always 
perpendicular to the displacement, and the particle moves in a circle. 

If the particle has a velocity with a component in the direction of the �eld, this component 
of the velocity is not altered by the �eld. However, the perpendicular component is altered by 
the acceleration due to the �eld. In this case the particle follows a helical path, with the axis of 
the helix in the direction of the �eld. Figure 4.6 shows some possible paths of charged particles 
in magnetic �elds. 

�is behaviour of charged particles in magnetic �elds is very useful. Synchrotrons use 
magnetic �elds to contain fast-moving charged particles. �e particles are contained in giant 
rings, tens to hundreds of metres across. �e magnetic �elds keep the particles circulating in 
the ring. As the particles circle, they emit high-energy light. �e high-energy light is used for 
medical, materials science and fundamental physics research. 

A satellite in a circular 
orbit experiences a 
gravitational force 
perpendicular 
to its velocity. No 
work is done by the 
gravitational !eld. 
This is analogous to 
a charged particle 
circling in a magnetic 
!eld. No work is done, 
so there is no change 
in energy.

You saw this 
relationship between 
force and work in 
Nelson Physics Units  
1 & 2 for the Australian 
Curriculum, Chapter 9.

t  Figure 4.6 
in a uniform magnetic 
�eld, the path of a 
charged particle is 
a) circular when the 
particle’s velocity is 
perpendicular to the 
�eld, b) helical when 
the particle’s velocity 
has components 
perpendicular and 
parallel to the �eld and 
c) an un-de�ected 
straight line when the 
velocity is parallel to  
the �eld.

q

FB = 0

v B

c

b

Helical path

x

1q

z

y

1
B

a

r

q

q

q

1

1

1

The magnetic force FB acting on 
the charge is always directed 
toward the centre of the circle.

FB

FB

FB

v

v

v

Bin

Charged 
parTICle In 
eleCTrIC and 
MagneTIC 
FIeldS

This simulation 
shows you how a 
charged particle 
moves in an electric 
or a magnetic �eld. 
note the shapes of 
the paths.
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In a synchrotron, the magnetic �eld acts perpendicular to the orbiting particle’s velocity. 
Hence the force on the orbiting particle is 

F 5 qvB

In chapter 1 we saw that when an object is undergoing uniform circular motion, with radius 
of orbit r, its centripetal acceleration is given by 

2

5a
v

r

and hence by Newton’s second law the net force acting on it is 

2

5 5F ma
mv

r

It is the magnetic �eld which supplies this centripetal force. Equating these two expressions gives

2

5qvB
mv

r

In a synchrotron, the orbital radius, r, is constrained by the size of the ring. �e mass and 
charge are characteristic of the type of particle. Hence the orbital velocity is controlled by 
varying the size of the magnetic �eld. �e velocity is given by

5v
qBr

m

Given that the particle travels a distance 2pr in each period, T, the period is given by 

2
5

p
T

m

qB

�e particles used in synchrotrons are typically protons and electrons. �ey reach speeds 
more than half that of the speed of light and hence need to be treated as relativistic particles. 
�is means that the actual velocity attained is not as high as calculated using the expression 
above. �e classical electromagnetic �eld model does not give an accurate prediction of the 
particle speed. To more accurately calculate the speed attained we need to use a relativistic 
model. Relativity is discussed in Chapter 6.

Magnetic �elds are also used in mass spectrometers to determine which atoms or 
molecules are in a sample of material. Mass spectrometers are used in airport security, forensic 
analysis and even in surgery. �e ‘iKnife’ is an electrosurgical knife that burns away tissue as 
it cuts. �e smoke from the tissue is passed to a mass spectrometer for analysis, and cancerous 
tissue can be instantly identi�ed. 

iknIFe

read more about 
the iKnife and its 
uses.

W
O

W Mass spectrometers and the 
ght against terrorism

you may have seen mass spectrometers at airport security 
checkpoints. These are usually used for random spot checks after 
you pass through the metal detector. (The metal detector also uses a 
magnetic �eld.) These small mass spectrometers are used to detect 
nitrates and other chemicals commonly contained in explosives. 

a small sample is taken by wiping a swab over a person’s hands 
or clothes. The sample is then ionised inside the mass spectrometer, 
and the resulting ions passed �rst through an electric �eld and then 
through a magnetic �eld. The electric �eld accelerates the ions in a 
straight line. The moving ions then enter a perpendicular magnetic 
�eld. This curves their paths into an arc of a circle. The radius of 
curvature depends on the mass and charge of the ions. hence the 
curvature can be used to determine the chemicals that are present. 

if nitrates or other suspicious substances are detected, then you 
and your luggage will be searched.

p  Figure 4.7 a sample is placed inside a 
mass spectrometer at airport security.

a
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The orbiting particles 
in synchrotrons move 
so fast that they need 
to be modelled using 
relativistic equations. 
The classical !eld 
equations predict 
speeds much higher 
than are actually 
possible. Relativity  
is discussed in 
Chapter 6.

The Australian 
Synchrotron is 
described in more 
detail in the Scienti!c 
literacy box in 
Chapter 5. 
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WO r k e d  e x aM ple  4 .3 

a magnetic �eld points in the positive z direction. Draw the path of an electron in the �eld with an initial velocity:

a in the positive x direction. (2 marks)

b in the negative x direction. (2 marks)

c in the positive z direction. (1 mark)

answers logic

a 

y

xz

vi

Bout

e
2

  p  Figure 4.8 an electron entering the �eld in the 
positive x direction follows a curved path.

Use the right-hand rule, and remember 
that we reverse the direction of q



v  
because it is a negatively charged 
particle. The �eld and velocity are 
perpendicular so the path is a section 
of a circle. looking from above, the 
path is anticlockwise.

2 marks

b 

y

xz

vi

Bout

e
2

  p  Figure 4.9 an electron entering the �eld in the 
negative x direction follows a curved path.

Use the right-hand rule, and remember 
that we reverse the direction of q



v  
because it is a negatively charged 
particle. The �eld and velocity are 
perpendicular so the path is a section 
of a circle. looking from above, the 
path is again anticlockwise.

2 marks

c 

y

xz

Bout

e
2

vi

p  Figure 4.10 an electron enters the �eld in the 
positive z direction. The path is a straight line. 

The �eld and velocity are parallel, so 
the acceleration is zero and the path is 
a straight line.

1 mark

Try this yourself

how would the paths be different for a proton? (5 marks)
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remembering
1 De�ne ‘magnetic �ux density’. What are its units?

Understanding
2 Which of the possible paths shown in figure 4.11 is not possible for a charged particle entering a region of 

uniform magnetic �eld?

3 Determine the initial direction of the de�ection of the charged particles shown in figure 4.12 as they enter 
the magnetic �elds shown.

1

Bin

a

2

Bup

b

1

Bright

c

p  Figure 4.12

applying
 4 a 1 m length of wire carrying 9 a is in a perpendicular magnetic �eld of 0.01 T. What is the force on the wire 

due to the magnetic �eld? 

 5 a 2.0 m length of wire carrying 5.0 a is at an angle of 30° to a magnetic �eld of 50 mT. 

a What is the force on the wire due to the magnetic �eld? 

b What is the size of the �eld that would give the same magnitude force if the wire was at an angle of 45° 
to the �eld?

 6 What is the size of magnetic �eld necessary to balance the gravitational force on an electron moving 
horizontally north at 100 m s21? in which direction does this �eld need to be? 

 7 an electron is circulating inside the ring of a synchrotron with an orbital radius of 125 m. The electron has 
a velocity of 1.5 3 108 m s21. ignoring relativistic effects, calculate:

a the period of the electron’s orbit.

b the frequency with which it orbits.

c the magnetic �eld required to keep the electron in orbit. 

analysing
 8 a proton and an electron enter a uniform magnetic �eld. The particles are travelling at the same speed 

perpendicular to the �eld. Draw a diagram showing their paths and explain the differences.

 9 Mass spectrometers need to ionise molecules or atoms to be able to determine what they are. explain why.

re?ecting
10 how has your understanding of magnetic �elds and forces contributed to your ability to visualise three-

dimensional effects in physics? What strategies or models have you used to help you visualise these 
effects? Compare your answer with those of others in your class.

Q U e S T I O n  S e T  4 .1

a

q

v

b

p  Figure 4.11  
The shaded area is a region of uniform magnetic �eld. Which path is impossible?

c

q

v

q

v
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Sources of magnetic fields 

�e relationship between magnetism and electricity was discovered in 1819 by Hans Christian 
Oersted. During a lecture demonstration he found that an electric current in a wire de3ected a 
nearby compass needle. �is showed that a magnetic �eld is created by the 3ow of charge, or current. 

When iron �lings or lots of compass needles are placed around a current-carrying wire, as in 
Figure 4.13, they form loops. �ese loops show the �eld lines due to the current.

Iron �lings do this because they become magnetised, and point along the direction of the 
�eld. Compass needles are made from already magnetised iron or steel. A compass needle has a 
north and a south pole. �e north pole is attracted to south poles, and repelled by other north 
poles. �e south pole is attracted to north poles, and repelled by other south poles. Hence 
compass needles are useful for visualising magnetic �elds. �e circular nature of these magnetic 
�eld lines was �rst observed and published by Faraday.

Jean-Baptiste Biot and Felix Savart performed many experiments with magnets and  
current-carrying wires. �ey found that for a point P some distance from a long, straight current-
carrying wire:

 ● the magnetic �eld is perpendicular to both the direction of the current and to a line between 

the wire and P.
 ● the magnitude of the �eld is inversely proportional to the distance from the wire to P, as 

shown in Figure 4.14(b). 
 ● the magnitude of the �eld is proportional to the current, as shown in Figure 4.14(c).

t  Figure 4.13  
iron �lings show the 
magnetic �eld lines 
around a current-
carrying wire.
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These observations can be summarised mathematically as:

5
m

p
B

I

r2

0

where B is the magnitude of the magnetic �eld at a distance r from a wire carrying 

current I. The constant m
0
 is called the permeability of free space.

m0 5 4p 3 1027 T m A21

�e constant m0 has the same function for magnetic �elds as the permittivity of free space, 
«0, has for electric �elds. It tells us the strength of a �eld created by a given current in vacuum, 
and ensures the units of �eld are correct. As we shall see in the next chapter, the speed of light 
depends on these two constants: m0 and «0. 

Remember that the �eld is a vector. We use the right-hand rule again (see Figure 4.3) to �nd 
the direction of the �eld. 

In Nelson Physics 
Units 1 & 2 for the 
Australian Curriculum 
you studied light and 
saw that its speed in 
a medium depends 
on the electric 
and magnetic 
characteristics of 
the medium. These 
characteristics are 
the permittivity and 
permeability. In 
vacuum these are the 
constants «

0
 and m

0
.
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Figure 4.14 u  
a) Measuring �eld 

strength due to a current-
carrying wire. b) field 

strength, B, as a function 
of distance, r, from a 

wire. c) field strength, B, 
as a function of current, 

I, carried by a wire.

Point sources create 

!elds that vary with 
r

1
2

.  

A line source, such 

as a current-carrying 

wire, creates a !eld 

that varies with 
r

1
.  

Large 2at sources 

create !elds that, up 

close, do not vary 

with distance at all. 

b
B

r

c
B

I

a

WO r k e d  e x aM ple  4 . 4

Calculate the magnetic �eld strength at a distance of 10 cm from a long wire carrying a current of 10 a.  
(3 marks)

answer logic

5
m

p2

0B
I
r

relate the �eld to the current and 
distance.

1 mark

5
p 3

p 3

2 2(4 10 T m a )(10 a)

2 0.1m

7 1

B Substitute numbers with units.
1 mark

B 5 2 3 1025  T Calculate the �nal value. 1 mark

Try these yourself

1 find the �eld at distances of 20 cm, 40 cm, 60 cm, 80 cm and 1 m from the wire. (5 marks)

2 plot a graph of �eld as a function of distance from the wire. (2 marks)
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a

p  Figure 4.15  
iron �lings can be used to show the magnetic �eld lines for a) a permanent bar magnet,  
b) a current-carrying loop of wire, c) a current-carrying coil or solenoid (note the dense, 
parallel �eld lines – iron �lings – coming out of the left end of the solenoid) and d) a horseshoe 
magnet.
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Magnetic field lines 
Magnetic �eld lines show the direction of force acting on a magnetic north pole, such as the north 
pole of a compass needle. Magnetic �eld lines are easy to visualise using iron �lings, which act 
as tiny compass needles, as shown in Figure 4.13. Figure 4.15 shows the �eld lines for permanent 
magnets and arrangements of current-carrying wires. �ese diagrams allow you to see a slice 
through the magnetic �eld in the plane containing the iron �lings. Remember that �elds are 
actually three dimensional. You can use iron �lings suspended in oil to see magnetic �eld lines in 
three dimensions. 
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aCT IV I T y  4 .1

V i S Ua l i S i n G  f i e l D  l i n eS  i n  T h r ee  D i M en S i o n S

aim

To observe the magnetic �eld lines of a bar magnet in three dimensions

you will need 

a bottle of baby oil, some iron �lings, a test tube that �ts snugly into the neck of the bottle and a bar 
magnet that �ts inside the test tube. 

What to do

1 peel the label off the bottle. Tip a little of the oil out of the bottle so that the test tube �ts in. ask your 
teacher where to put this excess oil; do not pour it down the sink. add some iron �lings (about 15 ml is 
enough) to the oil in the bottle. insert the test tube into the neck of the bottle. it should �t snugly so oil 
does not seep out around it. Clean up any spills immediately! 

2 now carefully slide the bar magnet into the tube. Do not drop it in, as the tube may break. 

What did you discover?

1 Draw a diagram or take a photograph showing how the iron �lings have arranged themselves in the oil. 

2 Try it with any other magnets that �t into the test tube, for example disc or ball magnets. 

When you have �nished, replace the lid on the baby oil bottle to avoid spills. Do not use the oil with �lings 
in it on skin.

We saw in Figures 4.13 and 4.15 that current-carrying wires produce magnetic �elds that form 
loops. We also know that �eld is a vector quantity, so the loops must have a direction. To �nd the 
direction we can use the right-hand rule again. �is time the cross product is between the direction 
of current and the line joining the current to the point of interest, as shown in Figure 4.16(a).

Point your �ngers in the direction of the current then curl them along the line joining the 
current to the point of interest. Your thumb now points in the direction of the �eld. You can do 
this at various points around the wire and join up the arrows to form loops.

p  Figure 4.16  
finding the direction of the �eld near a current-carrying wire using the right-hand rule. a) Use the right-hand rule 
to �nd the direction of the �eld at a point near the wire. b) find the direction at other points and join the arrows to 
form loops.

ø

1. Point fingers in direction of I.

2. Curl fingers towards r and thumb
    points out of page.

Bout of page

I

r

a

Binto pageBout of page

I

b
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You can see that this �eld looks very di;erent from the electric �eld due to a single positive 
or negative charge. Rather than radiating out as the �eld lines from an electric charge do, the 
magnetic �eld due to a line of current forms loops. Magnetic �eld lines generally form closed loops. 

A quick way to work out the direction of the magnetic �eld lines is to point your right 
thumb in the direction of the current. Your �ngers then naturally curve in the direction  
of the �eld lines (see Figure 4.17). �is rule is not di;erent from the right-hand rule. 
It is just a quick way of applying it at all positions around the �rst of the vectors in the 
cross product. 

Just as with electric �eld lines, there is an in�nite number of possible magnetic �eld lines 
that you can draw. Choose a sensible number, and space them so that the density of �eld lines 
is proportional to the �eld strength. �is means that for a current-carrying wire the distance 
between �eld lines should get bigger as you get further from the wire. 

p  Figure 4.17  
Quick ‘rule of thumb’ 
for �nding the direction 
of magnetic �eld lines: 
point your right thumb 
in the direction of the 
current and your �ngers 
curl in the direction of 
the �eld lines. 

WO r k e d  e x aM ple  4 .5

a long wire is carrying current directly upwards. 

a Draw the magnetic �eld lines due to the current as seen from above. (2 marks)

b Draw arrows on your diagram showing the direction of the magnetic force on an electron to the north, 
south, east and west of the wire. The electron is moving upwards. (4 marks)

answers logic

a 

I

p  Figure 4.18  
Magnetic �eld lines as seen from above for a 
current coming out of the page

Use the right-hand rule to determine the 
direction of the loops.

2 marks

r

I

B

Magnetic �eld lines show the direction of force acting on a north pole. 

The density of the �eld lines is an indication of the �eld strength. 

Currents produce �eld lines that form loops.

The direction of the �eld is given by the right-hand rule. 
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Figure 4.19  p 
force on an electron moving upwards  

out of the page

Use F 5 qvB sin u and the right-hand rule 
again to �nd the direction of the forces, 
remembering that q is negative in this 
case.

4 marks

Try this yourself

repeat the question above with a proton instead of an electron. (5 marks)

Solenoids and electromagnets
As we have seen, a current-carrying wire creates a magnetic �eld. If we want to create a large 
�eld, we use lots of wires. One way to do this is to coil a single wire into a solenoid, or coil.

Each loop of the wire creates a magnetic �eld, as shown in Figure 4.20. Inside the coil these 
�elds add up to give a large and approximately uniform magnetic �eld. �e more loops or turns 
of wire, the greater the �eld. In a tightly wound solenoid, the internal �eld lines are straight and 
parallel. Outside the coil the �elds mostly cancel each other out. Hence there is a large, uniform 
internal �eld and a very small external �eld. 

�e result is an extremely useful device. Solenoids are used in transformers, electromagnets, 
magnetic switches, and many other applications. Inductors, which are common circuit elements, 
are small solenoids. 

Figure 4.20 u  
Magnetic �eld due to a) 
a single turn of wire and 

b) a solenoid

a

I

B

b

Exterior

Interior
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a  CU r r en T  Ba l a n C e
a current balance is a current element that is placed in a magnetic �eld where it experiences a force. The current 
balance acts like a see-saw. The rotational effect of the magnetic force at one end is equal to the rotational 
effect of the gravitational force on the mass at the other end of the balance when the balance is in equilibrium.

aims
To measure the magnetic force on a current balance

To �nd the magnetic �eld strength in a solenoid

Materials
part a

 ● air core solenoid
 ● materials to make a current balance:

 – thin, stiff, lightweight cardboard or plastic

 – stiff conducting wire

 – copper or zinc sheet

 – pin

 – �ne sandpaper

 – scissors

 – sticky tape
 ● short pieces of wire of known mass (the weights)
 ● 2 power supplies
 ● 2 ammeters (0–5 a)
 ● 2 variable resistors or rheostats
 ● 2 switches
 ● crocodile clips and leads

part B
 ● current balance circuit comprising power supply, rheostat, ammeter, switch
 ● solenoid circuit comprising the other power supply, rheostat, ammeter, switch

What are the risks in doing this experiment? how can you manage these risks to stay safe?

electricity can shock and cause damage to 
equipment.

Use low voltages and currents only.

Scissors can cut skin and have sharp tips. Be very careful when using scissors. Do not run with 
scissors.

in your write-up, add any more risks you can think of, as well as ways to manage them.

procedure 
part a

1 Cut a rectangle from the cardboard or plastic so that half will �t into the solenoid and half is outside.

2 attach a small pin to the middle of one of the short sides of the rectangle so that it overhangs the end that 
will sit outside the solenoid (see figure 4.21).

3 Make a rectangular half loop of conducting wire, to sit near the edges of the cardboard or plastic rectangle 
that goes into the solenoid. Make sure it is attached to the rectangle.

4 Cut two supports out of the metal sheet, bend them and attach them to the end of the solenoid as shown. 
Use the crocodile clips to connect them to the current balance circuit. note that they should not make an 
electrical contact with the solenoid.

5 Bend the ends of the rectangular half loop so that they sit on the metal supports.

6 Use the sandpaper to clean the metal and ensure a good electrical connection.

7 Measure the length of the current element that is perpendicular to the magnetic �eld of the solenoid.

8 Balance the current balance by hanging pieces of wire or small weights over the pin.

e xpe r I M e nT  4 .1
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Current
balance
circuit

Current
balance
circuit

Metal
support

Pin

Weights
Cardboard or

plastic rectangle

End of
solenoid

Metal
support

t  Figure 4.21 
Metal supports attached to the end of the solenoid 
allow the current balance to rotate freely when current 
�ows in the current balance circuit.

part B

9 Connect the balance and solenoid circuits as shown in figure 4.22.

Solenoid
Current
balance

Weights

Current balance circuitSolenoid circuit

A

A

t  Figure 4.22  
Circuits for current balance 
and solenoid

10 Close the switch in the solenoid circuit and adjust the current to 2.5 a–3.5 a.

11 Close both switches and observe what happens to the current balance – it needs to act as a seesaw, with 
the inner end being pushed down by the magnetic force. Make changes to the solenoid circuit if necessary.

12 adjust the number of weights and their positions until the current balance is balanced. 

results
record the following in a table. Don’t forget to include units on all your measurements. 
● Current in solenoid
● Current in current element
● Distance from pivot to current element
● Distance from pivot to balancing weights

analysis of results
Calculate the following and add them to your table. remember to include units.
● Masses of weights used 
● Gravitational force on balancing masses
● Torque by weight force on current balance (torque is the product of force applied and the distance from 

the point of application to the pivot point)
● Magnetic force on current element
● Magnetic �eld in solenoid

The torque by the magnetic force is equal to the torque by the weight force when the current balance is balanced.

discussion
1 Comment on the quality of your data and how this affects your results.

2 how could you improve the quality of your data? 
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aCT IV I T y  4 . 2

M aK e  yo U r  oW n  el eCT r o M aG n e T

aim

To make an electromagnet

you will need 

Several metres of �ne, insulated wire, a small battery, a large steel nail, sticky tape and some paperclips.

Use a small battery, such as an aa size, or a low voltage power supply. Do not use a large battery such as 
a 12 V car battery; you could melt the wire and hurt yourself. 

What to do

1 Check that your nail is not magnetised by trying to pick up a paperclip with it. 

2 Wrap the wire tightly around the nail, always winding in the same direction. leave enough wire free at 
each end to connect to your battery. 

3 Sticky tape one end of the wire to each battery terminal.

4 now try again to pick up a paperclip with your (electromagnet) tail.

What did you discover?

1 how many paperclips can you pick up with your electromagnet? 

2 Does the electromagnet still work after you disconnect the battery? 

Magnetic moments
�e magnetic �eld of a bar magnet, shown in Figure 4.15a, is called a magnetic dipole �eld; 
it is caused by two magnetic poles. �e magnetic �eld shown in Figure 4.20 is also called a 
magnetic dipole �eld because it has the same shape. We shall see in the section below, when we 
look at magnetic materials, that magnetic poles always come in pairs, or dipoles, consisting of a 
north pole and a south pole. 

For any loop of current we can de�ne a magnetic moment, m


. �e magnitude of m is: 

m 5 IA

where I is the current and A is the area of the loop. m has units of A m2. 
�e magnetic moment is a measure of the strength of the magnetic �eld due to a current 

loop or a magnetic dipole. �e larger the current, the greater the magnetic moment and the 
larger the �eld produced. 

m


 is a vector, and its direction is given by a right-hand rule. Curl your �ngers in the direction 
of the current, and your thumb points in the direction of m



. �is is just the same as the rule of 
thumb for magnetic �eld lines shown in Figure 4.17. In this case, however, your �ngers follow I



  
(not 



B ) and your thumb points in the direction of m


 (not I


). �e direction of m


 is that of the 
magnetic �eld, 



B , at the centre of the loop. It points in the direction a compass needle would point 
if placed at this position. We can always de�ne a magnetic moment for any magnet, including a 
bar magnet, from the torque that it experiences in a magnetic �eld. �is is discussed in Chapter 5.

Magnetic materials
Currents create magnetic �elds because of the moving charges that make up the current. But 
how does a fridge magnet or any other piece of magnetic material create a magnetic �eld? Where 
is the moving charge in this case?

�e answer is the electrons. Every electron in an atom creates its own tiny magnetic �eld as it 
orbits the nucleus, because it is acting as a tiny circular current. �is circular current creates a dipole 
magnetic �eld like that shown in Figure 4.23. Hence the orbiting electron has a magnetic moment. 

The idea of a 
magnetic moment, 
which has a direction, 
is important in 
particle physics (see 
Chapters 9 and 10).

A pair of closely 
spaced positive and 
negative charges is 
an electric dipole (see 
Chapter 3). A pair of 
closely spaced north 
and south magnetic 
poles is a magnetic 
dipole. Both produce 
a characteristic 
dipole !eld and both 
experience a torque 
in a !eld. 
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Electrons also have a property known as spin. �e electrons are probably not really 
spinning. But they do have their own tiny magnetic �eld even apart from the �eld due to their 
orbital motion. �e spin of a particle is a measure of its magnetic moment, and hence is a 
measure of a particle’s intrinsic magnetic �eld. We shall see in Chapter 8 that spin is quantised, 
both in magnitude and direction.

So electrons in materials have two magnetic moments, and hence two magnetic �elds – one 
due to their orbital motion, and the other due to their spin. 

v

e
2

I

B

In most materials the magnetic �elds from the electrons cancel out because they are pointing 
in all di;erent directions. For a material to be magnetic it must have unpaired electrons in 
its shells and the directions of the magnetic moments (and hence �elds) of many atoms in 
the material must line up in the same direction. �ere are very few materials that meet these 
requirements. �e only common natural one is iron. Hence these types of materials are called 
ferromagnetic because they behave like iron. 

Magnets are made of ferromagnetic materials that have been magnetised. If you stroke a 
steel pin with a strong magnet it will line up the magnetic moments in the iron. �e pin then 
becomes magnetised and can be used as a compass needle. You can also use a solenoid, as in 
Activity 4.2, to magnetise a pin (or a nail).

�e magnetic �eld lines due to a bar magnet are shown in Figure 4.24. Note that just as for 
the current-carrying wire, the �eld lines form loops. Magnetic �eld lines begin at a north pole 
and end at a south pole of a magnet. Any individual magnet is always a dipole with a north 
and a south pole. As Gilbert observed about 500 years ago, if you break the magnet you get 
two smaller magnets, each with a north and a south pole. �is now makes sense to us because 
we understand that the poles are due to the movement of electrons. If you kept breaking your 
magnet you would eventually get to a single electron, still with spin, and creating its own 
magnetic �eld with the �eld forming loops. You cannot produce a magnetic monopole by 
breaking a bar magnet into small pieces; you will always get more dipoles. 

p  Figure 4.23 
The electron orbiting the nucleus is a current loop, hence it 
has a magnetic �eld.

W
O

W Quarks

We have seen that magnetic �elds are created by moving charges, so it makes sense 
that electrons and protons have magnetic �elds. But uncharged neutrons also have an 
intrinsic magnetic �eld! We cannot explain this if the neutron is a fundamental particle 
with no internal structure. The experimental observation of the neutron’s magnetic �eld 
led to an important development in particle physics. The quark theory of matter says that 
particles such as protons and neutrons are actually made up of even smaller particles 

called ‘quarks’. These quarks carry charges of 
1

3
6 e , or 

2

3
6 e . protons and neutrons are 

each made of 3 quarks. The quark charges add up to zero for a neutron, but the neutron 
still has the charges inside creating a magnetic �eld. 

You know from 
chemistry that 
electrons orbit the 
nucleus in shells. 
This shell structure 
is important for 
understanding 
magnetic materials. 
Magnetism arises 
from unpaired 
electrons in the 
shells.

Some cosmological 
theories predict 
the existence of 
magnetic monopoles  
(an isolated north 
or south magnetic 
pole). However, they 
are not predicted by 
currently accepted 
models in particle 
physics, such as  
the Standard Model 
(see Chapter 10), nor 
have they ever been 
observed in nature.

Quarks are part of 
the Standard Model 
of particle physics, 
which you will study 
in Chapter 10.

Figure 4.24 p 
Magnetic �eld of a  

bar magnet

N

S
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Case study

Dr Jeff Tallon – high-temperature superconductors

Dr Jeff Tallon is Distinguished Scientist at Callaghan 
innovation (a new Zealand Government-owned research 
institute) and was formerly professor of physics at Victoria 
University of Wellington. he has received the inaugural prime 
Minister’s prize for Science (nZ) and he and his group are 
internationally known for their work in superconductivity. 
one of his group’s most important discoveries was the high-
temperature superconductor, Bi2Sr2Ca2Cu3o10 or BSSCo. 
BSSCo, which is manufactured by their spin-off company  
hTS-110 ltd, is now the most commercially important high-
temperature superconductor in the world. it took 14 years of 
international patent battles for Jeff and his group to win the 
patent rights for BSSCo, the material whose structure he �rst 
jotted down on a greasy paper lunch bag.

Superconductors are materials whose resistance 
drops to zero below a critical temperature, Tc. The �rst 
superconductors discovered had critical temperatures of 
only a few kelvin. Then in 1986 the �rst high-temperature 
superconductor was discovered, la2–xBaxCuo4 with a Tc of 
32 K. Since then many others have been discovered, with 
scientists racing to create materials with ever higher critical 
temperatures. BSSCo has a Tc of 105 K. 

Superconductivity is a quantum mechanical effect that 
occurs when electrons of opposite spin pair up and form a 
wave that extends across the entire superconductor. exactly 
why this happens in materials like BSCCo is not yet fully 
understood.

one of the other properties of these high-temperature 
superconductors is that they are perfect diamagnets. a 
diamagnet does the opposite to a ferromagnet in a magnetic 
�eld. instead of the spins lining up with the magnetic �eld 
to give an even-larger magnetic �eld, they line up the 
opposite way. in a superconductor at temperatures below 
Tc, the induced �eld inside the material completely cancels 
out the applied �eld. This results in the Meissner effect, as 
shown in figure 4.26. a magnet will levitate above the cooled 
superconductor. This effect is used in maglev trains in Japan. 
Superconducting magnets are also used to create the large 
magnetic �elds used in Mri machines (see the Scienti�c 
literacy box on page 117).

one of the dif�culties of making superconductors into 
wires is that they are ceramics, and so are brittle. Unlike 
metals, superconductors cannot be stretched and bent.  
Dr Tallon and his team have devised a clever way of making 
wires using powdered BSSCo in silver tubes, which are then 
rolled and bundled to produce wires. These wires are used 
in various applications, such as generators (described in the 
next chapter). 

The research into understanding how these high-
temperature superconductor materials work is ongoing 
and relies on contributions from many scientists, and 
collaborations with groups around the world. once we know 
how they work, scientists hope to design superconductors 
with higher critical temperatures and better mechanical 
properties. The applications will impact on health, transport, 
energy, communications, manufacturing and science. 
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p  Figure 4.25  
Dr Jeff Tallon

p  Figure 4.27  
The structure of BSSCo. note the layers of 
different types of atoms.

p  Figure 4.26  
The Meissner effect. a magnet hovers over 
a disc of superconductor cooled with liquid 
nitrogen.

BiO

SrO

SrO

BiO

CuO2

Ca2
+

Ca2
+

CuO2

CuO2

C
o

u
rt

e
sy

 o
f 
D

r 
J
e

ff
 T

a
llo

n



11 6  n e l S o n  p h y S i C S  U n i T S  3  &  4  f o r  T h e  a U S T r a l i a n  C U r r i C U l U M 9 78 017 0 2 4 2110

earth’s B field
Earth’s magnetic �eld forms a shield that keeps out high-energy charged particles from space 
(mostly from our Sun). �ese particles would otherwise be extremely damaging to organisms on 
the surface of Earth. Fortunately for us, Earth’s magnetic �eld de3ects most of those particles past 
Earth. �e few that leak in follow helical paths towards the poles. When these high-energy charged 
particles reach Earth’s atmosphere they collide with air molecules, which are then ionised. �e 
energy released when the atoms and molecules re-form are the auroras – the aurora borealis or 
northern lights and the aurora australis or southern lights (Figure 4.28). 

aUrOraS In 
real TIMe 

you can check 
forecasts for the 
aurora australis 
and aurora 
borealis here, and 
follow the links to 
viewing tips and 
more information.

MagneT and 
COMpaSS

See the magnetic 
�eld lines due to a 
bar magnet and 
earth. Move a 
compass around 
to see how the 
direction of the 
needle changes. 

p Figure 4.28 The aurora australis
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Questions

1 name two properties of high-temperature superconductors.

2 De�ne ‘critical temperature of a superconductor’.

3  What is the difference between diamagnets and ferromagnets?

4  Why is it so dif�cult to make wires out of high-temperature superconductors? 

5  imagine that a room-temperature superconductor is discovered. Write a page (about 300 words) 
describing how one important technology would change. Consider the economic, social and 
environmental implications. 

6  Why do you think the patent battle for BSSCo was so important that Dr Tallon and his colleagues kept 
�ghting for 14 years? Can you think of reasons other than economic ones? 

Some other planets and the Sun also have a magnetic �eld. �e origin of the Sun’s magnetic 
�eld is convective currents, which you read about in Chapter 2 of Nelson Physics Units 1 & 2 for the 
Australian Curriculum. �e origin of planetary magnetic �elds is as yet not completely understood. 

�e con�guration of Earth’s magnetic �eld, shown in Figure 4.29, is very much like that 
due to a gigantic bar magnet deep in Earth’s interior. However, the high temperatures in Earth’s 
core, around 6000 K, prevent iron from retaining any permanent magnetisation. It is more 
likely that Earth’s magnetic �eld is due to convection currents in Earth’s core. Charged ions or 
electrons circulating in the liquid interior could produce a magnetic �eld of the form observed. 

�e magnetic poles are not quite at the geographic poles. �e magnetic pole closest to the 
north geographic pole is near Hudson’s Bay in Canada. �e north pole of a compass needle 
points to this pole, so it is actually a south magnetic pole. �e magnetic pole closest to the south 
geographic pole is in Antarctica, about 2000 km from the south geographic pole. It is a north 
magnetic pole. Compare the �eld lines for Earth in Figure 4.29 with those for the bar magnet in 
Figure 4.24 and you can see that what is usually labelled as the north magnetic pole on maps is 
really a magnetic south pole.
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t  Figure 4.29  
earth’s magnetic �eld
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Axis of
rotation

Magnetic axis
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A north magnetic 
pole is near
Earth’s south 
geographic pole.

A south magnetic 
pole is near
Earth’s north 
geographic pole.

Scienti
c literacy: magnetic resonance imaging (MRI)

Magnetic resonance imaging or Mri (originally called nuclear 
magnetic resonance (nMr)) uses electromagnetic waves that 
match the resonance frequencies of the spins of the nuclei. 

nuclear magnetic resonance was discovered in the 1930s by 
isidor rabi, who won the nobel prize for physics in 1944. felix Bloch 
and edward purcell developed the technique in the 1940s for 
looking at chemical compounds and were awarded a nobel prize 
in 1952. 

in the 1970s, physician raymond Damadian, chemist 
paul lauterbur and physicist peter Mans�ed were all working 
independently on nMr. 

Damadian discovered that the hydrogen nMr signal produced 
by cancerous tissue is different from that of healthy tissue. he 
applied for a patent for a machine to create images using nMr. 
his design had most of the basic components of today’s Mri 
machines. Mans�eld re�ned the technique and showed that 
images could be produced. lauterbur produced the �rst actual 
nMr image. 
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W Earth’s wandering magnetic poles

earth’s magnetic poles ‘wander’ on a daily and annual basis. hence, the direction and 
magnitude of earth’s magnetic �eld changes in time. The direction of earth’s magnetic 
�eld has even reversed several times during the last million years. There is evidence for this 
in the magnetisation of iron in basalt rocks from volcanoes. 

There is also variation on much shorter time scales. There are small daily variations due to 
the Sun’s magnetic �eld. These variations are bigger in summer than in winter. Solar �ares can 
result in variations that last hours to days. These can be observed in increased auroral activity.

There are larger variations on the scale of centuries. recordings made in london since 
1580 show that the direction of earth’s magnetic �eld there has varied by more than 30°. 
This variation seems to have a cycle of about 500 years. The reason for these variations is 
not yet understood. 

b
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Figure 4.30 u  
a) a hospital Mri machine  

b) an Mri of a brain



11 8  n e l S o n  p h y S i C S  U n i T S  3  &  4  f o r  T h e  a U S T r a l i a n  C U r r i C U l U M 9 78 017 0 2 4 2110

Comparing the three field models: 
g, E and B 
We use �eld models to explain force at a distance. You have now seen the �eld models associated 
with three di;erent forces: gravitational, electrostatic and magnetic. �e models are similar in 
some ways and di;erent in others. 

Gravitational, electric and magnetic �elds are all de�ned as �eld 5 force/property, where 
‘property’ is the thing that creates the �eld and on which the �eld acts (Table 4.2). 

Table 4.2 The three �eld models 

Field Created by acts on

Gravitational Mass Mass

electric Charge Charge

Magnetic Moving charge Moving charge

in 2003 lauterbur and Mans�eld shared the nobel prize for Medicine or physiology for the 
development of Mri. Damadian was furious! he took out full page advertisements in newspapers 
including the New York Times, claiming that he should have been given a share of the prize. 

This is how Mri works: The human body is almost two-thirds hydrogen atoms, and the nucleus of each 
is a single proton. a proton acts like a tiny bar magnet. in Mri a very large magnetic �eld, up to 3 T, is 
applied to the patient. This aligns the hydrogen spins with the �eld. 

Then a pulse of electromagnetic waves is used to ‘�ip’ some of the spins. The frequency of the 
electromagnetic waves has to be just right. The protons will only absorb energy from electromagnetic 
waves of the right frequency. This is why it is called resonance. The protons have quantised values of 
energy. They can move between energy levels only by absorbing or emitting light of the right frequency. 
you will see why in Chapter 8. This is a lot like atomic energy spectra, which arise because the electrons 
have discrete energies. in this case it is the protons that have discrete energies.

The spins that are no longer aligned with the �eld are in a higher energy state. They �ip back, 
releasing energy as electromagnetic waves as they do so. This energy is detected and analysed, and 
the information is used to create images. 

Mri gives better contrast between soft tissues than other techniques such as X-rays. This is very useful 
for imaging the brain, the heart and tumours. The resolution of Mri images is also very good, and can be 
used to investigate blood vessels. Much work has been done on the brain using Mri scans. 

Mri is considered a very safe technique. Unlike X-rays and CT scans, it does not expose patients to 
ionising radiation. however, the large magnetic �elds cannot be used on patients with metal implants 
such as pacemakers or most cochlear implants. The magnetic �elds can also create eddy currents (see 
Chapter 5) and Mri machines are very noisy. Because the tube into which the patient is inserted is quite 
narrow, many people �nd it unpleasantly claustrophobic. 

Sometimes patients are injected with a contrast agent. This helps make some tissues stand out more 
clearly. Contrast agents work by changing the magnetic �eld in the area into which they are injected. 
These agents usually contain gadolinium, which can be a problem for people with poor kidney function. 

Questions

1 Draw a �owchart showing how the Mri technique works. you may need to conduct further research.

2 Describe two advantages of Mri over other medical imaging techniques.

3 Describe two risks associated with Mri. What can be done to minimise those risks?

4 imagine you have been employed to produce an information lea�et 
for fMri patients. research fMri and write a short summary (no more 
than 1 page or 300 words) explaining how the technique works. 

5 Mri has better resolution than X-rays and does not use ionising 
radiation. yet X-rays are still a much more common diagnostic tool. 
Compare the two techniques and justify why this is the case. 

6 imagine Dr Damadian has employed you to run a social media campaign  
to persuade the nobel prize committee to award him part of the 2003 
prize. What techniques and arguments would you use to justify his case? 

MagneTIC 
reSOnanCe 
IMagIng

you can �nd more 
information on the 
physics of Mri here.

The gravitational 
!eld, g, was 
described in  
Chapter 2. The 
electric !eld, E, was 
described in  
Chapter 3.
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Gravitational, electric and magnetic �elds have several important di;erences.
 ● �e gravitational and electric force vectors are in the direction of the �eld, but the magnetic 

force vector is perpendicular to the magnetic �eld.
 ● �e electric force acts on a charged particle, and the gravitational force acts on a mass, 

regardless of whether the particle is moving, but the magnetic force acts on a charged 

particle only when the particle is in motion.
 ● �e gravitational and electric forces can do work in displacing a charged particle, but the 

magnetic force associated with a steady magnetic �eld does no work when a particle is 

displaced by the �eld, because the force is perpendicular to the displacement.

�ese �eld models have been extremely successful in explaining and predicting phenomena. 
�e electric and magnetic �eld models are the basis for electromagnetism, which we shall study 
in the next chapter. However, the �eld model has been unable to explain all the phenomena 
associated with the behaviour of charged particles such as electrons and protons. An alternative 
model, the exchange particle model, has been developed by quantum physicists to explain the 
interactions of fundamental particles. We will look at this newer model in Chapters 9 and 10. 
�is newer model does not replace the �eld model any more than relativity replaces Newtonian 
mechanics – rather it complements it. Scientists work with many models and representations, 
and choose the one that works best for a given situation. �e �eld model has been invaluable in 
helping us explain electric and magnetic phenomena, and is the basis of much of the technology 
that we take for granted. We shall look at some of this technology in Chapter 5. 

remembering
1 What is the source of magnetic �elds?

2 how does magnetic �eld strength vary with distance from a long, straight current-carrying wire?

3 What are the units of the constant m0? Write these units in fundamental units.

Understanding
4 Why are most materials not magnetic? in what way are ferromagnets different?

5 Draw the magnetic �eld lines due to a wire carrying current directly downwards, as seen from above.

6 a current-carrying wire lies in a north–south line. a small magnetic compass needle is placed beneath 
the wire. 

a What happens to the compass needle when the current in the wire �ows:

i from north to south?

ii from south to north?

b if the compass was placed above the wire, what difference would it make to the direction in which the 
compass needle pointed?

applying
7 What is the magnetic �eld a distance 1.0 cm from a wire carrying a current of 1.0 a? 

8 at what distance from a wire carrying a current of 15 a is the �eld 1.0 mT? 

9 What current is necessary in a long, straight wire to produce a magnetic �eld of 50 mT, approximately that 
due to earth, at a distance of 1 cm?

analysing
10 a wire carries a current of 10 a directly upwards. 

a Draw the magnetic �eld lines due to the current in the wire. 

b What is the direction of the force on an electron moving directly downwards, 5 cm from the wire? Draw 
the force on your diagram. 

c if the electron is moving at 1 km s21, what is the magnitude of the force acting on it? 

Q U e S T I O n  S e T  4 . 2
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Chap Te r  S U M Mary

 ● Magnetic �elds are created by moving charges and currents.

 ● Magnetic �elds exert forces on moving charges and currents.

 ● The magnetic force is perpendicular to both the magnetic �eld and the direction of movement. 

F 5 qvB sin u for a single charge

F 5 IℓB sin u for a current

 ● The right-hand rule (figure 4.3) is used to �nd the direction of the force.

 ● The magnetic �eld due to a current-carrying wire varies with the size of the current and decreases with the 

distance from the wire: 

B
I

r2

0
5

m

p
.

 ● Solenoids are used to create large, uniform magnetic �elds.

 ● Magnetic �eld lines show the direction of force acting on a north pole. 

 ● The density of the �eld lines is an indication of the �eld strength. 

 ● The direction of the �eld is given by the right-hand rule.

 ● Magnetic �eld lines due to currents form loops.

 ● Magnetic materials always have a north pole and a south pole. 

 ● Magnetic �eld lines start on north poles and end on south poles. 

 ● earth’s magnetic �eld is similar to that of a bar magnet with a north magnetic pole near the south 
geographic pole. 

aurora australis the southern lights; light produced 
by the collision of high-energy charged particles with 
air molecules close to the South pole

aurora borealis the northern lights; light produced 
by the collision of high-energy charged particles with 
air molecules close to the north pole

electromagnetic 3eld model a combination of the 
electric �eld model and the magnetic �eld model, 
including the interaction between the two �elds 

ferromagnetic having magnetic properties like iron; 
able to be magnetised and retain the magnetisation 
so that the material is magnetic

magnetic 3eld the �eld created by moving 
charges, including charges in magnetic materials, 
which exerts a force on moving charges and 
magnetic materials

magnetic ?ux density the magnitude of the 
magnetic �eld, measured in T

magnetic force the force that a magnetic �eld 
exerts on a moving charge or current

magnetic moment, μ also called the dipole 
moment, it is a vector of magnitude proportional to 
the magnetic �eld produced by a current loop,  
m 5 IA. The magnetic moment points in the direction 
of the �eld at the centre of the current loop 

magnetic pole magnetic north or south pole, a 
point from which �eld lines come out or go in

magnetite an iron oxide, fe3o4, that is a natural 
magnetic material 

mass spectrometer a device that uses a magnetic 
�eld to characterise materials by the atoms and 
molecules they contain 

permeability of free space, μ
0
 the physical 

constant that determines the strength of the 
magnetic �eld produced by a current in vacuum.  
it has the value 4p × 1027 T m a21 

solenoid a coil of current-carrying wire that creates 
a large uniform �eld within the coil

spin in quantum theory, a property of particles, 
including electrons, that results in them having their 
own magnetic moment and hence magnetic �eld

synchrotron a machine that uses electric and 
magnetic �elds to accelerate charged particles to 
large velocities while containing them in rings, to 
produce high-energy light

tesla the unit of magnetic �eld, 1 T 5 1 kg s21 C21; it is 
named after nikolai Tesla

vector cross product the vector cross product, 
5 3C A B

  

, gives a vector perpendicular to both 
A Band
 

 with magnitude C 5 AB sin u, where u is 
the angle between A Band

 

. The right-hand rule 

gives the direction of C

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Chap Te r  r e V I e W Q U e S T I O n S

remembering

 1 how is magnetic �eld related to magnetic force?

 2 list three ways in which magnetic �elds and gravitational �elds are different. 

 3 list three ways in which electric �elds and magnetic �elds are different.

Understanding

 4 at what angle to a magnetic �eld can an electron and a neutron travel to have the same path?

 5 Why does earth’s magnetic �eld not protect us from high-energy light (photons)? how does it protect us 
from the other forms of cosmic radiation?

 6 Draw the magnetic �eld of a bar magnet, showing the north and south poles of the magnet. add the vector 
m


, the magnetic moment of the bar magnet, to your diagram. 

 7 figure 4.31 shows two bar magnets placed with their north ends together. 

a Draw the magnetic �eld lines associated with this arrangement. 

 
S N N S

 t  Figure 4.31 

b are there any points in figure 4.31 where the magnetic �eld is zero? if so, where?

 8 figure 4.32 shows a solenoid that carries a current in the direction as shown in the diagram.

a Copy the diagram and carefully draw the magnetic �eld of the solenoid.

b What is the effect on the magnetic �eld within the solenoid of:

i increasing the current in the solenoid?

ii reversing the direction of the current in the solenoid?

iii increasing the number of turns of wire in the solenoid without changing the length of the solenoid?

  t  Figure 4.32

applying

 9 What is the minimum magnitude of a magnetic �eld necessary to apply a force of 1 3 10212 n to an electron 
moving at a speed of 500 km s21?

10 a 5 m long current-carrying wire is at an angle of 30° to a magnetic �eld. it carries a current of 30 a and 
experiences a force of 0.02 n. how large is the magnetic �eld? 

11 a how large a current is necessary to produce a �eld of 0.15 T a distance of 1.0 cm from a wire? 

b What is the �eld at a distance of 2.0 cm from this wire? 

12  a wire 2.1 m long carrying a current of 0.85 a has a force of 5.0 3 1022 n exerted on it by a uniform magnetic 
�eld at right angles to the wire. What is the magnitude of the magnetic �eld?

13 a small magnetic compass needle is placed at the centre of a single loop of wire that carries an electric 
current of 2 a, as shown in figure 4.33. The loop has a radius of 2.0 cm. The plane of the coil is vertical and 
east–west. The magnitude of the magnetic �eld of the loop is much greater than earth’s magnetic �eld at this 
location.

  

N

 t  Figure 4.33
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a in which direction will the north pole of the compass needle point?

b The direction of the current in the wire is reversed. What is the direction in which the compass needle 
points now?

c Calculate the magnetic moment, µ, of the current loop. in which direction does it point? 

analysing 

14 in figure 4.34 a proton is moving in a magnetic �eld. The velocity of the proton and the direction of the 
magnetic force acting on it are shown. find the direction of the magnetic �eld in each case. 

  

FB FB

FB

v
vout

vin

a b c

 

15 a wire is carrying a large current directly upwards. 

a Draw the magnetic �eld lines, as seen from above, due to this current. 

b Consider a second vertical current-carrying wire close to the �rst wire. if the current in the second wire is 
also upwards, what is the direction of the force  on this second wire? Draw it on your diagram. 

c What is the direction of the force on the �rst wire due to the current in the second wire? Draw it on your 
diagram. 

d how would your answers to parts (b) and (c) change if the current in the second wire was downwards? 

16 how can the motion of a moving charged particle be used to distinguish between an electric �eld and a 
magnetic �eld? Give a speci�c example. 

17 figure 4.35 shows a current balance in which a loop of wire carrying a current of 3.6 a is balanced in the 
uniform �eld of a solenoid of �eld strength 0.20 T. The end of the loop BC has a length of 3.0 cm, while the 
length of side aB is 12.0 cm.

  

3.0 cm

B

C

X

Y
12 cm

A

D

3.6 A

B

 t  Figure 4.35

 a find the magnitude and direction of the force on side:

i BC of the loop.

ii CD of the loop.

b What length of string of mass 6.5 g m21 must be placed on the end Xy of the loop to restore equilibrium?

re?ecting 

18 Discuss the importance of earth’s magnetic �eld. how would life on earth be different if earth did not have a 
magnetic �eld? What technologies will be disrupted if the �eld changes direction again in the near future? 

19 Draw a spider diagram to connect all the concepts and equations related to magnetic �elds.

20 Compare and contrast electric and magnetic �elds. 

t  Figure 4.34



By the end of this chapter you will have covered the following material.

Science Understanding

 ● Uniformly accelerated motion is described in 
terms of relationships between measurable 
scalar and vector quantities, including 
displacement, speed, velocity and 
acceleration (ACSPH060)

 ● Representations, including graphs and 
vectors, and/or equations of motion, can 
be used qualitatively and quantitatively to 
describe and predict linear motion (ACSPH061)

 ● Vertical motion is analysed by assuming the 
acceleration due to gravity is constant near 
Earth’s surface (ACSPH062)

By the end of this chapter you will have covered the following material.

Science Understanding 

 ● Magnets, magnetic materials, moving 
charges and current-carrying wires 
experience a force in a magnetic �eld; this 
force is utilised in DC electric motors (ACSPH108) 

 ● A changing magnetic �ux induces a 
potential difference; this process of 
electromagnetic induction is used in step-up 
and step-down transformers, DC and AC 
generators, and AC induction motors (ACSPH110) 

 ● Conservation of energy, expressed as Lenz’s 
Law of electromagnetic induction, is used to 
determine the direction of induced current 
(ACSPH111) 

 ● Electromagnetic waves are transverse 
waves made up of mutually perpendicular, 
oscillating electric and magnetic �elds 
(ACSPH112) 

 ● Oscillating charges produce 
electromagnetic waves of the same 
frequency as the oscillation; electromagnetic 
waves cause charges to oscillate at the 
frequency of the wave (ACSPH113)

ChAp tEr  5 
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Introduction
Electromagnetism drives modern technologies such as large-scale electric power generators, 
transformers for computers and electric motors for public transport and transportation of metal 
ores and primary produce. 

p  Figure 5.1 Electromagnetic induction at work. a) the Loy yang power station in Victoria uses coal to power a generator to 
make electricity. b) A diesel electric freight train pulls trucks loaded with ore.

Many experiments in the 19th century showed that electricity and magnetism were 
intimately related. For example, Ampere performed experiments that showed that parallel 
currents attract and anti-parallel currents repel each other. !e force on the wires is due to 
the magnetic "elds created by the currents. Michael Faraday and Joseph Henry independently 
demonstrated electromagnetic induction. Electromagnetic induction is the production 
of an electric "eld by a changing magnetic "eld. Faraday was a brilliant experimentalist, and 
made many important contributions to physics and chemistry. However, his knowledge of 
mathematics did not extend beyond basic algebra.

James Clerk Maxwell, in contrast, showed talent in mathematics from an early age, and 
made many important contributions in theoretical physics. He took the observations made 
by Faraday and other physicists and constructed a mathematical model consisting of four 
di'erential equations. His model explained all the observed electromagnetic phenomena 
and predicted the existence and behaviour of electromagnetic waves. !e central idea in 
Maxwell’s model is that there is a symmetry between electric and magnetic "elds.
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JameS Clerk 
maxwell: 
B Iography

read this short 
biography of this 
scottish scientist.

hertz ’S 
Spark gap 
tranSmItter

hertz provided 
evidence for 
Maxwell’s theory of 
electromagnetic 
waves.

mIChael 
Faraday’S 
BIography

read the 
biography of 
Michael faraday.

 ● An electric 
eld that changes in time creates a magnetic 
eld 

and
 ● a magnetic 
eld that changes in time creates an electric 
eld. 

!e development of the theory of electromagnetism demonstrates the need for both 
experiment and theory. Without experiments, existing theories could not be tested and falsi"ed, 
and new theories would not be developed. !e development of theory, in turn, leads to new 
technologies that allow further and more precise experiments. Maxwell’s electromagnetic theory 
uni"ed a set of ideas about electricity and magnetism and led us to an understanding of how 
the two "elds are related. !ey are, in fact, two aspects of a single thing. !e symmetry between 
electricity and magnetism was also what prompted Einstein to develop his theory of special 
relativity, which is described in the next chapter. 

!is new "eld model for electromagnetism led to the development of important 
technologies, including motors and generators. Generators, mainly powered by coal, are 
used to produce almost all of our electricity in Australia. Motors are used to run much of our 
transport including electric trains and trams in the cities and the enormous diesel electric 
locomotives that move commodities such as iron ore, wool and wheat around the country. We 
shall look at some of these technologies in this chapter.
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w
o

w Michael Faraday (1791–1867)

faraday rose from humble beginnings to work with and 
lead some of the best scientists of his time. he was a  
brilliant experimentalist, and made many important 
contributions to physics and chemistry. faraday 
investigated electromagnetic induction and introduced 
the concept of ‘line of force’, which we now call ‘�elds’.  
his knowledge of mathematics did not extend beyond 
basic algebra.

Figure 5.2u  
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t  Figure 5.3  
a) the �ux through the 
area A depends on the 
angle, u, between the 
area vector 



A and  
the �eld, 



B . F 5 
� ��

BA  cos u. 
b) flux is a maximum 
when u is zero and 



B   
and 



A are parallel.  
c) flux is a minimum 
when u 5 908 and 



B  and 


A are perpendicular.

a b

c

Currents from fields: 
electromagnetic induction
Electromagnetic induction is the production of an electric "eld by a time-varying magnetic "eld. 
An electric "eld in a region means that there is a potential di'erence between points in that 
region. If there is a potential di'erence and free charge carriers, then a current will be generated. 
!is is the basis of electromagnetic induction, as used in electricity generation. To understand 
how the process works, we "rst need to look at the idea of magnetic �ux. 

magnetic flux
In the previous chapter we noted that magnetic "eld strength is also called ‘magnetic /ux 
density’. !is comes from the de"nition of magnetic /ux. Consider a uniform magnetic "eld 
passing through an area, A, as shown in Figure 5.3. We choose the direction of the vector 



A 
to be perpendicular to the area, as this gives us a unique way of representing the area. !e 
magnitude of the vector 



A is the area A, in units of m2. !e number of 


B  "eld lines crossing 
the area depends on the directions of 



B  and 


A. Magnetic /ux, F, is the magnetic "eld crossing 
through some area, multiplied by the size of the area:

F 5 BA cos u 

!e magnetic /ux, F, has units of T m2 or the weber, Wb, after Wilhelm Weber.

Recall what you 
learnt about circuits 
in Nelson Physics 
Units 1 & 2 for the 
Australian Curriculum, 
Chapter 6 .
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!e /ux, F, has maximum amplitude when the "eld is in the same direction as, or opposite 
to, the vector 



A; when 


B  is perpendicular to the surface of the area. F is zero when 


B  is parallel 
to the surface of the area.

wo r k e d  e x am ple  5 .1

A loop of cross-sectional area 0.050 m2 is in a uniform magnetic �eld of magnitude 0.24 t. 

a Draw diagrams showing the loop and �eld and identifying the angle, u, between the area vector 


A and the 

�eld 


B , when the �ux is a:

i minimum. (2 marks)

ii maximum. (2 marks)

b find the maximum and minimum values of the �ux through the loop. (5 marks)

answers logic

a i

u 5 908

Aout

B

identify that �ux has a minimum value of  
F 5 BA cos u 5 0 when u 5 908 and that this  
is when the loop is parallel to the �eld. 

2 marks

p  Figure 5.5 Loop is parallel to �eld 
so u 5 908 and �ux is zero.

VeCtor dot 
prodUCt

see how C 5 


A ? 


B  
varies.

w
o

w Vector dot product 

the �ux is more correctly written as the vector dot product, F 5 


B  ? 


A .
the vector dot product, C 5 



A ? 


B , is used often in physics. 


A  and 


B  are vectors, but 
the dot product C 5 



A  ? 


B  is a scalar, with magnitude C 5 AB cos u. the dot product allows 
us to combine two vectors to produce a scalar. 

you have met the dot product before (although it may not have been called that) when  
you studied forces and energy. the work done by a force is given by W 5 



F  ? 


s . Both force 
and displacement are vectors, but the energy transferred (the work done) is a scalar. 

geometrically, the magnitude C is the projection of vector 


A  on to vector 


B , multiplied 
by the magnitude of 



B . When  


A and 


B  are parallel, C has its maximum value. When 


A 
and 



B are perpendicular, then C is zero. 

p Figure 5.4 the dot product of two vectors, C 5 


A ? 


B . a) Vector 
decomposition of A into components parallel and perpendicular to B.  
b) projection of 



A on to 


B .

   '

u

A

   //A

A

B

|A| cos u

u

A

B

ba
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ii

u 5 0

B

AA

pFigure 5.6 loop is perpendicular to 
�eld so u 5 08 and �ux is a maximum.

identify that �ux has a maximum value of  

F 5 BA when u 5 08 and that this is when  
the loop is perpendicular to the �eld. 

2 marks

b  F 5 BA cos u relate �ux to �eld and area. 1 mark

  Fmax 5 BA cos (0) 5 BA identify the maximum value. 1 mark

  Fmax 5 0.24 t 3 0.050 m2 substitute numbers including units. 1 mark

 Fmax 5 1.2 3 1022 Wb calculate the �nal value. 1 mark

 Fmin 5 BA cos (908) 5 0 identify the minimum value. 1 mark

try this yourself

Find the angle for which the �ux is half its maximum value. (4 marks)

induced emf
When the magnetic �ux changes with time, an electric �eld is induced. Imagine a loop in the 
�eld. �e induced electric �eld produces an induced emf around the loop. 

�e magnitude of the induced emf is given by Faraday’s law: 
 

 
« 5

2F 2F

D
5
2DF

Dt t

( )
f i

where Ff  is the �nal �ux and Fi is the initial �ux; « has units of T m2 s21, which is the same as 
volt, V. �e negative sign indicates that the induced emf opposes the change in �ux.

Looking back at the expression for �ux, we can see that:  
 

  

BA

t

( cos )
« 5

2D u

D

Inspecting this equation we can see that there are three ways to induce an emf:
 ● Change the magnetic �eld.
 ● Change the area, A.
 ● Change the angle, u, between the area and the �eld.

In practice, it is usually either the magnetic �eld or the angle u that is varied. For example, a 
coil connected to an alternating current (AC) produces a time-varying magnetic �eld. �ese 
are used in transformers and motors.

When a loop or coil of wire with area A is placed in a �eld, the �ux through the loop can be 
varied by spinning the loop. �is changes the angle, and induces an emf in the loop. �e same 
e,ect can be achieved by spinning a magnet near the loop. In both cases the �ux varies in time. 
�is is used in generators. 
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We can take any parameter kept constant out of the brackets. For example, if area and angle 
are kept constant while B is varied, we write: 
 

 

A Bcos ( ) cos ( )
f i

t

A B B

t
«5

2 uD

D
5

2 u 2

D

If the area and "eld are held constant but the angle is changed we write: 
 

 

BA

t

(cos ) (cos cos )
f i

BA

t
«5

2 D u

D
5

2 u 2 u

D  

To generate a larger emf, a coil containing multiple loops of wire is used. Each loop will have 
an emf induced between its ends, so connecting n loops in series is like connecting n batteries in 
series. Simply add the emf in all loops. !us: 
 

 
«5

2 DF

D
5

2 D u

D

n

t

n BA

t

( cos )

Once an emf is induced, a current will /ow if there are free charge carriers and a path for them 
to /ow along. !is is usually achieved by putting a metal coil in the "eld. !is induced current 
is related to the emf by Ohm’s law. As you saw in Chapter 5 of Nelson Physics Units 1 & 2 for the 

Australian Curriculum, i
R

emf
5 , where R is the resistance of the path. We are using the symbol i 

for current, rather than I, as the current may vary with time.
We use the term ‘emf’ here rather than potential di'erence for a reason. !ey are often treated 

as if they are the same thing, but they are not. !e di'erence is explained in the Wow box. 

The loops in a coil 
act like batteries 
connected in series 
(see Nelson Physics 
Units 1 & 2 for the 
Australian Curriculum 
Chapter 5).

emf

Electromotive force (emf) and potential difference often do the same job, which is to 
enable a current to �ow. they have the same unit, volt (V), but they are different. potential 
difference is the unique difference in potential energy per unit charge between any two 
points in an electric �eld.

the emf is the energy per unit charge available to a charged particle. the induced 
emf between any two points in a changing magnetic �eld does not have a unique value, 
but depends on the path between the two points. this is because it depends on the �ux 
enclosed. Different closed paths between two points may contain different �uxes.

a b

B

A

1

2

e2

e2

DV1 5 DV2 5 VA 2 VB

E

A
2

B

emf1 ± emf2

e2

e2

B

1

w
o

w

p  Figure 5.7 a) potential difference: an electron moves from point A to point B in an 
electric �eld. the change in potential energy of the electron is the same regardless 
of path taken. b) Emf: an electron passes through two loops in a changing magnetic 
�eld. the emf measured across the two loops is different because they contain different 
magnetic �uxes, even though they have the same beginning and end points. 
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wo r k e d  e x am ple  5 . 2

A wire loop of cross-sectional area 0.050 m2 is in a magnetic �eld. the loop is perpendicular to the �eld. the �eld 
changes with time as shown. 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 2 4 6 8 10 12

Time (s)

B
 (

T
)

p  Figure 5.8 Magnetic �eld as a function of time

a sketch a graph of �ux through the loop as a function of time. (2 marks)

b sketch a graph of 
t

DF

D
 as a function of time. (2 marks)

c find the emf induced between the ends of the wire. (1 mark)

d find the current induced in the loop when the loop has a resistance of 0.15 V. (3 marks)

answers logic

a 

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

0 2 4 6 8 10 12

F
lu

x
 (

T
 m

2
)

Time (s)

Use F 5 BA cos u, noting that  
u 5 0 and A 5 0.05 m2 is given in the 
question.

2 marks

b 

23 3 1023

22 3 1023

21 3 1023

0

0 2 4 6 8 10 12

Time (s)

D
F

/D
t
 (

T
 m

2
 s

2
1
)

p  Figure 5.10 
t

DF

D
 as a function of time

t
DF

D
 is the gradient of the F(t) graph, 

which is constant. We �nd this gradient 
by taking the rise over run for a section 
of the F(t) graph.

2 marks

c 10.3 mV the emf is the negative of the gradient 
of our F(t) graph, which we can see 
above is 20.3 mV; hence the emf is 
10.3 mV.

1 mark

p  Figure 5.9 flux as a function of time
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d  i
R

5
«

Use Ohm’s law to relate emf to current. 1 mark

 
5

2 3

V

23.0 10 V

0.15

4

i substitute numbers including units. 1 mark

 i 5 20.002 A or 22 mA Calculate the �nal value. 1 mark

try these yourself

1 What current would be produced if a �ve-loop coil was used instead? (5 marks)

2 how quickly would the �eld have to drop to zero to produce an induced current of 0.1 A? (6 marks)

lenz’s law
!e negative sign in the equation for induced emf tells us about the direction of the induced current. 

Consider a loop in a magnetic "eld that is getting stronger with time, as shown in 
Figure 5.11. !ere are two possible directions in which the induced current can /ow. How do 
we know which way it will go? !e negative sign tells us that the current must /ow such that the 
/ux through the loop decreases. Why is this? !e short answer is: conservation of energy.

aCt IV I t y  5 .1

EL ECt r O M Ag n E t i C  i n D U Ct i O n

aim

to investigate the current produced in a coil by a changing magnetic �eld

you will need

  bar magnet

  coil 

  sensitive ammeter or centre-zero galvanometer

what to do

1 Connect the coil to the ammeter.

2 slowly move the north pole of the magnet into one end of the coil and pull it out again. note what 
happens to the ammeter or galvanometer. now do it faster. 

3 predict what you will see if you put the south pole of the magnet into the coil. When you have written 
down your prediction, do the experiment. 

what did you discover? 

1 Did your observations match your predictions? Draw a sketch of the current as a function of time, 
noting what was happening with the magnet and coil along the time axis.

2 What can you say about the direction of the current? 

lenz ’S law

View the 
animations 
of Lenz’s law, 
magnetic braking 
and metal 
detectors.
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!e potential energy of the changing magnetic "eld is transformed into electric potential 
energy. !e result is an electric "eld and, as we saw in Chapter 3, an electric "eld can do work by 
applying a force. Work is done on any free electrons by the induced electric "eld. !e electrons 
then /ow, giving the induced current. !e induced current takes its energy from the changing 
magnetic /ux (via the electric "eld), and so reduces the rate at which the /ux changes.

Consider what would happen if the current acted to produce a further increase in the 
magnetic /ux through the loop. !e /ux would increase more, giving a bigger induced current, 
giving a bigger /ux and so on. We would have a ‘perpetual motion machine’ that made more 
and more current without any source of energy! !is would violate conservation of energy 
and cannot happen. So the current must /ow in the other direction and act to decrease the 
magnetic /ux through the loop. Lenz’s law is essentially a statement of conservation of energy.

Lenz’s law:

An induced emf acts to produce an induced current. The induced current is in the 

direction that causes a magnetic �ux change that opposes the change in �ux which 

induced the emf.

You studied 
conservation of 
energy in Nelson 
Physics Units 1 & 2 
for the Australian 
Curriculum, Chapter 1.

When the magnet is moved towards 

the stationary conducting loop, a 

current is induced in the direction 

shown. �e magnetic field lines are 

due to the bar magnet.

IS N

v

This induced current produces 
its own magnetic field directed 
to the lest that counteracts the 
increasing external flux.

I

SN

When the magnet is moved away 

from the stationary conducting loop, 

a current is induced in the direction 

shown.

S N I

v

This induced current 
produces a magnetic field 
directed to the right and so 
counteracts the decreasing 
external flux.

S N
I

t  Figure 5.11  
A moving bar magnet 
induces a current in a 
conducting loop. the 
direction of the current 
is determined by Lenz’s 
law.

eddy currents
Induced currents are not only seen in wire loops, but in any material in which there are free 
charge carriers. If a magnet is moved around over a piece of metal, the changing magnetic 
"eld will induce eddy currents in the metal. !e electrons move in circles in the region 
where the "eld is changing. !ey form loops and spirals of current, like eddies in a cup of 
tea when you stir it. !ese eddy currents create magnetic "elds that oppose the changing 
/ux from the moving magnet. !ey act to slow down or brake the magnet. !is is called 
magnetic braking. 
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aCt IV I t y  5 . 2

M Ag n E t i C  B r Ak i n g

aim

to investigate magnetic braking

you will need

  plastic pipe 

  copper pipe of the same length

  retort stand and clamps 

  strong magnet 

  stopwatch

  something to cushion the magnet’s fall

what to do

1 Attach the plastic pipe to the retort stand so it stands vertically. Drop the magnet down the pipe and 
time how it long it takes to fall through the pipe. 

2 try dropping it north pole �rst and then south pole �rst. Does it make any difference? 

Magnet

Pipe

Cushion
  t  Figure 5.12 Experimental set-up

3 replace the plastic pipe with the copper pipe. 

4 Can you predict in advance what will happen? Will the magnet fall faster or slower than in the plastic 
pipe? Will it fall faster with the north pole down than with the south pole down? Write down your 
predictions and your reasoning. 

5 now make some more measurements using the copper pipe.

what did you discover? 

1 Did your observations match your predictions? how can you explain what you observed?

 An interesting extension to this activity is to repeat the measurements using a copper pipe with a slit 
along its length. Why do you think this might give a different result to a complete copper pipe? 
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Q U e S t I o n  S e t  5 .1

remembering
1 What are the units of magnetic �ux? 

2 De�ne ‘electromagnetic induction’.

Understanding
3 A loop is placed in a uniform magnetic �eld and moved in a straight line. in this case, no current is 

induced in the loop. Why? 

4 figure 5.13 shows the �ux through a loop as a function of time. 

a sketch the rate of change of �ux through the loop 
t

DF

D
. Use the same time scale.

b sketch the induced emf across the loop as a function of time. Use the same time scale. 

0.1 0.2 0.3 0.4 

F
lu

x
 (

T
 m

2
)

0.06

0.04

0.02

0

20.02

20.04

20.06

Time (s)

   tFigure 5.13 

5 Draw a �owchart that summarises Lenz’s law for a magnet being pushed into a solenoid (coil).

applying
6 A solenoid produces a magnetic �eld of 0.25 t in its interior. the �eld is approximately uniform. What is the 

radius of the coil, given that the �ux through any loop of the solenoid is 5.0 mWb? 

7 A loop of cross-sectional area 0.050 m2 with resistance 1.0 V is in a variable magnetic �eld. At what average 
rate does the �eld need to change to induce a current of 0.050 A in the loop? Use graphs to explain your 
answer.

analysing
8 A loop of cross-sectional area 0.015 m2 is in a magnetic �eld of 0.030 t. initially the loop is perpendicular to 

the �eld lines (figure 5.14). the loop is rotated about an axis parallel to its long sides at a uniform angular 
velocity of 5 revolutions per second.

N S

B

  tFigure 5.14

a What is the �ux through the loop at t 5 0 s?

b Draw a graph of the �ux through the loop as a function of time. Mark important features on your graph 
including the maximum �ux and the period.

c Write an equation to describe the �ux as a function of time.

d On the same axes draw a graph of the induced emf across the loop as a function of time.

reAecting
9 follow the weblinks on page 124 about Maxwell and faraday. read more about them. Compare and 

contrast their contributions to electromagnetism. Whose contribution do you think was more signi�cant? 
Justify your answer.



13 4  n E L s O n  p h y s i C s  U n i t s  3  &  4  f O r  t h E  A U s t r A L i A n  C U r r i C U L U M 9 78 017 0 2 4 2110

applications of 
electromagnetism
Many physicists "nd the symmetry between electric and magnetic "elds very beautiful. It is 
these underlying symmetries that help inspire physicists to "nd patterns in nature, leading to a 
better understanding of how the universe works.

!is symmetry is not only beautiful, it is incredibly useful! In this section we will look at 
some of the applications of electromagnetism. Most of Australia’s electricity power production 
relies on generators. Most appliances have a plug pack or built-in transformer. Blenders, 
hairdryers and sound speakers are electric motors.

generators
A generator uses the relative movement of coils of wire and magnets to induce an emf across 
the coils to generate a current. !e energy required to produce the movement may come from 
any source. In Australia it is mostly supplied by burning coal. A small fraction comes from the 
gravitational potential energy of water (hydroelectric power stations) and the kinetic energy 
of air molecules (wind turbines). Many other nations use nuclear energy. All of these energy 
sources require generators to produce electricity.

aC generators
Figure 5.15 shows a very simple alternating current (AC) generator. An alternating current is 
one that varies between positive and negative values. Usually AC varies sinusoidally. !e coil 
is attached to an armature that rotates in the magnetic "eld between the poles of the two 
magnets. As it rotates the /ux through the loops of the coil varies, causing an emf across the 
ends of the coil. Each end of the coil is attached to a conducting slip ring that slides against a 
brush. !e brushes are then connected to the external circuit that uses the emf generated.

Carbon brushes

Slip rings

Alternating emf output

Axis of rotation

Armature

Q R

P S

N S

emf
or «

Figure 5.15 u  
the rotation is circular, 

so the circular  
functions, sine and 

cosine, represent the 
loop’s motion.
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The emf is the negative of the gradient of the �ux as a function of time.  
So the emf is given by: 

 
 emf 5 2pfnBA cos (2pft) 

This is shown in Figure 5.16. Note that when the �ux is changing most rapidly, the emf has 

its maximum values. For a sine curve, the gradient is greatest at t 5 0, t
T

2
5  and again at the 

end of each cycle. When the �ux is at a peak, at t
T

4
5  and t

T3

4
5 , the gradient is momentarily 

zero, so the emf is zero. The �ux and emf have the same frequency. 
The maximum emf occurs when cos (2pf t) 5 61; then: 

 
 «max 5 2pfnBA 

The maximum emf can be changed by changing f, n, B or A. If f is changed, the period 
changes as well as the emf.

Usually the armature has a large coil of wire, as the emf is proportional to the number of 
loops or turns in the coil. However, the bigger the coil, the heavier it is, so sometimes it is the 
magnets that are rotated instead of the coil. 

Flux

08 458 908 1358 1808 2258 2708 3158 3608

emf

Time

Time

Q

P S

R

P S

Q R

S P

R
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P S

Q
R

S P

QR
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Q
R

P

Q R

P S
PS

QR

SP

RQ

p  Figure 5.16 a loop rotates in a circle. the �ux through the loop describes a sine curve (top graph). 
the rate of change of �ux – the gradient – also describes a sinusoidal curve, but the emf is the negative 
of the rate of change of �ux (lower graph). the rotation of the coil is shown for each one-eighth of a turn.

In Figure 5.16 the �ux vs time graph is a sine curve because the original �ux is zero.

The �ux varies with the angle, u, which varies in time such that u(t) 5  
T

2






p

  t 5 2pft, where 

T is the period of rotation. The frequency is f
T

1
5 . Hence, the �ux as a function of time is given by: 

 
 F 5 nBA sin (2pft)

where a coil with n turns of area A rotates in a magnetic /eld of magnitude B. 
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wo r k e d  e x am ple  5 .3

A square coil of side length 0.10 m is made up of 400 turns. it is rotated at 25 hz in a magnetic �eld of  
magnitude 0.10 t.

a find the maximum emf induced. (3 marks)

b if, at t = 0, there is a maximum �ux through the coil, sketch the emf as a function of time. (4 marks)

answers logic

a «max 5 2pfnBA relate emf to parameters given. 1 mark

 «max 5 2p 3 25 hz 3 400 3 0.10 t 3 (0.10 m 3 0.10 m) substitute the correct values with units. 1 mark

 «max 5 63 V Calculate the �nal value. 1 mark

b

p  Figure 5.17 Emf as a function of time

E
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We know from part a that the emf  
varies between 263 V and +63 V.

the period of its oscillations is the  
same as the period of rotation, which  

is T 5 
1

f
 5 

1

25
 hz 5 0.04 s. 

note that as we do not know which way 
the coil is turning, a sketch showing emf 
starting from zero and decreasing �rst is 
also possible.

4 marks

try this yourself

What effect would doubling the frequency have on the maximum emf? sketch emf(t) for this case. (5 marks)

e xpe r I m e nt  5 .1

A  s i M pL E  AC  g En Er AtO r
A simple AC generator can be made by attaching a magnet to a spring and oscillating it in a coil, as shown in 
figure 5.18.

aim
to measure the current produced by the simple AC generator

materials
 ● retort stand and clamps
 ● spring
 ● magnet
 ● weights
 ● coil
 ● oscilloscope or data logger connected to computer

what are the risks in doing this experiment? how can you manage these risks to stay safe?

the magnet could �y off the spring and hit 
someone.

Make sure the magnet is well attached and do not 
oscillate it too vigorously.

in your write-up, add any more risks you can think of, as well as ways to manage them.

generatorS

this simulation 
shows how a 
generator works.
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aC quantities
For a sinusoidal potential di'erence, the relevant quantities are peak potential di'erence, VP, 
peak-to-peak potential di'erence, VP–P, period, T , and frequency, f. !ese are shown graphically 
in Figure 5.19.

pFigure 5.19 induced emf gives rise to an induced current. the peak voltage and peak current are proportional to each 
other and they have the same frequency. a) the induced emf or voltage has a peak value, V

p
 , that is half the peak-to-peak 

value, V
p−p

. it describes one cycle in one period of time, T. b) the induced current, i, has a peak value, I
p
, that is half the peak-

to-peak value I
p−p

. it describes one cycle in one period of time, T.

a

T

t

f 5
1

T

VP2P

VP

V or emf
b i

T

t

f 5
1

T

IP2P

IP

procedure
1 Attach the spring to the retort stand as shown in figure 5.18.

2 Attach the magnet and one weight to the spring.

3 place the coil below the magnet. Adjust the height of the spring and 
magnet so that at equilibrium the magnet is just inside the coil.

4 Connect the coil to an oscilloscope or data logger so that you can 
measure the emf produced.

5 pull the magnet down to start it oscillating. you may need to move the 
coil out of the way to do this, then put it back in place.

6 record the period of oscillation and the maximum emf produced. it is 
more precise to measure 10 complete oscillations, then divide by 10, to 
get the period of oscillation. Don’t forget to include uncertainties in your 
results.

7 repeat the measurements, adding weights to vary the frequency of 
oscillation. you will need to adjust the height of the spring each time.

results
record the maximum emf as a function of period of oscillation in a table like the one below. Don’t forget to 
include units and uncertainties in your results.

Calculate the frequency of oscillation and add this to your table as shown.

time for 10 oscillations period Frequency maximum emf

analysis of results
Draw a graph of maximum emf as a function of frequency of oscillation. Comment on the shape of your graph.

discussion
1 Do your results agree with what you would expect from the equation for the emf of a generator?

2 how could you improve this experiment to make it more accurate? What could you do to extend it?

N

Spring

Coil with several
hundred turns

Magnet

 pFigure 5.18 A simple generator 
can be made by connecting 
a magnet to a spring and 
oscillating it in a solenoid.
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When dealing with direct current (DC), potential di'erence and current are constant, 
or at least constantly in the same direction. AC values vary between a peak positive value and 
a peak negative value, oscillating back and forth in each cycle. !e average of the AC potential 
di'erence over one cycle is zero, yet the AC potential di'erence obviously delivers energy 
during that time; that is, it delivers power to a circuit. Power is proportional to the square of the 
potential di'erence. If we square the potential di'erence and "nd the average, we can get a value 
for the average power. To convert this to a single potential di'erence that would deliver the same 
power as the original AC potential di'erence, we take the square root of this average. !e single 
value of potential di'erence that we get when we square, average and take the square root is 
called the root mean square or rms value:

 5
2

rms
peakV

V
 5 0.707Vpeak 

T

VP

V

Square

0

a

(V )2ave

(VP)
2

V
2

Square

root

0

c

T

(VP)
2

V 2

Average

0

b

(V 2)ave
5 Vrms

√

0

d

Figure 5.20u  
a) A sinusoidal V(t).  
b) We square this to  
get V 2(t). this has a 

peak value of V
p

2.  
c) the average value 

of V 2(t), which has the 

value 
1

2
V

p
2. d) taking  

the square root of this 

value gives us the rms 

value: 
1

2
rms peak

5V V .

Similarly: Irms 5 
1

2
Ipeak 5 0.707Ipeak

!e rms potential di'erence is an average AC potential di'erence that produces the same 
power in a resistive component as a constant DC potential di'erence of the same magnitude. 
AC systems are usually described using rms values.

For an AC generator, the maximum output emf is «max 5 2pf nBA. !e rms value of the 
output emf is therefore:

2

2

2
2rms

max f nBA
f nBA« 5

«
5

p
5 p  

!e rms current produced is 

2

2
rms

maxI
I f nBA

R
5 5

p

where R is the resistance of the load attached to the generator output. 

Recall from your 
studies of circuits 
in Nelson Physics 
Units 1 and 2 for the 
Australian Curriculum 
that current, I, and 
voltage, V, for a load 
of resistance R are 
related by Ohm’s law: 
V 5 IR.

aC and rmS 
ValUeS

this page has 
more details of AC 
signals and how to 
�nd rms values.
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dC generators
A generator that provides an output emf that is always positive is called a DC generator. 
In a DC generator, a commutator is used instead of the slip rings used in an AC 
generator, as shown in Figure 5.21.

In the commutator, each side of the coil is connected to a conducting copper strip. 
!ese are separated by insulators. As the commutator rotates past the carbon brushes, the 
e'ect is the same as if the connections to the slip rings were reversed each half-cycle. !e 
output for a single coil is shown in Figure 5.22(a). !e output is ‘lumpy’ or pulsed, rising 
to a maximum and dropping back to zero each half turn.

To smooth out the lumpy DC current, it is usual to use many coils that are o'set relative 
to each other to provide a steady current. Each coil has separate pairs of connections to the 

tFigure 5.22  
in a DC generator, 
the carbon brushes 
make contact with a 
commutator, which 
allows the connections 
to the coils to switch 
every half cycle. a) 
A single coil gives a 
�uctuating output. 
b) this problem is 
overcome by using two 
or more coils.

N S

Commutator

12

Carbon

brush

AxleCoil

1

2

emf at brushes

Time

emf in coil

emf

0

a

emf at brushes

Two-coil DC

N

S

emf

Time

b

Brushes

Connections
to windings

Connections
to windings

Slip
rings

Commutator

Brushes

Shast

pFigure 5.21  
a) An AC generator 
uses slip rings. b) A 
DC generator uses a 
commutator.

a

b

wo r k e d  e x am ple  5 . 4

the rms potential difference produced by an AC generator is 240 V. to what peak value does this correspond? 
(4 marks)

answer logic

5
1

2
rms peak

V V relate Vrms to Vpeak. 1 mark

5 2
peak rms

V V rearrange for Vpeak. 1 mark

5 2(240 V)
peak

V substitute the correct values with units. 1 mark

Vpeak 5 340 V Calculate the �nal value. 1 mark

try this yourself

What is the peak potential difference of an AC generator built for use in the 
UsA where Vrms 5 110 V?

(3 marks)
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Q U e S t I o n  S e t  5 . 2

remembering
1 name three sources of energy used in electricity production.

2 What is the purpose of the commutators in a DC generator?

Understanding
3 Why is there an alternating potential difference produced in a coil when it is rotated in a uniform 

magnetic �eld?

applying
4 An AC current source produces a current as a function of time given by i(t) = 30A sin (6pt ). 

a What are the maximum, average and rms values of current supplied by this current source? 

b What is the frequency of this source? 

c What is the period of the source? 

5 the armature of an AC generator is rotating at a constant speed of 35 revolutions per second in a 
horizontal �eld of �ux density 1.0 t. the diameter of the cylindrical armature is 24 cm and its length is 40 cm. 

a What is the maximum emf induced in the armature if it has 30 turns?

b What is the rms emf produced by this generator?

6 A �at rectangular coil 15 cm by 25 cm has 300 turns.

 An alternating emf of peak value 340 V is produced when the coil rotates at 3000 revolutions per minute 
in a uniform magnetic �eld. What is the value of the magnetic �eld strength?

7 A rectangular coil of 30 turns and area 100 cm2 rotates at 1200 revolutions per minute in a uniform 
magnetic �eld of �ux density 0.50 t.

a find the frequency of the generated emf.

b find the maximum emf.

c What is the rms emf?

d Write the equation that gives the emf at any instant.

8 figure 5.23 shows the magnetic �ux as a function of time through each loop of a 30-turn coil in a generator.
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F
(

T
 m

2
)

Time (s)

   tFigure 5.23

a find the maximum and minimum emf and the period of oscillation of the emf.

b Draw a graph showing the emf produced as a function of time. 

c Mark the rms emf on the graph.

9 the armature of a 50 hz AC generator rotates in a magnetic �eld of strength 0.15 t. if the area of the coil is 
2.5 3 1022 m2, how many turns must the coil contain if the maximum emf produced is 150 V  ?

reAecting
10 Australia’s electricity production and transmission infrastructure is based on the use of generators 

producing AC power. how would things be different if instead we converted completely to power 
generated by photovoltaic cells? What infrastructure would have to change? Construct an argument for 
or against such a change.

commutator. !e output for a two-coil DC generator is shown in Figure 5.22(b). !ese two coils are 
o'set by 908. One of the problems of using multiple commutators is that there can be sparking across 
the insulating gap. !is can be dangerous in car engines where there are /ammable gases nearby.
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qFigure 5.24  
some transformers
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t Figure 5.25  
a) A schematic diagram 
of a transformer and  
b) the circuit symbol for 
a transformer.

Iron core

Iin

Iout

Pin 5 Vin Iin

Pin 5 Vin Iin 5 Pout  5 Vout Iout

Pout  5 Vout Iout N1 N2Input Output

a b

transformers
Most appliances use a transformer to convert the 240 V mains power to a lower potential 
di'erence. Some also convert the AC potential di'erence to DC. !e transformer may be 
inside the device, or it may be a separate plug pack. !ere are also transformers at electricity 
substations. !ese drop the potential di'erence from the thousands of volts at which it is 
transmitted to the 240 V that is supplied to homes and businesses.

Solenoids produce 
a large uniform 
magnetic 2eld, 
as described in 
Chapter 4.

A ferromagnetic 
material becomes 
magnetised in a 
magnetic 2eld. All 
the tiny magnetic 
dipoles, which are 
individual atoms or 
molecules, align 
to give a large 
magnetic 2eld. This 
was described in 
Chapter 4. 

A transformer consists of two solenoids or coils of wire placed near each other so that an 
alternating current in the primary coil can induce a current in the secondary coil. !e link 
between input and output is by electromagnetic induction; there is no electrical connection.

Solenoids are used because they produce a large and approximately uniform magnetic "eld 
inside the coil. !e "eld in the primary varies sinusoidally with the alternating current in the 
coil. !e coils need to be coupled so that the changing magnetic "eld in the primary coil causes a 
changing magnetic /ux in the secondary coil. !ere are two ways of doing this. First, the coils can 
share the same space by placing one within the other. !is is sometimes used in cordless appliances 
such as kettles. !e second, and more usual, way is to link the coils using a ferromagnetic core.

Figure 5.25 shows how this works. !e primary coil is wound around one side of an iron 
core. !e current in the primary coil magnetises the whole core, not just the part within the 
primary coil. !e time-varying current in the primary coil causes a time-varying magnetic "eld 
inside the secondary core. !is creates a time-varying electric "eld, hence an emf and current in 
the secondary coil.

!e /ux through any loop is the same for both coils. If the primary coil has Np turns then: 

 Vp 5 2Np 

DF

D











t
 

Similarly: Vs 5 2Ns 
DF

D











t
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2

1

Positive

Negative

2

1

Negative

Positive

Figure 5.26  u  
Converting AC to DC – 

the potential difference 
across, and the current 

through, the resistor is 
the same for both input 

conditions.

As 
t

DF

D
 is the same for both coils:

 5
s

p

s

p

V

V

N

N

Assuming that the transformer is 100% eIcient, power out 5 power in:

Pout 5 Pin 

Recall from Nelson Physics Units 1 & 2 for the Australian Curriculum that P 5 VI, so:

IsVs 5 IpVp

p

s

s

p

I

I

N

N
⇒ 5

Transformer equations:

 
V

I

I

N

N
    

s

p

p

s

s

p

V
5 5

In reality, transformers are not 100% eIcient, and a small amount of energy is lost as heat 
through resistance and eddy currents.

A step-up transformer (Ns . Np) has a higher emf and lower current on the secondary side. 
A step-down transformer (Ns , Np) has a lower emf and higher current on the secondary side.

Step-down transformers are sometimes connected to a recti)er circuit, such as that shown 
in Figure 5.26. A recti"er converts an alternating current to a direct current. !is is done by 
passing the current through two pairs of diodes. !e current output across the load varies in 
time but is always in the same direction. !e variation is called a ‘ripple’, which is reduced by 
using a smoothing capacitor and resistor.

V
s
 is proportional to 

the rate of change 
of the 4ux. Flux is 
proportional to 
V

p
. Hence V

s
 is 

proportional to the 
rate of change of  

V
p
, or V

s
 ~ 

dV

dt

p
.  

A transformer is a 
differentiator!

wo r k e d  e x am ple  5 .5

A 120 W, 24 V AC supply is connected to the input terminals of a transformer. the primary coil is wound with 
240 turns. the output emf is 72 V. Assume there is no power loss in the transformer.

a find the number of turns on the secondary coil. (4 marks)

b is this a step-up or step-down transformer? (1 mark)

c What is the output current? (5 marks)

answers logic

a s

p

V

V
 5 s

p

N

N
 relate the number of turns to the 

parameters given.
1 mark

 Ns 5 Np  
s

p

V

V rearrange for Ns. 1 mark

 Ns 5 240 










72 V

24 V
substitute the correct values with units. 1 mark

 Ns 5 720 Calculate the �nal value. 1 mark

tranSFormerS

this page shows 
how a transformer 
works. it also has 
a transformer 
calculator.
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b  step-up transformer the output emf is higher than the input, and the 
secondary coil has more turns than the primary 
coil. this must be a step-up transformer.

1 mark

c Pout 5 Pin Apply conservation of energy. 1 mark

 Pout 5 IsVs 5 Pin relate current to power. 1 mark

 Is 5 
in

s

P

V
rearrange for current. 1 mark

 Is 5 
120

72

W

V
substitute the correct values with units. 1 mark

 Is 5 1.7 A Calculate the �nal value. 1 mark

try these yourself

1 A transformer has a primary coil with 500 turns and a secondary coil with 150 turns. 
the input potential difference is 240 V. What is the output emf?

(2 marks)

2 A transformer needs to supply 12 V and 1.0 A to a laptop from the mains power 
supply. 

a What is the ratio of turns on the secondary coil to the primary coil? (2 marks)

b What is the input current to the transformer? (2 marks)

e xpe r I m e nt  5 . 2

t r A n s f O r M Er s

aims
to observe the effect of �ux changes in the secondary coil of a transformer caused by changing potential 
difference across the primary

to compare the ratio of the potential differences to the turns ratio in both step-up and step-down transformers

materials
 ● 2 air-core solenoids with known number of turns
 ● iron rod
 ● AC/DC power supply
 ● momentary switch
 ● oscilloscope (CrO)

what are the risks in doing this experiment? how can you manage these risks to stay safe?

power supplies can cause electric shocks. Do not use or induce potential differences 
above 15 V.

Make sure your equipment is checked by your 
teacher before use. 

in your write-up, add any more risks you can think of, as well as ways to manage them.

part a

procedure 
1 place the air-core solenoids end to end with the iron core placed inside them as shown in figure 5.27.

2 Connect one solenoid to the DC power supply set to 2 V.

3 Connect the other solenoid to a CrO.

4 tap the switch to turn the DC power off and on.

5 record any change in the trace on the CrO. you may need to adjust the time base. 

6 Describe what happens.
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7 turn the power supply on and observe what happens. 

8 now turn it off and observe what happens. 

9 record your results.

CRO

Solenoid 1
Solenoid 2

DC supply

p  Figure 5.27 Experimental set-up for part A

results
Draw a diagram showing what happened when you tapped the switch. 

analysis of results
how does tapping the switch like this compare to the switch simply being turned on?

part B

procedure 
1 Change the power supply to 2 V 50 hz AC.

2 turn on the power supply and, by looking at the CrO trace, observe what happens in the second solenoid.

3 Exchange the two solenoids and repeat your measurements.

results
sketch the CrO trace.

analysis of results
1 Describe how this differs from part A in which DC potential difference was used.

2 sketch the input and output voltages on the same set of axes for each arrangement of solenoids.

3 Calculate the output voltage predicted by the transformer equations. Does it agree with your measurements? 

discussion
1 for a DC potential difference applied across the primary, when does the �ux change? What happens in the 

secondary?

2 how well did the transformer equations predict the results of your experiment? how can you explain any 
discrepancies?

3 how could you reduce experimental uncertainties in this experiment?

Transformers can be used to improve safety of people and equipment. Isolation transformers 
are used to ensure that there is no direct electrical connection between electronic medical 
equipment and patients. !ey are also used to protect other medical instruments when 
de"brillators are used to restart a patient’s heart. Sometimes isolation transformers are used in 
laboratories to prevent electronic ‘noise’ interference from the mains power supply.
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Q U e S t I o n  S e t  5 .3

remembering
1 What is the difference between a step-up and a step-down transformer?

Understanding
2 Why is an alternating current necessary for a transformer?

3 Why must the output current in a step-up transformer be less than the input current?

4 figure 5.28 shows the input potential difference to a transformer. sketch the output potential difference.

23

22

21

0

1

2

3

8V
in

 (
V

)

Time (s)
2 4 6

tFigure 5.28

applying
5 for a transformer with a 1000-turn primary, what potential difference is available at the 200-turn 

secondary when the primary coil is supplied with 240 V AC?

6 A transformer is connected to an AC source that can deliver 30 A. the secondary coil of the transformer 
can deliver a maximum current of 10 A.

a What type of transformer is this?

b Calculate the ratio between the number of turns in the primary and the number of turns in the 
secondary.

7 A step-up transformer is connected to an AC generator that delivers 8.0 A at 120 V. the ratio of the number 
of turns in the secondary coil to the number of turns in the primary is 500.

a What is the emf in the secondary coil?

b What is the power input?

c What is the maximum power output?

d What is the maximum current in the secondary?

analysing
8 transformers are not 100% ef�cient. their ef�ciency can be improved by using a laminated core; that is, a 

core made from thin slices of iron sandwiched together with glue. Explain how this reduces energy loss in 
a transformer.

9 A step-down transformer is connected to a 240 V 50 hz AC mains 
supply. there are 1200 turns in the primary coil. the secondary coil 
has three terminals, p, Q and r, as shown in figure 5.29. When a 
10 V resistor is connected between terminals p and Q, the current 
�ow in the resistor is 0.60 A. When the same resistor is connected 
between terminals Q and r, the current �ow is 1.0 A.

a What is the potential difference between p and Q?

b What is the potential difference between Q and r?

c find the number of turns in the secondary coil between 
terminals:

 i p and Q.

 ii Q and r.

d What is the potential difference between p and r?

e What is the current in the 10 V resistor if it is connected between terminals p and r?

240 V

AC 

P

Q

R

p Figure 5.29
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Figure 5.30  u  
A current in a loop 
in a magnetic �eld 
experiences forces 

on the arms that are 
perpendicular to the 

�eld. a) the forces act 
in opposite directions, 

causing rotation. b) After 
a half-�ip the forces are 

reversed and the loop 
�ips back the other way.

electric motors
Electric motors are essential in industry, transport and everyday appliances such as refrigerators, 
washing machines, air conditioners and dishwashers. Many electrical measuring devices also use 
the rotational e'ects of current elements in magnetic "elds.

Faraday came up with the idea of motors in 1821 as an application of the ‘lines of force’. !e 
energy transformations in a motor are the reverse of those in the generator.

Generator: kinetic energy is converted to electric potential energy.

Motor: electric potential energy is converted to kinetic energy.

dC motors
We saw in the previous chapter that a current experiences a force in a magnetic "eld. !e 
magnitude of the force is given by F 5 I,B sin u.

Consider a loop of current-carrying wire in a magnetic "eld such as that shown in 
Figure 5.30(a). !e length of wire between points N and M has a force, F 5 I,B sin u acting 
upwards on it. !e wire between P and Q has an equal force acting downwards on it. !e net 
force is therefore zero, and we do not expect the loop to go either up or down. However, the loop 
will move because it experiences a torque. A torque is a push or pull that acts to rotate an object.

As you saw when you studied forces in Chapter 1, torque is the rotational equivalent of force. 
!e torque exerted by any force, F, acting at some distance, r, from an axis of rotation is

t 5 rF sin u

where u is the angle between the force, 


F , and the vector 


r , which points from the axis to the 
point of application of the force. 

!e torque is a maximum when 


r  and 


F  are perpendicular, as in Figure 5.30. Torque is zero 
when r and F are parallel. !e expression for torque is sometimes written as 

t 5 rF
⊥

where the ⊥ symbol indicates that it is the product of the vector 


r  and the component of the 
vector 



F  which is perpendicular to 


r . 
Like force, torque is a vector. We use the right-hand rule from Chapter 4, Figure 4.3, to "nd 

its direction. Point the "ngers of your right hand in the direction of r, then curl them towards F. 
Your thumb now points in the direction of the torque. Note that the direction of the torque is 
parallel to the axis of rotation. !e curl of your "ngers gives the sense of rotation about the axis. 

In Figure 5.30(a) the two forces acting on the loop result in a torque that acts to /ip the loop 
over in a clockwise direction. !e current has now reversed direction, and so the direction of the 
forces also changes. !e new torque acts to push the loop back in the opposite direction, as in 
Figure 5.30(b).

Torque is more 
correctly given as the 
vector cross product 

between 


r  and 


F :

t 5 


r  3 


F

This is another 
example of the use of 
the cross product in 
physics.

A pair of equal but 
opposite forces like 
the forces acting 
in Figure 5.30 is 
sometimes called a 
couple. The resulting 
torque is a couple 
moment. 
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p  Figure 5.31 
side view of a loop 
rotating about an axis 
that is at right angles to 
a magnetic �eld.  
a) Maximum net torque, 
b) decreasing net 
torque, c) no torque and 
d) torque reversed.
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F F F
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B
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a b c d

a b

Coil
armature

Axis of rotation
(horizontal)

B C

A D
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brush

Commutator

N pole of a
permanent

magnet 
S pole

D

A

Copper ring with
insulating separators
between its halves

Current in

Carbon brushes

Current
out

t  Figure 5.32  
a) the DC supply is 
connected to the 
carbon brushes. the 
commutator is free 
to move against the 
brushes. the insulating 
separators keep the 
two sides of the coil 
electrically separated. 
As the coil �ips over, 
the current in the coil is 
reversed, which allows 
the torque to act in one 
direction over the full 
cycle. b) A close-up view 
of the commutator.
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t Figure 5.33  
shaped magnets ensure 
constant torque.

Seen from the side, the coil starts in the position shown in 
Figure 5.31(a). It rotates through position (b) and continues to rotate. 
At position (c) the forces on each side act along the same wire and the 
net torque is zero. !e coil has suIcient rotational momentum to carry 
it past this balance point. Once past this balance point the net turning 
e'ect is reversed, as shown in Figure 5.31(d). !e coil now reverses 
direction and oscillates back and forth about the balance point. !e 
oscillations get smaller due to friction. After a short time no rotation 
takes place and the coil comes to a stop.

!e current in the coil must be stopped or reversed each half-cycle of rotation to keep the 
coil rotating. Commutators or reversing switches do this.

Commutators
!e commutator changes the electrical contacts on the wires as the coil’s momentum carries it 
past its balance point. Brushes made of graphite or carbon blocks usually provide the sliding 
contact, as shown in Figure 5.32.

Practical motors use shaped magnets (Figure 5.33) or electromagnets and multiple coils 
at di'erent angles around an iron core. !ese increase the magnetic "eld, the torques and the 
smoothness of the rotations.

homopolar 
motor

this is an even 
simpler motor, with 
only one magnet.

BUIld a motor

here is a simple 
design for a DC 
motor you can build.

!e speed of a DC motor is controlled by the supplied emf. !e energy is being constantly 
supplied by the source of emf, and is being converted into kinetic energy, so it may seem that 
the coil should go faster and faster and faster as long as the motor is turned on. !is would 
not violate conservation of energy, as the emf is continuing to supply energy. But this doesn’t 
happen. Instead, the motor accelerates until it reaches a steady rotational speed. !e e'ect of 
friction alone does not account for this.
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We know from Lenz’s law that the changing magnetic /ux through a loop, due to the 
movement of the loop, induces an emf in the loop. !is is called a back emf. !e back 
emf must be in the opposite direction to the applied potential di'erence that caused the 
movement. !e faster the coil spins, the more rapidly the /ux changes and the bigger the 
back emf. !is limits the current in the coil and hence the rate at which it spins.

wo r k e d  e x am ple  5 .6

A motor uses a 50-turn coil that has dimensions 0.10 m by 0.16 m. A 
current of 2.0 A �ows through the coil. the coil is vertical and is in a 
magnetic �eld of 0.12 t, directed upwards.

a What is the magnitude and direction of the force exerted on 
side AB? (5 marks)

b What is the magnitude and direction of the force exerted on 
side BC? (2 marks)

c What is the total torque acting on the coil? (8 marks)

d in which direction will the coil begin to rotate? (1 mark)

answers logic

a  F 5 i,B sin u relate the force per section of wire to the 
variables given.

1 mark

F 5 ni,B recognise that the angle u is 908 and that  
there are n lengths of wire in the section.

1 mark

F 5 50 3 2.0 A 3 0.16 m 3 0.12 t substitute the correct values with units. 1 mark

F 5 1.9 n Calculate the �nal value. 1 mark

F 5 1.9 n, to the right Use the right-hand rule to �nd the direction. 1 mark

b  F 5 i,B sin u relate the force per section of wire to the 
variables given.

1 mark

F 5 0 recognise that the angle u is 08 and hence  
sin u 5 0.

1 mark

c t 5 rF sin u relate torque to force. 1 mark

tAB 5 rFAB find the torque acting on side AB. 1 mark

tAB 5 0.05 m 3 1.9 n substitute the correct values with units. 1 mark

tAB 5 0.095 n m Calculate the �nal value. 1 mark

tBC 5 rFBC 5 0 find torque acting on other sides 3 marks

tCD 5 tAB 5 0.095 n m 

tDA 5 tBC 5 0

ttotal 5 tAB 1 tBC 1 tCD 1 tDA Calculate the total torque. 1 mark

ttotal 5 0.095 n m 1 0 1 0.095 n m 1 0 

         5 0.19 n m 

d Clockwise Using your right hand, the torque is acting along 
the direction AB, so your �ngers curl clockwise. 

1 mark

try this yourself

repeat the question above but for a magnetic �eld directed horizontally to the right. (11 marks)

A

B

D

50 turns

C

0.10 m 

0.16 m 

p Figure 5.34 A 50-turn current-carrying coil
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End discs or rings

Copper or
aluminium conduction bars

p Figure 5.35 A ‘squirrel 
cage’ rotor is used as the 
coil in an induction motor.

I nVe S t I gat I o n  5 .1

M Ak E  yO U r  OW n  D C  M OtO r
you can make your own DC motor with only a few simple parts. Once you have made your motor you can 
test it by measuring how fast it spins for a given input. you can also measure how powerful and ef�cient it is by 
attaching weights and getting your motor to lift them.

what is your aim?

your �rst aim is to build a motor. then you need to determine how well it works. 
think about what measurements you can make. What will they tell you about the 
performance of your motor?

what will you need?

start by doing some research on simple motor designs. Consider the materials you 
will need to make your motor. you will also need some other materials and measuring 
devices in order to test the performance of your motor.

what are the risks?

Construct a table similar to the one below. identify speci�c risks involved in the investigation and ways that you 
will manage the risks to avoid injuries or damage to equipment. for example, will you be using high voltages or 
heavy weights? Will you be doing any soldering?

what are the risks in doing this investigation? how can you manage these risks to stay safe?

how will you carry out your investigation?

Make sure you allow time to troubleshoot any problems with your motor. Often things do not work the �rst time, 
and need to be modi�ed. this can take time.

what results will you collect?

think about how you can measure motor speed and power. you may need to be creative. the motor will 
almost certainly spin too fast for you to count revolutions by eye. What else could you do? how can you 
minimise uncertainties in your results?

how will you analyse your results?

think about what graphs you can plot to analyse your results. how will you determine uncertainties? Will you 
compare the performance of your motor to that of others?

what do you conclude?

Write a conclusion that is consistent with your results and your aim. Don’t forget to write down any ideas you 
have for improvement or further investigation.

how real 
motorS 
work

View the insides 
of several motors, 
and learn about 
real motor design.

aC induction motors
An AC induction motor uses the principle of electromagnetic induction. No current is 
supplied directly to the rotating coils, but a current is induced in them by using a changing 
magnetic "eld. !e changing magnetic "eld is produced by an AC current. !e rotor (the 
rotating part) consists of a cylinder with metal rods embedded in it along the length of the 
cylinder. !ese are electrically connected at each end of the cylinder to form closed loops. !is 
forms a ‘squirrel cage’ (Figure 5.35).

!e rotor sits between the poles of two electromagnets. !e AC supplied to the coils of the 
electromagnets creates an oscillating magnetic "eld that induces a current in the rotor coils. 

Transformers and induction motors are similar. !e primary or stationary coils (stators), 
create the time-varying magnetic "eld. !is produces a time-varying magnetic /ux in 
the secondary coil or rotor. However, a motor is designed to rotate, so the stator coils are 
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arranged to produce a rotating magnetic "eld. A force acts on the 
induced current in each connecting bar of the rotor due to the 
magnetic "eld from the stators. !e connecting rods are arranged 
symmetrically, so there is no net force on the rotor; however, each 
rod experiences a torque. !e torques are in the same direction and 
add up to give a net torque on the rotor, causing it to rotate. !e basic 
con"guration of an AC induction motor is shown in Figure 5.36.

!e AC power supplied through the mains electricity has a 
frequency of 50 Hz; 50 times each second the current changes 
direction, and a motor connected to it runs at 50 Hz without a 
load. When there is a load, the speed is less because the rotor 
cannot keep up with the magnetic "eld. !is means that AC 
induction motors generally have a top speed of about 3000 rpm.

Almost all motors in use are AC induction motors. Power tools 
such as drills and circular saws use AC induction motors, as do large 
industrial machines. !ey are widely used because of their simplicity 
of design and high eIciency. !ey are also low maintenance 
because they do not have commutators or brushes to wear out.

An applied AC voltage
produces an alternating
magnetic field.

Stator coils

Squirrel cage
rotor

Figure 5.36 p  
An AC induction motor

aCt IV I t y  5 .3

A  V Ery  s i M pL E  AC  i n D U Ct i O n  M OtO r

aim

to make a very simple AC induction motor

you will need

  a piece of thread

  disc of metal such as a thin disc of aluminium

  hand drill

  pencil

  bar magnet

what to do 

1 Connect the disc of metal to the thread, so that you can hang the disc horizontally.

2 Attach the magnet to one end of the pencil, and insert the other end of the pencil into the chuck of 
the hand drill.

3 hold the drill so that the magnet is under, but not touching, the metal disc. Use the hand drill to spin 
the magnet.

Drill chuck


read

N

S

Disc

  tFigure 5.37 A very simple AC induction motor

what did you discover? 

What happened when the magnet was spun? What happens when it is spun the other way?
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w
o

w Speakers are linear AC motors

Loudspeakers, such as you �nd attached to stereo systems, are 
simple linear AC motors. the moving coil is attached to an AC 
source. this source is the ampli�er of the stereo system. the coil 
is attached to a lightweight cone, often made of paper, held in 
place by springs. the coil moves in the �eld of a large magnet. 
the springs are often made of pleated paper, and allow the 
cone to move back and forth.

the current coming along the speaker wires and into the 
coil is AC, with a complicated waveform made up of many 
frequencies. this is the music converted into a current. this 
current experiences a force, which makes the coil oscillate 
backwards and forwards as the current changes direction.  
the bigger the current, the bigger the force and the bigger the 
oscillations. the bigger the oscillations, the larger the amplitude 
of the wave produced by the oscillating cone and the louder  
the sound. the faster the oscillations, the higher the frequency  
of the sound.

N

Coil

Magnet

S

II

B

p  Figure 5.38 A 
speaker is a simple 
linear AC motor.

Q U e S t I o n  S e t  5 . 4

remembering
1 state the purpose of the commutator in a DC motor. 

2 Why does an AC motor not need a commutator?

Understanding
3 Brie�y explain the principle of operation of an AC induction motor.

4 Why does a current-carrying loop in a magnetic �eld experience a torque but no net force? Draw a 
diagram to help explain your answer. 

applying
5 figure 5.39 shows a simple electric motor. in which direction must the current �ow for the coil to rotate in a 

clockwise direction as seen from the end of the coil AD? Copy the diagram and show the magnetic �eld, 
the current, the forces on sides AB and CD, and the torque on the coil.

A
D

B
C

N S

  tFigure 5.39

6 figure 5.40 shows a rectangular coil placed between the poles of a strong magnet as part of a DC motor. 
the coil has 40 turns of wire and each turn is rectangular with length 0.060 m and width of 0.040 m. the 
magnetic �eld is uniform and has a magnitude of 0.050 t. the coil is free to rotate when placed between 
the poles of the magnet. A current of 1.5 A �ows in the coil. At the instant represented in the diagram, the 
plane of the coil is parallel to the magnetic �eld.

a What is the magnitude and direction of the force on side AB?

b What is the magnitude and direction of the force on side BC?

c What is the magnitude and direction of the force on side CD?

d What is the magnitude of the torque acting on the coil?

e in what direction – clockwise or anticlockwise – will the coil rotate?
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f how could the magnitude of the torque be increased? 

A
D

B C

N S

I 5 1.5A

  t  Figure 5.40

7 if the coil shown in figure 5.40 and described in question 6 is to experience a torque of 0.015 n m, how 
much current must be supplied to it? 

analysing
8 Why do most power tools and appliances such as food processors use AC rather than DC motors?

9 Why do AC induction motors have a top speed of 3000 rpm?

reAecting
10 imagine you work for an engineering company and someone tries to sell you a design for a DC motor 

that runs faster and faster as long as it is connected to a battery, with no limit to its top speed. Would you 
invest in the patent? What advice would you give to the company director on this?

electromagnetic waves
Maxwell’s most important contribution to physics was to take the equations and experimental 
results of Faraday and others, and unify them into a single theory of electromagnetism. !is 
theory is summed up in four di'erential equations:

5
«

.
0

E d A
q

�
�� ��

∫  Gauss’s law

5. 0B d A�
�� ��

∫  Gauss’s law in magnetism

�
�� �

. 5 2
F

∫ E d s
d

dt
B

 Faraday’s law

�
�� �

. 0 0 05 m «
F

1 m∫ B d s
d

dt
I

E  Ampère–Maxwell law

In words, these equations say:

Electric 
elds are created by charges.

There are no isolated magnetic poles (monopoles).

Electric 
elds are created by changing magnetic 
elds.

Magnetic 
elds are created by moving charges (currents) and changing  

electric 
elds.

Once the electric and magnetic "elds are known at some point in space, the force acting on a 
particle at that point is given by: 
 
 F



 5 qE


 1 qv


B


 sin u

Maxwell’s equations, together with this force law, completely describe all classical 
electromagnetism.
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Wavelength

1 pm

1 nm

1 mm

1 cm

1 m

1 km

Long wave

AM

TV, FM

Microwaves

Infrared

Visible light

Ultraviolet

X-rays

Gamma rays

Frequency, Hz

1022

1021

1020

1019

1018

1017

1016

1015

1014

1013

1012

1011

1010

109

108

107

106

105

104

103

Radio waves

1 mm

Violet
Blue
Green

Yellow

Orange

Red

,400 nm

,700 nm

5e visible light 
spectrum is expanded 
to show details of the 
colours.

Adjacent wave types 
exhibit some overlap 
of frequencies.

t  Figure 5.41  
the electromagnetic 
spectrum

Maxwell found that when he combined the second pair of equations, they gave a wave 

equation for the electric and magnetic "elds. !is led him to predict the existence of 
electromagnetic waves, and to realise that light waves are a form of electromagnetic waves. 
Electromagnetic waves consist of coupled, self-sustaining oscillating electric and magnetic  
"elds. From the wave equation, he predicted that the speed of light in a vacuum is  

5
m «

1

0 0

c  5 3.00 3 108 m s21. !is agreed within uncertainty with the experimentally 

measured values for the speed of light. In addition, the speed depends only on the constants m0 

and «0, which are properties of empty space. Maxwell’s theory did not require a medium, or 
aether, for the light waves to travel through. !is was very important for the development of 
relativity, as you shall see in Chapter 6.

Electromagnetic waves carry energy and momentum, as do all other waves. !ey also show 
the wave behaviours that you studied in Unit 2 of Nelson Physics Units 1 & 2 for the Australian 
Curriculum. !ey obey the superposition principle and show interference and di'raction e'ects. 
!e dispersion relation, v 5 f  l, gives us a relationship between speed, frequency and 
wavelength for light, just as it does for mechanical waves.

For light in a vacuum, v 5 
1

0 0

c 5
m «

 5 3.00 3 108 m s21. For light in any other medium, 

the speed is lower and depends on the permittivity and permeability of the medium; 5 m«v . 
Recall from Nelson Physics Units 1 & 2 for the Australian Curriculum Chapter 10 that the refractive 

index of a material is given by n
c

v
5 . While the refractive index was de"ned and measured more than 

a century before m0 and «0 were postulated, we can now formally de"ne it as n
c

v
5  5 

0 0

m«

m «
. 

For water, for example, n 5 
water water

0 0

m «

m «
 5 1.33 leads to values of mwater 5 1.27 3 1026 T m A21 

and «water 5 1.58 3 10210 C2 N211 T m22.

Maxwell also predicted that a large range of frequencies was possible for electromagnetic 
waves, well beyond the visible spectrum.

Both permittivity and 
permeability depend 
on frequency of the 
electromagnetic 
waves. Hence, 
different colours 
travel at different 
speeds. This is called 
dispersion. One result 
of dispersion  
is rainbows!

You saw in Chapter 2  
of Nelson Physics 
Units 1 & 2 for the 
Australian Curriculum 
that heat can 
be transferred 
by radiation. This 
radiation is made 
of electromagnetic 
waves, often in the 
infrared part of the 
spectrum.

When we look at 
quantum physics 
we shall see why 
objects radiate 
electromagnetic 
waves.

Wave equations are 
differential equations. 
They relate the 
rate of change 
of displacement 
in space to the 
rate of change of 
displacement in 
time. Maxwell found 
that the electric and 
magnetic 2elds obey 
wave equations. 
Note that v 5 l is not 
a wave equation. It is 
a dispersion relation. 
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Scienti)c literacy: Australian Synchrotron – seeing  
the invisible

the Australian synchrotron is a landmark 
national research facility that enables the 
study of materials and biological processes at 
the nanoscale. 

the synchrotron was built next to Monash 
University in Melbourne. it took �ve years to build, 
after several years of planning. the synchrotron 
cost about $220 million and was largely 
funded by the Victorian and Commonwealth 
governments. Various organisations contributed 
funding for beamlines including Monash and 
Melbourne Universities, CsirO (Commonwealth 
scienti�c and industrial research Organisation) 
and AnstO (Australian nuclear science and 
technology Organisation).

the synchrotron is a circular machine,  
about the size of a football �eld, that produces 
a light source one million times brighter than the sun. it accelerates electrons to close to the speed of 
light, under conditions of ultra-high vacuum, and directs their path with powerful electromagnets. the 
electrons are made to turn some 28 corners as they travel around the ‘ring’. As they change path the 
electrons lose energy, which is given out as synchrotron light. this light is then directed along beamlines 
to experimental end stations, where it is used in various investigative techniques.

How it works
the metal cathode in an electron gun is heated to ~1000°C and made 
to emit bunches of electrons in a process known as thermionic emission. 
Electrons leaving the cathode’s surface are forced towards an anode 
by the electric �eld that exists between the cathode and the anode. 
Electrons leave the gun with 90 keV of kinetic energy, and travel at a 
speed of 59 per cent of the speed of light.

A linear accelerator using radio frequency (rf) electric �elds is used 
to further increase their kinetic energy to 100 MeV.

the electrons next enter the booster ring, where a series of powerful 
electromagnets are used to force the electrons around a closed loop. 
the electron energy is again increased, so that each time the electrons 
complete one lap of the ring, their energy is increased. this results in an increase in the radius of the 
electron path, so the magnetic �eld is simultaneously increased to ensure that the electrons return to the 
rf cavity at the right time for the correct accelerating �eld to be applied.

the �nal destination of the electrons is the storage ring. powerful electromagnets are used to steer the 
electrons around a closed loop – they move at a speed equivalent to travelling 7.5 times around Earth 
each second. however, a charge that undergoes acceleration also emits electromagnetic radiation, so 
the storage ring at synchrotron light source serves as a source of intense beams of light, or synchrotron 
radiation, which ranges from infrared to hard X-rays. 
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p Figure 5.42 the Australian synchrotron

aUStralIan 
SynChrotron

Learn more about the 
Australian synchrotron 
and the experiments 
being carried out on its 
beamlines.
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How researchers use the light source

the light is channelled down beamlines to end stations, where researchers measure the interaction 
of light with their sample. the interactions that occur include X-ray scattering or diffraction, X-ray 
�uorescence, and X-ray and infrared absorption.

synchrotron techniques are used worldwide in many important areas, including understanding the 
capabilities of advanced materials such as carbon nanotubes and graphene – a highly conductive 
material consisting of a single layer of carbon atoms that could transform a multitude of industries from 
electronics to renewable energy. Agriculture, biomedics, environmental health, food technology, oil and 
gas, mining and nanotechnology also have synchrotron science to thank for major innovations in their 
respective �elds. 

text courtesy of the Australian synchrotron

Questions

1 Explain how charges that have undergone circular acceleration in the synchrotron’s storage ring 
produce electromagnetic radiation.

2 Describe the basic design of an electromagnet and how its magnetic �eld can be modi�ed.

3 research and describe the �ve main bene�ts of X-rays produced by synchrotron light sources over 
other conventional laboratory-based sources.

4 X-ray �uorescence is an analytical technique available at both synchrotron light sources and using 
conventional laboratory-based instruments. investigate and discuss the technique, what it measures, 
and the bene�ts of using synchrotron sources to perform these studies. 

5 the imaging and Medical Beamline (iMBL) at the Australian synchrotron can produce microbeams of 
X-rays for radiotherapy that are 25 mm in size. Discuss the bene�ts of using a microbeam for radiation 
therapy treatment over conventional radiotherapy treatments.

making and detecting 
electromagnetic waves
Stationary charges and steady currents cannot produce electromagnetic waves but, 
whenever the current in a wire changes with time, the wire emits electromagnetic 
radiation. Whenever a charged particle accelerates, it radiates energy in the form of 
electromagnetic waves. 

A transmitting antenna works by being connected to an AC. !is current causes charges 
to oscillate back and forth along the length of the antenna. !is creates a magnetic "eld. !e 
magnetic "eld is perpendicular to the axis of the antenna and forms loops around the antenna. 
Recall the right-hand rule from Chapter 4. 

!e current oscillates with some frequency, f. !e magnetic "eld also oscillates with 
this frequency. !is time-varying magnetic "eld creates a time-varying electric "eld. 
!is electric "eld also oscillates with frequency f, at right angles to the magnetic "eld. 
!ese two oscillating "elds are the electromagnetic wave. !e electromagnetic wave 
travels in a direction perpendicular to both "elds that make up the wave, which are 
themselves mutually perpendicular. !is is shown in Figure 5.44. Figure 5.45 shows 
how such waves are produced by an antenna. !e frequency of the wave is f, the same 

as the current, and it travels at speed c in vacuum or very close to this in air; hence it has 

wavelength l 5 
c
f

. 

When this travelling electromagnetic wave is incident on free charges, such as 

electrons in a receiving antenna, it will make them oscillate. !e electric "eld applies a 
force to the electrons, and an AC with the same frequency, f, is produced. !is current can 
be picked up and converted into another form. For example, a transducer attached to the 
antenna can convert the current into sound waves. Hence, an antenna can either transmit 
electromagnetic waves if it is connected to an AC, or receive them and produce an AC. 
!is is how radio, TV and mobile phone antennae work. !e length of the antenna 
depends on the frequency of the waves it must transmit or receive and the current it must carry. 
Longer antennae are used for lower frequencies. 
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p Figure 5.45  
An antenna produces 
an electromagnetic 
wave.
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B

B

E

E

p Figure 5.44  
the electric and 
magnetic �elds in an 
electromagnetic wave 
are perpendicular.
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wo r k e d  e x am ple  5 .7

An antenna for a radio station transmits a signal with frequency of 106.3 Mhz. What is the wavelength of this 
electromagnetic wave? (4 marks)

answer logic

c 5 f  l Use the dispersion relation to relate frequency  
to wavelength.

1 mark

c
f

l 5 rearrange for wavelength. 1 mark

l 5
3

3

23.00 10 ms

106.3 10 hz

8 1

6
substitute the correct values with units. 1 mark

l 5 2.82 m Calculate the �nal value. 1 mark

try this yourself

A tV station broadcasts a signal with a wavelength of 0.28 m. What frequency 
does this correspond to?

(3 marks)
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p Figure 5.46 Dr Maria Cunningham

Case study

Dr Maria Cunningham and the Square Kilometre Array (SKA)

Dr Maria Cunningham is an astrophysicist at the University of new south Wales. she works in a �eld called 
astrobiology. 

At school, Dr Cunningham’s interest in mathematics was encouraged, but her interest in physics 
puzzled people. she had various jobs after �nishing school before pursuing physics research. she started 
studying mathematics and physics as a hobby while breastfeeding her children. As she says, ‘it takes 
a lot of time, but you do have a hand free’. she has combined bringing up four children with a phD in 
astrophysics and a career that she loves.
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p Figure 5.47 CsirO’s Australian skA path�nder telescope 
at the Murchison radio-astronomy Observatory in Western 
Australia will host the core of the skA.

C
s
ir

O

Dr Cunningham uses large radio telescopes to search for evidence of organic molecules in space. 
these are detected by the characteristic spectra that they produce. some of the organic molecules that 
have already been found in space include methanol (Ch3Oh, found in methylated spirits), ethanol, acetic 
acid or vinegar (Ch3COOh), and the simple sugar ribose. 

Dr Cunningham use large radio telescopes, such as the Australia telescope Compact Array at 
narrabri in Australia, the Atacama Large Millimeter Array in the desert in the north of Chile (al norte de 
Chile), and the Murchison Wide field Array in the desert and radio quiet zone of Western Australia, inland 
from geraldton. these giant telescopes can tune in to the frequency of any molecule. Dr Cunningham 
uses these telescopes to ‘listen’ for molecules.

she hopes to �nd amino acids and more complicated sugars. these are the building blocks for simple 
living organisms – sugar for food, and amino acids to build the protein structure of organisms. finding 
these in space would be particularly exciting because there is a good chance that these complex organic 
molecules can only form in space. Maybe life comes from outer space via comets and meteorites! 

the $1.9 billion square kilometre Array (skA) is a gigantic array of radio telescopes, receiving dishes 
and antennae funded by Australia, Canada, China, germany, italy, new Zealand, south Africa, sweden, 
the netherlands and the United kingdom. it is to be built mostly in Australia and south Africa. it is a 
massive international project, far beyond the scope of any individual nation. 

the skA will be at least 10 times more sensitive than any existing radio 
telescope and be able to survey the sky 10 000 times faster. it will collect massive 
amounts of data, more than the current global internet load! Development of 
hardware and software, including algorithms for data compression to deal with 
this massive amount of data, is one of the major challenges of the skA project. 
the World Wide Web started as a way of transferring and linking information at the 
European Organization for nuclear research (CErn); only time will tell what might 
grow from the developments for the data processing at the skA.

Astronomers and astrophysicists from all over the world will use the skA to 
investigate cosmic magnetism and ‘dark matter’ and test the general theory 
of relativity. the skA will answer fundamental questions about how the universe 
formed, how it is evolving, and what will happen to it. it may also answer Dr 
Cunningham’s questions about how life began. 

the SQUare 
kIlometre 
array

Discover some 
amazing facts 
about what will be 
the world’s largest 
radiotelescope.
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Questions 

1 What is astrobiology?

2 Explain brie�y what a radiotelescope does. 

3 Why do you think the large telescopes that Dr Cunningham uses are typically built in the desert?

4 the skA will be able to detect electromagnetic waves with frequencies between 70 Mhz and 30 ghz. 
What wavelengths do these correspond to?

5 Why is it necessary for the skA project to be run by such a large international collaboration? Consider 
what positive aspects there might be to such a large collaboration. What negative aspects can you 
think of?

6 scientists often use posters to present their research at conferences. research one of the projects that 
will use the skA and prepare a poster describing the project. include the hypothesis to be tested, the 
sort of data that will be used, and why this research is important.

Q U e S t I o n  S e t  5 .5

remembering
1 Who uni�ed all the information about electromagnetic phenomena into a single theory, described by 

four equations?

2 De�ne ‘dispersion relation’. Write down the dispersion relation for light. 

Understanding
3 if figure 5.45 represents a transmitting antenna used by a radio station, should you have your car radio 

antenna orientated horizontally or vertically to listen to this station? 

4 When light (or other electromagnetic radiation) travels across a given region, what:

a oscillates?

b is transported?

5 What does a radio wave do to the charges in the receiving antenna to provide a signal for your car radio?

applying
6 the red light emitted by a helium-neon laser has a wavelength of 633 nm.

a What is the frequency of the light waves? 

b how long would it take for a signal from this laser to travel from the Earth to the Moon and back?

analysing
7 What experiments can be done to show that light is a wave? give at least three examples. hint: think 

about what you learnt about wave behaviour in Unit two of Nelson Physics Units 1 & 2 for the Australian 
Curriculum. 

8 the human eye is most sensitive to light with a frequency of 5.45 × 1014 hz, which is in the green-yellow 
region of the visible electromagnetic spectrum. 

a What is the wavelength of this light? 

b Why do you think the eye is most sensitive to this wavelength?

reAecting
9 Mark on an electromagnetic spectrum the wavelengths you have used today.
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Chap te r  S U m mary

 ● An electric �eld that changes in time creates a magnetic �eld.

 ● A magnetic �eld that changes in time creates an induced electric �eld. 

 ● A changing magnetic �eld creates an induced emf, « 5 2
t

DF

D
, where F 5 B



  A


 is the magnetic �ux. this is 
faraday’s law.

 ● if there are free charge carriers, an induced emf will cause an induced current to �ow.

 ● An induced current �ows in a direction such that it acts to oppose the change in magnetic �ux that created 
it. this is Lenz’s law and it is a consequence of energy conservation.

 ● A generator converts kinetic energy into electric potential energy.

 ● A generator uses the relative movement of coils of wire and magnets to induce an emf across the coils, to 
drive a current. 

 ● the maximum emf produced by an AC generator is «max 5 2pfnBA.

 ● AC potential differences and currents are described using rms values, where Vrms 5 
1

2
Vpeak.

 ● A transformer acts to change the magnitude of an AC potential difference, either increasing it (step-up) or 
decreasing it (step-down). 

 ● A transformer consists of two coils of wire arranged such that an alternating current in the primary coil can 
induce a current in the secondary coil, usually via a ferromagnetic core.

 ● the emfs, currents and number of turns in the coils of a transformer are related by 
V

V

I

I

N

N
s

p

p

s

s

p

5 5 .

 ● A motor converts electric potential energy into kinetic energy.

 ● A motor uses a current �owing through a coil in a magnetic �eld to produce forces on the coil.

 ● the forces on the coil of a motor add to zero but give a net torque on the coil, causing it to rotate.

 ● A DC motor uses a commutator to change the direction of the current to keep the torque in a constant direction.

 ● An AC induction motor uses a time-varying magnetic �eld to create the current in the moving coils, so no 
electrical connection to the coils is needed.

 ● Electromagnetic waves consist of coupled, self-sustaining, oscillating electric and magnetic �elds.

 ● Electromagnetic waves are produced by oscillating charges.

 ● An electromagnetic wave has electric and magnetic �elds perpendicular to each other and to the direction of 
propagation.

 ● the electric and magnetic �elds obey a wave equation, and have speed in vacuum given  

by c
1

0 0

5
m «

 5 3.00 3 108 m s21. 

 ● the speed is related to the wavelength and frequency by the dispersion relation c 5 f l. 

Chap te r  glo S Sary

alternating current (aC) a current that varies with 
time between positive and negative values, usually 
sinusoidally 

armature the frame of the rotating part of a motor 
or generator, holding one or more coils

back emf an induced emf that opposes the �ow of 
current in a circuit, particularly in a coil of a motor

commutator a device for reversing the direction of 
current �ow in a motor or generator

diode a circuit component that allows current to 
�ow in only one direction

direct current (dC)  a current that �ows in a single 
direction 

dispersion relation the relationship between the 
frequency of a wave and its wavelength

eddy current a circular current induced in a 
conductor due to a changing magnetic �eld

electromagnetic induction the production of an 
emf due to a time-varying magnetic �eld

electromagnetic wave coupled oscillating electric 
and magnetic �elds, which in vacuum form a 
transverse wave that propagates at speed c 

generator  a device that converts kinetic energy to 
electric potential energy and produces a current

induced current a current created by a changing 
magnetic �eld
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induced emf an emf created by a changing 
magnetic �eld

induction motor an AC motor in which the torque is 
due to a current induced by the changing magnetic 
�eld created by an AC current in a coil

magnetic braking braking due to the interaction of 
eddy currents and an external magnetic �eld

magnetic Aux the magnetic �eld passing through a 
given area, F 5 BA cos u

motor a device that converts electric potential 
energy into kinetic energy, usually rotational kinetic 
energy

rectiFer a circuit, typically consisting of diodes, that 
converts AC to DC

root mean square (rms) the average AC potential 
difference or current that produces the same power 
in a load as a DC potential difference or current of 
the same magnitude

rotor the rotating part, typically coils, of a motor or 
generator

stator the stationary or non-rotating coils of a motor 
or generator

step-down transformer a transformer with a lower 
output potential difference than the input potential 
difference

step-up transformer a transformer with a higher 
output potential difference than the input potential 
difference

transformer a device for changing the magnitude 
of an AC potential difference

vector dot product the scalar product of two 

vectors, C 5 A


  B


 5 AB cos u

wave equation a differential equation that 
describes wave behaviour; its solutions are wave 
functions that are typically sinusoids

Chap te r  r e V I e w Q U e S t I o n S

remembering

 1 What is the function of a recti�er circuit?

 2 What is an induced current?

 3 Why does an AC induction motor require less maintenance than a DC motor?

 4 name the main components of a generator.

 5 how do transmitting and receiving antennas differ?

Understanding

 6 Express the unit Wb in fundamental units. 

 7 Explain the difference between AC and DC generators. sketch the voltage output as a function of time for 
both types. 

 8 Brie�y describe how a transmitting antenna works. 

 9 Why is it necessary for the direction of current in the coil of a DC motor to be reversed every half turn?

10 how does a motor differ from a generator and in what ways are they similar?

11 A battery is connected to the primary coil of a transformer. Why is no current observed in the 
secondary coil? 

12 Explain the difference between Vp, Vp–p, Vave and Vrms for an AC potential difference. Draw a diagram to help 
explain your answer.

applying

13 A generator produces an output current of I(t) 5 3.0A sin (6.2 s21 t ). for this generator, what is:

a Ip?

b Ip–p?

c Iave? 

d Irms?
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14 figure 5.48 shows the basic features of a small DC electric motor. WXyZ is the rotating coil, connected to 
a DC battery. the direction of the magnetic �eld is parallel to the plane of the coil. the magnetic �eld has 
magnitude of 0.48 t and the coil has side lengths 0.080 m. A current of 2.0 A �ows in the coil.

Z

N S

W

I

X Y

P   t  Figure 5.48

a  With the coil in the position shown in figure 5.48, and looking from point p, will the coil rotate clockwise or 
anticlockwise?

b What is the maximum force on the side Zy?

c What is the torque on the coil?

15 figure 5.49 shows the north pole of a bar magnet being pushed into a solenoid. for each of the following 
situations, state whether the current �ows through the meter from X to y or from y to X. if no current �ows, 
write ‘n’.

X Y

S N

  t  Figure 5.49

a the north pole is moved towards the solenoid.

b the magnet is held stationary in the solenoid.

c the north pole of the magnet is withdrawn from the solenoid.

d the south pole of the magnet is moved towards the solenoid.

e the magnet is held stationary and the solenoid is moved to the right.

f Both the magnet and the solenoid are moved to the right with the same speed.

16 the magnetic �ux through a wire coil of area 2.0 3 1023 m2 is 4.8 3 1024 Wb. What is the magnetic �eld  
(�ux density) perpendicular to the plane of the coil?

17 A rectangular coil of length 15 cm and width 12 cm, having 60 turns, rotates in air about its axis at  
1200 revolutions per minute in a uniform magnetic �eld of �ux density 0.40 t.

a What is the emf when the plane of the coil is:

i perpendicular to the magnetic �eld?

ii parallel to the magnetic �eld?

b Draw a graph to show the time variation of the emf over an interval of one-twentieth of a second.

c What is the magnitude of the peak emf?

d What is the rms potential difference?
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18 figure 5.50 illustrates a step-down transformer with a primary coil of 500 turns and a secondary coil of  
250 turns. the primary coil is connected to a 240 V AC mains supply.

AC

Load

  t  Figure 5.50

a What is the secondary potential difference?

b Explain how the transformer operates.

c if the primary current is 2.4 A, what is the current in the secondary coil?

19 A generator is manufactured to produce an alternating emf of peak value 340 V when the coil rotates at 
3000 revolutions per minute in a uniform magnetic �eld.

a Why would this be a desirable output for a generator? 

  the magnetic �eld strength in which the coil rotates is 0.25 t and the coil has a cross-sectional area of 
0.040 m2.

b how many turns does the coil have?

20 A mobile phone transmits a signal with frequency 1800 Mhz.

a What wavelength is this signal?

b how long does it take for this signal to travel from perth to sydney, about 3300 km?

c Why does it actually take longer than this for a signal to get from a mobile phone in perth to one in 
sydney?

analysing 

21 a Explain the difference between AC and DC motors. 

b if you were designing a remote control car, what sort of motor would you use and why? 

c if you were designing a hair dryer, what sort of motor would you use and why?

22 figure 5.51 shows a rectangular coil of wire WXyZ in a uniform magnetic �eld of magnitude 0.06 t. the coil 
has 160 turns. the area of each turn is 0.025 m2. A student moves the coil vertically upwards with a uniform 
speed. the entire coil is in the magnetic �eld for 0.3 s and leaves the �eld between 0.3 and 0.5 s. 

N S

W
Y

Z

X

  

 
t  Figure 5.51

a Draw a graph of �ux through the coil as a function of time. Label your axes clearly, including units. 

b Draw a graph of the potential difference induced across the ends of the coil with time.

c What is the magnitude of the potential difference produced across the ends of the coil for the time 
interval from 0.3 to 0.5 s?
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23 if the coil shown in figure 5.51 and described in question 22 has a current of 0.20 A running through it in the 
direction from W to X, and is in the position shown in figure 5.51, what is:

a the net force acting on the coil?

b the net torque acting in the coil?

c the direction of rotation of the coil?

 if the coil is turned through 908 so that it is parallel with the �eld and side WX is on the left, what is:

d the net force acting on the coil?

e the net torque acting in the coil?

f the direction of rotation of the coil?

reAecting 

24 Draw a concept map showing how the various ideas, applications and principles covered in this chapter 
and the previous chapter are related. Express these in words. then add all the key equations to your 
concept map. Often these provide the links between concepts.

25 Evaluate the importance of hertz’s 1887 experiment.
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By the end of this chapter you will have covered the following material.

Science Understanding

 ● Uniformly accelerated motion is described in 
terms of relationships between measurable 
scalar and vector quantities, including 
displacement, speed, velocity and 
acceleration (ACSPH060)

 ● Representations, including graphs and 
vectors, and/or equations of motion, can 
be used qualitatively and quantitatively to 
describe and predict linear motion (ACSPH061)

 ● Vertical motion is analysed by assuming the 
acceleration due to gravity is constant near 
Earth’s surface (ACSPH062)

chap ter  6 

e i n Ste i n ’S 
S pec iaL 
r eL at iv i t y

By the end of this chapter you will have covered the following material.

Science Understanding 

 ● Observations of objects travelling at very 
high speeds cannot be explained by 
newtonian physics (for example, the dilated 
half-life of high-speed muons created in the 
upper atmosphere, and the momentum of 
high-speed particles in particle accelerators) 
(ACSPH129) 

 ● einstein’s special theory of relativity predicts 
signi3cantly different results to those of 
newtonian physics for velocities approaching 
the speed of light (ACSPH130) 

 ● the special theory of relativity is based on two 
postulates: that the speed of light in a vacuum 

is an absolute constant, and that all inertial 
reference frames are equivalent (ACSPH131) 

 ● Motion can only be measured relative to 
an observer; length and time are relative 
quantities that depend on the observer’s 
frame of reference (ACSPH132) 

 ● relativistic momentum increases at high 
relative speed and prevents an object from 
reaching the speed of light (ACSPH133) 

 ● the concept of mass–energy equivalence 
emerged from the special theory of relativity 
and explains the source of the energy 
produced in nuclear reactions (ACSPH134) 
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Introduction
Towards the close of the 19th century, most scientists were quite satis�ed with the development 
of mathematical models to explain the results of experiments and observations of the natural 
world. Newton’s earlier work on motion had been thoroughly tested and found to be valid in 
all circumstances. Scientists felt that they understood interactions between matter and energy  
quite well.

However, within the space of 30 years there would be a total transformation of these ideas. 
Small but signi�cant discrepancies were beginning to exist between predictions based on 
Newton’s equations of motion and experimental results.

Re�nements to the theory of electromagnetism by James Maxwell, which Hertz later 
successfully tested by experiment, was one trigger for this change. 

+e man who had the most impact was Albert Einstein, a German-speaking Swiss patent 
clerk. He used powerful ideas based on mathematical modelling to convince scientists about a 
di0erent way of looking at the nature of time, space, matter and energy. +is was prior to the 
period when experiments were able to con�rm these ideas or theories; however, measurements 
of the speed of light by Alfred Michelson and Edward Morley at the end of 19th century were 
useful in the acceptance of the theory.

The nature of light
Many early scientists conjectured that light had a �nite speed. +is was �rst demonstrated 
by Roemer at the end of the 17th century. It was �nally con�rmed by the astronomer James 
Bradley in 1728. Bradley measured the di0erence between where a star was expected to be seen 
and where it was actually observed. +is stellar aberration was due to the �nite speed of 
light and the speed of Earth combining to a0ect the position from which the starlight appeared 
to come.

He determined the speed to be about 298 000 km s21 (in modern units). +is value was later 
re�ned in land-based experiments by Fizeau (1849), Foucault (1852) and Michelson (1879, 1883 
and 1926). +e standard, constant speed of light is now 299 792 458 m s21.

In 1801, +omas Young demonstrated the e0ects of interference for light. +is indicated  
that light had wave-like properties. Young’s method was used to determine the wavelengths of 
visible light.

Later, in the same century, James Clerk Maxwell used calculus mathematics to bring all the 
concepts of electricity and magnetism neatly together into four simple relationships. As well as 
being a triumph of theoretical physics, it also began the transformation of our understanding of 
light and matter.

W
O

W James Clerk Maxwell (1831–79)

Maxwell is a giant of physics. Born in Scotland, he was educated at the university of 
edinburgh, and trinity college, cambridge. it was at cambridge that he began his most 
important work. in statistical thermodynamics he developed the Maxwell distribution, 
which correctly predicted the range of molecular speeds in a gas. in optics, he produced 
the 3rst colour photograph. he improved our understanding of colour perception and its 
link to colour de3ciency. in astronomy, Maxwell used mathematical modelling to show 
that the rings of Saturn were most likely made of small rock particles.

Maxwell’s greatest work was the uni3cation of electric and magnetic theory into 
electromagnetism. einstein’s re:ections on Maxwell’s work led to the theory of relativity.

The speed of light 
in a vacuum is 
299 792 458 m s21 
(approximately  
3.0 3 108 m s21). 
Recently reported 
studies have 
suggested that 
the speed of light 
has increased. If 
the speed of light 
turns out not to 
be constant, then 
Einstein’s theory 
will come under 
pressure and may be 
superseded.
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Position of
star if Earth
is moving

Earth
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u
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Position of
star if Earth is
not moving 

Figure 6.1 p  
a stellar aberration. 
a star appears at a 

different angle to that 
expected. this is caused 

by the movement of 
earth relative to the 

speed of light.



Speed 
OF lIghT 
may have 
changed

this article looks 
at some of the 
debate arising 
from the discovery 
that the speed of 
light may have 
been lower as 
recently as two 
billion years ago.
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Table 6.1 Maxwell’s equations

E.dA
q

∫
0

5
«�

� �
from coulomb’s law, relating electric 3elds (E ) to 
electric charge (q)

B.dA∫ 05�
� � from Guass’s law for magnetism, indicating that 

there are no single magnetic poles

�
�� �

E.ds
d

dt
5 2

F
B∫

from faraday’s law, in which an electric 3eld  
is produced by a changing magnetic 3eld

�
�� �

.B ds
d

dt
I5 m «

F
1m

0 0
e

0∫

or

�
�� �

B.ds
v

d

dt
I5

F
1m

1
2

e
0∫

an extension by Maxwell to ampère’s law, in  
which a magnetic 3eld (



B) is produced by electric  
current (I ) or changing electric 3eld (



E ). note that 
v represents the speed of the radiating electric 
and magnetic 3elds

note: «0 is a constant, the permittivity of free space, and µ0 is a constant, the  
permeability of free space.

9 7 8 0 17 0 2 4 2 11 0

E

B

B

E

Direction of

motion of wave

t Figure 6.2  
a representation of an 
electromagnetic wave 
travelling through space.  
time-varying electric 
and magnetic 3elds  
(E and B respectively), 
perpendicular to 
each other, give rise 
to an electromagnetic 
wave that travels 
perpendicular to both.

Maxwell’s equations (Table 6.1) were seen as a great triumph of theoretical physics because 
they uni�ed two �elds – electricity and magnetism. +ey are as important to electromagnetism as 
Newton’s laws of motion and the law of universal gravitation are to mechanics. Maxwell realised 
that his latter two equations meant that an electric �eld produced by the varying magnetic �eld 
would itself be varying. It would therefore produce a varying magnetic �eld, and so on.

Maxwell deduced that these waves could move through space with a �xed velocity, v. 
+e velocity of the electromagnetic wave was only dependent on the constants of magnetic 

permeability (m0) and electrical permittivity («0). Using modern values, this turns out to be:

× ×

1 1

(8.85 10 )(4 10 )

2.99 10 m s

0 0
12 7

8 1

n 5
m «

5
p

5 3

2 2

2

+e speed of electromagnetic radiation in a vacuum was the same as that of light. +is result, 
Maxwell argued, suggested two things. First, visible light must be like an electromagnetic wave. 
Second, the speed of light depends only on the medium. Initially, scientists were sceptical, but it 
was not long before Maxwell’s view was accepted because of the strength of his mathematical 
arguments and the accumulation of evidence.

The speed of electromagnetic waves and light depend only on properties of 

the medium: 

electrical permittivity, «, and magnetic permeability, m

In a vacuum, the speed of electromagnetic waves and the speed of light are the same:

5
m «

c
1

0 0
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electromagnetic radiation
+e �rst experiment to con�rm the presence of these electromagnetic 
waves was conducted by Heinrich Hertz in 1886, 7 years after 
Maxwell’s death. Hertz used a high-voltage spark gap to produce some 
electromagnetic waves that were detected a few metres away. He later 
showed that these waves could be reDected and refracted, and had 
a speed of 3.0 3 108 m s21. +is was experimental con�rmation of 
predictions based on Maxwell’s equations.

We now know that, as well as visible light, the electromagnetic 
wave spectrum consists of radio waves, microwaves, infrared 
light, ultraviolet light, X-rays and gamma radiation. +ey are all 
produced by the acceleration of charged particles, as predicted by 
Maxwell’s equations.

Receiving
loop

Electromagnetic
waves

Switch

Battery Coil
Spark

gap

Leyden jar

Figure 6.3 p  
the circuit in hertz’s 

equipment caused a 
spark to generate an 

electromagnetic wave 
that was received by a 

simple antenna.
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remembering
1 name one contribution to the understanding of light by these scientists:

a roemer

b Bradley

c young

2 On what does the speed of electromagnetic radiation depend?

Q U e S T I O n  S e T  6 .1
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Understanding
3 What did Maxwell achieve in his famous equations?

4 Draw a three-dimensional representation of an electromagnetic wave. Describe what it means.

applying
5 Describe hertz’s experiment. Why was this so important?

analysing
6 how could electromagnetic waves be used to accelerate a small bunch of electrons? (hint: recall what 

you learnt about antennae in chapter 5.)

re8ecting
7 how does scienti3c knowledge develop and change? in your answer refer to the speed of light and 

Maxwell’s work.

Frames of reference  
and relativity
Galileo was one of the earliest thinkers to comment on events observed in di0erent frames of 
reference. In his book, Dialogues on the Two Chief Systems of the World, Galileo described a 
thought experiment in which a sailor drops an object from the mast of a sailing ship moving at 
steady velocity. He asked the question: ‘Where would the object land relative to the deck of the 
ship?’ In his frame of reference the sailor would see the object fall straight down parallel to the 
mast; however, a nearby observer who is on land would see from his frame of reference that the 
object would follow a parabolic path.

a b

Later, Newton would also agree with Galileo. He described frames of reference that were 
stationary or moving at constant velocity as inertial frames of reference. +ey are not 
accelerating. An inertial frame of reference is an ideal situation in which objects at rest remain 
at rest and objects travelling at a constant velocity remain travelling at constant velocity. Inertial 
reference frames could include a spaceship, a table and a cruising aeroplane. Non-inertial frames 
of reference include merry-go-rounds and aeroplanes taking o0 or landing.

An inertial frame is one in which Newton’s !rst law applies to a very good 

approximation. Any departures from the law are negligible.

t Figure 6.5  
path of a falling object  
in the reference frame  
of a) a sailing ship and 
b) earth
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WO r k e d  e x am ple  6 .1

a car travels at 12 m s21 through an intersection. after 10 s what is the position of the car with respect to 
coordinates based on the:

a intersection? (2 marks)

b car? (1 mark)

answers logic

a x 5 x9 1 vDt

 ⇒ x 5 0 m 1 12 m s21 3 10 s

 ⇒ x 5 120 m

Substitute the correct values with units.

calculate the answer.

1 mark

1 mark

galilean transformations
Classical physics, the physics of Galileo and Newton, relies on the ‘sensible’ idea that inertial 
coordinate systems are equivalent. +at is, there is a set of translation rules to connect measurements 
in one frame of reference or coordinate system to any other reference frame or coordinate system.

Let us analyse this assumption for the case of two frames of reference 
in two dimensions. +e ‘privileged’ frame of reference, P, has coordinates, 
(x, y). It is stationary with respect to a moving frame of reference, P9, with 
coordinates, (x9, y9). +e two coordinates can be made to coincide at the 
same time, but then P9 moves further and further away from P. +is motion 
depends on the relative speed, v, of P9 with respect to P and the time 
elapsed, Dt, after the two frames coincided.

+e time interval in each frame of reference is the same. +at is, for 
classical physics, time intervals are measured in the same way and occur 

at the same rate. Clocks in all frames of reference are identical in their timekeeping. Time is 
invariant. +us, Dt in P and Dt9 in P9 are equal – we shall denote the time interval as Dt.

Suppose an observer located at (0, 0) in frame P sees a rocket some distance y away. It is 
travelling parallel to the x axis at speed v. Initially (at t 5 0) the rocket’s coordinates in P9 
coincide with those in P. But as the rocket travels in P9 its x9 coordinates increase in the time 
interval, Dt, by vDt. +is is just the distance between the two coordinate systems. +us, the x 
coordinates in P relate to the x9 coordinates in P9 by the Galilean transformation:

x 5 x9 1 vDt

Similar arguments can be used to show that if the rocket is travelling at speed, v, parallel to 
the y and y9 axes:

y 5 y9 1 vDt

+e transformation equations rely on the relative speeds of the two frames of reference. If P9 
had been chosen as the stationary (or privileged) frame, then P would be travelling at a negative 
speed with respect to P9. +is needs to be taken into account in the Galilean transformation 
equations. Finally, if the rocket were travelling with vector velocity 



v , the transformation equations 
in the x and y directions require the use of the x and y components of the velocity respectively.

For a two dimensional inertial frame of reference, P9 moving at constant speed with 

respect to another inertial frame, P:

x 5 x9 1 vDt

y 5 y9 1 vDt

x

P P´

v

y

x´

y´

Figure 6.6 p  
two inertial frames that 

are moving relative to 
each other. One frame is 

regarded as stationary.
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b  x9 5 x 2 vDt

 ⇒ x9 5 120 m 2 12 m s21 3 10 s

 ⇒ x9 5 0 m

recognise that the car is not moving 
with respect to the reference frame.

1 mark

Try these yourself

a train passes through a station at 30 m s21. a person on the train walks towards the front of 
the train at 2 m s21. after 5.0 s, the person has moved a distance from the common origin on 
train and station. What are the coordinates with respect to: 

a the station? 

b the train?

 

 
(3 marks)

(3 marks)

principles of classical relativity
As well as considering a sailor dropping an object from the mast of a sailing ship, Galileo also 
discussed the situation of a person walking within the cabin of a ship. If the sailing ship moves 
forwards at a velocity of 5 m s21, a person moving forwards at a velocity of 1 m s21 relative to the 
cabin will be moving forwards at a velocity of 6 m s21 relative to Earth. +e position and velocity 
of the person is di0erent in each frame of reference.

However, according to Galileo and Newton, acceleration of a body will be the same in each 
frame of reference, providing they are inertial frames. In the sailing ship’s cabin, for example, 
the person may have accelerated from 0 to 1 m s21 in 0.5 s in the cabin, which is an acceleration 
of 2 m s22. From the perspective of a nearby land-based observer, the person will have accelerated 
from 5 to 6 m s21 in 0.5 s, again an acceleration of 2 m s22.

Galileo and Newton argued that the laws of motion are the same in all inertial frames of 
reference (relativity principle). It can be shown that the laws of motion, including those for energy 
and momentum, are the same in all inertial reference frames. Observers in di0erent inertial frames 
would record di0erent velocities, and therefore determine di0erent values of energy and momentum. 
Nevertheless, they would agree that there had been no net change of either energy or momentum. 
Consequently, they would agree on conservation of energy and conservation of momentum.

+is suggests that there is no privileged inertial frame. No inertial reference frame is better 
than any other. If you are on a train travelling at a steady velocity of 80 km h21 west across 
the Nullarbor Plain, it is quite valid for you to argue that, from your reference frame, you are 
stationary and Earth is moving at 80 km h21 east. Providing your ride is smooth and at steady 
velocity, there is no experiment you can perform to test whether you are moving or stationary.

Galileo wrote about this in his book, in which he discussed the example of a person 
observing a range of movements in the cabin of a sailing ship that was sailing steadily at 
constant velocity. He argued that the person would not be able to tell if the ship was moving or 
not. He believed that there is no absolute frame of reference against which the velocities of all 
other frames can be measured. In this he di0ered from Newton, who believed that Earth–Sun 
system could be considered to be the absolute frame of reference.

The laws of motion are the same in all inertial frames of reference.

 ● The laws of conservation of energy and conservation of momentum apply in all 

inertial frames of reference.

 ● All inertial frames are equivalent. All are equally valid.

relative velocities
It is straightforward to calculate the velocity of an object in one inertial frame of reference 
compared to another inertial frame of reference, providing the object is travelling along the 
same direction, such as in the ship’s cabin in the example discussed earlier. However, how do we 
generalise to two or even three dimensions? To do that we use vectors to compare the relative 
motions of an object in di0erent inertial frames of reference.
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WO r k e d  e x am ple  6 . 2

an aeroplane is headed due north at a speed of 400 km h21. there is a westerly wind (i.e. coming from the west) 
of 80 km h21. 

a Draw a vector diagram to show the velocity of the plane relative to the ground. (2 marks)

b What is the speed of the plane relative to the ground? (1 mark)

c What is the resultant velocity of the plane relative to the ground? (2 marks)

answers logic

a vair to ground

(80 km h
21

)

vplane to ground

u

vplane to air

(400 km h
21

)

 pFigure 6.8

construct a correct vector diagram. 2 marks

b from figure 6.8 we can use pythagoras’ theorem 
to 3nd:

 v 2 5 (400 km h21)2 1 (80 km h21)2

 ⇒ v 5 408 km h21 calculate the answer. 1 mark

Take the example of an aeroplane Dying from Sydney to Perth. At the cruising altitude of 
passenger aircraft, about 10 000 m, there is nearly always a strong westerly wind, which varies from 
50 km h21 to more than 300 km h21. +e direction of the aircraft’s movement is almost exactly 
parallel to the direction of the wind. +e westbound Dight is scheduled at 4 hours 25 minutes 
(Figure 6.7(a)), while the eastbound Dight is 3 hours 50 minutes (Figure 6.7(b)). +e aeroplane’s 
velocity, relative to the ground, is higher on the way to Sydney than on the way to Perth.

vplane to air

vplane to ground vair to ground

a

vplane to air

vplane to ground

vair to ground

b

vplane to ground 5 vplane to air 1 vair to ground

pFigure 6.7 vector addition of the relative velocities of an aeroplane :ying from  
a) Sydney to perth and b) perth to Sydney

The velocity of A relative to B is the velocity of A relative to C plus (vector addition) 

the velocity of C relative to B:

  

5 1v v vAB AC CB
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c θtan
80 km h

400 km h
0.2

1

1
5 5

2

2

 ⇒ u 5 11.3°

 the velocity of the plane relative to the ground is 
408 km h21, n11°e.

find the correct angle.

State the velocity with direction.

1 mark 

1 mark

Try these yourself

a person rows at 1.0 m s21 through the water of a river that is :owing at 0.5 m s21. the rower keeps 
the boat moving perpendicular to the bank.

a Draw a vector diagram to show the velocity of the rower from the reference frame of a 
person on the bank. 

b using your diagram, specify completely the velocity of the boat relative to the bank. 

(3 marks)

(4 marks)

r eL at iv e  M Ot i O n  a n D  fr a M eS  O f  r efer en c e
there are two types of reference frame: inertial and non-inertial (accelerating). the path travelled by an object 
will be different in these two frames of reference.

aim
to observe motion in different frames of reference

materials
 ● several sheets of white paper
 ● carbon paper
 ● large metal ball bearing
 ● ramp
 ● potter’s wheel, lazy susan or record turntable
 ● 2 dissecting boards or similar-sized :at surfaces
 ● tape
 ● video recording device
 ● ripple tank or frame to support video recorder

What are the risks in doing this experiment? how can you manage these risks to stay safe

Large metal ball bearings can cause injuries to people. Keep the ball bearing safely on the table and 
use only in the experiment.

in your write-up, add any more risks you can think of, as well as ways to manage them.

procedure
part a: Inertial frame of reference

1 place the carbon paper face down on one white sheet of paper.

2 place a sheet of graph paper (facing up) on top to form a sandwich. the graph paper establishes the  
grid system.

3 tape the sandwich to one dissecting board (p), with the carbonised side down.

e xpe r I m e nT  6 .1
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4 abut a second dissecting board, Q, next to p.

5 Secure the ramp on Q.

6 place the ripple tank over p and Q and secure the camera in position to view the arrangement. 

7 Move p at constant speed relative to Q. (this may take a little practice.)

8 While p is moving at constant speed, release the ball bearing from the ramp. use several different  
release heights.

9 video the motion in each case.

part B: accelerating frame of reference

1 place the carbon paper face down on one white sheet of paper.

2 place a sheet of graph paper (facing up) on top to form a sandwich.

3 cut the sandwich to 3t the circular turntable.

4 tape the sandwich to the turntable, with the carbonised side down.

5 arrange the turntable and ramp so that the ball bearing rolls seamlessly onto the turntable.

6 rotate the turntable at a constant rate.

7 release the ball bearing from the ramp. use several different release heights.

8 video the motion in each case.

results
identify each path and relate it to the height of release of the ball bearing.

analysis of results
1 from the video recording 3nd, for the camera frame of reference, the speed of:

 a the ball bearing.

 b board Q.

2 Qualitatively compare the tracks for:

 a part a.

 b part B.

 c part a relative to part B.

3 for part a:

 a establish coordinate systems for the camera frame (x, t) and the frame moving at constant speed (x9, t9).

 b produce data tables for both coordinate systems.

 c use the Galilean transformations to quantitatively compare the data from the two frames of reference.

discussion
1 how well did your results for part a demonstrate the Galilean transformations?

2 What differences were there between the observations in the inertial frame and those in the non-inertial 
frame?

3 how can the observations in part B be reconciled with newton’s laws?

remembering
1 De3ne ‘inertial frame of reference’.

2 Write the Galilean relativity transformations.

Understanding
3 the path followed by an object dropped from the mast of a moving ship can appear to be both a  

straight line and a parabola. explain why.

4 can you tell if you are in an inertial frame of reference? Give a reason.

Q U e S T I O n  S e T  6 . 2
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The aether and problems 
with classical relativity
+e Galilean principle of relativity states that there is no absolute frame of reference and that 
all velocities are relative. +is principle became known as classical relativity. +is was the 
predominant view of physicists through the 18th and 19th centuries.

Maxwell’s equations of electromagnetism presented a problem to this view of the laws of 
physics. His equations indicated that light acts like an electromagnetic wave, and that its speed 
is a constant in a particular medium, irrespective of the frame of reference of the observer or the 
source of light. Maxwell’s equations make no mention of relativistic adjustments, only of two 
simple constants, the permeability and permittivity of free space.

Physicists in the mid-19th century thought that light required a medium, just like sound 
waves require air molecules as a vibrating material to move through. +ey called this medium 
the aether. It was thought to be a transparent weightless substance that enabled light or 
electromagnetic waves to vibrate through space. +is aether was also thought to be �xed in space; 
the Sun and the planets moved relative to this medium. Could c be exactly 3.00 3 108 m s21  
in this aether and faster or slower in other reference frames, depending on the relative speed  
of the reference frame to this aether?

Would the presence of this aether allow electromagnetism to join with the laws of motion in 
conforming to classical relativity? It would depend on the experimental discovery of the aether 
and, if it existed, on its properties.

The michelson–morley experiment
In America, Albert Michelson had established a reputation for careful experimentation. By the 
early 1880s he had successfully measured the speed of light by using a rotating mirror to reDect 
pulses of light o0 a second distant mirror. Michelson related the angular rotation of the mirror 
to the total optical path to determine the speed.

In 1887, Michelson teamed up with Edward Morley to attempt to detect the presence of the 
aether by measuring the speed of light in di0erent reference frames. +eir apparatus consisted 
of a large stone block Doating on a bath of mercury, so that it could be rotated smoothly. +e 
apparatus had a number of mirrors designed to create two light paths at right angles to each other.

applying
5 a bus is travelling at 12 m s21 when a passenger starts to walk at 2.0 m s21 towards the front. a stationary 

person outside the bus also observes the situation. 

a What is the speed of the person relative to the:

i bus?

ii person outside the bus? 

b after 5.0 s, what is the position of the person relative to the:

i bus?

ii person outside the bus?

6 the tide is running south at 3.0 m s21. at the same time, a yacht is steering at 4.0 m s21 directly towards a 
buoy in the east. What is the velocity of the yacht relative to the water? Show your answer in vector form.

analysing
7 Describe each of Galileo’s thought experiments in his Dialogues, which were discussed above. how did he 

explain the observed motion?

re8ecting
8 Summarise Galilean relativity.
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W
O

W Albert Michelson (1852–1931)

albert Michelson was born in poland and emigrated to the united States when very young. 
he graduated in 1873 from the uS naval academy, where he later taught chemistry and 
physics. While studying in europe, Michelson became fascinated with the problem of 
measuring the speed of light, c.

Michelson was a 3rst-rate measurement expert. in 1883, using rotating mirrors, he 
measured c more accurately than anyone had before. 

Michelson’s interferometer used light interference to resolve small path differences 
between two light sources. he used the interferometer to measure the Standard 
international Metre against the wavelength of cadmium light. With Morley, Michelson 
used it to 3nd evidence for the luminiferous aether, without success. this is the most 
famous of all null results! Michelson and francis pease used an interferometer to measure 
the diameter of the star Betelgeuse, another 3rst. Michelson was the 3rst american scientist 
to win the nobel prize (1907).

Part of a beam of light from the source would be transmitted through the half-silvered 
mirror M3 and travel to, where it would be reDected; some of that beam would then reDect o0 
M3 towards the observer. +e other part of the beam from the source would be reDected o0  
M3 and travel to M1, where it would be reDected; some of that beam would then be transmitted 
through M3 towards the observer. +e two beams of light travel the same distance, arrive 
together, superimpose and produce an interference pattern.

If Earth were travelling through the aether at a velocity u towards the right, then a 90° rotation 
of the apparatus would create a path di0erence that could be observed in the interferometer. 
+is path di0erence would be due to the assistance of the moving aether. +e result of this path 
di0erence should be evident in a slight change to the location of the interference fringes. 

u

M1

M2

Observer

Monochromatic
light source

Movement of Earth
relative to aether

Half-silvered
mirror M3

d1

d2

Figure 6.9 u  
Schematic diagram of 
the Michelson–Morley 

apparatus. Lengths 
d

1
 and d

2
 were made 

equal to very high 
precision.

Figure 6.9 shows a simpli�ed diagram of the apparatus Michelson and Morley used. 
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Michelson and Morley took many readings – some twice in a 24-hour period (Figure 6.10(a)), 
some 6 months apart (Figure 6.10(b)) – in an attempt to measure the speed of light from a 
distant star. If the aether existed, then these positions (travelling towards the star and then away 
from the star 6 months later) should have produced interference shifts of up to 0.4 of a fringe. 
+is is diLcult to see but, in the hands of an excellent observer, is not impossible.

Original interference pattern

Expected interference pattern shist Observed interference pattern shist

pFigure 6.11 typical interference patterns. if the aether existed, there should be a shift in 
the pattern.

Much to their surprise their measurements failed to detect any evidence of the presence of 
the aether. +e maximum shift observed was less than 0.01 of a fringe, well below the expected 
result and within the experimental error. Michelson and Morley were con�dent that their 
experiment showed that the aether did not exist. +ey had achieved a null result, which pointed 
to the non-existence of the aether. Michelson and Morley were not convinced. +ey made many 
further attempts to �nd the aether, always without success.

+is null result was not what many scientists expected. Over the next 50 years, other 
scientists used a variety of techniques to repeat the experiment, but no evidence for the aether 
was found. Some scientists argued that perhaps Earth dragged the aether along with it and this 
would explain Michelson and Morley’s results. 

Astronomers later found that the revolution of Earth around the Sun caused aberration of 
observed starlight from distant stars. +is indicated that the aether, if it existed, was not dragged 
along with Earth, ruling out this explanation of the Michelson–Morley experiment.

Spinning Earth

Movement of Earth
through the aether

X

Y

Michelson and Morley took a reading at position X and then 

another reading 12 hours later at position Y, to compare 

measurements at different speeds relative to the ‘aether’.

a

Sun

A

B

By taking measurements 6 months apart, at positions A and then B, 

Michelson and Morley were again able to compare situations when 

Earth is moving at very different speeds relative to the ‘aether’.

b

pFigure 6.10 earth–Sun diagrams

mIchelSOn–
mOrley 
anImaTIOn

change the speed 
of light relative to 
the aether wind 
and 3nd out how 
the time taken to 
traverse each path 
differs.
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einstein’s theory of  
special relativity
Albert Einstein reDected long and hard on Maxwell’s equations. He wondered what an 
electromagnetic wave would look like if you travelled along with it. He concluded that you 
would see no time change – the wave would be stuck in time – but that it would continue 
to oscillate in space. How could something change, yet no time pass? In order to resolve this 
problem, Einstein decided to investigate the nature of space and time. +e result was the theory 
of special relativity. +is was a bold step but a well-trodden path to discovery: questioning 
taken-for-granted assumptions leads to fresh, more powerful ways of understanding the world.

In 1905, Einstein published four papers that would change the way we view the universe. 
One of these papers introduced relativity. It took a totally fresh look at the nature of the laws of 
physics. It did away with the idea of the existence of the aether, and argued that there was no 
absolute frame of reference.

His theory was based on two clear propositions:
 ● First postulate of special relativity – +e laws of physics are the same in all inertial frames of 

reference – the principle of special relativity.
 ● Second postulate of special relativity – +e speed of light has the same value, c, in all inertial 

frames. It does not depend on the speed of either the source or the observer.

In all inertial frames of reference:

1 the laws of physics are the same.

2 the speed of light is constant.

Relativity did away with the aether. +e aether was assumed to be the one, privileged 
reference frame, which violated the �rst postulate. +us, the aether could not be uniquely 
detected. Either it did not exist, or its existence could not be demonstrated by experiments 
conducted completely within an observer’s inertial reference frame. How could such an observer 
demonstrate the motion of their own reference frame?

remembering
1 What is the aether? Why did people go looking for the aether?

Understanding 
2 What was the point of the Michelson–Morley experiment? What did they 3nd?

3 Why did Michelson and Morley use light interference in their eponymous experiment?

applying
4 in their experiment, how did Michelson and Morley use earth’s:

a orbital motion? 

b rotation?

explain in terms of aether drag.

analysing
5 in the Michelson–Morley experiment, how would the shift of the interference pattern con3rm the existence 

of the aether?

re8ecting
6 What conclusions can you draw from the Michelson–Morley experiment about the way science is 

conducted?

Q U e S T I O n  S e T  6 .3
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+e second postulate completely contradicts Galilean and Newtonian relativity, and goes 
against apparent common sense. We would expect light to appear faster or slower depending on 
whether we are moving towards or away from the source. All experiments show that this is not 
the case. Indeed, the second postulate is consistent with the results of the Michelson–Morley 
experiment. +e speed of light in a vacuum is 2.998 3 108 m s21 regardless of the speed of either 
the observer or of the source.

Einstein was not sure whether he knew of the Michelson–Morley experiment when he came 
up with relativity. He was focused on Maxwell’s equations when he gradually came to realise that 
the aether was not necessary for these equations to work. +e Michelson–Morley results were, 
however, highly inDuential in the relatively rapid acceptance of the theory of special relativity.

Time dilation
+e theory of special relativity asks us to give up our Newtonian view of space and time, and 
accept some very strange and puzzling ideas. To illustrate this, we will use a technique that 
Einstein used himself: simple thought experiments (Gedanken experiments, in German) that are 
based on the two postulates of special relativity.

Assume two rockets, each travelling at 0.25c but in opposite directions, pass each other, at the 
instant they receive a light pulse from a distant pulsar (see Figure 6.12). Observers on each rocket 
attempt to measure the speed of this pulse of light by using two light-sensitive cells set on the 
outside of the rocket (A1 and B1, and A2 and B2, respectively).

v1 5 0.25c

A1
B1

v2 5 0.25c

A2 B2

Pulsar

tFigure 6.12  
passing rockets both 
view light from a pulsar.

m2

Fred

Pierre

m1

v

pFigure 6.13  
a passing high-speed 
rail cart

Each rocket uses a timer and the distance between the sensors to measure the speed 
of light relative to its own reference frame. Rocket 1 measures the speed of light to be 
3.00 3 108 m s21. +e second rocket also determines it to be 3.00 3 108 m s21 relative to 
its reference frame.

Newtonian relativity would have argued that the rocket heading towards the pulsar 
would have registered a light speed of 1.25c and the rocket moving away from the pulsar 
would have registered a light speed of 0.75c. Of course, in practice it would be diLcult 
to complete the experiment, given that we do not have rockets that can travel at 0.25c. 
However, we can conceive of such a scenario and use logic and Einstein’s postulates to 
relate what each observer would see or measure.

Let us imagine another experiment using a train, Einstein’s favourite thought 
experiment apparatus. +e train is running on a smooth track at a high velocity of 
v relative to the ground. On one carriage is a set of two mirrors (m1 and m2), set up 
to allow a series of light pulses to bounce forwards and back between them. Pierre, 
standing on the ground nearby, watches the train pass (see Figure 6.13). His watch is 
capable of measuring very small periods of time.

Fred, an observer on the train (also using a very accurate watch), measures the  
time (t0) it takes for a pulse of light to travel from m1 to m2 and back again, from his  
viewpoint. Pierre and Fred agree that the distance between the mirrors is w.
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Fred sees the situation as a simple path of light between two mirrors, and therefore the time 
it takes for the pulse to move from m1 to m2 and back again to m1 (Figure 6.14(a)) will be:

t
w

c

2
0 5  (relative to the train)

!e train is moving very fast and Pierre sees the situation quite di%erently. From his 
viewpoint, the velocity of the mirrors results in the light pulse forming a triangle (Figure 6.14(b)), 
because both mirrors are moving to the right with a velocity of v as the light pulse moves from one 
mirror to the other and back again. Pierre measures the time for one pulse to move from m1 to m2 

to be t. One half of the journey forms a right-angled triangle with sides of length w, 
2

vt

 and 
2

ct

.

Proper time
Proper time is the time interval between two events occurring at the same place in an inertial 
frame, as measured by an observer in that inertial frame. !us, from Fred’s viewpoint, proper 
time is:

t
w

c

2
0 5

!e time measured by Pierre is not the proper time, because Pierre is not travelling with the 
mirrors.

From Pythagoras’ theorem we see that:
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m2
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2

a fred’s view

w

m2

m1 m1´

ct

2

vt

2

b Pierre’s view

pFigure 6.14 An event as viewed from a) fred’s frame and b) Pierre’s 
frame of reference. The time measured by fred is the proper time.
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Pierre tells Fred that the time for a single reDected pulse, as recorded by his watch (which 
is identical in every way to Fred’s), is longer than that recorded by Fred’s watch. Pierre’s time 
measurement has been dilated. Einstein argued that the postulates of special relativity led to the 
understanding that observers in di0erent inertial frames would not agree on time measurements.

Of course, time dilation will only be observed when inertial reference frames are moving 
relative to each other at speeds close to the speed of light. If v is small, such as the speeds we 

normally encounter every day, then t 5 t0 because the ratio 
v

c

2

2
 approaches zero.

+e factor 
v

c

1

1
2

2
2

appears repeatedly in relativity. It is given the symbol g. It is also 

common to denote the ratio 
v

c
 as b.

A clock in an inertial frame that is moving relative to a clock in a stationary frame 

will be regarded as running slow. The time interval for the moving clock is greater 

than the time interval for the stationary clock (time dilation):

1

1

where
1

1

2

2

0

2

t
v

c

t5

2

g 5
2 b

Table 6.2 approximate values of g for at various values of b

b 5 
v

c

g

0 1

0.0010 1.000 000 5

0.010 1.000 05

0.10 1.005

0.20 1.021

0.50 1.155

0.80 1.667

0.90 2.294

0.94 2.931

0.99 7.089

0.999 22.37

Let us refer back to Pierre and Fred. What would happen if the mirrors were on the ground 
with Pierre and the experiment was repeated? Fred could argue that his train was stationary and 
that Pierre was moving at –v with respect to him. +is means he would �nd that Pierre’s clock is 
slow compared to his. How do we reconcile these two observations?

Time dilation is about measurement in di�erent inertial frames; it is a result of relative 
movement between the frames. +e clocks do not physically change. Time dilation is about 
what an observer in one frame observes about an event in another, and it must be reciprocal 
because there is no absolute frame of reference.

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

10

15

20

g

5

1

v (108 m s21)

pFigure 6.15 Graph of  
g vs c. as speed 
approaches c, g 
increases rapidly.
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WO r k e d  e x am ple  6 .3

a pilot in a rocket travelling with a velocity of 0.250c presses a button to :ash a ‘hello’ sign for 5.00 s at a space 
station as the rocket passes.

a  for how long is the :ash seen by an observer on the space station? (2 marks)

b  explain your reasoning (1 mark)

answer logic 

a 

1

0

2

2

5

2

t
t

v
c

5
2

5

5.00s

1 0.25

5.00s

0.9375

2

5 5.16 s

Substitute the correct values.

calculate the answer.

1 mark

1 mark

b the observer in the space station views the rocket travelling 
towards it at a velocity of 0.250c. from this viewpoint, the 
clock on the rocket will be slow compared to the one in the 
space station. any observer regards a clock that is moving 
relative to their frame of reference as running slow.

recognise that time dilation 
is important at this relative 
speed.

1 mark

length contraction
If time measurements are di0erent relative to di0erent inertial frames, what happens to 
measurements of length? Let us look at another thought experiment.

A moving train travels at a velocity of v0. A source of light in a reference frame emits a short 
pulse of light that travels to a mirror and back (see Figure 6.16). An observer in the same frame 
of reference as the mirrors measures the time (t0) for the pulse. If w0 is the distance from the 
source to the mirror, the proper length, and c is the speed of light, then t0 is equal to:

t
w

c

2
0 5

Source
Mirror

Light pulse emitted

and received

w 5 
ct0

2

pFigure 6.16 an event as viewed within an inertial reference frame.

On the ground, an observer, who is stationary relative to the moving frame of the train, 
measures the time of transit of the light pulse to the mirror to be t1, the initial distance between 
the source and mirror to be w and the distance between the original location of the source and 
the mirror to be L1, as shown in Figure 6.17(a).
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tFigure 6.17  
the event as viewed in 
the stationary frame of 
reference

Mirror

Source

L1

L2

w

Mirror

Source

Source

Mirror

v0t2

v0t1

b

a

c

In this stationary reference frame, the observer notes that during the transit of the light pulse 
to the mirror the mirror has moved forwards a distant of v0t1, as shown in Figure 6.17(b). +en:

L1 5 w 1 v0t1

However, L1 is also equal to ct1, as the speed of light is the same in all reference frames. +erefore:

ct1 5 w 1 v0t1

So, t
w

c v−
1

0

5

In Figure 6.17(c), the light pulse bounces o0 the mirror and travels back to the source in a 
time measured in the stationary reference frame to be t2. So: 

L2 5 w 2 v0t2

However, L2 is also equal to ct2, so we have:

ct2 5 w 2 v0t2

t
w

c v
2

0

5
1

From the perspective of the observer in the stationary reference frame, the total time for the 
journey is t1 1 t2.

t t
w

c v

w

c v

w c v w c v

c v

wc

c v

( ) ( ) 2
1 2

0 0

0 0

2
0
2 2

0
2

1 5
2

1
1

5
1 1 2

2
5

2

From the time dilation equation we know that:

t t
t

v

c
1

1 2
0

0
2

2

1 5

2
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+erefore, we have: 

⇒

⇒

2

1

2
2

1

1

2
0
2

0

0
2

2

2
0
2

0

0
2

2

2

2
0
2

0

0
2

2

wc

c v

t

v

c

wc

c v

w

c
v

c

wc

c v

w

v

c

2
5

2

2
5

2

2
5

2

⇒

⇒

1 1

1

0
2

2

0

0
2

2

0
0
2

2

w
v

c

w

v

c

w w
v

c

2

5

2

5 2

+is represents length contraction, because whatever the value of v0, the factor 
1

g
 will 

always be less than one. +is means that an observer in a stationary reference frame will regard the 
length of an object moving relative to them to be shorter than when it is at rest. +e length of an 
object at rest is called its proper length. Like time dilation, length contraction will be reciprocal.

It is important to note that the contraction is only in the direction of relative motion. 
+ere is no contraction in length at right angles to the motion. Just like time dilation, length 
contraction is only observable at relatively very high speeds.

lorentz contractions and transformations
Two scientists, G. Fitzgerald from England and H. Lorentz from Holland, independently 
suggested an alternative explanation for the null result for the aether from Michelson and 
Morley’s experiment that allowed Maxwell’s equations to be applied to moving charges. +eir 
explanation was that all bodies shrink in the direction of motion relative to the stationary aether 
by a modifying factor of:

1
2

2

v

c
2

Lorentz saw the consequence of the equation as a physical contraction of objects in space. 
However, Einstein argued that there was no physical change in the length of high-speed 
objects, but a change in the properties of time and space itself. +e modern version of this factor, 

1
2

2

1

2v

c







2 , is called the Lorentz factor.

All observers will measure a moving object as being shorter or contracted in the 

direction of relative motion than when the object is at rest:

0

2

2

0

L L
v

c

L
L

15 2

5
g

⇒

where L0 is the length of an object at rest, and L is the length of the object measured 

by an observer who is moving at relative velocity to the object’s inertial frame.
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WO r k e d  e x am ple  6 . 4

1 an observer on the Moon notices a spacecraft travelling past at a speed of 2.08 × 108 m s21. the spacecraft 
has a proper length of 120 m.

 What length will the observer on the Moon measure? (2 marks)

2 a crewed mission is to be sent to a newly discovered exoplanet 8 light-years away. it will travel at a velocity 
of 0.5c to get there.

a according to the mission crew:

 i how far away from earth is the exoplanet? (2 marks)

 ii how long will the journey take? (1 mark)

b according to the mission command on earth, how long will the journey take? (1 mark) 

answers logic 

1 0
5

g
L

L

   
1

0

2

2
5 2L L

v

c

   

120 m 1
(2.08 10 ms )

(3.00 10 ms )

8 1 2

8 1 2
5 3 2

3

3

2

2
L⇒ Substitute the correct values. 1 mark

    120 m 1 0.4815 3 2

     5 120 m 3 0.72

     5 86.5 m calculate the answer. 1 mark

2 a i 05
g

L
L

   
10

2

2
5 2L L

v

c

 

8 light-years 1
(0.5 )

8 light-years 1 0.25

2

2
5 3 2

5 3 2

c

c
Substitute the correct values. 1 mark

 5 8 3 0.866 light-years

 5 6.9 light-years calculate the answer. 1 mark

  ii 
6.9 light-years

0.5
14 years

crew c
5 5 5t

s

v

′ Substitute the correct values and 
calculate the answer.

1 mark

1

1
2

2

v

c

g5

2

Time dilation: t 5 gt0

Length contraction: 5
g

L
L0
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experimental evidence for 
relativistic effects: muon decay
Muons are a class of particles with a mass about 200 times greater than an electron. +ey are 
produced naturally by cosmic ray bombardment of the upper atmosphere. +ey travel at close 
to the speed of light and have a mean lifetime of 2.2 3 1026 s (2.2 μs) as measured in the 
laboratory. +e mean lifetime, tmean, is a di0erent measure from the half-life you met in Unit 1 
Chapter 3. It is used here because it is a better measure of the probability that all the muons in a 
sample will have decayed in this time. 

Clearly, muons do not exist for very long but, because they have relativistic speeds, they are 
one of the few available particles with which to demonstrate relativistic e0ects. +is is what 
D.H. Frisch and J.H. Smith did more than 50 years ago. In an elegant experiment involving 
muons, they were able to demonstrate relativistic time dilation. Muons travelling down through 
the atmosphere were collected on a mountaintop at an altitude of 1907 m above sea level. +ey 
were travelling at 0.995c. +is speed is measured from the muon relative to Earth or from Earth 
relative to the muon. Both agree about the relative speed.

At that speed, an observer travelling on the muon, that is, in the rest frame of the muon, 
would expect to reach a second detector at sea level in a proper time:

t
H

v
5

t⇒
1907

0.995 2.998 108
5

3 3

 ⇒ t 5 6.39 μs

In terms of the mean lifetime, tmean, this is 
6.39 s

2.2 s
2.90

m

m
5  mean lifetimes. +e number of 

muons reaching the ground would be negligible.
However, Frisch and Smith predicted that an observer on the ground (in Earth’s rest frame) 

should observe a time dilation e0ect relative to an observer travelling with the muon (in the 
muon’s rest frame). Muons should be observed in Earth’s frame of reference to have a much 
longer mean lifetime than the mean lifetime measured in the muon’s frame of reference. +e 
number of lifetimes elapsed in the muon’s frame of reference should be larger than the number 
of lifetimes elapsed as measured in Earth’s frame of reference. +e number of elapsed mean 
lifetimes measured in Earth’s reference frame, (tmean)E, should be related to the lifetime in the 
muon’s reference frame, (tmean)m 5 2.2 ms according to the relativistic time dilation formula:

(tmean)E 5 g (tmean)m

t⇒ ( )
2.2 s

1 (0.995)
mean E

2
5

m

2

(tmean)E 5 22.0 μs

Several classes 
of subatomic 
particle have been 
identi/ed as part 
of the Standard 
Model (Chapter 10), 
the current best 
model of matter 
and interactions. 
Muons are leptons, 
a class that includes 
electrons and 
neutrinos.

parTIcle 
advenTUre

fermions, quarks, 
hadrons, baryons, 
leptons, bosons 
and more.

The mean lifetime 
for particle decay 
comes from the 
exponential statistics 
of half-life. It is related 
to half-life by the 
equation tmean 5 1.44t 1

2
.

decay and 
grOWTh

find out about a 
range of statistics 
that are useful for 
decay and growth.

 b 
8 light-years

0.5
16 years

earth c
5 5 5t

s

v
Substitute the correct values and 
calculate the answer.

1 mark

Try these yourself

a spaceship travels at an average velocity of 0.4c to an exoplanet 4.4 light-years away. 

a  What is the distance from earth to the exoplanet in the frame of reference of the spacecraft? (2 marks)

b  What is the difference between the time taken from earth’s perspective and the perspective 
of the spacecraft?

(2 marks)
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In this case, the time of travel to Earth would be 
6.39 s

22 s
0.29

m

m
5  of the mean lifetime. +ere 

is plenty of time for muons to arrive at the collector on Earth. 
+ese were the kind of predictions that Frisch and Smith made. When they did their 

experiment, they found that their relativistically corrected predictions were con�rmed.
In the muon’s frame of reference, almost all muons should have been extinguished in 2.2 μs. 

At a speed of 0.995c, this is a distance of 656 m. But in Earth’s reference frame, the mean 
lifetime is 10 times longer. +e muons should travel 6560 m. +is is more than three times 
the height of Frisch and Smith’s experiment. In Earth’s frame, then, a signi�cant number of 
muons should be, and were, detected. Relativistic e0ects were shown to have real consequences 
for measurement.

  
ø 656 m 

Muon is created

Muon decays

Without relativistic considerations, according to an 
observer on Earth, muons created in the atmosphere 
and travelling downwards with a speed close to c 
travel only about 656 m before decaying with an 
average lifetime of 2.2 μs.  erefore, very few muons 
would reach the surface of Earth.

a

 ø 6560 m

Muon is created

Muon decays

With relativistic considerations, the muon’s 
lifetime is dilated according to an observer on 
Earth. Hence, according to the observer, the 
muon can travel about 6560 m before
decaying. �e result is many of them arriving
at the surface.

b

+us, an observer on a moving muon (muon frame of reference) and an observer on Earth 
(Earth frame of reference) will agree about the:

 ● relative speed, 0.995c
 ● number of physical decays of muons
 ● number of elapsed mean lifetimes.

+ey will disagree about the:
 ● mean lifetime
 ● distance between the collectors. 

tFigure 6.18  
travel of muons 
according to an 
observer a) on the  
muon and b) on earth

mUOn 
deTecTIOn

Watch the 
installation of a 
compact muon 
solenoid (cMS) in 
the large hadron 
collider (Lhc) 
at the european 
Organization for 
nuclear research 
(cern).

W
O

W Muons

frisch and Smith measured an average of 563 muons per hour in their upper detector. 
assuming that other muons were passing the detector at the same rate, and assuming 
no muons are created between detectors, the number of muons arriving per hour at the 
second detector should be almost impossible to count. in fact, they measured 412 muons 
per hour – far too many to be ignored and close to their predicted count rate.
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WO r k e d  e x am ple  6 .5

Muons with a mean lifetime of 2.2 3 1026 s and speed 0.999c were observed at a height of 10 000 m above earth. 

a  from the viewpoint of a stationary observer on earth:

i how long would it take for a muon to travel to the ground (assuming it does not decay)? (2 marks)

ii how many mean lifetimes will elapse before this muon arrives at the ground? (1 mark)

iii how likely is it that this muon will not have decayed before reaching the ground? (1 mark)

b from the viewpoint of an observer travelling with the muon (muon reference frame), how many mean 
lifetimes will elapse before the muon arrives at the ground? (4 marks)

answers logic

a i t
S

v

10 000 m

0.999 3.0 10 m s8 1
5 5

3 3 2

  ⇒ t 5 3.3 3 1025 s

Substitute the correct values with units.

calculate the answer.

1 mark

1 mark

ii no. of mean lifetimes 5

 3.3 10 S

2.2 10 S
15.2

5

6
n 5

3

3
5

2

2
calculate the answer. 1 mark

iii the probability is 3nite but extremely small. correct use of probability ideas. 1 mark

b (tmean)e 5 g (tmean)µ

⇒ (tmean)e 5 22.37 3 2.2 μs

⇒ (tmean)e 5 49.2 μs

Substitute the correct values and 
calculate the answer.

1 mark

1 mark

 
n

( )e

3.3 10 s

49.2 s
0.67

e

muon

5t

t
5 5

3

m
5

2

calculate the 3nal answer. 2 marks

Try these yourself

Muons are formed 3.0 km above earth. they travel at 0.996c and have a mean lifetime, in the 
laboratory, of 2.2 μs. 

a for an observer on a muon:

i how long does it take for the muon to travel to the ground?

(2 marks)

ii how many mean lifetimes will elapse before the muon arrives at the ground? (1 mark)

iii explain why it is possible for the muon to arrive at the ground. (1 mark)

b for an observer on the ground, how many lifetimes will elapse before the muon arrives  
at the ground? (1 mark)

Simultaneity
Measurement of time in di0erent reference frames produces interesting results, not the least being that 
of simultaneous events. What may be seen as simultaneous events in one inertial reference frame may 
not be seen as simultaneous in another. +is argues against the existence of a universal time frame.

What is meant by simultaneous events? Let us consider the example of a light that is 
positioned midway between each end of a train carriage. Two sensors A and B are placed at each 

of end of the carriage so that the distance to the light from each sensor is the same, 
2

L .

+e globe is switched on and light radiates out so that, a short time later, it reaches each 
sensor, triggering a green indicator. In this reference frame, T0, the indicator lights come on 

simultaneously, as the light took the same time to cover the same distance, 
2

L .
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However, the train carriage is moving at very high constant velocity, v, relative to the 
ground. An observer in this reference frame, T, watches the train go past and is able to see the 
light globe and each sensor.

As the train carriage moves past, the observer notices that the globe and the trailing sensor, A, 
are both on, but the leading sensor, B, is o0. In this reference frame, the observer sees the trailing 
sensor A rushing forwards to meet the light waves moving outwards from the globe, so A is triggered 
�rst. +e leading sensor B is moving away from the light waves and takes longer to be turned 
triggered. +e simultaneous events in reference frame T0 are not simultaneous in reference frame T.

+e events described above occur because simultaneity depends on agreement on 
time measurements, and time is relative. If Einstein’s second postulate was not true, then 
simultaneity could be agreed on across di0erent reference frames. +is is seems to be against 
common sense or experience. Because the speed of light is so large compared to ordinary 
speeds, we normally do not see evidence of problems of timing in everyday life.

Two events are simultaneous when they occur at the same time. 

Simultaneous events in one inertial frame may not be simultaneous events in 

another inertial frame of reference.

L

L

Reference frame T0

Reference frame T0

A B

A B

pFigure 6.19 reference frame, t0, inside the moving train

v

L

Reference frame T

A B

pFigure 6.20 view from the ground:  
reference frame, t

WO r k e d  e x am ple  6 .6

a rapidly moving rail cart (figure 6.21) approaches a pair of markers at a speed of v.

Rear Front

A B

v

LAB

LAB

an observer on the side of the track measures the cart to be LaB in length. as it speeds past the markers, 
this land-based observer notices that the front of the cart coincides with marker B and the rear of the cart 
coincides exactly with marker a. this means that this observer sees the two events as simultaneous. 

Does an observer on the rail cart view these events as simultaneous? Give a qualitative answer. (3 marks)

tFigure 6.21 a rapidly moving rail 
cart from the reference frame of a 
ground-based observer
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answer logic 

the cart-based observer sees the two markers 
as moving towards the cart at a velocity of v. this 
observer will measure L, the distance between a 
and B as being shorter due to length contraction:

aBL
L

5
g

recognise there will be length contraction. 1 mark

hence, from their reference frame, the cart 
will be longer than the distance between the 
markers, and the front will coincide with B 
before the rear will line up with a.

State the correct conclusion. 1 mark

the cart-based observer will not see the two 
events as simultaneous. 

State the correct answer. 1 mark

Try this yourself

the rail cart in figure 6.21 has a proper length of 8.0 m and a speed of 0.9c. What is the 
difference between the proper length and the length aB measured by an observer on board  
the rail cart? 

(3 marks)

remembering
1 De3ne these terms. 

a proper time

b proper length

2 Write down einstein’s two postulates of relativity.

3 De3ne ‘simultaneity’.

Understanding 
4 how do einstein’s two relativity postulates relate to the conservation laws of physics?

5 De3ne these terms.

a time dilation

b Length contraction

applying
6 a spacecraft has a proper length of 50 m. it travels past an observer at 0.6c. What was its length in the 

observer’s frame of reference? 

7 a train carriage travels at 0.75c. to an observer outside the carriage, it 3ts exactly between two markers, p 
and Q. to an observer on the train, does the carriage appear to 3t exactly between p and Q. if not, what 
can you conclude about events in the different frames of reference?

analysing
8 a pion has a mean lifetime of 26 ns in earth’s inertial frame of reference. What is its mean lifetime in the 

pion’s frame of reference if it has velocity v 5 0.75 c?

re8ecting
9 Describe your reaction to the discussion of the muon. how have you resolved any immediate concerns 

you had about the explanation?

10 Do you feel you understand relativity? What more do you need to understand to get a good grasp of the 
ideas in special relativity?

Q U e S T I O n  S e T  6 . 4
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einstein’s famous 
equation: E 5 mc2

Length and time have been shown to have values that depend on relativity. +e third 
fundamental physical quantity is mass. Einstein argued that the mass of an object will be 
relative, and will be dependent on its relative speed:

m
m

v

c

m m⇒

1

0

2

2

0

5

2

5 g

+e term m0 is known as the rest mass, as measured when the mass is stationary in an 
inertial reference frame. m is the measurement of its mass in a reference frame moving in relation 
to a stationary frame, and is called the relativistic mass or relativistically corrected mass.

+is means that, as the velocity of an object increases and approaches the speed of light, the 
mass of the object will greatly increase. In fact, there is an ultimate velocity. As v approaches c in 

size then the term 
v

c

1

1
2

2

g 5

2

 approaches zero and m will be very large in size. If v is greater 

than c then the term would result in the square root of a negative number, an invalid result. +is 
implies that the speed of an object with non-zero rest mass cannot be equal to or exceed the 
speed of light. It appears that the speed of light is the ultimate speed in the physical world.

 ● Rest or proper mass, m0: mass as measured when the mass is stationary in an 

inertial reference frame. Proper mass never changes.

 ● Relativistic mass or relativistically corrected mass: the greater the relative 

velocity, the greater the relativistic mass: m 5 gm0

W
O

W Tachyons

according to some physicists and many science 3ction writers, particles travelling faster 
than the speed of light – tachyons – may exist. einstein’s special theory of relativity does 
not completely rule out the existence of tachyons. unlike photons and neutrinos, which 
are particle-like but with zero or very small rest mass, tachyons have imaginary mass. no 
tachyons have been discovered as yet.

WO r k e d  e x am ple  6 .7

1 What is the relativistically corrected mass of an electron whose speed is measured to be 1.8 3 108 m s21?  
(1 mark)

 rest mass of an electron is 9.109 3 10231.

2 at what speed is a particle moving if its relativistic mass is 3ve times larger than its rest mass? (4 marks)
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answers logic 
1 relativistic mass of electron:

 

9.109 10

1
1.8 10 m s

3.0 10 m s

1.1 10 kg

0

31kg

8 1 2

8 1 2

30

5 g 5
3

2
3

3

5 3

2

2

2

2

m m
( )

( )

Substitute the correct values 
and calculate.

1 mark

2 

5

1
1

5

1 0.04

0.96

0.9798

0.9798 2.998 10 m s

2.94 10 m s

0

0

2

2

2

2

2

2

8 1

8 1

5 g

g 5

g 5

2 5

2 5

5

5

5 3 3

5 3

2

2

m m

m

m

v

c

v

c
v

c
v

c
v

v

⇒

⇒

⇒

⇒

⇒

⇒

⇒

⇒

Write the correct ratio.

 
find the square.

Write the correct ratio.

Substitute the correct values 
and calculate.

1 mark

 
1 mark

1 mark

1 mark

Try these yourself

1 What is the relativistically corrected mass of a proton whose speed is 0.75c? (2 marks)
2 a neutron has a relativistic mass that is 2.5 times greater than its rest mass. What is the 

speed of the neutron?
(4 marks)

momentum
Now that we have a de�nition for relativistic mass, what does this mean about momentum? 
Special relativity uses the classic equation for momentum:

p 5 mv

However, m is now the relativistic mass whose magnitude depends on the velocity of the mass. 
+is means that the magnitude of an object’s relativistically corrected momentum is given by:

1

;

1

;
0

2

2

0

2

2

0p
m v

v

c

p
p

v

c

p pγ5

2

5

2

5

mass and energy
To explore the relationship between matter and energy, let us discuss a thought experiment 

involving the momentum of a photon that we know to be 
E

c
. Imagine a stationary spacecraft in 

distant space.
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+e pilot of the spacecraft is practising her aim with a laser gun that is capable of �ring a 
single photon or a high-energy beam. She �res a single photon towards the rear of the spacecraft. 

+e photon has momentum of 
E

c
 (where E is its energy) and since momentum is conserved in 

this isolated system, the pilot and, in turn, the spacecraft (as she is seated in a chair at the front 
of the craft), will recoil forwards with an equal but opposite momentum. +e distance the craft 
moves, s, will be equal to vt, the velocity of the craft multiplied by the time the photon takes to 
reach the rear of the spacecraft.

+e magnitude of the momentum the spacecraft receives will be mv, and M is the mass of 
the spacecraft. Of course, the pilot will probably not notice this movement because of the small 
size of the momentum of a photon. However, as small as it is, the movement will occur. +e 

time it takes for the photon to reach the rear of the craft, t, will be equal to 
L

c
  , where L is the 

length of the spacecraft cabin. Momentum is conserved, so the momentum of the photon 
E

c




  

will equal the size of the momentum of the spacecraft (Mv):

E

c
Mv5

v
E

Mc
⇒ 5

Now, s 5 vt, so: 
2

s
E

Mc

L

c

EL

Mc









5 5

As the photon reaches the rear of the spacecraft, its momentum will be transferred, causing 

the craft to stop. +ere is no net external force applied to the system; the total momentum of the 

system has not changed, yet the system has moved. It is the photon that has changed position 

and caused this re-distribution. In this interaction with the photon, the spacecraft has behaved 

exactly as would be expected to behave if there had been a re-distribution of mass (Einstein’s 

‘mass equivalent’ of energy hypothesis).

If we suppose the photon to have a (relativistically corrected) mass, m, then its momentum 

would be p 5 mc. +us, the speed of the photon as it travels to the rear of the spacecraft is c 5 
L

t
. 

+erefore, again equating momenta:

momentum of craft 5 momentum of photon

Ms

t

mL

t
5

s
mL

M
5

We now have two equations for s, so equating them we have:

EL

Mc

mL

M2
5

E 5 mc2

Of course, this is only the discussion of a thought experiment and does not necessarily prove 
anything. However, the above equation has been derived in many other ways and, more importantly, 
has been successfully tested by experiment, not the least being the exploding of atomic bombs.

+e energy associated with mass at rest is called the rest energy of the mass, and is given 
by the equation:

E 5 m0c2

+e relativistic total energy of an object that is moving is de�ned by:

total energy 5 rest energy 1 relativistic kinetic energy

s

L

pFigure 6.22  
photon 3red in 
spacecraft. L 5 distance 
from front to rear of 
spacecraft, t 5 time for 
photon to reach rear of 
spacecraft, s 5 distance 
of recoil (with velocity v) 
5 vt
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One way of interpreting the above statements is to consider that the change in the 
relativistic kinetic energy of a body is related to a change in its mass:

E m c

E m m c

E mc m c

E m c m c

E m c

⇒

⇒

⇒

⇒

( )

( )

( 1)

k
2

k 0
2

k
2

0
2

k 0
2

0
2

k 0
2

D 5 D

D 5 2

D 5 2

D 5 g 2

D 5 g 2

Mass and energy are equivalent. Mass is a manifestation of energy.

Rest mass–energy: E 5 m0c
2

 ● DE 5 Dmc2

 ● DE 5 (g 2 1)m0c
2

WO r k e d  e x am ple  6 .8

an electron is accelerated from rest by a potential difference of 500 kv. 

a What speed does the electron attain? (8 marks)

b What speed would the electron attain if non-relativistic mechanics were used? (2 marks)

answer logic

a DE 5 qV and DEk 5 (g 2 1)m0c2 use the correct equality. 1 mark

 

( 1)

( 1)

1

0
2

0
2

0
2

2 5

2 5

g 5 1

m c qV

qV

m c

qV

m c

⇒ γ

⇒ γ

⇒

use the correct transformation. 1 mark

 
g 5

3 3

3 3
1

g 5

2

2 2

(1.602 10 c)(500 10 v)

(9.109 10 kg)(2.998 10 m s )
1

1.9784

19 3

31 8 1 2
⇒

⇒

Substitute the correct values with units.

calculate the value.

1 mark

1 mark

 

1

1

1.9784

1
1

1.9784
0.5055

1 (0.5055) 0.2555

1 0.2555 0.7445

0.8628

2

2

2

2

2

2

2

2

2

2

5

2 5 5

2 5 5

5 2 5

5

v
c

v

c

v

c
v

c
v

c

⇒

⇒

⇒

⇒

⇒

Substitute the correct values and calculate.

calculate the value.

find the inverse.

1 mark

1 mark

1 mark

 ⇒ v 5 0.8628 3 2.998 3 108 m s21

 ⇒ v 5 2.587 3 108 m s21 calculate the answer. 1 mark

Einstein’s famous equation 
is usually stated as E 5 mc 2. 
It really means the energy 
difference between the 
energy equivalence of 
zero rest mass and a non-
zero rest mass. That is, the 
equation refers to a change 
of energy from zero to a 
rest mass energy: E 5 mc 2. 
This is why Einstein’s mass–
energy equation is often 
written as E 5 Dmc 2, which 
is the energy change from 
rest mass energy to the 
energy of the relativistically 
corrected mass.
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b non-relativistically:

 DEk 5 qV and DEk 5 
1

2
mv 2

 ⇒ 
1

2
mv 2 5 qV

 

2

2 (1.602 10 )(500 10 )

9.109 10

4.194 10 ms

19 3

31

8 1

5

5
3 3 3

3

5 3

2

2

2

v
qV

m

v

v

⇒

⇒

⇒

use the correct equality and transformation.

 
calculate the correct answer.

1 mark

 

1 mark

Scienti,c literacy: Energy and momentum at the 
Australian Synchrotron

the storage ring at the australian 
Synchrotron has a radius of 
about 35 m but it should 3t on a 
kitchen table, from the viewpoint 
of the particles inside it. the reason 
has to do with einstein’s relativity. 
electrons travel in the storage ring 
at very nearly the speed of light. for 
the 3 Gev australian synchrotron, 
electrons travel at 99.999 995%  
of the speed of light. this means that 
their masses must be relativistically 
corrected. relativistic corrections 
become necessary when the speed 
of the electron is about 10% of the 
speed of light.

electrons do not follow a perfect 
circular path. they travel along 
straight sections and are then 
subjected to curved sections.

When a 3 Gev electron is affected 
by bending magnets that produce a 1.3 t 3eld, it follows a circular path.  
this path has a radius wider than the kitchen table. in the straight sections it is affected by insertion 
devices called wigglers and undulators. these produce radiation in the nanometre range. this is a 
result of the combined effect of the relativistically corrected Doppler shift and length contraction in the 
electron’s frame of reference.

Synchrotron light is emitted when electrons are accelerated by the bending magnets. the electrons are 
moving at speeds close to the speed of light and the light arrives at the speed of light at an observer. the 
wavelength, l, of the radiation in the observer’s frame of reference is corrected relative to the frequency 
observed in the frame of reference of the source of radiation, l0, via the relativistic Doppler equation:

5
2

1

1

1
0λ λ

β

β

typically, wigglers produce wavelengths of about 10 cm in the frame of 
reference of the electron; however, this must be length corrected and Doppler 
shifted. this produces wavelengths in the nanometre range as expected.

Questions
1 for the australian Synchrotron what is:

a the maximum energy available?

b its overall radius?

SynchrOTrOn

read about the 
links between 
einstein’s special 
relativity and the 
synchrotron. 

Bending
magnet

RF cavity

Straight section

Straight section

Curved section

Insertion
device

Focusing/defocusing
magnets

Bending radius

pFigure 6.23 a synchrotron storage ring comprises straight and  
curved sections.
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c the speed of the electrons?

d the magnitude of the magnetic 3eld produced by the bending magnets?

e the value of the Lorentz factor, g, when the speed of the electron is travelling at:

 i 10% of c?

 ii maximum speed?

(hint: you will need to use a value for c that has suf3cient signi3cant 3gures.)

2  for the electrons in the storage ring at the australian Synchrotron, if b 5 
v

c
, what is the value of:

a b?

b v?

3  copy and complete the table below to compare kinetic energy and momentum for an electron 
travelling at 0.999 999 95c according to both classical and relativistic physics.

kinetic energy (J) momentum (n s)

classical

relativistic

On a single set of axes, plot Ek vs b for kinetic energies up to 1000 kev for both classical and  
relativistic energies. use a spreadsheet to produce values of v from values of b; hence 3nd g and Ek.

compare and contrast these two graph lines.

4  a What is the wavelength of electromagnetic radiation in the:

 i wiggler’s reference frame?

 ii electron’s reference frame (Lorentz contraction)?

 iii electron’s reference frame (Doppler corrected)?

b is your result consistent with the claim in the article? Give a reason for 
your answer.

5  calculate the radius of the electron path in the 3eld of the bending 
magnets. how does this compare with the claim in the article about 
the radius?

6  a  Summarise the article in 70–75 words.

b  present the summary as a dialogue that starts with a question from an 
interested year 8 student. Limit the dialogue to messages that are less 
than 140 characters in length.

relaTIvITy In 
10 mInUTeS!

use this Weblink to 
summarise special 
relativity.

mass defect in  
nuclear physics
It has been observed that in any nuclear event – radioactive decay, nuclear reaction, fusion 
and �ssion – there is a loss of mass. +is mass defect appears as energy in amounts that are 
predicted by Einstein’s mass–energy equation.

Nucleons may have their masses reported in di0erent ways: in kilogram (kg), in uni�ed mass 
units (u) and energy (MeV).

For a full discussion 
see Nelson Physics 
Units 1 & 2 for the 
Australian Curriculum, 
Chapter 4.
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calculate the energy of the g-ray in the following nuclear reaction. (assume all the energy is carried by the 
g-ray):

cd n cd
48

113
0
1

48
1141 1 g→  (6 marks)

answer logic

cd n cd

112.9044 u 1.0086 u 113.9034 u

( ) (112.9044 1.0086) u 113.9034 u

( ) 9.6000 10 u

energy of 9.6000 10 u 1.661 10 kg u (2.998 10 m s )

energy of 1.433 10 J

but 1ev 1.602 10 J

energy of
1.447 10 J

1.602 10 J ev

energy of 8.95 10 ev

energy of 8.95 Mev

48
113

0
1

48
114

3

3 27 1 8 1 2

12

19

12

19 1

6

1 1 g

1 1 g

D 5 1 2

D 5 3

g 5 3 3 3 3 3

g 5 3

5 3

g 5
3

3

g 5 3

g 5

2

2 2 2 2

2

2

2

2 2

m

m

→

→

⇒

⇒

⇒

⇒

⇒

⇒

⇒

calculate Dm.

calculate g–ray 
energy (J).

calculate g-ray 
energy (Mev).

(2 marks)

(2 marks)

(2 marks)

Try this yourself

find the energy carried by the alpha-particle for the following radioactive decay:

→u th he
92

238
90

234
2
41

(assume all the energy is carried by the alpha-particle.)

(6 marks)

Table 6.3 Mass of nucleons in kilogram, uni3ed mass units and Mev

mass (kg 3 10227) mass (u) energy equivalent (mev)

1.6605 1.0000 931.49

proton 1.6726 1.0073 938.30

neutron 1.6749 1.0086 939.51

nuclear fission and fusion
Almost all of the energy released in a nuclear �ssion reaction is carried by the fast neutrons that are 
released. +e average energy for a thermal neutron-induced �ssion reaction is about 200 MeV. +is 
means that the mass defect is about 200 MeV, which amounts to 0.215 u or 0.35 3 10227 kg. +ese 
are very small amounts of energy, but the number of nuclides in a reactor is enormous. Power 
reactors may have up to 190 tonnes of fuel. If this were all uranium-235 nuclides, and if all of the 
nuclides underwent �ssion, the amount of energy available would be enormous (approx. 1016 J). 
Nuclear fusion, which is still in the experimental stage, is predicted to be even more potent.



19 8  n e L S O n  p h y S i c S  u n i t S  3  &  4  f O r  t h e  a u S t r a L i a n  c u r r i c u L u M 9 78 017 0 2 4 2110

remembering
1 Write down relativistic equations for: 

a mass.

b momentum.

c rest energy. 

d energy transfer.

2 De3ne ‘mass defect’. how is it related to energy?

Understanding
3 What is the importance of mass defect to nuclear physics?

applying
4 how much energy does a proton have when it is travelling at 0.80c?

analysing
5 an electron gains 600 kev of energy in an electron gun. What speed does it attain?

6 find the mass defect for the alpha-decay (4.003 u) of po-214 (213.995 u) to pb-210 (209.984 u). is this 
consistent with the alpha-particle having an energy of 7.68 Mev? explain your answer.

7 con3rm that 190 kg of pure uranium-235 could produce ~1016 J of energy? (order of magnitude  
argument only!).

re8ecting
8 What previous knowledge did you apply to the discussion of relativity and its importance for nuclear 

physics?

9 how can you use Gedanken experiments in your learning?

Q U e S T I O n  S e T  6 .5
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chap Te r  S U m mary

 ● the speed of light in a vacuum has a value of 299 792 458 m s21 or an approximate value of 3.0 3 108 m s21.

 ● the speed of light in a medium depends only on the magnetic and electric properties of that medium.

 ● an inertial frame of reference is one that is not accelerating; that is, it is stationary or moving at constant 
velocity.

 ● the principle of relativity states that the laws of motion are the same in all inertial frames of reference.

 ● the proper length of an object is the length measured by an observer at rest relative to the object.

 ● relative velocities – the velocity of a relative to B is the velocity of a relative to c plus (vector addition) the 
velocity of c relative to B, or 

  

aB ac cB
5 1v v v .

 ● Michelson and Morley found no evidence for the existence of the aether.

 ● First postulate of special relativity: the laws of physics are the same in all inertial frames of reference.

 ● Second postulate of special relativity: the speed of light has the same value in all inertial frames.

 ● the time interval between two events occurring at one place in an inertial frame, as measured by an 
observer in that inertial frame, is called proper time, t0 (sometimes called local time).

 ● time dilation: the time interval measured between two events occurring at the different locations in an 
inertial frame will be greater than proper time.

1

0

2

2

5

2

t
t

v

c

 ● Length contraction: all observers will measure a moving object as being shorter or contracted in the 
direction of relative motion than when the object is at rest.

1
0

2

2
5 2L L

v

c

 where L 0 is the length of an object at rest, and L is the length of the object measured by an observer who is 
moving at relative velocity to the object’s inertial frame.

 ● the Lorentz factor (g) is de3ned as: 

1

1
2

2

g 5

2
v

c

 ● Simultaneous events in one inertial frame may not be simultaneous events in another inertial frame of 
reference. this is known as the principle of non-simultaneity.

 ● rest mass or proper mass is mass as measured in an intertial reference frame in which the object is 
stationary.

 ● relativistic mass increases as the velocity of the object increases in its reference frame:

m 5 gm0c2

 ● the rest energy of a mass is the energy associated with a mass at rest and is given by:

Erest 5 m0c2 

 where m0 is the rest mass and c is the speed of light.

 ● the relativistic total energy of an object that is moving is de3ned by: 

total energy 5 rest energy 1 relativistic kinetic energy

 ● the change in the kinetic energy of a body is related to a change in its mass: 

DEk 5 (m 2 m0)c2 5 (g 2 1)m0c2
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remembering

 1 Write down einstein’s two postulates for relativistic motion.

 2 De3ne these terms.

a inertial frame of reference

b relative motion

c proper time

d proper motion

e time dilation

f Length contraction

g Mass defect

 3 List all the relativistic equations.

Understanding

 4 What is the importance of Maxwell’s equation for:

a electromagnetism?

b relativity?

 5 a passenger walks quickly (at 3.0 m s21) towards the rear of a train carriage that is travelling forwards at  
16 m s21. relative to an observer on the ground nearby:

a what is the speed of the passenger?

b where is the passenger after 5.0 s?

 6 Describe the main features of the Michelson–Morley experiment. Why is the null result in this experiment 
signi3cant?

 7 What is simultaneity? how is simultaneity understood in relativistic terms? Give an example.

aether a medium through which light waves were 
thought to propagate

electrical permittivity  a physical property of a 
medium associated with electricity

galilean transformation equations relating 
coordinates in one inertial frame to those in another 
inertial frame; classical relativistic transformations

inertial frame of reference  a non-accelerating 
frame of reference

invariant same in all frames of reference

length contraction length appears shorter in 
a reference frame that is moving relative to a 
stationary frame

lorentz factor 
v

c

γ =

−

1

1
2

2

magnetic permeability physical property of a 
medium associated with magnetism

mass defect difference between energy before 
and after a nuclear decay or reaction 

mean lifetime statistical measure of the time after 
which a decaying sample is effectively extinguished; 
mean lifetime 5 1.44 3 half-life

muon exotic particle formed by cosmic rays in the 
upper atmosphere

proper length length measured in an inertial frame 
of reference in which the object is stationary

proper time time measured between two events 
occurring at the same location in an inertial 
stationary frame of reference

relativistic kinetic energy E m c E⇒( )k
2

kD 5 D D  
m cγ −( 1) 0

25

relativistic mass, relativistically corrected mass 
mass measured in a reference frame that is moving 
relative to the reference frame in which the rest mass 
was measured

relativity principle the laws of physics are the same 
in all inertial frames of reference

rest energy E 5 m0c2

rest mass mass measured in an inertial reference 
frame in which the object is at rest

simultaneity idea that the same event will be seen to 
occur at the same time in different reference frames

stellar aberration position of star due to relative 
motion of earth

time dilation a longer time is measured

chap Te r  glO S Sary
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applying

 8 a space probe travels into deep space at an average velocity of 0.6c. When it is 1.8 3 109 m away as 
measured from earth, it sends back to earth a pulse of light of duration 2.00 s. 

a What is the speed of the light pulse:

i according to the space probe? 

ii according to earth-based observers?

b according to earth-based observers:

i how long does the pulse take to reach earth?

ii what is the duration of the pulse?

 9 electrons in an electron gun are about 0.5% heavier than electrons at rest. What is the velocity of the 
electrons in the electron gun?

10 two identical clocks are synchronised. One clock is sent off in a spaceship travelling with a speed  
v 5 0.70c. after 49 years on the earth clock, what is the time on the spaceship, as observed from earth?

11 a pion has a mean lifetime of 26 ns in earth’s frame of reference. What is its mean lifetime in its own frame of 
reference if it is travelling at 0.5c?

12 Muons, are created by the collision of cosmic rays with air molecules high in earth’s atmosphere (10 000 m). 
they approach the ground with a velocity of 0.999c. from the viewpoint of an observer travelling at the velocity 
of the muons, how high do they measure earth’s atmosphere to be?

13 the main nuclear fusion reaction that creates the energy in a hydrogen bomb is: 

 4 h he 2 e energy
1
1

2
4

1
01 1
1

→

  the mass of h is 1.673 3 10227 kg, the mass of he is 6.644 3 10227 kg and the mass of a positron is  
9.109 3 10231 kg.

  how much energy, in Mev and joule, is produced from:

a four hydrogen atoms?

b 10 kg of hydrogen?

analysing

14 the twin paradox illustrates the effects of time dilation. fred and pierre are twins. fred takes an 
extraterrestrial journey that takes him to a distant stellar system and then returns. the average speed of 
fred’s spacecraft is 0.6c. pierre remains on earth. When fred returns, pierre is 20 years older. how much has 
fred aged according to his space watch?

15 Xavier, ignatius and Maxine are triplets. Xavier pilots a spacecraft away from earth towards the centre 
of the Milky Way for a distance of 7 light-years relative to earth. Maxine pilots a similar spacecraft in the 
opposite direction, away from the centre of the Milky Way. her craft also only travels outwards for a distance 
of 7 light-years. their average speed is 0.61c. ignatius remains at home. Both return at the same time.

a Will Xavier and Maxine appear to be the same age on their return?

b how much older than the travellers will ignatius be when the travellers return?

16 the pilot of a non-accelerating spacecraft, moving away from earth at great speed, celebrates the passing 
of six birthdays. earth-bound observers measure this elapsed time to be 10 years. relative to earth:

a What is the speed of the spacecraft?

b how far does the spacecraft travel over these six birthdays?

17 a short pulse of particles from a linear accelerator passes through two sensors that are spaced 85 m apart 
(figure 6.24). the particles are timed to travel the distance in 0.377 ms.

Sensor Sensor

85 m

Path of particles
  tFigure 6.24

a What is the velocity of the particles, as a proportion of the speed of light?

b in the reference frame of the particles, what is the spacing of the detectors?

18 a positron is the antimatter equivalent of an electron. Both have a rest mass of 9.109 3 10231 kg. When 
an electron and a positron collide, they annihilate each other and produce energy in the form of 
electromagnetic radiation. how much energy is released by the collision?
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19 Muons have a speed of 0.995c when they are recorded at 5000 m above earth’s surface. they have a 
mean lifetime of 2.2 μs in their rest frame.

in the muon reference frame:

a i  how far do muons travel in a mean lifetime?

ii is it possible for muons to reach earth? explain your answer.

b how high above earth’s surface are they created?

c is it likely that muons will reach earth?

20 the ultimate speed is c, but there does not appear to be an ultimate kinetic energy, E 5 mc2. explain this 
apparent contradiction.

21 in a synchrotron, 2.5 Gev electrons travelling at 0.9996c are subjected to a 2.8 t magnetic 3eld.

a What is the momentum of the electrons?

b  What is the radius of their path?

re8ecting

22 create a visual representation of your understanding of special relativity.



By the end of this chapter you will have covered the following material.

Science Understanding

 ● Uniformly accelerated motion is described in 
terms of relationships between measurable 
scalar and vector quantities, including 
displacement, speed, velocity and 
acceleration (ACSPH060)

 ● Representations, including graphs and 
vectors, and/or equations of motion, can 
be used qualitatively and quantitatively to 
describe and predict linear motion (ACSPH061)

 ● Vertical motion is analysed by assuming the 
acceleration due to gravity is constant near 
Earth’s surface (ACSPH062)

chap ter  7 
Quantum 
theory 
and light
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By the end of this chapter you will have covered the following material.

Science Understanding

 ● atomic phenomena and the interaction of 
light with matter indicate that states of matter 
and energy are quantised into discrete 
values (ACSPH135)

 ● on the atomic level, electromagnetic 
radiation is emitted or absorbed in discrete 
packets called photons; the energy of a 
photon is proportional to its frequency; 
and the constant of proportionality, 
planck’s constant, can be determined 
experimentally (for example, from the 

photoelectric effect or the threshold 
voltage of coloured leds) (ACSPH136)

 ● a wide range of phenomena, including 
black body radiation and the photoelectric 
effect, are explained using the concept of 
light quanta (ACSPH137)

 ● atoms of an element emit and absorb 
speci5c wavelengths of light that are unique 
to that element; this is the basis of 
spectral analysis (ACSPH138)
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Introduction
You have met several scienti�c models already in your study of physics. A model is generally 
considered successful when it has both good explanatory and predictive power. In Chapters 8 and 
9 of Nelson Physics Units 1 & 2 for the Australian Curriculum you studied a model of forces and 
motion called Newtonian mechanics. Newtonian mechanics provides a very powerful model that 
helps us to understand and allows us to predict how objects will behave when forces are exerted 
on them. A second model is the classical wave model, which you have studied in Chapter 10 of 
Nelson Physics Units 1 & 2 for the Australian Curriculum. You have seen that this model, coupled 
with the electromagnetic �eld model in Chapter 5, can explain many of the behaviours of light. 
Light is an electromagnetic wave. Light behaves just like other waves – it re)ects, refracts, shows 
di*raction and interference, just as do sound and other mechanical waves.

Each of these models replaced earlier, less successful models. Newtonian mechanics replaced 
Aristotelian mechanics, and the electromagnetic wave model replaced Newton’s particle model 
of light.

For hundreds of years it seemed as if these models could explain the 
behaviour of all physical systems. .en experiments started to show results 
that could not be explained by these models. You may wonder why it took 
so long for people to be able to do these experiments. Often in science 
new developments occur and new theories have to be constructed because 
improvements in technology allow for more precise measurements or di*erent 
sorts of measurements. .ere is a strong interaction between science and 
technology. New understanding in science leads to the development of new 
technologies. .e development and improvement of technology allows new 
experiments to be done. If the results of these experiments disagree with 
the existing models and theories, then new models and theories need to be 
developed. .ese, in turn, lead to new understandings and new technologies.

Experiments from the 19th and early 20th century showed results that 
did not agree with the classical models. Gustav Kirchho*, whose laws for analysing circuits 
you learnt about in Chapter 5 of Nelson Physics Units 1 & 2 for the Australian Curriculum, 
introduced the term black body radiation in 1859. .is refers to the infrared, visible or 
higher frequency light emitted by an object due to its thermal energy. .e spectrum emitted by 
a black body was not able to be explained in terms of the classical models of waves. .e classical 
wave model was also unable to explain the photoelectric effect or atomic spectral lines. .ese 
mismatches between theory and experiment suggested that physicists needed to rethink the very 
nature of light itself. .is was the beginning of quantum mechanics.

.e development of the quantum theory was a major revolution in science. It changed 
the way that we understand the behaviour of matter and the nature of the universe. It caused 
divisions among scientists, and vigorous argument and debate. .ere is still debate among 
physicists as to the interpretation of aspects of the quantum theory. However, for all the 
argument, it has been a spectacularly successful theory. Quantum theory has had a bigger 
impact on our daily lives than any other theory in science. .e quantum theory led to the 
development of semiconductors and semiconductor devices, including diodes and transistors. 
All of our modern information and communication technology is based on these developments, 
and you use them constantly. Every time you use a computer or a smart phone or watch TV you 
are using an application of quantum mechanics. It has been estimated that 90% or more of the 
wealth of the world is directly related to quantum mechanics!

The nature of light
In Newton’s time (the 17th century) there were two competing models for light – the ‘undulatory’ 
or wave model and the ‘corpuscular’ or particle model. Newton himself was a proponent of the 
particle model. At around the same time Christian Huygens was working on his wave model, as 
described in Chapter 11 of Nelson Physics Units 1 & 2 for the Australian Curriculum. In the early 
19th century experiments such as Young’s double-slit experiment (sometimes called the twin-slit 
experiment) provided convincing evidence that light acts like a wave.

Development of
new technologies

New or more
precise
experiments   

Refinement of models
and development of
new models and
theories

Figure 7.1 p  
the interactions between 
experiment and theory – 
each leads to advances 

in the other.

In Chapter 2 of 
Nelson Physics 
Units 1 & 2 for the 
Australian Curriculum 
you studied heat 
transfer and saw 
that any object 
with a temperature 
above absolute zero 
radiates energy. This 
energy is quantised 
and we shall see how 
it is produced in this 
chapter.

In Chapter 10 of 
Nelson Physics Units  
1 & 2 for the Australian 
Curriculum you 
studied the wave 
model of light, and a 
simpli'ed wave model, 
called the ray model. 
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The wave nature of light
In the double-slit experiment, light is shone through a pair of narrow, closely spaced slits. .e 
resulting interference pattern is observed on a distant screen. .e interference pattern results 
from the path di*erence between the light waves coming from the two di*erent slits. .e path 
di*erence results in areas of constructive and destructive interference – giving a pattern of bright 
and dark fringes. .e path di*erence is calculated as shown in Figure 7.2.

d

S1

S2
d

L
Viewing screen

P

O

y

r1

r2
u u

a

When we assume r1 is 
parallel to r2, the path 
difference between the two 
rays is r2 2 r1 5 d sin u.

d 5 r2 2 r1 5 d sin u   

S1

S2

d

r2

r1

u

b

When the screen is a long way from the slits, then the two rays, r
1 
and r

2
, are approximately 

parallel. Figure 7.2(b) shows a close up of the approximately parallel rays at the slits. .e 
interference pattern produced at the screen is due to the two rays travelling di*erent distances 
to reach a given point on the screen. .e di*erence in distance travelled is called the path 

difference. .e path di*erence is shown as d in Figure 7.2, and is given by:

d 5 r
2
 2 r

1
.

We de�ne an angle, u, as the angle between the normal to the line joining the two slits, and 
the point of interest, P, on the distant screen. We assume that the screen is also perpendicular to 
this normal line. .is allows us to write the path di*erence in terms of the angle u:

d 5 r
2
 2 r

1
 5 d sin u

where d is the distance between the slits. 
Recall from your previous studies of waves that constructive interference occurs when two 

waves have the same phase, in other words when peaks line up with peaks and troughs line up 
with troughs. At these points there is an antinode or bright spot in the pattern. .is occurs 
whenever the path di*erence is equal to a whole number of wavelengths, or when:

d sin u 5 ml,   m 5 0, 1, 2, …

At the positions where peaks meet troughs – the waves are always half a cycle out of phase – a 
node appears. .is occurs when:

d sin u 5 1
1

2







m  l,   m 5 0, 1, 2, …

.e angle, u, can be related to the height, y, above the point where the normal line reaches 
the screen (point O in Figure 7.2(a)) and the distance L to the screen. For small angles,

sin u < tan u 5 y

L

t Figure 7.2 
the double-slit 
experiment. Bright 
fringes occur when 
d sin u 5 ml, which is 

when y 5 
Lm

d

l
 for L >> d.



2 0 6  n e l S o n  p h y S i c S  u n i t S  3  &  4  f o r  t h e  a u S t r a l i a n  c u r r i c u l u m 9 78 017 0 2 4 2110

.erefore, the path di*erence can also be written as: 

d 5 dy

L

Relating this to the conditions for constructive and destructive interference tells us where the 
bright and dark spots in the pattern will occur. 

The points of constructive interference (bright spots) in a double-slit interference 

pattern occur at 

=
λ

y
Lm

d

The points of destructive interference (dark spots) occur at 

=
+ λ( )1

2y
L m

d

where m 5 0, 1, 2, … .

.e double-slit experiment is not the only experiment that is explained by the wave model 
of light. .e wave model also correctly predicts the di*raction of light by small apertures and 
around small objects. .e interference pattern produced as a result of di*raction through an 
aperture can be modelled as the interference of waves from di*erent parts of the aperture. .e 
interference pattern due to di*raction around a small object is explained by the interference of 
waves coming from each side of the object. 

All of these interference e*ects are explained by the wave model of light. In this model, 
light propagates as a wave and, hence, is spread out over a region of space, just as a water wave 
is spread out over a surface. It is this spreading out or delocalisation that allows di*raction and 
interference to occur. When more than one light wave exists in a region of space, superposition 
means the waves can add to give points of constructive and destructive interference. 

In Nelson Physics Units 1 & 2 for the Australian Curriculum you also studied refraction of waves. 
Light waves refract as do other waves, and the electromagnetic wave model of light (Chapter 5) 
explains why this occurs. Unlike mechanical waves, light does not need a medium through which 
to propagate. .e oscillating electric and magnetic �elds that make up the light wave are coupled. 
As the electric �eld varies, it creates a varying magnetic �eld, which in turn creates a varying 
electric �eld, and so on, and thus the wave can propagate through empty space. When the light 
wave meets a medium other than vacuum, the electric and magnetic �elds interact with the atoms 
and electrons in the material. .is slows the light wave down, and causes its path to bend. .is is 
refraction, as you saw in Nelson Physics Units 1 & 2 for the Australian Curriculum Chapter 11. 

.e electromagnetic wave model of light also explains polarisation. Polarisation is a result of 
the electric �eld component of light only being allowed to oscillate in a particular direction. As 
described in Chapter 11 of Nelson Physics Units 1 and 2 for the Australian Curriculum, this can 
be achieved by absorbing and rotating components of the electric �eld using a polaroid sheet, or 
by re)ecting light from a smooth surface. 

Maxwell’s electromagnetic wave model of light successfully predicts and explains all these 
behaviours of light. It also correctly predicted the speed of light, as we saw in Chapter 5.

Hence, the wave model of light became the mainstream, accepted model. It was a very 
successful model for more than a hundred years, and is still very useful.

However, this electromagnetic wave model did not always correctly predict the outcome of 
experiments. Two experiments in particular showed that a new model was needed. .ese were 
the black body radiation and the photoelectric e*ect experiments.

Diffraction and 
refraction were 
discussed in 
Chapter 11 of Nelson 
Physics Units 1 & 2 
for the Australian 
Curriculum.

Mechanical waves 
such as sound need 
a medium through 
which to propagate. 
They cannot 
propagate through 
vacuum. Light waves 
do not need a 
medium, so they can 
propagate through 
vacuum.
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e xpe r I m e nT  7.1

t h e  wav e  n at u r e  o f  l i g h t
when a wave with wavelength l is passed through a pair of closely spaced narrow slits it forms an interference 
pattern. a pattern of maxima and minima resulting from constructive and destructive interference can be 
observed. if the pattern is observed at some distance, L, from the slits, where L is much greater than the slit 
separation d, the distance between any two adjacent maxima is given by:

y
L

d
D 5

l

aim
to observe the behaviour of light incident on various arrangements of narrow slits

materials
 ● laser or laser pointer
 ● slides with a single slit, two closely spaced slits with known slit separation, and a diffraction grating
 ● a screen

What are the risks in doing this experiment? how can you manage these risks to stay safe?

lasers can cause serious eye damage. make sure the laser is always pointing away from 
people. never look into the laser. 

in your write-up, add any more risks you can think of, as well as ways to manage them.

procedure
1 arrange the laser, single slit slide and screen as shown in figure 7.3.

2 measure the distance from the slide to the screen.

3 turn on the laser and observe the pattern formed on the screen.

4 replace the slide with the double-slit slide and observe the pattern formed.

5 measure the distance from the central maximum to the farthest bright spot that you can clearly see. count 
how many spots there are between the central spot and the one you measure to.

6 replace the slide with the diffraction grating and observe the pattern formed.

Laser Slide with slit

L

Screen

 t Figure 7.3 experimental set-up

results
1 Sketch each of the patterns you observed. note the relative brightness of the various spots.

2 for the double-slit slide, record the number of spots to each side of the central bright spot. record 
the distance from the central spot to the furthest one. don’t forget to include the uncertainty in your 
measurement.

analysis of results
1 refer back you what you learned about waves in unit 1. how can the patterns you observed be explained?

2 for the double-slit slide, use your measurements and the known slit separation to calculate the wavelength 
of the laser light.
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Discussion
1 in what way is the interference pattern from the double-slit slide different from the interference pattern from 

the grating?

2 why do we need to use the wave model of light to explain the results of this experiment?

3 why does a single slit produce an interference pattern (called a diffraction pattern)?

remembering
1 name two models of light you have studied.

2 name three phenomena that the wave model of light can explain. 

Understanding
3 why is it only possible for an interference pattern to form in the double-slit experiment if light travels as a 

wave and hence is delocalised? draw a diagram to help explain your answer.

4 in the twin slit experiment, state what happens to the spacing of the light and dark fringes (increases, 
decreases or stays the same) if:

a a shorter wavelength of light is used.

b the screen is moved closer to the slits.

c more closely spaced slits are used. 

applying
5 in a twin slit experiment light of wavelength 630 nm is incident on a pair of slits spaced a distance 15 mm 

apart. if the screen is a distance 2.0 m from the slits, at what positions do the 5rst three bright spots appear? 

6 in a measurement to 5nd the wavelength of a light source, a viewing screen is placed a distance 4.8 m 
from a pair of slits with separation 0.030 mm. the 5rst dark fringe is a distance of 4.5 cm from the centre 
line on the screen. 

a find the wavelength of the light.

b find the distance between any two adjacent bright spots.  

analysing
7 when unpolarised light is passed through a polariser, and then through an analyser with its polarising 

axis at a right angle to the axis of the polariser, the intensity of the remaining light is approximately zero. 
when a second polarising sheet is placed between the polariser and the analyser, the 5nal intensity is 
much brighter and clearly non-zero. explain how this can happen. 

8 a pair of slits spaced 0.015 mm apart is illuminated with light of two wavelengths at the same time:  
l

1
 5 630 nm and l

2
 5 420 nm. the viewing screen is a distance 3.0 m from the slits. at what position on the 

screen, other than at y 5 0, do the maxima from the two interference patterns 5rst line up? give the m 
values for the bright spot for each wavelength at this position. 

re6ecting
9 draw a spider diagram summarising the wave model of light. include on your diagram all the behaviours 

explained by the electromagnetic wave model.

Q U e S T I o n  S e T  7.1

Black body radiation
All objects continuously radiate energy in the form of electromagnetic waves. At any non-zero 
temperature, a body emits radiation of all wavelengths, but the distribution or spectrum of 
wavelengths depends on its temperature. If an object is very hot you can see the light that is 
being emitted; for example, you can see the glowing coals in a �re or the �lament of a light 
globe. At low temperatures, the wavelengths of the emitted radiation are mainly in the low 
frequency, infrared region and cannot be seen, although you may still be able to feel the 
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radiation as heat with your skin. Measurements show that 
the hotter an object is, the more electromagnetic radiation 
is emitted, and the more of that radiation is at shorter 
wavelengths. Hence, if you take a piece of metal and heat it 
up slowly, it will �rst glow a dim red, then bright yellow and 
eventually very bright white.

Measurement of the intensity of emitted radiation as 
a function of wavelength shows that it is a continuous 
distribution of wavelengths from the infrared, through the 
visible and ultraviolet. .is distribution is called a continuous 

spectrum. .e shape of the spectrum depends only on 
the temperature of the object, and not on any of its other 
properties. A continuous spectrum is shown in Figure 7.5.

In
te
n
si
ty

Wavelength

a

b

p Figure 7.5  
a) a continuous spectrum. b) intensity is a function of 
wavelength for a continuous black body spectrum.

What is a black body?
A black body is an ideal surface that completely absorbs all wavelengths of electromagnetic 
radiation incident on it. Hence it is a black body. Such a surface will also be a perfect emitter of 
electromagnetic radiation at all wavelengths. .e radiation is characteristic of the temperature of 
the black body and, when the body is at room temperature, is mainly in the infrared part of the 
electromagnetic spectrum when the body is at room temperature.

Although a true black body is only a theoretical concept, it can be closely simulated in a 
laboratory. Consider a cavity (hollow space) that has the interior walls blackened and which is 
kept at a constant temperature (Figure 7.6). If a small hole is made in the wall of the cavity, it 
will act like a black body radiator. Any radiation that falls on the hole from the outside will pass 
through it. After multiple re)ections, the radiation will be absorbed by the interior surfaces. 
As the cavity is in thermal equilibrium with its surrounds, the interior surfaces will emit 
radiation at the same rate at which it is absorbed. .e radiation that escapes depends only on the 
temperature of the cavity. It is not a*ected by the size of the cavity or the material of which it is 
made.

Remember that this is an idealised object, not a real one. In practice, materials that absorb 
most of the light incident on them are good approximations of a black body. .is is where 
the term ‘black body’ comes from – black objects absorb most of the light incident on them, 
regardless of wavelength.

The black body spectrum
.e black body model is useful because it allows us to determine the temperature of distant 
objects. For example, we can estimate the surface temperature of the Sun by measuring its 
electromagnetic spectrum.

p Figure 7.6  
the opening to a cavity is 
a good approximation of 
an ideal black body. note 
that it is the opening to the 
cavity that is the black body, 
not the entire hollow object. 
the hole acts as a perfect 
absorber.

p Figure 7.4 
lava glows red-yellow.

In Nelson Physics 1 & 2  
for the Australian 
Curriculum, Chapter 1,  
you looked at models 
of energy transfer, 
including radiation. In 
Chapter 5 we saw that 
this radiation, mostly 
infrared light, is a form 
of electromagnetic 
waves.

Recall from Nelson 
Physics 1 & 2 for the 
Australian Curriculum 
that if two substances 
in physical contact 
with each other 
exchange no net 
heat energy they are 
in thermal equilibrium. 
The two substances 
must be at the same 
temperature.
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Figure 7.7 shows the spectra of emitted radiation for a black body at various temperatures. 
Note how the peak in the radiation curve gets higher and shifts to shorter wavelengths as the 
temperature increases.

In 1893 Wilhelm Wien derived a relationship between the position of the peak wavelength 
at which radiation is emitted and the temperature of a black body. He used the idealised black 
body cavity model to derive the relationship, now known as Wien’s displacement law or simply 
as Wien’s law.

The position of the peak wavelength is given by Wien’s law:

lmax 5 
b

T

where lmax 5 peak wavelength in m, T is the absolute temperature in K, and b is 

Wein’s constant, b 5 2.898 3 1023 m K.

aCT Iv I T y  7.1

B l ack  B o dy  r a d i at i o n  fr o m  a  l i g h t  
g lo B e  f i l a m en t

aim

to observe black body radiation from a light globe 5lament as the temperature of the 5lament changes

you will need

a 12 v incandescent light globe and a continuously variable 12 v dc power supply

What to do

1 make sure the power supply is switched off and that the voltage is turned to zero. connect the light 
globe across the terminals of the power supply. turn on the power supply and very slowly turn up the 
voltage from zero until the globe just starts to glow.

2 what colour does it glow at this very low power?

3 increase the voltage very slowly, observing what happens to the globe. observe how the colour 
changes. what colour does the 5lament appear when the voltage is turned up to 12 v?

4 record your observations. what is happening to the temperature of the 5lament as the voltage is increased?

Wo r k e D  e x am ple  7.1

the surface of the Sun has a temperature of approximately 5800 k. if we treat the Sun as a black body, what 
is the peak wavelength of the radiation emitted? use figure 5.41 in chapter 5 to determine the part of the 
electromagnetic spectrum to which this wavelength belongs. (4 marks)

answer logic

lmax 5 
b

T
relate wavelength to temperature. 1 mark

lmax 5 
3 22.898 10 m k

5800 k

3

Substitute numbers with correct units. 1 mark

lmax 5 5.0 3 1027 m calculate the 5nal value. note that we have 
rounded the answer to two signi5cant 5gures, as the 
temperature was given to two signi5cant 5gures. 

1 mark

this is yellow (visible) light. locate the wavelength on figure 5.41. 1 mark

2 4310
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Figure 7.7 p  
intensity and distribution of 

wavelengths of radiation 
from a black body at different 

temperatures
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Try this yourself

the black body spectrum shown is for the star antares. what is the surface temperature of the 
star antares? 

(4 marks)

Wavelength (nm)

500 1000 1500
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n
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  z Figure 7.8 Black body spectrum for antares

Wien’s law was a successful model in that it accurately predicts the position of the peak 
wavelength. However, there were still two problems. First, there was no theory that explained 
the shape of the curve. Second, Wien’s law was based on an idealised system – a cavity with a 
small hole. It is diKcult to see how this theoretical model could represent the surface of a solid 
piece of material or a star such as the Sun.

Classically, it was thought that the thermal radiation originated from oscillating charged 
particles near the surface of an object. In the previous chapter we saw that oscillating charges 
are a source of electromagnetic waves. .is is how antennae work. .e oscillating charges 
in the antenna produce an electromagnetic wave of the same frequency as the oscillations. 
Recall from Chapter 1 of Nelson Physics Units 1 & 2 for the Australian Curriculum that the 
temperature of a material is a measure of the average kinetic energy of the atoms of that 
material. In a gas or a liquid the particles are free to move. .e higher the temperature, the 
more kinetic energy the particles have and the faster they move. In a solid material, the 
atoms are not free to move, so this kinetic energy is observed as vibrations, and the higher 
the temperature, the higher is the frequency of vibration. And as you know, atoms are made 
up of smaller particles including protons and electrons, which are charged. Hence, this 
theory provided the oscillating charges needed to produce the electromagnetic radiation.

Now consider again the ideal model of the black body cavity. If the atoms on the inside 
surface are acting as little antennae, we would see standing waves set up between the walls of the 
cavity. Recall that you learnt about standing waves in Chapter 10 of Nelson Physics Units 1 & 2 
for the Australian Curriculum. .e waves produced by the vibrating atoms in the inside surface 
would re)ect from the opposite surface. If the waves have the right wavelength, a standing wave 
is set up, just like standing waves in a string. We call these standing waves modes of vibration.

Classically, all the possible modes of vibration would be equally probable, and the total 
energy would be divided equally between them all. In any cavity, more short wavelength modes 
would be able to �t in the cavity. .is means more short wavelength radiation should be emitted 
through the hole. As the temperature of the cavity increased, so should the total energy. As 
the energy increased, the energy associated with the short wavelengths (ultraviolet, X-rays and 
gamma rays) would approach in�nity. According to this theory, even a regular heater should be 
emitting dangerous amounts of X-rays and gamma rays!

Figure 7.9 shows a comparison of a theoretical spectrum based on this model and a 
measured spectrum. .is mismatch between theory and experiment was called the ‘ultraviolet 
catastrophe’. Of course it was only a catastrophe for the theory that predicted it.

A new theory was needed to solve these problems.

planck’s quanta of energy
In 1900 a German physicist named Max Planck used ‘lucky guesswork’ (as he called it) to derive 
a formula that correctly matched the experimentally observed spectrum. Planck proposed that 
the atoms could only oscillate with discrete energies, given by

En 5 nhf

Wavelength
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The classical theory (red-brown 

curve) shows intensity growing 

without bound for short 

wavelengths, unlike the 

experimental data (blue curve).

p Figure 7.9 
comparison of the 
classically predicted 
and experimental black 
body spectra
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where n is an integer, f is the frequency of oscillation and h is a constant. .e constant h, now 
known as the Planck constant, is h 5 6.626 3 10234 J s 5 4.14 3 10215 eV s.

.is was a radical proposition. It means that the energy of the oscillators is quantised. It 
may only take discrete values, given by the equation above, rather than any possible value in a 
continuous range.

From this Planck deduced that the oscillators could only emit and absorb electromagnetic 
radiation (light) in packets of energy of speci�c sizes. He called these packets of energy ‘quanta’. 
.e amount of energy emitted is equal to the amount of energy lost by an oscillator when it goes 
to a lower energy state. For example, if an oscillator goes from an energy of E

3
 5 3hf to E

2
 5 2hf,  

the energy lost is E
3
 2 E

2
 5 3hf 2 2hf 5 hf.

One quantum of light has energy E 5 hf.

Planck combined this idea of quantisation 
with two ideas from classical statistical 
mechanics. First, the probability of an 
oscillator having a particular energy decreases 
as the energy increases. Hence, the probability  
of an atom being in a higher energy state (called 
an excited state) is lower. .is means that the 
intensity of radiation at high frequencies (short 
wavelengths) is small. Second, the probability 
of a change in energy decreases with the relative 
gap between energy levels. .e relative gap is 
larger for lower energies, or long wavelengths, 
so intensity is again low at these wavelengths. 
In between, we see the peak observed in the 
experimental spectra.

.e quantisation of energy was such a 
revolutionary departure from classical physics 
that even Planck was reluctant to accept his 
own idea. Although Planck had discovered a 
mathematical way of explaining the shape of 
the black body spectrum, he was concerned 
that there was no physical model for how the 
energy could be in these discrete packets. It 
was Einstein who put physical meaning to 
Planck’s quantum hypothesis.

Watch your units! 
KE and h must have 
consistent units. If KE is 
in J, then h must be in 
J s. If KE is in eV, then 
use h in eV s. Always 
write your numbers 
with units so you don’t 
get mixed up!

Wavelength

In
te
n
si
ty

n 5 2

n 5 1

n 5 7

n 5 6

n 5 5

n 5 4

n 5 3

n 5 2

n 5 1

Somewhere between short and long 

wavelengths, the product of increasing 

probability of transitions and decreasing 

energy per transition results in a maximum 

in the intensity.

At very long wavelengths, there is a small 

separation between energy levels, leading 

to a high probability of excited states and 

many downwards transitions. However, 

the low energy in each transition leads to 

low intensity.

At very short wavelengths, there is a 

large separation between energy levels, 

leading to a low probability of excited 

states and few downwards transitions. 

$e low probability of transitions leads 

to low intensity.
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Figure 7.10 p 
planck’s model for black body radiation

Wo r k e D  e x am ple  7. 2

a quantum of energy has wavelength 5.8 3 1025 m.

a  what is the frequency of this quantum? (4 marks)

b what is the energy of this quantum? (3 marks)

answers logic

a  c 5 f l use the dispersion relation for light to relate 
frequency to wavelength.

1 mark

 
5

l
f

c
⇒ rearrange for frequency. 1 mark

 

3.00 10  m s

5.8 10  m

8 1

5
5

3

3

2

2
f Substitute numbers with units. 1 mark

 f 5 5.2 3 1012 hz calculate 5nal value. 1 mark
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Case study

Dr Robert Colman – Black body radiation 

and climate change modelling

dr robert colman is head of the climate change processes team in the 
centre for australian weather and climate research at the Bureau of 
meteorology in melbourne. dr colman did a phd in physics at the university 
of melbourne, after studying maths and physics as an undergraduate. he 
is the author of more than 100 scienti5c articles and was a lead author on 
the united nations intergovernmental panel on climate change (ipcc) 4th 
climate change assessment. the ipcc assesses scienti5c, technical and 
socio-economic information on climate change. the ipcc is a massive 
international collaboration that reviews the work of thousands of scientists. 
it then provides rigorous scienti5c information to decision makers, including 
governments such as our own.

the climate change processes team conducts research into the 
causes of past climate changes and into the changes we can expect 
in temperature, rainfall and other climate features in the future. the 
mathematical models used are based on fundamental physical principles, 
such as the laws of conservation of energy, mass and momentum, as well 
as a wealth of experimental observations.

Black body radiation is one of the important physical processes that are taken into account. the 
combined earth–atmosphere system acts like a black body. it absorbs radiation from the Sun, and also 
radiates energy out into space.

the amount of energy absorbed depends on the albedo (reLectivity) of earth’s surface and 
atmosphere. the albedo is a measure of how much light is reLected. the more light is reLected, the less 
energy is absorbed. Snow and sea ice have a much greater albedo – they reLect more light – than rock or 
ocean. this means that more light is reLected. as polar snow and ice melts, more energy is absorbed by 
the darker surface beneath. this leads to an increased rate of heating.

the amount of energy radiated by earth must ultimately match the energy it absorbs from the Sun. 
however, very little radiation from the surface can escape directly to space. instead, it is mostly absorbed 
in the atmosphere by water vapour, co2 and other ‘greenhouse gases’. it is then re-radiated, until it 
eventually escapes to space. the altitude of this ‘5nal escape’ is about 5 km; it is the temperature of the 
‘black body radiator’ at this level, not at the surface, that would be seen by a space traveller looking 
at earth. here the atmosphere is much cooler than at the surface, so the atmosphere makes the black 
body radiator much less ‘ef5cient’ than if the radiation could escape directly from the surface. this is the 
‘natural’ greenhouse effect, and keeps the surface about 33°c warmer than it would otherwise be, at a 
comfortable 15°c on average.

human emissions raise the height at which this black body radiation occurs, because they introduce 
more greenhouse gases, such as co2 and ch4. this makes earth an even less ef5cient radiator, so the 
whole planet and atmosphere must warm up to restore the balance: greenhouse warming!

the models that dr colman and his team use have to include these effects. climate modelling is a 
challenging task because there are so many factors that affect the climate. these include changes in 
the atmosphere, oceans, ice sheets and land surface. modelling these complex interactions requires 
programs with millions of lines of code, run on the world’s most powerful supercomputers. it also 

p Figure 7.11  
dr robert colman
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b  E 5 hf relate energy to frequency. 1 mark

 E 5 (6.626 3 10234 J s)(5.2 3 1012 hz) Substitute numbers with correct units. 1 mark

 E 5 3.3 3 10221 J calculate 5nal answer. 1 mark

Try these yourself

1 what is the frequency of a quantum of energy with E 5 2.5 kev? (4 marks)

2 what is the wavelength of a quantum of energy with E 5 1.7 3 10225 J? (5 marks)
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requires major new collaborations between 
atmospheric physicists, oceanographers, 
plant biologists, mathematicians and 
computer scientists. 

to test the models, scientists use them 
to simulate observed features of recent 
climate and past climate changes. if a 
model can accurately reproduce measured 
temperatures and rainfall from the past, it 
raises con5dence that the model will be 
able to predict temperatures and rainfall in 
the future. climate models are a lot like the 
weather models used to forecast weather, but 
climate models make projections for decades 
into the future.

figure 7.12 shows the results from two 
sets of models compared to measured 
data for temperature variations in the last 
hundred years. the black lines show the 
temperature anomaly. temperature anomaly 
is the difference between recently recorded 
temperatures and long-term average 
temperatures. the lower set of models, 
shown in blue, do not include anthropogenic 
(human-caused) effects. the upper set of 
models, shown in orange, does include 
these effects and 5ts the data much better. 
this shows that models do not reproduce 
the observed warming unless the effects 
of greenhouse gases emitted as a result 
of human activities are included. multiple 
sources of evidence, including results such as 
this, have convinced climate scientists that  
humans have signi5cantly changed earth’s  
climate, and that even larger changes are  
to come.

Questions

1 de5ne ‘anthropogenic’.

2 if a year is colder than usual, would you 
expect the temperature anomaly for that 
year to be positive or negative? what if it 
was hotter than usual?

3 how have advances in information technology contributed to improved climate modelling?

4 what effect do you think clouds have on the albedo of earth? how do you think this affects the solar 
energy absorbed by earth? what about the energy radiated?

5 what effect do you think large volcanic eruptions might have on the climate?

6 there is still debate in the media and among politicians about the causes and even the existence 
of climate change. research and evaluate the arguments put forward by climate-change sceptics. 
reLect on your own views on this topic. write a brief summary of your position in the debate, and 
include evidence to support your opinions.
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Figure 7.12 p  
models of climate change that a) do not include 

anthropogenic effects and b) include anthropogenic effects. 
the black lines are measured data and the coloured lines 
are simulations from the models. the heavy coloured lines 
are averages from all the individual models. ‘temperature 
anomaly’ is the difference in global temperature from the 
long-term mean. grey vertical lines show when prominent 

volcanoes erupted.
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remembering
1 name two classical models in physics.

2 de5ne ‘black body’.

Understanding
3 Show that the units for planck’s constant must be J s.

4 vega is a blue star and antares is a red star. which is hotter? explain your answer.

applying
5 imagine an oven being used to bake a cake. what is the most likely 

wavelength of light in the oven?

6 an atomic oscillator has frequency f 5 6.1 3 1012 hz, and is in the  
n 5 3 state.

a what is the energy of this oscillator?

b what frequency light will be emitted if it transitions to the n 5 2 state?

7 figure 7.13 shows the black body radiation spectrum for the star vega.

a what is the peak wavelength?

b calculate the surface temperature of vega. give your answer to 
an appropriate number of signi5cant 5gures.

analysing
8 the 5lament of an incandescent light globe can be modelled as a 

black body. a tungsten 5lament reaches a temperature of 2900 k. 

a what wavelength does it emit most strongly? 

b explain why such light globes emit more radiation in the infrared than in the visible part of the 
electromagnetic spectrum.

re6ecting
9 follow the weblink to the ipcc article. read the summary of at least one 

article and reLect on how climate change might affect your life in the 
future. consider the impact on where you live, and on where your food, 
water and electricity come from.

10 for climate scientists, the evidence of anthropogenic global warming is clear. 
however, many people, including some government and industry leaders, do 
not accept the evidence. what social, cultural and economic factors may 
be important in decision and policy making about the climate? why do you 
think that some politicians are reluctant to make policy decisions that require 
action to be taken to mitigate the risks associated with climate change?

Q U e S T I o n  S e T  7. 2

p Figure 7.13
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te

n
si

ty

Wavelength (nm)

500 1000 1500

InTergovernmenTal 
panel on ClImaTe 
Change

read the summary 
of one or more of the 
publications listed.

Quantisation and the 
photoelectric effect
As we have seen, Planck introduced the idea of quantised electromagnetic energy, light, as a 
mathematical trick to explain the black body spectrum.

It was already known at the time that matter was quantised. Scientists accepted that matter 
came in discrete quanta, or atoms. .e atoms combine to form molecules, and so on. In 1897, J.J. 
.ompson discovered electrons when he realised that cathode rays were made of tiny negatively 
charged particles that were pieces of atoms. So, although it was known that atoms could be broken 
down into smaller components, these components were themselves quantised into discrete bits or 
particles. .is was just three years before Planck published his theory of black body radiation.

In Chapters 9 and 10 
you will look at the 
discovery of many 
more particles, and 
how they are related, 
when you explore the 
Standard Model.
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When the quantum model was being developed, the idea of quantisation of matter was 
already well established and accepted, but the idea of quantisation of energy was completely 
new. It contradicted the accepted model of light as a wave.

.e photoelectric e*ect provided the evidence needed for quantisation of energy to be 
accepted as more than just a mathematical trick.

The photoelectric effect
.e photoelectric e*ect was �rst observed by Heinrich Hertz in 1887. He observed that when 

light is shone on a highly polished metal surface, electrons can be emitted from the 
surface. One of Hertz’s assistants, Philipp Lenard, performed experiments to investigate 
the photoelectric e*ect in detail. Lenard developed much of the equipment needed to 
make quantitative measurements of the intensity and energy of the emitted ‘cathode 
rays’, as they were called at the time. Other physicists, including Robert Millikan, also 
investigated the e*ect.

.eir data showed that:
 ●  no electrons were emitted unless the frequency of the light was above some minimum 

or critical frequency, regardless of the intensity of the light.
 ●  the number of electrons (the current) was proportional to the intensity. It did not 

vary with the frequency of the light, as long as the frequency was high enough.
A photoelectric e*ect apparatus is shown in Figure 7.14.
When light is shone through the quartz window at the polished metal plate, X, 

photoelectrons are emitted. .e photoelectrons are attracted to the positively charged 
metal plate, Y. .e ammeter, A, measures the current of photoelectrons produced – the 
photocurrent.

Using this apparatus, experiments show that:
 ●  A photocurrent is only produced when the frequency of the light is above some minimum 

value, called the cut-off frequency, f0. .is implies a cut-o* wavelength,  

l
0
 5 

0

c

f
, above which no photocurrent is produced.

 ● .e size of the current (the number of photoelectrons produced) depends on the intensity of 

the light but not the frequency, as long as the frequency is above f
0
.

 ● .ere is no time delay between light being incident on the metal and photoelectrons being 

emitted, regardless of intensity.
 ● Di*erent metals have di*erent characteristic cut-o* frequencies.

.e voltage divider is used to vary the potential di*erence between X and Y. When the 
potential di*erence is reversed, the maximum kinetic energy of the emitted photoelectrons can 
be measured. .is is called a reverse bias voltage. In this case, plate Y is negative and repels the 
photoelectrons. As you know from Chapter 3, the electrons lose energy as they move from a 
point of higher potential to one of lower potential in the direction of an electric �eld. Hence, the 
electrons lose kinetic energy as they move in the direction of X to Y.

.e reverse bias voltage between X and Y is slowly increased and the current observed. When the 
current just drops to zero, the potential di*erence is equal to the maximum energy per unit charge 
of the electrons. .is potential di*erence is called the stopping voltage, V

s
. Hence, the potential 

di*erence times the electron charge is equal to the maximum kinetic energy of the photoelectrons.

KE
max

 5 V
s  
q 5 V

s  
e

.is experiment has the following results:
 ● .e maximum kinetic energy (measured via the stopping voltage) depends on the frequency 

of light but not on the intensity, as shown in Figure 7.15.
 ● Di*erent metals have di*erent characteristic stopping voltages, which depend on frequency.

Recall from Chapter 3  
that potential is 
potential energy per 
unit charge. As a 
negatively charged 
electron moves from 
a point of higher 
to lower potential, 
its potential energy 
increases so its 
kinetic energy must 
decrease.

X Y

2 1

Evacuated
glass tube

Quartz window

A

Potential
divider

Figure 7.14 p 
a typical set-up 

for a photoelectric 
experiment
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Maximum
kinetic energy
of photoelectrons
in 10219 J

Work
function
for copper
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Sodium

Magnesium

Copper

8

t Figure 7.15 
maximum kinetic 
energy as a function 
of frequency for three 
different metals. the 
data is shown as circles 
and the lines are 
extrapolated to 5nd  
the work functions.

.e electromagnetic wave model of light cannot explain all of these observations. Table 7.1 
compares the results of these experiments with the predictions of classical electromagnetic wave theory.

Table 7.1 comparison of experimental results with predictions of classical electromagnetic 
wave theory

experimental observation prediction from classical 
electromagnetic wave model

photocurrent only occurs for 

frequencies above f0, and f0 is 
characteristic of the material. 

electrons should be emitted at any 
frequency, as long as the intensity is 
high enough. 

the size of the current depends on 
intensity but not frequency. 

the current should depend on both 
intensity and frequency.

there is no time delay between the 
absorption of light and emission of a 
photoelectron at any intensity.

at low intensities it takes time for 
enough energy to be absorbed by the 
atoms. hence, there should be a delay 
between the light being turned on and 
electrons being emitted. the delay 
should be longer for lower intensities. 

the maximum kinetic energy of the 
electrons depends on the frequency of 
light but not on the intensity.

the kinetic energy should only be 
related to the intensity, and not to the 
frequency.

Just as with black body radiation, a new theory was needed to explain the results.
It was Einstein who came up with a new model in 1905. His explanation combined two 

ideas – the very familiar one of conservation of energy, and Planck’s more recently introduced 
idea of quantisation.

Conservation of energy
You are already familiar with the idea of conservation of energy. Einstein explained the 
photoelectric e*ect by saying that electromagnetic radiation, or light, is quantised, or at least 
behaves as if it is quantised. When it interacts with matter, such as the metal plate X in Figure 
7.14, it can only give up its energy in discrete amounts. Each quantum of light has energy

E 5 hf

where h is the Planck constant and f is the frequency of the light. .is is the relationship 
between energy and frequency �rst introduced by Planck to explain black body radiation.

It was for his 
explanation of  
the photoelectric 
effect that Einstein 
won his Nobel Prize, 
and not for the 
development of 
relativity (Chapter 6). 
Although relativity is 
a fascinating theory, 
in terms of impact 
on our daily lives it is 
the quantum theory 
that has made the 
most difference.

Recall from chemistry 
that an ion is a 
charged particle, 
usually an atom that 
has either lost or 
gained electrons. The 
ionisation energy is 
the energy needed to 
remove an electron 
from an atom. In 
the case of the 
photoelectric effect, 
electrons are lost 
from the whole metal 
lattice rather than 
from individual atoms.
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When an electron in the metal plate X (Figure 7.14) absorbs a photon, it gains this energy. 
However, to leave the metal plate costs it an amount of energy; e*ectively an ionisation energy. 
Hence, the cut-o* frequency, which is characteristic of the metal, is a measure of this ionisation 
energy. .is energy is called the work function of the metal, and is given by

W 5 hf
0

where W is the work function, h is Planck’s constant and f
0
 is the cut-o* frequency.

Putting this together with conservation of energy, Einstein said that:

KEmax 5 hf 2 hf0 5 hf 2 W

This is the photoelectric equation. It says that if an electron absorbs light energy hf, 

and is emitted from the metal, it will have a maximum kinetic energy of hf, minus 

the energy needed to leave the plate, which is W 5 hf0.

Looking again at Figure 7.15, we can now see that the gradient of each line must be equal to 
Planck’s constant. .e extrapolated straight lines of best �t in Figure 7.15 cross the y axis at the 
value of the work function. .is graphical representation of the experimental data allows us to 
quickly �nd values for both the Planck constant and the work function of the metal used.

Table 7.2 work functions of some metals

metal W (ev) W (J)

na 2.46 3.94 3 10219

al 4.08 6.53 3 10219

fe 4.50 7.20 3 10219

cu 4.70 7.52 3 10219

Zn 4.31 6.90 3 10219

ag 4.73 7.57 3 10219

pt 6.35 1.02 3 10218

pb 4.14 6.62 3 10219

Note: these are typical values for these metals. Measured values vary depending on whether 
the metal is a single crystal or polycrystalline. For single crystals the value also depends on 
which face of the crystal is illuminated.

Millikan’s experiments

einstein’s hypothesis that the energy was quantised was con5rmed by robert millikan. 
millikan did not initially believe einstein’s explanation for the photoelectric effect and spent 
10 years performing experiments to test it. he was a brilliant experimentalist and had to 
develop techniques and equipment in order to perform experiments precise enough 
to really test einstein’s model. using his equipment, he produced a graph similar to that 
shown in figure 7.15. he found that the gradient of his graphs was consistently within 
uncertainty of planck’s constant. he eventually came to the conclusion that einstein’s 
model explained the experimental data, and that no other existing model did. he wrote 
in his autobiography that his data ‘scarcely permits of any other interpretation than that 
which einstein had originally suggested’. it is interesting to compare millikan’s eventual 
acceptance of the photon model with the Bohr–einstein debate over the probabilistic 
nature of quantum mechanics. this is described later.

W
o

W
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Wo r k e D  e x am ple  7.3

using the graph in figure 7.16 below, 5nd the value of the work function for caesium. give your answer in 
electron-volts and joules. (5 marks)

Frequency

(3 1014 Hz)
2 4 6 8 10 12 14
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 1
0
2

1
9

 J)

 

t Figure 7.16 
a plot of photoelectron maximum kinetic 
energy as a function of frequency of 
incident light for caesium

answer logic

f0 5 4.4 3 1014 hz read f0 from the graph. 1 mark

W 5 hf0 relate f0 to the work function. 1 mark

W 5 6.63 3 10234 J s 3 4.4 3 1014 hz Substitute numbers including units. 1 mark

W 5 2.9 3 10219 J calculate the 5nal value. 1 mark

2.9 10  J

1.6 10  J ev
1.8 ev

19

19 1
5

3

3
5

2

2 2
W convert from J to ev. 1 mark

Try this yourself

use the graph in figure 7.16 to 5nd a value for planck’s constant, h. (4 marks)

You may have noticed that we have been talking about the maximum kinetic energy of the 
photoelectrons. .e photoelectrons have all values of energy up to this maximum value. After 
absorbing the energy hf from the light, the electrons have energy hf. Recall from Chapter 5 of 
Nelson Physics Units 1 & 2 for the Australian Curriculum that in a metal there are lots of conduction 
electrons. .ese are electrons that are free to move through the metal and are not bound to any 
particular atom. It is these conduction electrons that can be ejected as photoelectrons. .e valence 
electrons, which are bound to the atoms, cannot gain enough energy to be ejected in this way.

Electrons that have absorbed E 5 hf  lose a minimum energy of E 5 W to escape the material, 
if they are at the very surface and have no interactions with other electrons or nuclei as they escape. 
However, most of the electrons will lose some of the absorbed energy in collisions with other electrons 
and with interactions with the atomic nuclei in the metal. Many do not leave the metal at all because 
they lose all of this energy, which shows up as the increased temperature of the metal. Hence, there is 
a continuous spectrum of electron energies from zero to the maximum value of hf 2 W.

Wo r k e D  e x am ple  7. 4

ultraviolet light of wavelength 200 nm is incident on a polished silver plate. the work function for silver is 4.7 ev.

a what is the kinetic energy of the fastest moving electrons? (5 marks)

b what is the kinetic energy of the slowest moving electrons? (1 mark)

c what is the cut-off frequency for silver? (4 marks)
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answers logic

a KEmax 5 hf 2 W relate maximum ke to other values given. 1 mark

 
5

l
f

c relate frequency to wavelength. 1 mark

 KEmax 5 
hc

l
 2 W Substitute the expression for f. 1 mark

 KEmax 5 
(4.14 10 evs)(3.0 10 m s )

(200 10 m)

15 8 1

9

3 3

3

2 2

2  2 4.7 ev Substitute values including units.  

W is in ev, so convert h to ev also.

1 mark

 KEmax 5 1.5 ev calculate the 5nal value. 1 mark

b 0 ev the slowest moving electrons only just 
make it out of the metal.

1 mark

c W 5 hf0 relate the cut-off frequency to known values. 1 mark

 f0 5 
W

h
rearrange for f0. 1 mark

 f0 
4.7 ev

4.14 10 ev s15
5

3 2
Substitute values with units. 1 mark

 f0 5 1.1 3 1015 hz calculate 5nal value. 1 mark

Try this yourself

draw a graph of maximum photoelectron kinetic energy as a function of frequency of incident 
light for silver. 

(4 marks)

t h e  p h oto el ect r i c  effect
it is possible to observe the photoelectric effect using some very simple equipment. you can even build some of 
the equipment yourself! follow the weblink to 5nd instructions for making your own electroscope.

aim
to observe the photoelectric effect

materials
 ● electroscope
 ● polished zinc plate
 ● steel wool or 5ne sand paper
 ● glass rod
 ● polythene rod
 ● fur or woollen fabric
 ● ultraviolet light source
 ● other light sources, for example lasers and torches

What are the risks in doing this experiment? how can you manage these risks to stay safe?

ultraviolet light can damage your eyes. do not look directly at the ultraviolet light source. 
turn it off when not in use. 

in your write-up, add any more risks you can think of, as well as ways to manage them.

procedure
1 clean the zinc plate thoroughly with the steel wool or sand paper, then place it on the electroscope. try not to 

leave any 5ngerprints on it as you do so.

2 charge up the glass rod by rubbing it vigorously with the fur or wool.

e xpe r I m e nT  7. 2

SoFT DrInk Can 
eleCTroSCope

Build your own 
electroscope using 
a soft drink can.
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3 touch the rod to the zinc plate. you should observe the leaves of the electroscope separate.

4 time how long it takes for the leaves to fall back together. if it takes more than two minutes, just record your 
result as ‘more than two minutes’ and discharge the electroscope by touching it with your hand. remember 
to avoid touching the zinc plate.

5 repeat steps 2 to 4, but this time shine one of your light sources on the plate.

6 repeat steps 2 to 5 with each of your different light sources.

7 charge up the polythene rod by rubbing it vigorously with the fur or wool.

8 use the rod to charge the electroscope.

9 time how long it takes for the leaves to fall back together.

10 repeat steps 7 to 9, but this time shine a light source on the zinc plate. repeat this for each light source.

11 charge the zinc plate with the polythene rod and then shine the ultraviolet light on it from various distances 
away. this varies the intensity of the light on the plate.

results
1 draw a diagram showing your experimental set-up. label all the parts clearly.

2 record your results in a table, such as that shown below. the glass rod becomes positively charged. the 
plate is also positively charged when charged with the glass rod. the polythene rod becomes negatively 
charged. the plate is also negatively charged when charged with the polythene rod.

3 don’t forget to include units and uncertainties on your data.

Charge on plate light used Time to  
discharge (s)

4 if you measured the discharge time using the ultraviolet light at various distances (step 11 above), record 
your results in a table like the one below.

Distance to light (m) Time to discharge (s)

analysis of results
1 explain what is happening in each case you investigated.

2 plot a graph of time to discharge as a function of distance to light, using the data in your second table. do 
you expect this graph to be linear? if not, what shape do you expect it to be? can you check whether it is?

Discussion
1 discuss the shape(s) of your graph(s). are they what you expected? if not, why might this be the case? think 

about any assumptions you have made.

2 what could you do to improve the accuracy and precision of this experiment?

3 can you think of any ways to extend it?

photons: quantisation of energy
Einstein’s explanation of the photoelectric e*ect gave a physical meaning to the idea of 
quantisation of energy of electromagnetic radiation. It meant that, in some circumstances, light 
behaved like particles. .e term ‘photon’ was introduced by the chemist Gilbert Lewis in 1926 
to describe these particles. Further experiments by Arthur Holly Compton gave evidence for 
the existence of photons. Compton scattered single photons from electrons and found that only 
particular energies were absorbed. Photons are now accepted as particles with zero rest mass, 
and with energy given by E 5 hf.
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remembering
1 what principle did einstein use to explain the energies of photoelectrons?

2 what is a photon?

Understanding
3 how is a photoelectron different from any other electron?

4 explain how you can 5nd planck’s constant from a 
graph of frequency against stopping voltage from a 
photoelectric experiment.

5 it requires more energy to remove an electron from 
the surface of a polished piece of copper than from a 
polished piece of lithium. 

a which metal has the larger work function? 

b which metal has the greater cut-off wavelength?

applying
6 if a metal has work function W and is irradiated with 

light of frequency f, what are the possible energies of 
any emitted photoelectrons?

7 the graph in figure 7.17 shows the results of a photoelectric 
experiment using a magnesium metal plate.

Q U e S T I o n  S e T  7.3

Wo r k e D  e x am ple  7.5

find the range of energies of photons in the visible spectrum. the visible spectrum ranges from blue light with 
wavelength approximately 400 nm to red light with wavelength approximately 700 nm. (9 marks)

answer logic

E 5 hf relate energy to other values. 1 mark

5
l

f
c

 
relate frequency to wavelength. 1 mark

5
l

E
hc

Substitute expression for f. 1 mark

max

min

5
l

E
hc

 
recognise that the highest energy 
corresponds to the smallest wavelength.

1 mark

E
(4.14 10 ev s)(3.0 10  ms )

400 10  m
max

15 8 1

9
5

3 3

3

2 2

2
Substitute values including units. 1 mark

Emax 5 3.1 ev calculate the 5nal value. 1 mark

min

max

5
l

E
hc

 

recognise that the lowest energy corresponds 
to the longest wavelength.

1 mark

E
×(4.14 10  ev s)(3.0 10  ms )

700 10 m
min

15 8 1

9
5

3

3

2 2

2
Substitute values including units. 1 mark

Emin 5 1.8 ev calculate the 5nal value. 1 mark

Try this yourself

photons in the visible spectrum have energies ranging from 1.8 ev to 3.1 ev. convert these 
energies to J.

(3 marks)
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p Figure 7.17
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a find a value for planck’s constant from this graph.

b find a value for the work function of magnesium.

c imagine that silver had been used in this experiment instead of magnesium. Silver has a work function 

of 4.7 ev. draw a line on the graph showing where the data points for silver would be located.

analysing
8 figure 7.18 shows a photoelectric tube with light of frequency f and intensity I incident on a metal cathode. 

electrons emitted from the cathode are collected at the anode. the potential difference between the anode and 
cathode is varied, and the resulting photocurrent is measured. figure 7.19 shows the results of this experiment.

 

V mA

Evacuated tube
Light

Anode

Cathode

p Figure 7.18

Vs

Current (A)

Cut-off potential pd (V)

p Figure 7.19  
photocurrent as a function of 
applied potential difference

a why is the photocurrent constant at positive 
values of pd?

b if the frequency of the light is varied, which 
of the graphs in figure 7.20 represents the 
relationship between the stopping voltage,  
Vs, and f?

Chap Te r  S U m mary

 ● the quantum theory was developed when classical models, such as the wave model of light, were unable to 
explain experimental results such as the black body spectrum, atomic line spectra and the photoelectric effect.

 ● the development of quantum theory was a revolution in science, and not a smooth transition between 
theories. it was surrounded with great argument and debate.

 ● Black body radiation is emitted by all objects at non-zero temperature.

 ● Black body radiation has a spectrum characteristic of the temperature of the body. the black body 
spectrum is a continuous spectrum.

 ● the peak wavelength in a black body spectrum is given by wein’s displacement law: lmax 5 
b

T
 ● Black body radiation can be explained by the quantisation of electromagnetic energy. we call these 

quanta of energy ‘photons’.

 ● photons are ‘particles’ of electromagnetic energy. each photon has energy E 5 hf.

 ● earth behaves as a black body, and this is important in maintaining its temperature balance and climate.

F

E

D

C

B

A

Vs

f  t Figure 7.20
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 ● there is strong evidence from climate change modelling that anthropogenic effects are causing signi5cant 
global warming. 

 ● economic and cultural factors prevent this evidence being accepted and acted on to reduce risks 
associated with climate change. 

 ● the photoelectric effect is the ejection of electrons from a polished metal surface by incident light. the light 
must have a minimum frequency for this to occur.

 ● the minimum frequency corresponds to a minimum energy, E 5 hf0.

 ● the minimum energy corresponds to the work function, W, of the metal.

 ● the maximum kinetic energy of the photoelectrons is KEmax 5 hf 2 W . this is a statement of conservation of energy.

 ● the photocurrent, which is proportional to the number of electrons, depends on the intensity of the light. the 
intensity is a measure of the number of incident photons.

albedo the ratio of light reLected by a surface to light 
incident on it; a surface with an albedo of 1 is perfectly 
reLective, and an albedo of 0 is perfectly absorbing

black body an object with a perfectly absorbing 
surface, which emits radiation with a spectrum that is 
characteristic of the temperature of the object

black body radiation the electromagnetic 
radiation emitted by a black body, with a spectrum 
characteristic of the temperature of the body

continuous able to take any value, sometimes within 
a 5xed range, as distinct from discrete or quantised

continuous spectrum a spectrum containing 
radiation of all wavelengths; for example, a rainbow

cut-off frequency, f0 the minimum frequency of light 
needed to eject an electron from a metal surface

discrete able to take only speci5c values, not 
continuous; for example, a line spectrum is a discrete 
spectrum

modes of vibration characteristic patterns of oscillation, 
usually with a discrete set of allowed frequencies

photocurrent the current formed by electrons 
ejected from a surface by incident photons

photoelectric effect the ejection of electrons from 
a surface by incident photons of suf5cient energy

photoelectron an electron ejected from a metal surface 
following absorption of a photon of suf5cient energy

photon a particle or quanta of light, having  
energy E 5 hf

planck constant the constant of proportionality 
between energy and frequency for photons:  
h 5 6.626 3 10234 J s

quantised existing in discrete amounts, not able to 
be divided into arbitrarily small amounts

quantum a discrete unit or amount of some 
physical property, such as energy, charge, mass or 
angular momentum

spectrum the distributed components of light or 
another wave arranged by frequency (or wavelength)

stopping voltage the reverse bias voltage required 
to stop the Low of photoelectrons in a photoelectric 
effect experiment

uncertainty estimate of the range of values within 
which the ‘true value’ of a measurement or derived 
quantity lies; the extent to which the result of an 
experiment is unknown or unpredictable

work function the energy required to eject an 
electron from a metal surface; effectively, it is the 
ionisation energy for the bulk material

Chap Te r  glo S Sary

Chap Te r  r e v I e W Q U e S T I o n S

remembering

 1 name three physicists who contributed to the development of the 
quantum theory and brieLy describe their contributions.

 2 when was the photoelectric effect 5rst observed, and by whom?

 3 an incandescent light globe is connected to a variable power 
supply and the voltage gradually increased. describe the sequence 
of colours produced by the 5lament of the globe.

Understanding

 4 explain why a wave model of light is needed to understand the 
interference pattern produced in the double-slit experiment. give 
two other examples of wave-like behaviour of light.

 5 figure 7.21 shows the black body spectra for two stars a (red curve) 
and B (blue curve). which star is hotter? explain your answer. p Figure 7.21
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500 1000 1500
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 6 why are Luorescent globes and leds so much more energy-ef5cient than incandescent globes?

 7 which metal in table 7.2 would require the highest frequency light for photoelectrons to be emitted?

 8 a polished lead surface is illuminated with light of wavelength 200 nm. what is the effect on the photocurrent if:

a the wavelength is halved?

b the intensity of the light is doubled?

 9 figure 7.22 shows a graph of maximum kinetic energy as a function of frequency for a particular metal. 
copy the graph and, on the same set of axes, draw a line showing maximum kinetic energy for:

a the same metal but with higher intensity light.

b light of the same intensity but for a metal with a larger work function.
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 z Figure 7.22 

applying

10 in a double-slit experiment, light with wavelength 589 nm is used to illuminate twin slits that are separated 
by 0.015 mm. the pattern produced is observed on a wall 2.00 m from the slits. find the position of:

  a the 5rst interference maximum (bright spot).

  b the 5rst interference minimum (dark spot).

  c the second interference maximum (bright spot).

11 what is the peak wavelength emitted by a toaster element at 700°c? what colour would you expect it to be?

12 cosmic background radiation (see chapter 10) has a spectrum similar to that produced by a black body 
at 2.7 k. what is the peak wavelength of this radiation? 

13 a photon has energy 5.5 ev. what is its:

a energy in J? 

b wavelength? 

c frequency?

14 a polished sodium surface is illuminated with light.

a find the cut-off wavelength for sodium. what colour does this correspond to?

b find the maximum kinetic energy of ejected photoelectrons when light of wavelength 300 nm is used.

15 the graph shown in figure 7.23 shows the results of a photoelectric experiment using an unknown metal. 
calculate the work function for this metal. what is this metal?
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analysing

16 in a double-slit experiment light with wavelength 589 nm is used to illuminate twin slits. the pattern 
produced is observed on a wall 2.00 m from the slits. the tenth interference minimum (dark spot) is found to 
be at a position 7.26 mm from the central bright spot. calculate the slit separation. 

17 a microwave oven produces electromagnetic radiation with a wavelength of 12.2 cm. 

a what energy does this correspond to? give your answer in J and ev. 

b is this enough energy to produce a photocurrent from a metal surface? why do you think it might be a 
bad idea to put metal objects in a microwave? Caution: Don’t try it! 

18 the following data was collected by students doing an experiment on black body radiation. 

a plot a graph showing power as a function of wavelength. 

b calculate the temperature of the black body that produced this radiation. explain your answer.

Wavelength (nm) power at detector (W)

100 0

200 0.01

300 0.18

400 0.30

500 0.34

600 0.32

700 0.27

800 0.21

900 0.17

1000 0.14

1100 0.10

1200 0.09

19 the table below shows data collected in a photoelectric experiment. plot an appropriate graph and 5nd: 

a planck’s constant.

b the work function for this metal.

Wavelength (nm) KEmax of photoelectrons (ev)

588 0.67

505 0.98

445 1.35

399 1.63

re6ecting

20 research robert millikan. why did millikan initially object to einstein’s explanation of the photoelectric 
effect? why did he eventually accept the photon explanation?

21 why does the decrease in the earth’s albedo result in more extreme weather, such as storms, Loods and 
droughts? you will need to think about what you learnt when you studied thermal physics, as well as what 
you have learnt in this chapter. 

22 research on the internet the views of climate sceptics and climate scientists. what evidence does each 
group use to support their opinions? evaluate the arguments put forward by both sides and summarise and 
justify your own opinion.
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By the end of this chapter you will have covered the following material.

Science Understanding 

 ● Atomic phenomena and the interaction of 
light with matter indicate that states of matter 
and energy are quantised into discrete 
values (ACSPH135) 

 ● Atoms of an element emit and absorb 
speci�c wavelengths of light that are unique 
to that element; this is the basis of spectral 
analysis (ACSPH138)

 ● The Bohr model of the hydrogen atom 
integrates light quanta and atomic energy 
states to explain the speci�c wavelengths in 
the hydrogen spectrum and in the spectra of 

other simple atoms; the Bohr model enables 
line spectra to be correlated with atomic 
energy-level diagrams (ACSPH139)

 ● On the atomic level, energy and matter 
exhibit the characteristics of both waves 
and particles (for example, Young’s double-
slit experiment is explained with a wave 
model but produces the same interference 
pattern when one photon at a time is passed 
through the slits) (ACSPH140)
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Figure 8.1 p 
Thomson’s plum 

pudding model of the 
atom
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Introduction
In the previous chapter we saw that observations of black body radiation and the photoelectric 
e�ect led to the development of the photon (particle) model of light. At the same time that 
Planck, Einstein and others were developing this new quantum model of light, other physicists 
were investigating the nature of atoms. 

"e idea that matter consists of atoms dates back to ancient Greece. Until the end of 
the 19th century it was believed that atoms were indivisible. "en in 1897, J.J. "omson 
experimentally observed electrons being emitted from atoms. "is established that an atom 
was not a single homogenous particle, but consisted of matter with both positive and negative 
charges. At that time it was not known how the positive and negative parts were arranged.

Measurements of the mass of electrons showed that almost all of the mass of an atom 
was associated with the positive part of the atom. Based on this evidence, in 1904 "omson 
suggested a model in which the atom consisted of a sphere of positive charge with electrons 
embedded in it. "is model was known as the ‘plum-pudding’ model of the atom, as the 
electrons were scattered through the positive matter, like raisins scattered through a plum-
pudding (or chocolate chips in a chocolate chip mu2n). 

"en, in 1909 Hans Geiger and Ernest Marsden, who were students working with Ernest 
Rutherford, performed the alpha particle scattering experiment you may remember from 
Chapter 3 of Nelson Physics Units 1 & 2 for the Australian Curriculum. A thin gold foil was 
placed in a beam of alpha particles and the paths of the scattered alpha particles were measured. 
What they found was that, although most alpha particles were not de8ected by much, about one 
in 20 000 was scattered backwards towards the source. "is result implies the presence of a tiny 
and very dense positively charged nucleus. Rutherford later said ‘It was as if you :red a 15-inch 
shell at a sheet of tissue paper and it came back to hit you.’ 

Rutherford suggested a planetary model of the atom to explain these observations. "is model 
involved electrons orbiting the nucleus in a circular path under the in8uence of the electrostatic force. 
"is was analogous to the way planets orbit the Sun under the in8uence of the gravitational force. 

Although Rutherford’s model :tted the experimental data from the gold-foil scattering 
experiment, there were still problems. In this planetary model, the electrons (charged particles) 
were undergoing centripetal acceleration. "is is not a problem for uncharged objects like 
planets, but accelerating charged particles emit energy. "e electrons should be acting like those 
in an antenna and emitting electromagnetic waves, as described in Chapter 5. Remember that 
energy is always conserved. If the electron was emitting energy as electromagnetic radiation, 
then the electron would lose kinetic and potential energy and spiral into the nucleus and the 
atom would collapse. "is was a signi:cant 8aw with this model.

None of the classical models of the atom, such as those described above, 
were able to fully explain or predict the behaviour of atoms. New models 
and theories were needed. 

Experimental data showing that energy in atoms is quantised would 
prove vital for developing the new quantum mechanical atomic theory. "is 
data came from measurements of atomic line spectra.

Atomic spectra
A spectroscope uses a prism or di�raction grating to separate, or disperse, 
light into its component colours. White light disperses into all the colours of 
the rainbow. We have already seen in the previous chapter that black bodies 
produce a continuous spectrum. In contrast, when a gas is heated it produces a 
spectrum consisting of discrete colours. "is is observed through a spectroscope 

as a pattern of parallel coloured lines and hence is called a line spectrum. A heated gas produces an 
emission spectrum. When white light is passed through a cold gas an absorption spectrum is 
produced. It has the same characteristic lines, but they are dark on a continuous coloured background.

Gustav Kirchho� and Robert Bunsen had recognised as early as the 1860s that line spectra 
can be used to identify elements. "ey discovered two new elements, caesium and rubidium in 
1861 using spectroscopy. 

The electrostatic 
force was described 
in Chapter 3. The 
orbit of planets 
around the Sun due 
to the gravitational 
force was described 
in Chapter 2.
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in a spectroscope a 

prism is used to disperse 
the light. A diffraction 

grating can be used in 
place of the prism to 

cause dispersion. 
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H

(nm)l

pFigure 8.4 
emission spectra of hydrogen, mercury and neon

pFigure 8.3 
neon lights are an example 
of a gas discharge tube. 
The electrical energy is 
transformed into light. 
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BUIld yoUr own 
SpectroScope 

Build a simple 
spectroscope 
from a cd and a 
cardboard box by 
following this guide.

Act Iv I t y  8 .1

O B S erV i n G  S p ecT r A

Aim

To observe the spectra from different light sources using a diffraction grating

you will need

A diffraction grating or pair of diffraction grating glasses and two or more light 
sources – leds and =uorescent lights are good sources. Do not use a laser.

what are the risks in doing this 
experiment?

how can you manage these risks to 
stay safe?

looking directly at the Sun through 
a diffraction grating can cause eye 
damage. 

never look directly at the Sun. Only 
observe sunlight indirectly. 

what to do

in an otherwise darkened room, look through the grating(s) at the light source. note what you see. do 
you see a complete spectrum or are there some colours that are missing or very bright? compare the 
spectrum of a =uorescent light with that of an incandescent light globe. You should be able to see some 
bright green and purple lines from a =uorescent light. 

the hydrogen spectrum 
Hydrogen produces infrared, visible and ultraviolet emission spectra. "e emission and 
absorption spectra of hydrogen are shown in Figure 8.5. Dark lines in the absorption spectrum 
of any element coincide with the bright lines in its emission spectrum.

Although Kirchho�, Bunsen and others had observed and used spectra, there was no theory 
that explained why they existed. However, it was presumed that the characteristic spectra were 
related to the internal structure of the atom. To solve this puzzle, the simplest atom, hydrogen, 
was subject to intense theoretical and experimental investigation. 
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In 1855, Johann Balmer derived an empirical formula for the visible series that now bears 
his name. 

Balmer showed that the observed wavelengths were proportional to 
   

2

2 22

m

m n( )
 with  

n 5 2 and m greater than n.
"e other spectral series of hydrogen are named after their discoverers. "e Lyman 

series is in the ultraviolet and the Paschen series is in the infrared part of the spectrum. 
Other series of even longer wavelength are the Brackett series and the Pfund series. "ese 
lines have a similar pattern of separation, but with di�erent values for n and m.

table 8.1 lines in the spectral series of hydrogen

Series name part of 
spectrum

Shortest wavelength 
(nm)

longest 
wavelength (nm)

lyman ultraviolet 91.1 121.6

Balmer Visible 364.5 656.3

paschen infrared 820.1 1870

In the 1880s Johannes Rydberg was working on :nding a mathematical description of the 
line spectra of alkali metals (lithium, sodium and so on). He read Balmer’s work on hydrogen 
and realised that his own mathematical model and Balmer’s were equivalent. Rydberg expressed 
the relationship as: 

1 1 1

1
2

2
2l

5 2R
n n







where l is the wavelength of the line, n1 and n2 are integers with n1 , n2. R is a constant known 
as the Rydberg constant, R 5 1.097 3 107 m21. 

Rydberg arrived at his formula empirically; that is, by :tting an equation to the observed 
data. At the time there was no theoretical model of the atom that could predict the relationship 
between positions of spectral lines, or even the existence of spectral lines. 

His work was important in that it led to the development of the :rst quantum mechanical 
model of the atom – the Bohr model. 

410.2 434.1

Ultraviolet

486.1 656.3

364.6

l (nm)

�e lines shown in colour are in the 
visible range of wavelengths.

�is line is the shortest wavelength 
line and is in the ultraviolet region 
of the electromagnetic spectrum.

Figure 8.6 p 
The Balmer series of 

spectral lines for atomic 
hydrogen
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H
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H

Figure 8.5 u 
The emission and 

absorption spectra of 
hydrogen

wo r k e d  e x Am ple  8 .1

for the Brackett series in the far infrared, n1 5 4. 

a find the longest wavelength in the series. (5 marks)

b find the shortest wavelength in the series. (7 marks)
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Answers logic

a 










1 1 1

1
2

2
2

R
n nl

5 2 relate wavelength to other variables. 1 mark

 

m
1

1.097 10
1

4

1

5
7 1

2 2









l
5 3 22 insert numerical values, noting that for the longest 

wavelength the quantity in brackets must be the 
smallest, hence n2 must have its minimum value.

2 marks

 
m

1
2.47 105 1

l
5 3 2 calculate a value for 

1

l
. 1 mark

 l 5 4050 nm calculate l. 1 mark

b 










1 1 1

1
2

2
2

R
n nl

5 2 relate wavelength to other variables. 1 mark

 









1 1 1

1
2 2

R
nl

5 2
`

recognise that for the shortest wavelength the 
quantity in brackets must be the smallest, hence n2 
must have its maximum value. As there is no upper 
limit to n2 we take n2 5 .̀

2 marks

 











1 1

1
2

R
nl

5 Simplify the equation. 1 mark

 m

4

1.907 10
1
2 2

7 1

n
R

l 5 5
3 2 2

rearrange the equation to make l the subject and 
substitute values.

2 marks

 l 5 1460 nm calculate l. 1 mark

the Bohr model
In 1913, Niels Bohr combined the concepts of Rutherford’s planetary model of the atom and 
Einstein’s photons to predict the observed spectra of hydrogen. To solve the problems of the 
planetary model, Bohr made several postulates.

Bohr’s postulates 

1  An electron in an atom moves in a circular orbit about the nucleus under the 

in�uence of the electrostatic attraction of the nucleus.

2 Only certain orbits are stable. Electrons in these orbits do not emit energy. 

3  The greater the radius of the orbit, the greater is its energy. Atoms emit 

radiation when an electron goes from one orbit to another orbit with lower 

energy. The energy released is: 

 E 5 Ei 2 Ef 5 hf

Part a is one of the very rare occasions where it is sensible to substitute 
numbers into an equation before rearranging for the desired quantity. In 
general, it is better to rearrange "rst. However, in this case we are "nding 
the reciprocal of a lengthy expression, so it is acceptable to substitute "rst. 

But be very careful doing this! Don’t forget to "nd l, not 
l

1
.
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4 The orbits are characterised by quantised radii, given by

 
r

nh

m v2 e

5
p

    where r is the radius in m, me is the mass of the electron in kg, v is its velocity,  

h is Planck’s constant and n is an integer.

"ese postulates were a mixture of classical physics (postulate 1), recently introduced 
quantum principles (postulate 3) and completely new ideas (postulates 2 and 4). 

Bohr’s :rst postulate is drawn directly from the earlier planetary model of the atom. His 
second postulate is simply stating what had been observed – that atoms do not collapse. It does 
not explain it; it just states it as a given. Bohr’s third and fourth postulates are the ones that 
distinguish his model as the :rst quantum model of the atom.

Bohr’s third postulate states that energies are quantised. "ey may take only a discrete set 
of values. "e relationship between radius and energy is given by classical electromagnetism, as 
described in Chapter 5. "e greater the separation between a positive charge (the nucleus) and 
a negative charge (the electron), the greater the potential energy of the system. "e di�erent 
possible energies are called energy levels. Using classical electromagnetism Bohr showed that 

the energy of any given level was proportional to 
1

2
n

, where n is the integer in the equation for 
the radius in postulate 4. Hence:

2
E

k

n
n 5

where k is a constant.
Bohr’s fourth postulate was also based on the quantisation of a physical property, in this 

case the angular momentum, L, of the electron. Angular momentum is to circular motion 
(such as orbiting planets) what momentum is to linear motion. It is a conserved quantity and is 
given by:

L 5 mvr 

where L is the angular momentum of the object, m is its mass, v is its velocity and r is the orbital 
radius. 

By saying that L may only have discrete values or that:

2
L mvr

nh
5 5

p

Bohr was saying that only discrete values of r were allowed. "is in turn means that only 
discrete values of energy are allowed, as stated in postulate 3.

We often refer to these energy levels as electron energies, but remember that this energy 
belongs to the electron–nucleus system because they are separated charged particles. All isolated 
atoms of one element will have the same set of energy levels, but di�erent elements have di�erent 
sets because they have di�erent nuclei and di�erent numbers of electrons. An atom can make a 
transition from one level to a lower level by emitting a photon of energy equal to the di�erence 
between the levels. "is occurs when an electron moves from an orbit further from the nucleus 
to one closer to the nucleus. To move from a lower energy level to a higher level an electron must 
absorb energy. Figure 8.7 shows the Bohr model of the atom. "e force directed towards the 
nucleus is the Coulomb force, as described in Chapter 3.

"e Bohr model was able to explain the existence of discrete line spectra. Emission spectra 
can be explained by electrons moving from higher to lower energy orbits. "e energy gap 
between the energy levels is equal to the energy of the photon emitted when the transition 
occurs:

Egap 5 Ei 2 Ef 5 hfphoton

You have met 
various conservation 
principles already, 
and you will 
meet more in 
the next chapter. 
Conservation of 
angular momentum 
is a particularly 
useful conservation 
principle in 
understanding the 
behaviour of planets 
and satellites, and 
the interaction of 
elementary particles.

You may have 
come across these 
n numbers as 
shell numbers in 
chemistry. In physics, 
n is known as the 
principle quantum 
number.
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and recalling that E
n
 5 

2

k

n
 we can write:

hfphoton 5 Ei 2 Ef 5 
1 1

f
2

i
2

k
n n

2






If we now use the dispersion relation for light, f 5 
c

l
, we can see that:











1 1 1

f
2

i
2

k

h n nl
5 2

You should recognise this equation as being of the same form as Rydberg’s equation. 

In fact Bohr showed that the constant 
k

h
 was equal to the Rydberg constant, R. 

"is was a very important success for the Bohr model. Not only did it predict the existence 
of line spectra, but it quantitatively predicted the positions of the lines for the hydrogen atom.

the hydrogen spectrum revisited
Bohr’s model explained the observed line spectra as resulting from transitions between energy 
levels in atoms. "e lowest wavelength or highest energy line corresponds to the ionisation 
energy of electrons in the lowest possible energy level. "is level is called the ground level of 
the atom and corresponds to the electron being in the orbit with the smallest radius. Ionisation 
is the removal of an electron from the atom to in:nitely far away, or at least so far that the 
electrostatic attraction is negligible. 

Energy levels can be represented in two ways: 

1 with the ionisation energy being taken as zero (all the energy states then have a negative 

potential energy) 

or 

2 with the ground state level being taken as zero. 
In both representations, the energy di�erence between levels is the same. We shall generally 

use the :rst representation, as this corresponds to the usual convention for choosing the zero of 
potential energy as in electromagnetism. 

Energy levels for 
electrons in atoms 
were described in 
Chapter 3 of Nelson 
Physics Units 1 & 2 
for the Australian 
Curriculum. The 
structure of the 
levels determines 
a material’s 
conductivity when 
the atoms are bound 
in a solid. 

Recall from Chapters 
2 and 3 that the zero 
of potential energy 
for systems of objects 
that interact via 
a "eld is taken as 
in"nite separation of 
all the objects in the 
system. 

pFigure 8.8  
The energy levels of the hydrogen atom have a) the ionisation energy as zero and  
b) the ground state as zero. 
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pFigure 8.7  
in Bohr’s model of the 
hydrogen atom, the 
electron occupies 
discrete orbits.

"e energy of each level can be deduced from the wavelengths, and hence energies, of the 
lines in the emission spectra. "e highest energy lines for hydrogen are those in the Lyman 
series in the ultraviolet. "ese lines correspond to transitions to the ground state from higher 
energy levels, hence for these lines nf 5 1 and ni 5 2, 3, 4 … "e Balmer series, in the visible 
region, corresponds to transitions to the n 5 2 level, so nf 5 2 and ni 5 3, 4, 5 …
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Figure 8.9 shows the energy levels for hydrogen and the transitions corresponding to these 
two series of spectral lines. 

wo r k e d  e x Am ple  8 . 2

a construct an energy level diagram like that shown in figure 8.10 showing the transitions corresponding to 

the paschen series, for which nf 5 3. (3 marks)

b calculate the frequency of a photon released in a transition from ni 5 6 to nf 5 3. (4 marks)

Answers logic

a 

V
a
lu

e
s
 o

f 
n

Ground

state
1

2

3

5
6

4

213.6 eV

23.4 eV

21.5 eV

20.9 eV

20.5 eV
20.4 eV

use the energies given in figure 8.8 to draw an 
energy level diagram showing the energy levels 
up to n 5 6. On this diagram the paschen series 
corresponds to transitions to nf 5 3 from levels  
ni 5 4, 5 and 6.

3 marks

tFigure 8.10

0

22

24

26

28

210

212

213.6

Ionisation

12

10

8

6

4

2

0

Energy
above
ground
state
(eV)

13.6

Energy
below
ionised
state
(eV)

Balmer series

Lyman series

etc.

Ha Hb Hg Hd etc.

a b g

Figure 8.9 u  
This energy level 

model for hydrogen 
shows the transitions 
corresponding to the 

lyman and Balmer 
emission spectra series.
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tFigure 8.11 
The absorption 
spectrum of hydrogen 
and corresponding 
transitions are 
represented on this 
energy level diagram.

Absorption spectra occur when a photon of exactly the right energy is incident on an atom. 
A photon with too little or too much energy cannot be absorbed; only a photon with energy 
corresponding exactly to a gap between energy levels can be absorbed. In a gas of atoms most 
of the atoms will be in their ground state; that is, most will have their electrons in their lowest 
possible energy levels. Hence, the most likely transitions will be from the ground state, n 5 1, 
to higher levels. However, as long as the temperature is above absolute zero, there will always 
be some atoms in an excited state, with electrons in levels n 5 2, n 5 3 and so on. "at is why 
in an absorption spectrum we see lines corresponding to all the transitions that we see in the 
emission spectrum. "e Balmer series in the absorption spectrum corresponds to electrons 
going from the n 5 2 state to higher levels.

b Ef 2 Ei 5 hf relate the change in energy of the electron to 
the photon frequency.

1 mark

 

i f
5

2
f

E E
h

rearrange for frequency. 1 mark

 

eV eV
eV s

0.4 ( 1.5 )

4.14 10 15
f 5

2 2 2

3 2
insert numbers with correct units, noting that 

we must use h in units of eV s or convert our 

energies to J.

1 mark

 f 5 2.6 3 1014 hz calculate �nal value 1 mark

try these yourself

1 calculate the frequency of the lowest energy line in the lyman series. (4 marks)

2 calculate the wavelength of the highest energy line in the Balmer series. (5 marks)
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wo r k e d  e x Am ple  8 .3

consider photons of the following energies: 1.9 eV, 10.2 eV, 12.5 eV, 13.6 eV. Which of these could be absorbed 
by hydrogen gas? explain your answer. (5 marks)

Answer logic

Ef 2 Ei for a photon to be absorbed its energy must 
be exactly equal to the energy gap between 
two energy levels.

1 mark

The 1.9 eV photon could be absorbed. The 1.9 eV photon could be absorbed by 

an electron in the n 5 2 state which then 
transitions to the n 5 3 state: E3 2 E2 5 21.9 eV

1 mark

The 10.2 eV photon could be absorbed. The 10.2 eV photon could be absorbed by an 
electron in the n 5 1 (ground) state, which 
then transitions to the n 5 2 state:  

E3 2 E2 5 210.2 eV

1 mark

The 12.5 eV photon could not be absorbed. There is no energy gap corresponding to 

12.5 eV, so this photon could not be absorbed, 
it would simply pass through the gas.

1 mark

The 13.6 eV photon could be absorbed. The 13.6 eV photon could be absorbed by an 
electron in the ground state, and ionise the 

atom: E` 2 E1 5 213.6 eV

1 mark

The negative values mean that this much energy is absorbed by the system to undergo the 
transition.

try this yourself

Which of these wavelengths could be absorbed? 365 nm, 420 nm, 656 nm (6 marks)

Spectra of other atomic species
Each type of atom produces a unique line spectrum. "e energy levels are unique because each 
di�erent type of atom has a di�erent number of protons and hence a di�erent nuclear charge. "is 
means that the force exerted by the nucleus on the electrons is di�erent, giving rise to di�erent 

potential energies at di�erent orbital radii, r 5 
2 e

nh

m vp
. "ere is also a di�erent number of 

electrons in di�erent atoms. Electrons close to the nucleus ‘shield’ the outer electrons somewhat 
from the nuclear charge. "is also acts to change the potential energy at the di�erent allowed radii. 
"ese e�ects combine to give a unique :ngerprint for each atom in the form of a line spectrum.

"is is extremely useful, as it allows the presence of di�erent types of atoms to be detected. 
For example, we know from the line spectrum of the Sun that there is a great deal of hydrogen 
and helium present as well as larger atoms. Other stars have di�erent characteristic spectra, 
indicating the presence of other atomic species. 

As we saw in the case study in Chapter 5, molecules also have characteristic spectra. "e 
spectrum of a molecule is not simply the sum of the spectra of the atoms that make up the 
molecule. "is is because when atoms bind together to form a molecule the energy levels change. 
Hence, it is possible to distinguish between ethanol and methanol by their spectra, even though 
both contain only carbon, hydrogen and oxygen. 

This shifting of energy 
levels is the origin 
of the conduction 
and valence bands 
in metals and 
semiconductors 
that you met in 
Chapter 5 of Nelson 
Physics Units 1 & 2 
for the Australian 
Curriculum. 
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m e AS u r i n G  pl A n ck’S  cO n STA n T 

light-emitting diodes (leds) produce photons of a particular wavelength when electrons transition from a 
higher to a lower energy level within the semiconductor material of the led. it is possible to measure planck’s 
constant using the wavelengths of leds. The minimum voltage that will cause an led to emit light is called the 
threshold voltage, Vt:

 Vt 5 
hc

el
 

where h is planck’s constant, c is the speed of light, e is the charge of the electron and l is the wavelength of 
the light produced by the led. 

Aim
To measure planck’s constant

materials
 ● 5 different coloured leds
 ● dc power supply
 ● 1 kV resistor
 ● 10 kV variable resistor
 ● voltmeter or multimeter

what are the risks in doing this experiment? how can you manage these risks to stay safe?

high voltages can damage equipment or cause 
electric shock.

Only use low voltages. Ask your teacher to check 
your circuit before you turn the power supply on. 

large currents will damage the leds. Always have a resistor in the circuit with the led and 
power supply. 

in your write-up, add any more risks you can think of, as 
well as ways to manage them.

procedure
1 connect the circuit as shown in figure 8.12.

 When your circuit is set up and has been checked 
you will need to work in a dark room to make your 
measurements. 

2 Slowly increase the voltage until the led just starts to 
glow. 

3 record the voltage at which this occurs. 

results
1 record your results in a table like that shown below. 

colour of led wavelength, l (m) 1

ll
 (m21)

threshold voltage, Vt (v)

2 draw a graph of Vt against 
1

l
.

Analysis of results
1 find the gradient of your graph. remember to include units. 

2 from the gradient you can now calculate planck’s constant. 

e xpe r I m e nt  8 .1

1

2

LED

R

V

V

Rvariable

pFigure 8.12  
circuit diagram for measuring planck’s constant
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limitations of the Bohr model
Bohr was able to explain qualitatively and quantitatively the existence and positions of the 
spectral lines of a hydrogen atom. His estimate of the size of the largest stable radius also agreed 
closely with the measured size of the hydrogen atom. 

However, the Bohr model could not predict the spectra of multi-electron atoms, even one 
as simple as two-electron helium. It also could not explain the di�erent intensities of lines or 
why some lines split into multiple, closely spaced lines – :ne and hyper:ne structure – or the 
magnetically induced Zeeman e�ect.

discussion

1 refer back to chapter 3, in particular the de�nition of electric potential. explain how the equation Vt 5 
hc

el
 

arises. 

2 Why do you plot V
t
 vs 

1

l
 rather than V

t
 vs l? What would be the shape of a V

t
 vs l graph?

3 does your value for planck’s constant agree with the accepted value? To be able to compare the values 
you will need to estimate the uncertainty in your value. how will you do this? 

4 What could you do to minimise uncertainties in your experiment?

w
o

w Fluorescence 

fluorescence is the glowing of substances when 
illuminated by ultraviolet light. An atom is excited to an 
energy state several levels above its ground state by 
absorption of a high-energy ultraviolet photon. The atom 
can decay (de-excite) in a number of ways. One is through 
a series of smaller steps back down to the ground state. 
lower-energy photons are emitted, some of which may be 
in the visible range. fluorescent dyes are used in paints 
and even laundry detergents to make colours brighter in 
sunlight by converting some of the ultraviolet into visible 
light – making your whites whiter! 

Figure 8.13 p 
These rocks (willemite on calcite) =uoresce in the visible 
spectrum when illuminated by an ultraviolet light.
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w Zeeman effect

in 1896, dutch physicist pieter Zeeman was using laboratory 
equipment to observe the effect of strong magnetic �elds 
on spectral lines. he observed that the individual lines were 
split into multiple closely spaced lines. unfortunately, he was 
supposed to be working on something else, and had been 
explicitly told by his supervisor not to use the equipment for his 
own research. When his supervisor found out he was �red.

Zeeman and hendrik lorentz later showed that the splitting 
was due to the electron’s intrinsic magnetic �eld (spin)  
and the magnetic �eld due to its orbital motion interacting with 
the applied magnetic �elds. Spin is described further in the 
next chapter. for this they were awarded the 1902 nobel prize 
in physics.

2

1

No magnetic field Magnetic field

Spectra

Energy
levels

Transitions

Figure 8.14 p 
The Zeeman effect. Spectral lines are split by the 
presence of the magnetic �eld.
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remembering
1 Write down Bohr’s postulates. What was quantised in Bohr’s model of the atom?

2 What are the two purposes of a model? 

Understanding
3 explain the difference between an absorption spectrum and an emission spectrum. Why are the lines at 

the same frequencies?

4 explain why Bohr’s model of the atom is considered the �rst quantum mechanical model. 

Applying
5 how many different emission spectral lines would there be as a result 

of transitions from the 21.52 eV energy level in a sodium gas? The 
sodium energy levels are shown in figure 8.15.

6 What is the frequency and wavelength of the photons emitted when 
an electron in a hydrogen atom moves from the second energy level 
above the ground state to the �rst energy level above the ground 
state?

7 What is the shortest wavelength photon that can be emitted from an 
excited hydrogen atom when its electron returns to the ground state?

8 A hydrogen atom is in the n 5 4 energy state. it then returns to 
the ground state. What are all the possible energies the emitted 
photon(s) could have?

Analysing 
9 calculate the velocity of an electron orbiting the nucleus at a radius  

of r 5 5.3 3 10211 m, with n 5 1, according to the Bohr model. 

re?ecting
10 What have you learnt about the development of scienti�c explanations? Give speci�c examples from 

rutherford and Bohr.

Q U e S t I o n  S e t  8 .1

Many
levels

Ionisation

0

21.38 eV
21.52 eV
22.11 eV

23.03 eV

25.13 eV
Ground

state

pFigure 8.15 
energy level diagram for sodium

Finally, Bohr’s model introduced the idea of quantised atomic energy levels, but it did not 
o�er any explanation for why they should be quantised. Successful models have both predictive 
power and explanatory power. Bohr’s model lacked explanatory power, and had limited 
predictive power. It was superseded by a more fully quantum mechanical model developed by 
Schrödinger and Heisenberg. "is modern quantum model built on the ideas of de Broglie, 
described in the next section.

waves and particles
We have seen that the photoelectric e�ect demonstrates that light acts like a particle. However, the 
particle model of light, which is quantum mechanical in nature, does not explain the behaviour 
of light in some other experiments. We have seen that if light is shone through two slits, as in a 
Young’s double-slit experiment, an interference pattern is seen. "is is shown in Figure 8.16(a). In 
this experiment, light clearly acts like a wave, and produces a pattern of high and low intensity just 
like any other wave, such as that shown in Figure 8.16(b). 

So is light a particle or a wave? "e answer is that it acts like both, and the behaviour that 
you see depends on the experiment that you do. On its own, neither the wave nor the particle 
model completely explains the behaviour of light. "ey are complementary models; both are 
needed, and which one is used depends on the situation. We describe this need for both of the 
two distinct models as wave–particle duality. 

You studied wave 
behaviour including 
interference of light 
in Unit 2 of Nelson 
Physics Units 1 & 2 
for the Australian 
Curriculum.
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"e question then arises: What about things which we know to be particles? If light is a wave 
and a particle, what about an electron? Or a proton? Could they also have a dual wave–particle 
nature? And if so, what experiments can we do to observe this dual nature? 

de Broglie wavelength for particles 
In 1924 Louis de Broglie introduced the idea that any moving particle has an associated 
wavelength. He introduced this hypothesis in his doctoral thesis. "e idea was revolutionary in 
physics, and the implications enormously important. However many physicists were sceptical. 

De Broglie claimed that a particle of mass, m, moving at a velocity v, would have an 
associated wavelength:

h

mv
l 5

or 
h

p
l 5

where h is Planck’s constant and p 5 mv is the momentum of the particle. 
"e wavelength l is now known as the de Broglie wavelength. 
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Figure 8.16 p 
An interference pattern from a) a double-slit experiment using a laser and b) two wave sources in water
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wo r k e d  e x Am ple  8 . 4

a What is the de Broglie wavelength of an electron travelling at 25 m s21? (4 marks)

b how fast would a cricket ball with a mass of 160 g have to travel to have the same de Broglie wavelength as 
the electron in part a? (4 marks)

Answers logic

a h
mv

l 5 relate wavelength to other values. 1 mark

 m 5 9.1 3 10231 kg find the data needed. 1 mark

 
l 5

3

3

2

2 2

6.6 10 J s

(9.1 10 kg)(25 m s )

34

31 1
Substitute numbers including units. 1 mark

 l 5 2.9 3 1025 m calculate the �nal value. 1 mark

loUIS de 
BroglIe 

You can read 
more about louis 
de Broglie at 
the nobel prize 
website.
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n 5 2 n 5 3 n 5 5

tFigure 8.17 
electrons as standing 
waves, showing 
how energy levels 
correspond to different 
standing wave modes. 
(a) is not a standing 
wave and hence not a 
stable orbit. (b), (c) and 
(d) are stable orbits.

a b c d

b 
h

mv
l 5 relate wavelength to other values. 1 mark

 
v

h
m

5
l

rearrange for v. 1 mark

 

v
6.63 10 J s

(0.16 kg)(2.9 10 m)

34

5
5

3

3

2

2
Substitute numbers including units. 1 mark

 v 5 1.4 3 10228 m s21 calculate the �nal value. 1 mark

try this yourself

calculate the de Broglie wavelength of a cricket ball moving at 25 m s21. (4 marks)

De Broglie’s equation also allows us to calculate the momentum of a photon: 

 
p

h
5

l

In any interaction between objects, including collisions, both energy and momentum must 
be conserved. As we have seen, photons carry energy that can be transferred to an electron in 
the photoelectric e�ect. "e ejected electron also gains momentum from the photon, and this 
momentum must be conserved in the interaction. 

We shall see in the next chapter that photon momentum is important in reactions involving 
elementary particles.

de Broglie waves and the Bohr model
When the idea of the de Broglie wavelength was incorporated into the Bohr model it gave a 
justi:cation for the quantisation of energies. "e explanation treats the electrons as standing 
waves. If the electrons are standing waves then an integer number of wavelengths must :t into 
the orbit. "e electrons act like standing waves on a string the length of the orbit. 

"e condition for a stable orbit is then:

nl 5 2pr

where l is the de Broglie wavelength of the electron, n is an integer and r is the radius 
of the orbit. 

You saw in Chapter 6 
that the momentum 

of a photon is p 5 
E

c
. 

As E 5 hf 5 
l

hc
 , 

we can also write the 
momentum as  

p 5 
l

h
 .

You studied standing 
waves in Chapter 10  
of Nelson Physics 
Units 1 & 2 for 
the Australian 
Curriculum. 
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Although the idea of electrons as waves gave some physical explanation for the quantisation 
of energy levels in the Bohr model, it did nothing to address the other failings of the model. 
As the wave nature of electrons became better understood, better models of the atom were 
developed. However, the Bohr model was of great historical importance, and can still be used to 
give a useful model of simple hydrogen-like systems. 

the wave nature of matter
What does it mean for a particle or object to have a wavelength? It does not mean that it follows 
a wiggly path, undulating up and down as it travels. What it means is that in some sense the 
particle is de-localised in space, just as a wave is. 

Particles do not undulate as they move because of their wave nature. Their wave 

nature means that they are delocalised or spread out in space as they travel. 

"ink about the way waves behave when they interact with things of a size similar to their 
wavelength. Waves passing through a hole will di�ract and spread out on the other side. Waves 
passing through slits spaced on a similar scale to their wavelength will produce an interference 
pattern (Figure 8.16). De Broglie predicted that when particles interacted with objects or 
apertures, such as slits, on a scale similar to their de Broglie wavelength, they too would show 
wave behaviour. 

De Broglie’s theory was based on the work of Einstein and Planck. "ey had introduced 
the idea of a particle or quantum aspect for waves. "eir model gained acceptance because it 
explained experimental results such as the photoelectric e�ect and the black body radiation 
spectrum. At the time that de Broglie proposed his idea, there was no experimental evidence for 
it, and no experiments waiting to be explained. Hence it did not initially gain a lot of support.

wo r k e d  e x Am ple  8 .5

calculate the longest three wavelengths of an electron in an orbit of radius 5.3 nm. (7 marks)

Answer logic

nl 5 2pr relate wavelength to other values. 1 mark

2
l 5

pr
n

rearrange for wavelength. 1 mark

2

1
,1l 5

pr

 

2

2
,2l 5

pr

 

2

3
3l 5

pr

l 5
p 3 22 (5.3 10 m)

1
1

9

  5 3.3 3 1028 m

Write the expression for the �rst three wavelengths.

Substitute numbers and calculate value.

2 marks

1 mark

l 5
p 3 22 (5.3 10 m)

2
2

9

   5 1.7 3 1028 m calculate second value. 1 mark

l
p 3 22 (5.3 10 m)

3
3

9

=

  5 1.1 3 1028 m calculate third value. 1 mark

de BroglIe 
wAvelength 
cAlcUlAtor

The hyperphysics 
website has a de 
Broglie wavelength 
calculator, with 
links to much more 
about wave–
particle duality.
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Incident
beam

F

D

Reflected
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V

ø

C

pFigure 8.18 
davisson–Germer 
experiment. The �lament, 
f, is heated and the 
electrons released are 
accelerated across a 
potential difference. The 
beam re=ected from the 
nickel target showed 
a diffraction pattern of 
maxima and minima, 
which was detected 
at d as a function of 
scattering angle, f.

pFigure 8.19 
a) electrons re=ecting from different layers of atoms 
in the nickel crystal interfere. b) This results in a 
diffraction pattern. 
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pFigure 8.20  
An electron diffraction pattern
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electron interference 
In 1927 Clinton Davisson and Lester Germer were doing an experiment to study 
the surface of a piece of nickel. "eir sample of nickel was mounted inside a 
vacuum chamber. Electrons were :red at the surface and the re8ected electrons 
were detected using a movable detector. During the experiment a leak developed 
in the vacuum system and air got into the chamber. "e air reacted with the 
surface of the nickel, forming a layer of oxide. To remove this layer, they heated 
the piece of nickel in a furnace with hydrogen gas. "ey then put it back in the 
vacuum chamber and repeated the experiment. To their surprise, they no longer 
detected electrons at all positions, but only at speci:c, regularly spaced positions.

What they observed was electron diffraction. "e electrons re8ected 
from the metal surface had formed an interference pattern. "ey measured the 
spacing between maxima, and found that it corresponded to that predicted by 
the de Broglie wavelength. "e layers of atoms in the nickel were acting as a di�raction grating 
for the ‘electron waves’. 

A di�raction grating acts like the slits in a double-slit experiment, except with thousands of slits. 
"ey produce an interference pattern with narrow lines, separated due to the path di�erence for 
light travelling through adjacent slits. However, the crystal has layers of atoms in di�erent planes, so 
the resulting pattern is a two-dimensional pattern of bright spots, such as that shown in Figure 8.20. 

As shown in Figure 8.19(a), the path di�erence for electrons re8ecting from di�erent layers of 
atoms in the metal crystal lattice is given by

δ 5 2d sin u
where d is the spacing between layers of atoms and u is the angle between the incident beam of 
electrons and the parallel layers. 

"is looks a lot like the expression for the path di�erence in the double-slit experiment. "ere 
are two di�erences, however. First, the angle is measured to the surface rather than the normal. 
Second, there is a factor of two because one electron wave travels the extra distance between layers 
twice compared to the other electron wave. 

Just as with the double-slit experiment, and indeed any interference experiment, maxima are 
observed where the path di�erence is equal to an integer number of wavelengths.
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In electron diffraction:

δ 5 2d sin u 5 ml, m 5 1, 2, 3 … for constructive interference. 

δ 5 2d sin u 5 1m  
1

2







 l, m 5 1, 2, 3 … for destructive interference.

"is observation by Davisson and Germer was only possible because of the accident with the 
vacuum system. "e heating of the sample to remove the layer of oxide had melted their sample, 
which originally was made of many microscopic crystals. When the sample cooled, it formed 
a single crystal with regularly spaced atoms. "e spacing between atoms in nickel was already 
known at the time, from measurements using X-rays. Davisson and Germer were able to work 
out the momentum of their electrons from the potential di�erence used to accelerate them (see 
Chapter 3). "e result was the :rst experimental evidence for wave–particle duality in particles 
with mass. De Broglie’s hypothesis was supported, and only two years later, in 1929, he was 
awarded the Nobel Prize. 

wo r k e d  e x Am ple  8 .6

davisson and Germer used electrons which had been accelerated through a potential difference of 54 V.  
They found an interference maximum at an angle of u 5 65°. Assume m 5 1 for this interference maximum. 

a What was the de Broglie wavelength of the electrons? (6 marks)

b What was the spacing between layers of atoms that produced this peak in intensity? (4 marks)

Answers logic

a E 5 Ve

 
,so:

1

2
2E mv5

relate the energy to the accelerating 
potential.

1 mark

 

v
E

m
Ve
m

2 2
5 5 relate velocity to potential. 1 mark

 
p mv mVe25 5 relate momentum to potential. 1 mark

 

h
p

h

mVe2
l 5 5 relate wavelength to momentum.

1 mark

 
6.626 10 Js

2 9.1 10 kg 54 V 1.6 10 c

34

31 19
l 5

3

3 3 3 3 3

2

2 2

Substitute values with correct units.

1 mark

l 5 1.67 3 10210 m calculate the �nal value. 1 mark

note that we have kept three signi�cant �gures here as we will use this value in part b.

l 5 1.7 3 10210 m is the correctly rounded answer to part a.
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It is not only electrons that show interference patterns. Atoms including helium, sodium 
and even large molecules such as carbon-60 ‘buckyballs’ have been used to produce interference 
patterns. However, the more mass an object has, the smaller its de Broglie wavelength, and the 
harder it is to observe its wave behaviour.

"e wave–particle theory originally put forward by de Broglie is now the basis of several 
important technologies. Electron microscopes use the wave nature of electrons to create images of 
objects too small to be visualised using light. Electron microscopy has been enormously important 
in medicine and the biological sciences, allowing organisms such as bacteria and viruses to be 
‘seen’ and studied. Neutron di�raction is carried out at the OPAL reactor in Sydney. "e wave 
nature of the neutron is used to produce di�raction patterns. "ese are used to investigate the 
properties of materials and test for stress damage in machine parts, among other applications. 

wAve–
pArtIcle 
dUAlIty Seen 
In cArBon- 60 
molecUleS

This experiment 
showed that even 
the large carbon 
molecules called 
‘buckyballs’ 
can produce 
interference. 

w
o

w Electron microscopes

in a scanning electron microscope (Sem) the electrons interact with atoms at the surface 
of the sample. Some electrons are re=ected and some electrons are ejected from atoms 
at the surface. These are used to create images such as in figure 8.21(b). Sems can be 
used to ‘see’ objects as small as 1 nm.

in a transmission electron microscope (Tem) the electrons are passed through a very 
thin sample and collected by a detector on the other side. The image can be formed by 
the sample simply absorbing some electrons and allowing others to pass through, like a 
shadow. The electrons can also produce a diffraction pattern on the other side. Tems can 
be used to ‘see’ objects as small as 0.1 nm.

pFigure 8.21 
a) An electron microscope. b) A photo taken with an electron microscope of a mite that is 
less than 1 mm long.
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b 2d sin u 5 l relate path difference to de Broglie wavelength 

for constructive interference, with m 5 1.

1 mark

2sin
d 5

l

u
rearrange for d.

 
1 mark

1.67 10 m

2sin65°

10

d 5
3 2

Substitute values with correct units.

d  5  9.2 3 10211 m calculate the �nal value.

try these yourself

1 find the angle at which the m = 2 interference maximum occurs for this system. is it possible to 
observe this maximum?

(4 marks)

2 find the angular positions of the �rst and second interference minima. (4 marks)
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Single particle interference 
experiments
We have still not answered the question: what is it that is ‘waving’? How do electrons, which 
show particle behaviour, produce an interference pattern? What exactly is distributed over space 
such that interference can take place? 

Experiments using electrons and double slits also showed interference patterns, with a pattern 
of maxima and minima predicted by the de Broglie wavelength. Initially, it seemed that perhaps 

electrons passing through each slit were interfering with each other. Lots of experiments 
were done to try to determine what exactly was passing through the slits, and lots of 
competing theories were developed.

One experimental result that was troubling to physicists was the single photon 
interference demonstrated by G.I. Taylor in 1909. "e apparatus is shown in 
Figure 8.22. 

Taylor demonstrated that an interference pattern occurred when the light was so 
dim that only a single photon could be present in the apparatus at a time. "is wasn’t 
a problem if light was a wave. Regardless of the intensity, which is related to the 

amplitude, the wave still spreads out in space and hence passes through both slits and recombines 
on the other side. But how could this result be explained by the particle theory of light? 

Physicists wanted to see if the same thing happened with other particles. In 1974, Pier 
Giorgio Merli, Giulio Pozzi and GianFranco Missiroli performed a double-slit experiment with 
electrons. In their experiment, as in Taylor’s, only a single particle was in the apparatus and 
incident on the slits at a time. Again, interference was observed. "e most famous single-electron 
interference experiment was performed by Akira Tonomura and colleagues in Japan in 1989. 
"eir experimental set-up is shown in Figure 8.23.

Dim gas flame Needle

Smoked glass Slit

Photographic
plate

Figure 8.22 p 
Taylor’s experiment 

(1909). There was never 
more than one photon 

in the box at any one 
time, yet an interference 

pattern developed on 
the photographic plate.

Electron
gun

Region
overlap

2

1

Figure 8.23 u 
Tonomura’s electron 
biprism experiment. 

electrons diffract around 
the charged central 

wire and recombine to 
produce an interference 

pattern.

"eir results clearly showed the build-up of an interference pattern, one electron at a time, as 
shown in Figure 8.24.

"is experiment can be analysed in the same way as the double-slit experiment for light 
in Chapter 7. "e electron biprism acts as a double slit for the incident electrons. Interference 
maxima are observed at angles given by

d sin u 5 ml, m 5 0, 1, 2, …
where d is the e�ective slit spacing due to the biprism and l is the de Broglie wavelength of the 
electron. "e angle u is the angle between the normal line joining the biprism and the detector 
screen and the line from the biprism to the point of interest on the screen (see Figure 7. 2).

"e results were now clear and indisputable. Single electrons can produce interference 
patterns. So it cannot be that the electrons passing through one slit interfere with electrons 
passing through the other.

The electron double-
slit experiment can 
be analysed in 
exactly the same way 
as Young’s double-
slit experiment for 
light, as described in 
Chapter 7.

Each electron in some way interacts with and passes through both slits simultaneously.
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pFigure 8.24 
interference pattern produced by Tonomura’s single-electron interference experiment. a) After 10 electrons and b) after 100 
electrons the pattern looks random, but c) after 3000 electrons have arrived, the interference pattern is starting to emerge. 
in d) and e) the interference pattern has become even clearer
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It is hard to imagine how a particle could do this. We need to use the wave model here. In the 
modern interpretation of quantum mechanics we think of the particle as being built up of 
waves that can pass through both slits at the same time. What exactly these waves represent 
has been a matter of dispute among physicists ever since. "e most accepted theory currently 
is that the waves represent the probability of the electron passing through each slit. "e theory 
states that the probability of the particle passing through each slit is represented by a wave. It 
is these probability waves that interfere, creating the pattern seen in Figure 8.24. "e pattern 
appears even though the electrons themselves are detected as particles at single distinct points. 

So what happens if we know which slit the electron passes through? In this case the probability 
of the wave passing through one slit is zero, and through the other slit it is one. Surely if this 
interpretation of the wavelength is correct, the pattern should disappear. When the experiment 
was done, the pattern did disappear. "ere was argument over the validity of the experiment, 
over whether the detector prevented the interference, and so on. But many versions of the 
experiment have been performed, with the same results. 

modern quantum 
mechanics – probability 
and uncertainty
From the 1920s, what is now known as modern quantum mechanics was developed by physicists 
including Niels Bohr, Louis de Broglie, Werner Heisenberg and Erwin Schrödinger. "e term 
‘modern’ is used to distinguish it from earlier quantum mechanics, such as the Bohr model. 

"e new model that they came up with included the idea of uncertainty. In any experiment, 
as you know, there will be uncertainties due to various sources including equipment limitations. 
Heisenberg proposed that there is also an intrinsic uncertainty and that the behaviour of 
particles is probabilistic. In other words, it cannot be predicted with certainty no matter how 
much you know about the particles. In classical mechanics the behaviour of all objects including 
subatomic particles is deterministic. "is means that it is completely predictable once you 
have enough information. "is is a fundamental di�erence between quantum mechanics and 
classical mechanics.

QUAntUm 
tUnnellIng

Quantum 
tunnelling is 
another quantum 
phenomenon that 
is unexplainable 
by classical 
physics. particles 
‘tunnel’ through 
barriers they do 
not have enough 
energy to ‘jump’.

tonomUrA 
experIment

The Tonomura 
experiment 
was voted by 
physicists to be 
the most beautiful 
experiment ever 
performed.

doUBle -SlIt 
experIment

read more about 
this experiment and 
watch a video of 
the pattern forming.
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Classical mechanics is deterministic. Given enough information, the outcome of 

any experiment is predictable. Modern quantum mechanics is probabilistic. It is 

not possible to predict the outcome of an experiment with complete certainty. 

In the double-slit experiment, a probability wave associated with each particle passes through 
both slits. "ese probability waves interfere on the other side. When we measure which slit the 
wave passes through, we no longer have the probability wave passing through both slits, so we 
no longer have an interference pattern. "e modern probabilistic model of quantum mechanics 
correctly predicts the results of these types of experiments. 

Although it is now the orthodox view, there are still some physicists who do not accept 
this model. Einstein, for example, was vigorously opposed to this interpretation of quantum 
mechanics, and made his famous statement ‘God does not play dice’ in response. To the end of 
his days Einstein argued against the theory, but it has now become accepted by most physicists. 
You can read about the arguments between Einstein, Bohr and others in the Scienti:c literacy box 
‘God does not play dice’ – Einstein’s objections to quantum mechanics. 

the modern quantum mechanical 
model of the atom
"e modern quantum mechanical model of the atom treats the electrons as having a probability 
of being at any given position near the nucleus. "us, electrons are not con:ned to circular 
orbits as in the Bohr model. 

"e principle quantum number, n, is still used, but other quantum numbers have been 
introduced. "ese other quantum numbers describe the quantisation of other physical properties 
such as the magnetic :elds due to spin and orbital motion (see Chapters 9 and 10). In addition, 
the Pauli exclusion principle states that no two electrons in an atom may have identical sets 
of quantum numbers. Hence, each electron in an atom has a unique set of quantum numbers 
describing it.

"e di�erent possible combinations of quantum numbers determine the energy level 
structure of the atom. "is model of the atom closely predicts the observed spectra of atoms. 

"e idea of orbits is used in this model to represent regions of high probability of :nding the 
electrons. Figure 8.25 shows some examples of these ‘orbits’. "e shapes shown represent the region in 
which there is a high probability of :nding the electron for a given value of n, the principal quantum 
number. Note that unlike the Bohr model, the ‘orbits’ are not generally circular or spherical. 

The probability of 
an electron being 
at a given position 
is described by a 
wave equation. This 
wave equation is the 
Schrödinger wave 
equation.

n 5 1

n 5 2

n 5 3

Figure 8.25 p  
electron orbits for n 5 1, 

n 5 2 and n 5 3 shells

"e development of the modern quantum mechanical model of the atom gave a physical 
and theoretical basis for many of the empirical rules in chemistry. We now have a better 
understanding of why atoms form bonds the way they do, and why materials such as conductors 
and semiconductors have the properties that they have. 

In chemistry, n is 
called the shell 
number. The 
different possible 
combinations of 
n and the other 
quantum numbers 
determine the orbital 
structure of an atom 
and the "lling of the 
shells by electrons. 
This structure is the 
physical basis of the 
periodic table.

tUnnellIng

Tunnelling is the 
�rst vital step in the 
thermonuclear 
reaction that 
powers the Sun.
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Scienti�c literacy: ‘God does not play dice’ – Einstein’s 
objections to quantum mechanics

einstein disagreed with what has now become the orthodox interpretation of quantum mechanics. 
This interpretation says that nature is fundamentally probabilistic. faced with two slits, an electron may 
go through one, or it may go through the other (or both). There is no way to predict which it will pass 
through, no matter how much you know about the system. This is in contrast to classical mechanics 
which is deterministic. in classical mechanics, if you have enough information about a particle and the 
system containing it, you can predict with certainty what will happen. 

einstein was not alone in objecting to the probabilistic or uncertain nature of quantum mechanics. 
erwin Schrödinger developed the wave equation central to quantum mechanics. The modern quantum 
model of the atom is based on this equation. This model is used to understand and predict chemical 
bonding. in spite of its great success, Schrödinger said of quantum mechanics: ‘i don’t like it and i’m 
sorry i ever had anything to do with it.’ 

einstein and colleagues proposed the theory of hidden variables in response to the probabilistic theory. 
in this theory, we cannot predict what path a particle takes because quantum theory is incomplete and 
there are variables yet to be discovered, hence the name, ‘hidden variables’. einstein believed that once 
these are discovered, we will be able to develop a deterministic quantum mechanical model. 

There were great arguments between physicists, particularly between einstein and Bohr. They 
disagreed vehemently, and neither ever conceded defeat. Bohr and his colleagues such as heisenberg 
favoured the probabilistic interpretation. uncertainty is a fundamental part of this interpretation, not just 
a result of the limits of measuring equipment. einstein claimed that ‘God does not play dice’, and made 
many similar statements, to which Bohr eventually retorted ‘einstein, stop telling God what to do’. 

einstein and his colleagues, podolsky and rosen, proposed a thought experiment in which the waves of 
two particles are entangled or mixed up. The particles then move off in opposite directions. if you interact with 
one particle, it instantly has an effect on the other particle because they are connected by their probability 
waves. in theory, this should allow information to travel faster than the speed of light. This contradicts special 
relativity, and einstein called it ‘spooky action at a distance’. This thought experiment was designed to show 
that quantum mechanics could not be complete, because the predicted result was impossible.

in the end, the probabilistic interpretation favoured by Bohr is the one accepted by most (but not all) 
physicists. einstein’s ‘spooky action at a distance’ has been observed experimentally, and is known as 
‘entanglement’. There are many groups of physicists around the world now trying to develop quantum 
computing and quantum cryptography based on it.

Quantum computers will store and process information in a different way, allowing much faster 
processing and increased information storage. Quantum cryptography would revolutionise internet security, 
and there is much military interest in 
its development.

The development of quantum 
mechanics was not just a 
revolution in physics. Our way 
of life has changed due to the 
technology that has grown from it. 
The way we see the universe has 
also changed – it is no longer a 
deterministic ‘clockwork universe’, 
but a spooky, uncertain place. Of 
course, that depends on who you 
agree with! 

Questions
1 de�ne ‘deterministic’.

2 The thought experiment proposed by einstein, podolsky and rosen is often referred to as the epr 
paradox. Why do you think it is called a paradox?

3 Why do you think �nancial institutions such as banks might be interested in quantum cryptography? 

4 read some more about the hidden variables and probabilistic interpretations of quantum 
mechanics. Who do you agree with and why? is your choice based on experimental evidence, or on 
some other basis? 

5 Why do you think einstein was so opposed to the probabilistic interpretation of quantum mechanics? 
read more about einstein’s objections to this interpretation and critique his argument. 
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a) Albert einstein and b) neils Bohr
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Quantum physics today
"e :eld of quantum physics is still very active, and there is much to be done. "ere are still 
competing models and di�erent interpretations of what the models mean. We shall see in the 
next chapter how new models such as the quark theory have changed the way we understand 
what particles such as protons and neutrons really are. 

"ese models will be further developed, some existing models and interpretations will 
be abandoned, and new ones will arise. New experiments will help to distinguish between 
competing models and stimulate the development of new theories. "e new theories will 
inspire further experiments to test them, and thus science will progress. Alongside this, new 
technologies will develop that will change the way we work and communicate, just as the 
development of quantum mechanics has already done. 

Some of it may sound like science :ction, but quantum physics is the basis of many of 
the technologies you use every single day. Semiconductors used in diodes and transistors rely 
on electrons behaving like waves, which allows them to move in ways that a classical particle 
cannot. Without the development of quantum physics, you would not have a smart phone, an 
MP4 player, or even a computer. 

Quantum physics has changed the way we think about the world, and the way in which we 
live more than any other advance in science. "at is why it was such an important revolution 
in science. 

remembering
1 Summarise the probabilistic interpretation of quantum mechanics. name one physicist who agreed with 

this interpretation, and one who disagreed. 

2 describe two experiments that demonstrate the wave nature of electrons. 

Understanding
3 A photon, an electron and a neutron all have the same wavelength. rank the velocities of the three 

particles. 

4 explain why the davisson–Germer experiment was so important. 

Applying

5 A bullet of mass 50 g travels at 1.2 3 103 m s21. 

a What is its de Broglie wavelength?

b Why is the wave nature of the bullet not observed through diffraction effects? 

6 A beam of electrons with de Broglie wavelength 1.5 3 10210 m is incident on an electron biprism, such as 
that shown in figure 8.23. The biprism can be modelled as a double slit with separation 4.5 3 1029 m. if the 
detectors are arranged on a screen a distance 20 cm from the biprism, what is the location of:

a the �rst interference maximum?

b the �rst interference minimum?

c the second interference maximum?

Analysing

7 A photon of energy 3.6 3 10215 J collides with a stationary electron that is free to move.

a What is the magnitude of the momentum of the photon before the collision? 

 After the collision, the photon returns along its original path and the electron moves forwards with a 

momentum of 2.1 3 10223 kg m s21.

b What is the de Broglie wavelength of the electron after the collision?

Q U e S t I o n  S e t  8 . 2
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c is the wavelength of the photon now:

i the same as

ii greater than 

iii less than before? 

Give reasons for your answer.

d calculate the wavelength of the photon before and after the collision.

8 A beam of neutrons with momentum 1.55 × 10223 kg m s21 is incident on a crystal and produces 
consecutive interference maxima at angles 18.9° and 40.4°. What is the lattice spacing, d, in this crystal? 

re?ecting
9 Think of all the devices that you have used today that rely on semiconductors. how would your life be 

different if quantum physics had not been developed? 

10 read about the ‘many Worlds’ interpretation of quantum mechanics. Write a brief summary of this 
interpretation. re=ect on how this interpretation �ts with either the hidden variables or probabilistic model 
of quantum mechanics. Justify this interpretation based on the arguments of one of these two models.

chAp te r  S U m mAry

 ● The quantum theory was developed when classical models, such as the wave model of light, were  
unable to explain experimental results such as the black body spectrum, atomic line spectra and the 
photoelectric effect.

 ● The development of quantum theory was a revolution in science, and not a smooth transition between 
theories. it was surrounded with great argument and debate.

 ● Atoms emit spectra with discrete lines with characteristic frequencies when heated. They also absorb light 
with the same characteristic frequencies. These are called line spectra. 

 ● The line spectrum of each atomic species is unique, and enables atoms to be identi�ed by their spectra. 

 ● classical models of the atom such as Thomson’s ‘plum pudding’ model and rutherford’s ‘planetary’ model 
could not explain the existence of line spectra.

 ● The Bohr model, which was a semi-classical model, was able to explain the existence of atomic spectra, 
and predict the positions of lines in the hydrogen spectrum.

 ● The Bohr model assumed that the orbital radius of an electron and hence the kinetic energy of the electron 
and the potential energy of the electron–nucleus system were quantised. 

 ● This quantisation arose from the assumption of quantisation of the angular momentum of the electrons:  
L 5 mvr 5 nh

 ● The electrons in the Bohr model are treated as standing waves with wavelength l 5 
r

n

2p
. This was a later 

addition to the model as a result of de Broglie’s work. 

 ● Transitions of electrons between the quantised energy levels correspond to lines in the atomic spectra. 

 ● each transition is the result of a photon being absorbed or emitted. The photon must have an energy 
exactly corresponding to the gap between energy levels.

 ● The Bohr model was not able to predict the spectra of atoms other than hydrogen, or explain features such 
as line splitting. 

 ● particles such as electrons also have a wave nature, this is known as wave–particle duality. 

 ● The wavelength of a particle with mass, such as an electron, is given by the de Broglie wavelength:  

l 5 
h

mv

h

p
5

 ● particles such as electrons show interference effects, such as an interference pattern produced when they 
are passed through a pair of slits of separation comparable to their de Broglie wavelength. 
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 ● Single-particle interference has been observed with photons, electrons and other particles. This behaviour 
is explained in the modern quantum model as being due to probability waves associated with particles 
interacting with both slits. 

 ● in the modern quantum theory, the behaviour of particles is probabilistic, rather than deterministic. The 
theory has extremely good explanatory and predictive power, hence is considered a good or  
effective theory.

 ● This probabilistic nature of the theory was unacceptable to some physicists, including einstein. however, 
they were unable to offer a better alternative theory. 

 ● The theory has led to the development of modern electronics, computing and communications technology. 
it has made an enormous impact on our lives.

chAp te r  glo S SAry

absorption spectrum the wavelengths (or frequencies 
or energies) of radiation absorbed by a material 

angular momentum, L momentum associated with 
rotational or orbital motion, L 5 mvr

deterministic predictable, able to be determined if 
enough information is available 

electron diffraction the interference of electrons 
due to the interaction of their probability waves

emission spectrum the spectrum of radiation 
emitted by an object, for example black body 
radiation or atomic spectra from a discharge tube

energy levels the allowed energies of a nucleus–
electron system; often referred to as electron energy 
levels, even though they are characteristic of the 
atom, not of individual electrons

exclusion principle the principle that no two 
electrons in an atom may have identical sets of 

quantum numbers; it was �rst stated by Wolfgang 
pauli in 1925 

ground level the lowest possible energy level of a 
nucleus–electron system 

line spectrum an emission or absorption spectrum 
consisting of discrete lines, characteristic of the 
energy levels of a particular atom or molecule 

probabilistic not deterministic, unable to be 
predicted regardless of how much information  
is known 

spectroscope a device that disperses radiation 
by energy (or wavelength or frequency) so that a 
spectrum may be observed and measured

wave–particle duality the dual nature of matter and 
energy, requiring both wave and particle models to 
completely explain all observed behaviour of matter 
and energy 

chAp te r  r e v I e w Q U e S t I o n S

remembering

 1 name three physicists who contributed to the development of the model of the atom. Brie=y describe their 
contributions. 

 2 What were the most important successes and shortcomings of the Bohr model?

 3 What physical properties of the nucleus–electron system were quantised in the Bohr model?

Understanding

 4 The spectral lines for transitions to the n 5 2 state from higher levels for a particular atom are in the infrared 
region of the spectrum. Would you expect this atom to have any series of spectral lines in the visible range? 
if so, to what transitions would they correspond? 

 5 in the Bohr model of the hydrogen atom, the electron is described as a standing wave. how many nodes 
does this wave have in each of the �rst four modes of vibration? 

 6 An electron has the same de Broglie wavelength as a photon. in what ways does the electron differ from 
the photon? in what ways is it the same? 
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 7 consider the davisson–Germer experiment in which electron diffraction was observed for electrons 
re=ecting off layers of atoms in a nickel crystal. how would the pattern they observed have been different if 
they had used a larger potential difference to accelerate the electrons? explain your answer.

 8 explain the difference between deterministic and probabilistic. Why do you think this was an important 
difference between the classical (newtonian) and quantum theories? 

 9 The ground-state energy level of the electron in a hydrogen atom is negative. What is the signi�cance of 
the negative sign? What is the zero energy level in this model?

Applying

10 figure 8.15 shows an energy level diagram for sodium. 

a how many possible emission spectral lines are there for transitions from the 22.11 eV level? 

b What are the wavelengths of the photons emitted in these transitions? if any are visible, identify  
the colour.

11 What is the energy of the shortest wavelength photons that can come from hydrogen atoms as they return 
from excited states to the ground state?

12 Two energy levels within a particular atom are 10 eV and x eV. When an atom of the element concerned 
returns from the higher level to the lower energy level, radiation of wavelength 450 nm is emitted. What are 
the possible values of x?

13 a What is the wavelength of X-ray photons of energy 3.6 3 104 eV? 

b At what energy do electrons have a de Broglie wavelength equal to that of 3.6 3 104 eV X-rays?

14 An atom is excited to its third energy level above the ground state.

a how many different spectral lines can it emit?

b Which of the energy level transitions will produce the photon of greatest energy?

c Which of the energy level transitions will produce a photon of the longest wavelength?

15 A beam of electrons with de Broglie wavelength 1.5 3 1028 m is incident on a pair of slits spaced 150 mm 
apart. calculate the positions of the �rst three maxima in the interference pattern detected at a detector 
bank placed 25 cm from the slits. 

16 in question 15 above, what de Broglie wavelength would the electrons need for the separation of 
interference maxima to be doubled? 

Analysing 

17 hydrogen atoms have only one electron, yet the spectrum of hydrogen contains a large number of lines. 
explain how this is possible. 

18 A polished lead surface is illuminated with light of wavelength 200 nm. What are the maximum and 
minimum de Broglie wavelengths of the emitted photoelectrons? 

19 figure 8.7 shows the Bohr model of the atom. 

a Write an expression for the force exerted on the electron by the nucleus (refer to chapter 3). 

b Set this force equal to the centripetal force, and �nd an expression for the kinetic energy of the electron. 

c find an expression for the total energy of the atom, assuming the nucleus is stable and given that the 

potential energy of the nucleus–electron system is U 5 
q q

r

ke 1 2
2 . 

d Given that the ground level for hydrogen is 213.6 eV, �nd the value of r, the orbital radius of the electron. 
This value is known as the Bohr radius. 

20 electrons travelling at a speed of 150 m s21 are incident on a pair of slits spaced 0.015 mm apart. An array of 
detectors is placed 2.00 m behind the slits. 

a What wavelength photons would give an interference pattern with maxima at the same positions? 

b find the positions of the �rst two interference maxima. 

21 A crystal has a lattice spacing of 0.52 nm. in an electron diffraction experiment using this crystal, the �rst 
interference maximum occurs at u 5 34°. What potential difference was used to accelerate the electrons for 
this experiment? 
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re?ecting 

22 in what ways does the study of quantum theory help you to understand the interplay between theory and 
experiment? Give examples. 

23 Summarise the main ideas and mathematical formulations in this chapter in a concept map. link into 
material learnt in previous chapters.

24 Write a diary entry for a normal school day. include how you got to school, what lessons you did and what 
you used, and what you did after school, including how you did homework or communicated with friends. 
now write an imaginary diary entry for the same day, but if quantum physics and all the technology that 
relies on it had not been invented. include the same activities and how they would be done instead, if 
possible at all.



By the end of this chapter you will have covered the following material.

Science Understanding

 ● Uniformly accelerated motion is described in 
terms of relationships between measurable 
scalar and vector quantities, including 
displacement, speed, velocity and 
acceleration (ACSPH060)

 ● Representations, including graphs and 
vectors, and/or equations of motion, can 
be used qualitatively and quantitatively to 
describe and predict linear motion (ACSPH061)

 ● Vertical motion is analysed by assuming the 
acceleration due to gravity is constant near 
Earth’s surface (ACSPH062)

By the end of this chapter you will have covered the following material.

Science Understanding

 ● Reactions between particles can be 
represented by simple reaction diagrams 
(ACSPH143)

 ● Lepton number and baryon number are 
examples of quantities that are conserved in 
all reactions between particles; conservation 
laws can be used to support or invalidate 
proposed reactions (ACSPH144)

 ● Variations of reactions can be found by 
applying symmetry operations to known 
reactions. These include reversing the 

direction of the reaction diagram (time 
reversal symmetry) and replacing all 
particles with their antiparticles and vice 
versa (charge reversal symmetry). Energy 
and momentum must also be conserved for 
such a reaction to be possible. (ACSPH145) 

 ● High-energy particle accelerators are used 
to test theories of particle physics including 
the Standard Model (ACSPH146)
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Introduction 
One of the key characteristics of physics as a science is the belief that complex systems can 
be understood by examining and understanding the motion and interactions of simpler, 
component parts. Underlying this belief is another: that, as we break the system into smaller and 
smaller parts, we will eventually come to a point where there are no internal components. �en 
we will be dealing with the basic building blocks out of which everything else is constructed. 

�e idea that there are fundamental building blocks of matter has persisted through the 
ages, although it has undergone many changes as new discoveries and observations have been 
made. �e ancient Greeks thought that the universe was made out of four basic elements: earth, 
air,  re and water. �en Democritus introduced the concept of the atom. Later it was found that 
atoms were made of even smaller components.

We now believe that the fundamental building blocks are elementary particles.
Over the past century, scientists and engineers working in particle physics have made a 

series of signi cant discoveries. �ese discoveries have led to new theories that describe and 
predict these elementary particles and their interactions. In this chapter, we describe some of 
the sequence of observations and discoveries in particle physics. �ese highlight the important 
connections between experimental and theoretical progress in physics. In the next chapter we 
introduce the model that describes our current understanding of particle physics: the Standard 
Model of Particle Physics (the Standard Model for short).

Splitting the atom
For a long time atoms were thought to be indivisible, in fact that is what the name ‘atom’ means: 
a – not, tom – divisible. �en, the electron was discovered by J.J. �ompson in 1897, leading to 
the understanding that atoms are not elementary particles. 

It was known from Rutherford’s scattering experiments (see Chapter 8) that most of the 
mass of the atom was localised in a massive, positively charged nucleus. �e nucleus of the 
hydrogen atom was called a proton by Rutherford. �e mass and charge of other atomic nuclei 
were measured, and it was found that each nucleus had a charge equal to some integer number 
of protons, but that the mass was generally equal to approximately twice this number of proton 
masses or more. 

In 1932 this observation was explained when James Chadwick discovered the neutron. 
Chadwick also used scattering experiments in which particles were collided with nuclei.

As we shall see, physicists have learnt a lot about the nature of matter by smashing things 
into other things and seeing what happens!

Protons and neutrons 
are not elementary 
particles
�e model of the atom that you have learnt about in Chapter 8 
was largely developed as of 1932. �ere is a tiny, massive nucleus 
that contains positively charged protons and neutral neutrons. 
Surrounding this is a cloud of negatively charged electrons. 

A fourth particle, the photon, was also already known by the 
1930s. As we saw in Chapter 7, the idea of a particle of light was 
introduced to explain the photoelectric e;ect. Recall that the 
photon has no mass and no charge. It does have quantised energy 
and momentum, which depend on its frequency. �e electron and 
the photon both appear to be elementary particles. 

Recall that when we are considering the gravitational  

force between the Sun and Earth, we can treat Earth as if all  

its mass were concentrated at its centre and use F 5 GME 
2

m

r
.  

The history of the 
development of 
atomic models from 
Thomson’s plum 
pudding model 
through to the 
modern quantum 
mechanical model is 
given in Chapter 8.

Figure 9.1 p  
in the modern quantum 

mechanical model 
of the atom, the 

protons and neutrons 
are contained in the 

nucleus, surrounded by 
the electron clouds.

2s orbital
Nucleus

2p orbital

3s orbital

1s orbital
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However, Earth is not really a point mass because it has internal structure. When we are close 
to Earth’s surface, the gravitational  eld no longer appears to be that due to a point mass; the 
internal structure becomes important. Similarly, a charged object can be treated as a point 
charge when it interacts with another charged object a long way away, but close up we must treat 
it di;erently. 

�e electric  eld of an electron is exactly what we expect for a point charge, suggesting that 
it has no internal structure and strongly supporting the idea that it is an elementary particle. 

On the other hand, experimental evidence suggests that the neutron is not an elementary 
particle. Although the neutron has no charge, it does have a magnetic moment and hence 
its own intrinsic magnetic  eld. As we have seen in Chapter 4, a magnetic  eld is the result 
of moving charged particles or a changing electric  eld. �is indicates that the neutron has 
some internal structure, and contains charges that add to zero total charge. �is suggested to 
physicists that the neutron is not an elementary particle. 

As the proton has a mass very close to that of a neutron and is otherwise a similar particle  
in its behaviour, the same question was also raised of the proton. Evidence that the proton is  
not an elementary particle came from studies of radioactivity. You have seen (Nelson Physics 
Units 1 & 2 for the Australian Curriculum, Chapter 3) that when a nucleus decays, di;erent types  
of particles may be emitted. �ese include b2 and b1 particles. It was observed that these  
b particles had the same mass as an electron, and either a positive or negative charge equal to 
the electron charge. 

It turned out that the b2 particle was an electron. When a nucleus emits a b2, its proton 
number increases by one and its neutron number decreases by one. Similarly, when a  
b1 particle is emitted, a proton is converted to a neutron. Hence, it appeared that neutrons 
could be converted into protons and vice versa by the emission of these negatively or positively 
charged electrons, suggesting that neither the neutron nor the proton is an elementary particle. 

�e positively charged electrons, called positrons, that are involved in b1 decay were 
discovered in cosmic rays in 1932 by Carl Anderson. Positrons were the  rst antimatter 
particle to be observed. 

By 1932 there were  ve particles known: three ‘normal’ matter particles, the electron, proton 
and neutron; one antimatter particle, the positron; and the photon. Of these, it was already 
believed that the proton and neutron were not themselves elementary particles, and so the hunt 
for their component parts began.

antimatter
In the 1920s, Paul Dirac developed a relativistic version of the Schrödinger equation. Recall 
from Chapter 8 that the Schrödinger equation is the wave equation that describes the behaviour 
of particles such as electrons. �is new relativistic equation explained the origin of the electron’s 
spin and magnetic moment. �is was an important theoretical development in quantum 
mechanics.

However, there appeared to be a diEculty with the theory: the equation that Dirac had 
developed to describe the electron had two solutions. One of these solutions gave the wave 
functions for electrons and correctly described their mass, charge and spin. �e other solution 
described a particle with the same mass but the opposite charge and magnetic moment. It also 
predicted that if these two particles should meet, they would both be destroyed, producing a 
burst of energy. �is is called annihilation.

Hence this second particle was the ‘anti-electron’. It was this particle, the antiparticle to 
the electron, that Anderson observed in 1932.

Anderson was using a cloud chamber to study cosmic rays. A cloud chamber is a particle 
detector that detects ionising radiation (see Chapter 3 of Nelson Physics Units 1 & 2 for the 
Australian Curriculum). It uses a supersaturated vapour, like a layer of fog, in a container or 
chamber. When a charged particle enters the chamber it ionises the vapour. �e resulting 
electrically charged vapour particles act as sites for condensation of the vapour. �is produces a 
visible trail of condensation along the path of the particle.

Spin is a quantum 
number that can 
take half-integer or 
integer values. Recall 
from Chapter 4 that 
magnetic moment 
is a vector, it has 
direction and can 
have a positive or 
negative value. The 
magnetic moment of 
a particle depends 
on the spin, charge 
and mass of the 
particle.
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Anderson placed his cloud chamber in a magnetic  eld. �e magnetic  eld 
caused the moving charged particles to follow curved paths, just like the ions in 
a mass spectrometer, as we saw in Chapter 4. �is allowed him to distinguish 
between positive and negative charges. Recall that the direction in which a 
particle’s path curves depends on its charge, and that the sharpness of the curve 
(radius of curvature) depends on the mass.

Anderson noted that some of the tracks in his cloud chamber had electron-
like curvature but were deGected in a direction corresponding to a positively 
charged particle.

Anderson had discovered the anti-electron, or positron. Anderson was 
awarded a Nobel Prize for Physics in 1936 for this discovery. 

Dirac’s theory suggested that an antiparticle exists for every particle. It has 
subsequently been veri ed that almost every known elementary particle has a 
distinct antiparticle. 

W
O

W PET – how annihilation is saving lives

Electron–positron annihilation is used in the medical diagnostic technique called 
positron-emission tomography (pET). The patient is injected with a glucose solution 
containing a radioactive substance that decays by positron emission, and the glucose 
is carried throughout the body by the blood. a positron emitted during a decay event 
in one of the radioactive nuclei in the glucose annihilates with an electron in the 
surrounding tissue, resulting in two gamma-ray photons emitted in opposite directions. a 
gamma detector surrounding the patient pinpoints the source of the photons. a computer 
then displays an image of the sites at which the glucose has accumulated. This is useful 
for locating cancers because glucose metabolises rapidly in cancerous tumours and 
accumulates at those sites, providing a strong signal for a pET detector system. 

The images produced in a pET scan can also indicate a wide variety of disorders in the 
brain, including alzheimer’s disease.
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p Figure 9.3 pET scans of the brain of a healthy older person (left) and that of a person 
with alzheimer’s disease (right). Lighter regions contain higher concentrations of 
radioactive glucose, indicating increased brain activity.
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Figure 9.2 p  
This cloud chamber 

photograph shows the 
track of the ;rst identi;ed 

positron.

The antiparticle for a charged particle has the same mass as the particle but 

opposite charge and hence opposite sign for magnetic moment.

When we write the symbol for a particle, such as n for neutron or e2 for electron, 

we represent the antiparticle either by placing a bar over the symbol, as in n, or by 

showing that the sign is reversed, as in e1.

Antiparticles for uncharged particles, such as the neutron, are more diEcult to describe. 
For neutral particles with non-zero magnetic moments such as the neutron, the antiparticle can 
be de ned by the sign of its magnetic moment. A few particles, such as photons, are their own 
antiparticle. 
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B U i L d  yO U R  Ow N  C LO U d  C H a M B ER  
a N d  d E T ECT  COS M i C  R ayS

There are very few particle physics experiments that you can do without expensive, and usually high voltage, 
equipment. However, with some fairly simple equipment you can build your own cloud chamber that will detect 
cosmic rays. you will need some chemicals and dry ice so you need to be very careful and follow all safety 
instructions. Typically, it takes about 10 to 20 minutes to detect a high-energy cosmic ray, depending on solar 
Aare activity, so you may also need to be a bit patient after you have built your cloud chamber. 

aim
To build a cloud chamber and detect cosmic rays

Materials
 ● a clear glass or clear plastic tank, such as a small ;sh tank, about 15 cm tall and 15 cm wide by 30 cm long 
 ● a strong source of light such as an overhead or slide projector
 ● a sheet of metal for a lid for the tank (same size as tank)
 ● a sheet of cardboard cut to ;t the metal lid
 ● 3 sheets of felt, 30 cm by 30 cm
 ● a whole roll of black electrical tape
 ● foam padding, about 5 cm thick, same dimensions as the tank
 ● cardboard box just slightly bigger than the clear tank
 ● glue that is not soluble in alcohol such as silicon sealant
 ● isopropyl alcohol (isopropanol) (pure, about 500 mL)
 ● dry ice, about 500 g
 ● safety equipment: tongs, gloves, lab coats, safety glasses

What are the risks in doing this experiment? how can you manage these risks to stay safe?

isopropyl alcohol is toxic and can cause skin 
irritation. 

Refer to materials safety data sheet (MSdS) for more 
information.

wear a lab coat, safety glasses and gloves when 
using isopropyl alcohol. 

Use in a well-ventilated space or fume cupboard. 

dispose of gloves and wash hands thoroughly at 
the end of the experiment.

isopropyl alcohol is highly inAammable. Store isopropyl alcohol away from any sources of 
heat and ensure bottles are correctly labelled.

The isopropyl alcohol vapour used in the cloud 
chamber has a low Aash point.

Keep chamber well away from all heat and Aame 
sources.

dry ice is very cold and can cause cold-burns. wear thick gloves and use tongs to handle dry ice.

in your write-up, add any more risks you can think of, as well as ways to manage them.

Procedure 
Building the cloud chamber will take some time. you will 
probably need a whole lab class to build your cloud chamber 
and then a second class to test it. Stop at step 6 unless you 
have ample time to proceed and test your cloud chamber. 

1 Fold or roll the felt into strips about 5 cm wide and 30 cm 
long. attach these to the inside of the clear container with 
the glue or sealant to form a ring around the bottom, as 
shown in Figure 9.4. Give the glue or sealant time to dry.  
(you may want to do this the day before.) 

2 Cover one side of your cardboard sheet with strips of black 
electrical tape, as neatly as you can. This is to make particle 
tracks easier to view.

e xPe r I M e nt  9.1

Rolled felt
glued to inside
of tank

p Figure 9.4 Felt folded and 
attached to tank as a ‘soak zone’
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3 attach the cardboard, tape side out, to the metal lid so that when the lid is in place the black tape faces 
into the tank. 

4 Cut the cardboard box down to about 7 cm tall and place the piece of foam in the bottom of it. 

5 Check that your cloud chamber all ;ts together: the metal lid sits on top of the foam with the black tape 
facing upwards. The tank then sits upside-down on top of this so the ring of felt padding is at the top. 

Incoming cosmic ray

Slide projector

Dry ice

Alcohol-soaked liner

Cardboard boxFoam

Black tape

Cardboard sheet

Metal plate

  

t Figure 9.5 Cloud 
chamber and light source

 it needs to all ;t tightly and be well sealed when you are performing your observations. if it is not, air currents 
will make the particle tracks hard to see. 

 if it all ;ts together neatly, then you are ready to add the dry ice and isopropyl alcohol. if not, you will need 
to make some modi;cations until it ;ts neatly together. 

6 Remove the tank and metal lid and place a layer of dry ice on top of the foam using tongs. your teacher 
may do this step for you. 

7 Soak the felt strips with isopropyl alcohol. your teacher may do this step for you. 

8 Seal the metal lid to the tank with tape (more electrical tape, or duct tape).

9 place the tank upside-down on top of the dry ice so the metal lid is in contact with the dry ice. 

10 arrange the light source so it shines horizontally through the side of the tank. you need a bright light source 
to clearly illuminate the particle tracks.

11 Turn on the light, and observe your chamber for at least 10–20 minutes.

you should see a mist-like fog form inside your chamber. This will be most obvious  
near the bottom; don’t worry if you can only see a thin layer, that will be enough. 

results
1 during the 10 to 20 minutes you observe your chamber, you should see ;ne tracks 

forming in your chamber. The tracks, which are the results of the random passage 
of cosmic rays through the vapour, can form at any time and will last only a very 
brief time before they disappear, so you will need to watch carefully for the entire 
period. draw these tracks and/or photograph or video them.

2 Once your chamber is working, you can try putting a strong magnet on one side 
and observe what happens to the new particle tracks. Note that you will need a 
very strong magnet to obtain any signi;cant curvature of the particle paths. 

analysis of results
Record as many tracks as you can. Look for sudden changes of direction in tracks that 
are straight lines. These could be muon decays, with the incoming track the muon 
and the outgoing track the electron into which it decays. (you may remember muons 
from Chapter 6). you may also see tracks that branch like a y. These are usually due to 
collisions, for example a muon colliding with an electron and transferring some kinetic 
energy to it. The stem of the y is the incoming muon and the two branches are the 
muon and electron moving off after the collision. 

Discussion
Can you identify what is happening in the various tracks that you observed? 

you might only be able to hypothesise what the incoming particles were. 

trOUBle -
ShOOtIng 
gUIDe 

This describes 
a few common 
problems you 
might have 
with your cloud 
chamber and how 
to solve them.

MOre 
InFOrMatIOn

This is a step-by-
step guide to 
building a cloud 
chamber.



U n I t  4  C h a P t e r  9 :  p a R T i C L E  p H y S i C S  2 619 78 017 0 2 4 2110

Particle physics: 
continuing the search for 
elementary particles
Following on from the discoveries described above, many ‘new’ particles were discovered. Some 
of these were discovered in cosmic-ray experiments like that carried out by Anderson. Other 
particles were discovered in nuclear decays. 

Cosmic rays pass through Earth’s atmosphere at random, and their energies vary widely. Hence 
it was impossible to design well-controlled experiments that used cosmic rays to create new particles. 

�e energies of the particles emitted in some nuclear decays are well de ned, but they are 
generally fairly low. �e equation E 5 mc2 suggested that if higher energies could be used, more 
massive particles might be created. 

�us, physicists looked for ways to produce beams in which there were more particles with 
high enough energies to produce, and so enable them to study, new particles. �e breakthrough 
was achieved with the invention of particle accelerators. 

From the 1950s onwards, many more particles were discovered in experiments involving high-
energy collisions between known particles using these accelerators. �e more energy available in 
the collisions, the higher the number of the new particles produced and the greater their mass. 

�ese new particles are characteristically very unstable and have very short half-lives that 
range between 1026 s and 10223 s. �eir decays produce lighter particles, some of which are 
also unstable. So each collision between just two initial particles may result in many outgoing 
particles, which need to be detected and identi ed simultaneously. To enable this, physicists 
and engineers worked together to develop huge, complex apparatus to use at the new particle 
accelerators. �is is an example of the role that technology plays in allowing new experiments, 
which in turn lead to the development and re nement of theory.  

Particle accelerators
In order to detect a particle with a very short half-life, it is necessary to  rst create it. �is is 
done by causing reactions between stable particles such as protons, electrons and neutrons. 
However, protons and neutrons have small masses compared to most other particles. 

To create a particle of large mass, m, there needs to be at least an energy of  

E 5 mc2 available to convert into mass. If the total mass of the reacting particles 

is less than m, some of this energy has to come from the kinetic energy of the 

reacting particles. Particle accelerators provide this extra energy.

A particle accelerator uses an electric  eld to accelerate charged particles to very high  
speeds and hence very high energies. A magnetic  eld may also be used to contain the charged 
particles within the accelerators.

A linear accelerator or linac accelerates the particles in a straight line. In a linear 
accelerator, large electric  elds are used to accelerate the changed particles, such as electrons 
or protons. Recall from Chapter 3 that an electric  eld, E, exerts a force F 5 Eq on a particle 
with charge q. In a linear accelerator this force accelerates the particle to very high speeds. We 
can also use the e;ective change in potential, DV, that the particle passes through in the linear 
accelerator to  nd the change in energy and hence the  nal speed of the particle.  

�e change in kinetic energy is W 5 DU 5 qDV 5 
1

2
mv2. �e  nal speed is hence

5
D2

v
q V

m

The mass–energy 
relationship, E 5 mc 2,  
was derived in 
Chapter 6. 
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�is is the classical expression, derived using classical electromagnetism and mechanics. As 
the accelerating potentials may be very large, and the particles reach speeds approaching the 
speed of light, we need to use the relativistic correction as described in Chapter 6:

KE 5 qDV 5 
1

2
m0c2 (g 2 1)

where m0 is the rest mass of the particle and

1

1
2

2

g 5

2
v

c

�is gives us a value for the speed, which is less than that given by the classical expression, 
and which asymptotically approaches the value of c as the accelerating potential is increased.

At many facilities the linear accelerator is used to feed high-speed particles into a 
synchrotron ring. �e synchrotron ring uses large magnetic  elds to contain the charged 
particles in a circular path. Recall from Chapter 4 that the magnetic force supplies the required 
centripetal force:

2

5 5F
mv

r
qvB

Recalling from Chapter 9 of Nelson Physics Units 1 & 2 for the Australian Curriculum that 
momentum is given by p 5 mv, we can see from the above equation that the momentum of a 
particle circulating in a magnetic  eld is given by

p 5 mv 5 qBr

As the particles are likely to be at very high speeds in a synchrotron, we need to use the 
relativistic expression for momentum from Chapter 6:

p 5 gm0v 5 qBr

In the synchrotron ring, the particles may be held for storage at constant speed, or they may 
be further accelerated. To increase the speed of the particles, a varying magnetic  eld must be 
used. Recall from Chapter 4 that a constant magnetic  eld cannot do work on a charged particle 
and hence change its kinetic energy. However, a time-varying magnetic  eld creates an electric 
 eld (Chapter 5), which can do work on a charged particle and accelerate it. By carefully varying 
the  eld in a periodic way, a synchrotron can be used to further increase the speed of the particles. 

Once the charged particles have been accelerated to the desired speeds they are aimed, again 
using magnetic and electric  elds to steer them, at a target. �ey are made to smash into the 
target at very high speed, close to the speed of light.  

Relativistic 
expressions for 
energy and 
momentum are given 
in Chapter 6.

Synchrotrons are 
described in more 
detail in Chapter 4.  
The Australian 
Synchrotron, located 
in Melbourne, is 
described in the 
Scienti*c literacy box 
in Chapter 5. 

W
O

W ‘Parasitic’ radiation 

in the 1950s and 60s synchrotron radiation was called ‘parasitic’ radiation, because it 
took energy from the accelerating particles intended for use in high energy and nuclear 
physics experiments. at early particle physics facilities this radiation was shielded against 
and not used. Later, it was realised that this high-energy electromagnetic radiation is 
useful in its own right, and in 1961, at the National institute of Standards and Technology 
(NiST) in the USa, the ;rst beamline into a synchrotron was opened up to allow use of this 
radiation. Beamlines were subsequently opened at other synchrotrons. The experiments 
and beamlines (and even the scientists who used them) were also referred to as parasitic. 
However, the science that they did with their parasitic experiments turned out to be very 
useful. Now there are large synchrotrons, such as the australian Synchrotron in Melbourne, 
purpose built to produce and use this synchrotron radiation.
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Detectors placed around the target are then used to measure the momentum, mass and 
charge of the particles that result from the collision. �ese particles might be a mixture of 
known and new types of particles. In some particle accelerators the target is held  xed in place 
and all the energy needed for the reaction has to come from the kinetic energy of the accelerated 
charged particle. 

To reach even higher energies and so have the chance of creating particles with even larger 
mass, scientists and engineers developed colliding-beam accelerators called colliders. 

In the simplest type of collider, particles that have equal masses but opposite charges, such as 
protons and antiprotons, travel in opposite directions in an accelerator ring. Because they have 
equal mass and are accelerated by the same electric  eld, they have equal kinetic energy. �e 
particles collide head-on, and many new particles may be produced in the high-energy collision. 
Because the total momentum of the interacting particles is zero, all their kinetic energy is 
available for the reaction. Recall from your study of collisions in Chapter 9 of Nelson Physics 
Units 1 & 2 for the Australian Curriculum that momentum must be conserved in a collision, but 
kinetic energy need not be. 

Particle accelerators are massive pieces of equipment. �ey are extremely expensive to build 
and maintain, and so require the collaboration of governments, universities and international 
organisations and committees such as the International Science Advisory Committee and the 
International Machine Advisory Committee.

Particle accelerator facilities are used for a range of applications and research purposes, including 
testing the predictions of particle physics and of models such as the Standard Model (see Chapter 10). 

the large hadron Collider (lhC)
�e Large Hadron Collider at CERN is the world’s largest and most powerful particle 
accelerator. It took 10 years to build, cost around 3 billion euros, and began operating in 
September 2008. �ousands of scientists and engineers collaborated to design and build the 
LHC and the associated detectors and other instruments. 

Linear accelerators are used to give beams of protons energies of up to 4 TeV (1012 eV) before 
they enter the LHC synchrotron ring. After upgrades made in 2013–14, the proton beams have 
energies up to 7 TeV, which means the protons travel at 0.999 999 991 times the speed of light. 
Lead nuclei are also used in some experiments, and these can be accelerated to energies of nearly 
600 TeV per nucleus. 

�e synchrotron ring uses superconducting electromagnets to steer and contain particle 
beams in a 27 km long ring. 

When beams of protons collide head-on, a huge variety of particles are created. Seven 
detector stations are used at beamlines around the ring. �ese stations are where the particles are 
detected and their properties such as mass, charge and spin are measured. 

Data is collected at a very high rate. �e LHC is connected to the world’s largest computer 
grid for data analysis. �e grid consists of 140 computing centres in 35 countries. 

�e most famous discovery made at the LHC to date is that of the Higgs boson. �is is 
discussed in detail in the scienti c literacy box in the next chapter.

You studied collisions 
in Chapter 9 of 
Nelson Physics Units 1 
& 2 for the Australian 
Curriculum. Recall 
that momentum is 
conserved for all 
collisions. Kinetic 
energy is conserved 
in elastic collisions. 

the lhC gaMe

play the LHC game 
at CERN.

Spin was discussed in 
Chapter 4, in which 
we saw that electrons 
have an intrinsic 
magnetic moment. 
We describe this 
magnetic moment 
as being due to a 
property that we call 
‘spin’, even though 
we don’t believe the 
electrons are actually 
spinning. 

G
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t Figure 9.6 inside the 
tunnel containing the 
Large Hadron Collider 
at CERN
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the particle zoo
So far, several hundred particles have been identi ed in particle accelerator experiments. �e 
wide variety of properties and behaviours of these new particles led to the term ‘particle zoo’. 
�ese newly discovered particles included the antiproton, discovered by Emilio Segré and Owen 
Chamberlain in 1955, and the antineutron, discovered in 1956 by Bruce Cork. 

Some of these particles are listed, along with their properties, in Table 9.1. �e masses in 
Table 9.1 are given in units of MeV/c2. Recall from Chapter 6 that mass and energy are related by 
Einstein’s mass equivalence relationship: E 5 mc2. In particle physics it is common to give masses in 
terms of their energy equivalent, rather than in kilograms. 1 MeV/c2 5 1.78 3 10230 kg.

Spin is another important property of particles listed in Table 9.1.
Like other properties of particles, spin is quantised; that is, it can take only speci c discrete values. 

Some particles have spins with integer values, others have half-integer values of spin. �ese values relate 
to the magnetic moment and hence magnetic  elds of the particles. Particles with non-zero spin have 
a magnetic moment and hence their own magnetic  eld. How the spins of the various particles in a 
material interact is important in magnetism, as we saw in Chapter 4. Spin is also a conserved quantity. 

Particles can be classi ed according to their spin. Particles with half-integer spin, s 5 
1

2
, 

3

2
,  

and so on, are called fermions. Leptons and baryons are fermions. Fermions obey the Pauli 
exclusion principle (Chapter 8). �e Pauli exclusion principle states that any two fermions in the 
same quantum system cannot have identical sets of quantum numbers. Electrons in an atom are an 
example of this – no two electrons in a given atom can have identical quantum numbers. Particles 
with integer spin, s 5 0, 1, 2, … are called bosons. Mesons and photons are bosons. Bosons do 
not obey the exclusion principle. Fermions and bosons play di;erent roles in the Standard Model, 
as we shall see in Chapter 10. 

DISCOvery 
OF the 
antIPrOtOn

Read about the 
discovery of the 
antiproton. 

eleMentary 
PartICleS 

Read about 
the search for 
elementary 
particles here.

table 9.1 Some particles and their properties

Category Particle 
name

Symbol anti-
particle

Mass 
(Mev/c2)

B le lm lt lifetime (s) Spin

leptons Electron e2 e1 0.511 0 11 0 0 Stable 1

2

Electron-
neutrino

ne ne ,7 eV/c2 0 11 0 0 Stable 1

2

Muon m2 m1 105.7 0 0 11 0 2.20 3 1026 1

2

Muon-
neutrino

nm nm ,0.3 0 0 11 0 Stable 1

2

Tau t t1 1 784 0 0 0 11 ,4 3 10213 1

2

Tau-
neutrino

nt nt ,30 0 0 0 11 Stable 1

2

hadrons

Mesons pion p1 p2 139.6 0 0 0 0 2.60 3 1028 0

p0 Self 135.0 0 0 0 0 0.83 3 10216 0

Kaon K1 K2 493.7 0 0 0 0 1.24 3 1028 0

KS

0 KS

0 497.7 0 0 0 0 0.89 3 10210 0

KL

0
KL

0 497.7 0 0 0 5.2 3 1028 0

Eta h Self 548.8 0 0 0 0 ,1028 0

h9 Self 958 0 0 0 0 2.2 3 10210 0
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Category Particle 
name

Symbol anti-
particle

Mass 
(Mev/c2)

B le lm lt lifetime (s) Spin

Baryons proton p p 938.3 11 0 0 0 Stable 1

2

Neutron n n 939.6 11 0 0 0 614 1

2

Lambda L0 L0 1115.6 11 0 0 0 2.6 3 10210 1

2

Sigma o1 2o 1189.4 11 0 0 0 0.80 3 10210 1

2

o0
o0 1192.5 11 0 0 0 6 3 10220 1

2

o2 1o 1197.3 11 0 0  0 1.5 3 10210 1

2

delta D11 D22 1230 11 0 0 0 6 3 10224 3

2

D1 D2 1231 11 0 0 0 6 3 10224 3

2

D0 D0 1232 11 0 0 0 63 3 10224 3

2

D2 D1 1234 11 0 0 0 6 3 10224 3

2

Xi J0
J0 1315 11 0 0 0 2.9 3 10210 1

2

J2
J1 1321 11 0 0 0 1.64 3 10210 1

2

Omega V2 V1 1672 11 0 0 0 0.82 3 10210 3

2

�e lifetimes given in Table 9.1 are the mean lifetimes, tmean. Recall from your studies of 
radioactivity that unstable nuclei have a half-life that determines how likely they are to decay. In 
a large population of nuclei with a half-life 1

2
t , one half of the nuclei will decay in a time 1

2
t .  

�e mean lifetime is related to the half-life by: tmean 5 
ln2

1
2

t
 < 1.44 1

2
t .  

We are using the symbol tmean rather than t to denote the mean lifetime, to avoid confusion 
with the t (tau) particle. You may see lifetimes written as t in other sources. 

�e other particle properties, baryon number (B) and lepton number (L), are discussed 
in detail later. 

remembering
1 why are electrons considered to be elementary but protons are not? 

2 State the charge and mass of: 

a a positron.

b an antiproton.

c an antineutron. 

3 what is the difference between a collider particle accelerator and one with a ;xed target? why is a 
collider type able to produce more massive particles as a result of a collision? 

q U e S t I O n  S e t  9.1
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the search for order
If you look back at Table 9.1 you will note that the particles listed are classi ed into two 
di;erent types: leptons and hadrons. 

Leptons are mostly particles with very small mass, such as the electron. We have already 
noted that electrons appear to be elementary particles because they show no signs of having 
internal structure. Because the heavier leptons and their antiparticles appear to be identical to 
electrons and positrons in all respects except for mass, it appears that they too are elementary 
particles. �is leads physicists to believe that the whole family of leptons, including neutrinos, 
are elementary particles. Neutrinos are discussed further later in this chapter. 

Hadrons mostly have larger mass, and are further divided into mesons and baryons.  
Families of particles with similar masses but di;erent electric charges are seen in hadrons  
and not leptons.

You may have noted that the photon is not listed in Table 9.1. �e photon is known as a "eld 

particle. �is is a third variety of particle. Recall from Chapter 5 that light is an electromagnetic 
wave, made up of coupled electric and magnetic  elds. Hence, the photon is the quantum of the 
electromagnetic  eld, as we saw in the previous chapter. �is idea of  eld particles was immensely 
important in the search for underlying order in particle physics, as we shall see in the next section. 

PartICle 
aDventUre

work through the 
particle adventure 
and try the quiz.

Particles can be divided into leptons, hadrons and  eld particles. Leptons, such 

as electrons, generally have small mass. Hadrons, such as protons and neutrons, 

generally have large mass. Field particles, such as photons, are involved in 

interactions between particles and may be massless.

Understanding
4 a synchrotron with a constant magnetic ;eld can hold a particle in orbit, but cannot change its speed. 

Explain why this is the case. draw a diagram to help explain your answer.  

5 an electron enters a region of uniform magnetic ;eld and curves to the right as shown in Figure 9.7. a 
second charged particle enters the ;eld following the same initial trajectory as the electron, but curves to 
the left. How could we tell if this second particle is a positron or a proton? 

e
_

Current out
of plane of page

Bin

  
t Figure 9.7 an electron’s trajectory curves to the 
right when it enters the magnetic ;eld. 

applying
6 at the Stanford Linear accelerator Center (SLaC) electrons and positrons are accelerated in a tube 3 km 

long to energies of 50 GeV. what is the potential difference through which the particles are accelerated?

7 Consider a proton with energy of 4 TeV in the Large Hadron Collider. 

a what is the energy of this particle in joules? 

b How fast would a mosquito, with a mass of about 3 mg, need to Ay to have this same kinetic energy? 
Comment on your answer.

8 The mass of an electron is 9.11 3 10231 kg. Convert this mass into units of MeV/c2.

9 a proton in a synchrotron ring has speed 0.999 c. what magnetic ;eld is required to keep the proton in 
orbit if the orbital radius is 4.29 km? (Note that you will need to use a relativistic correction.)

reBecting
10 what is your intuitive reaction to the idea that there may be hundreds of elementary particles? Critique 

the idea that for a theory to be correct it should be simple and elegant. what arguments can you ;nd for 
and against this idea?
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hadrons
We now believe that hadrons are not elementary particles. Evidence for this comes from the:

 ● existence of groups of hadrons with similar masses but di;erent charges
 ● ways in which hadrons decay, often to other, lighter hadrons
 ● ways particular hadrons are produced in particular reactions, and
 ● magnetic moment of uncharged particles such as the neutron.

Hadrons interact via the strong nuclear, electromagnetic, gravitational and weak forces. 
�ey are further divided into two classes, mesons and baryons, based on their masses  

and spins.

Mesons
�e name ‘meson’ means middle-sized. Several mesons have masses in the range between the 
masses of the electron and the proton, although mesons having masses greater than that of the 
proton have been found. Mesons all have zero or integer spin (0, 1, …) and hence are bosons. 

No stable meson has ever been observed. All mesons decay. Some decays produce lighter 
(but themselves unstable) mesons, but all meson decay chains ultimately produce electrons, 
positrons, neutrinos and photons. 

Baryons
�e name ‘baryon’ means ‘heavy’ in Greek. Baryons have masses equal to or greater than 

the proton mass. �eir spin is always a half-integer value (
1

2
, 

3

2
, ...) and so they are fermions. 

Protons and neutrons are baryons. Protons are the only stable baryon. All others decay in such a 
way that the end products of the decay chain include a proton.

leptons
Leptons (from the Greek leptos, meaning ‘small’ or ‘light’) are particles that do not interact by 
means of the strong nuclear force, but do interact via the gravitational, electromagnetic and 

weak forces. All leptons have spin 
1

2
. Unlike hadrons, which have size and structure, leptons 

appear to be truly elementary, meaning that they have no structure and are point-like.
Also unlike hadrons, the number of known leptons is small. Currently, scientists believe 

that only six leptons (plus their antiparticles) exist: the electron, the muon and the tau, plus a 
neutrino associated with each. �e antiparticles are the antielectron or positron, the antimuon 
and the antitau, and each of these has an antineutrino.

�e neutrino was predicted in 1930 by Dirac. At this time radioactive beta decay had been 
experimentally observed, but momentum and energy did not appear to be conserved in these 
decays. Hence, Dirac proposed the existence of a very light, uncharged particle that could carry 
the unaccounted-for energy and momentum.

Current experiments indicate that neutrinos have a small, but non-zero, mass. Direct 
experimental evidence for the neutrino associated with the tau was announced by the Fermi 
National Accelerator Laboratory (Fermilab) in 2000. 

Field particles
�ere are four forces believed to be responsible for all interactions. You have met these 
forces before in your study of physics. �ey are the gravitational force, the electromagnetic 
force, the strong nuclear force and the weak force. Each of these forces is mediated by a  eld 
particle. 

In Chapters 3 and 4 we saw that electrons and other charged particles interact via the electric 
and magnetic  elds. We also know from Chapter 8 that the electromagnetic  eld consists of 

The gravitational, 
electromagnetic 
and weak forces 
are believed to 
be fundamental 
forces. As we shall 
in Chapter 10, the 
strong nuclear force 
is a consequence 
of another force, the 
strong force, which 
is believed to be 
fundamental.

neUtrInOS

you can read more 
about neutrinos 
here.
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particles called photons. �e electromagnetic force can therefore be pictured in terms of the 
exchange of photons between electrically charged particles. �e electromagnetic force is said to 
be mediated by photons.

In this particle exchange model of interactions, the basic process is that of 

one particle emitting a  eld particle that is subsequently absorbed by another 

elementary particle. 

�e idea that electromagnetic interactions could be described as being mediated by photon 
exchange led physicists to question whether other types of interaction might be modelled in the 
same way. 

�e discovery that atomic nuclei are composed of protons and neutrons led to the introduction 
of a new type of force. �e protons in any nucleus should strongly repel one another due to their 
charges of the same sign. So there must be some other force acting to stop the nucleus Gying apart. 
We call the force that holds the nucleus together the strong nuclear force, or the nuclear force, 
because it must be strong to overcome the proton–proton repulsion and it acts between nucleons. 

�e  rst theory attempting to explain the nature of the attractive force between nucleons 
was proposed in 1935 by Japanese physicist Hideki Yukawa. Yukawa was awarded the Nobel 
Prize in Physics in 1949 for his work.

Yukawa used the idea of exchange particles to explain the strong nuclear force. He 
proposed the existence of a new type of particle whose exchange between nucleons in the 
nucleus causes the strong nuclear force.

Yukawa predicted neutral, positively and negatively charged versions of his particle, all of 
which would be involved in interactions between protons and neutrons.

In 1947 a set of particles that matched Yukawa’s predictions was discovered. �ese particles 
were named the pi mesons (p), or simply pions. �e new pions came in electrically negative, 
neutral and positive varieties, and had zero spin. 

Figure 9.8 shows the exchange of a pion between a neutron and a proton in a nucleus. 

As we shall see in 
Chapter 10, the pion 
is now understood 
to be a composite 
particle. It is not an 
elementary particle, 
and is not in fact a 
true *eld particle 
like the photon. 
Instead, we now 
understand the 
nuclear force to be 
the most visible result 
of a more elementary 
interaction, the strong 
force, between the 
constituent particles 
that make up the 
nucleons themselves.

np
p
0

F FFigure 9.8 u  
a proton and  

a neutron interact via 
the exchange of a 

neutral pion.

Following Yukawa’s success, exchange particles for the weak nuclear force (also called the 
weak force) and gravity were also proposed. 

�e exchange particles for the weak nuclear force, W and Z bosons, have since been 
detected. �e weak nuclear force is involved in nuclear decay. Like photons, W and Z bosons are 
their own antiparticles. 

�e proposed  eld particle for the gravitational  eld, the graviton, has not yet been detected. 
However, there are several major international research facilities, including the Australian 
International Gravitational Research Centre in Western Australia, trying to detect gravity waves 
or gravitons. 

�e di;erent forces and their exchange particles are listed in Table 9.2.

table 9.2 Forces and their exchange particles

Force exchange particle

Electromagnetic photon, g

Gravitational Graviton (not yet detected)

weak w and Z bosons, w1, w2, Z0

Strong nuclear (not a fundamental force) pions, p1, p2, p0

aUStralIan 
InternatIOnal 
gravItatIOnal 
reSearCh 
Centre

Read about 
australia’s role in 
searching for the 
graviton.
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Particle reactions
�e Standard Model, combined with a set of conservation laws, allows us to understand all 
the interactions and reactions that occur between particles. �ese interactions include those 
already described as mediated by the exchange particles listed in Table 9.2. �ey also include 
reactions such as the decay reactions you saw when you studied radioactivity and nuclear decay 
in Chapter 3 of Nelson Physics Units 1 & 2 for the Australian Curriculum.

First, we begin by introducing a useful tool to represent the reactions between particles.  
We use reaction diagrams to give us a simple visual representation of reactions. 

reaction diagrams
A reaction diagram provides a pictorial representation of a process. 

�e reaction diagrams that we will use here show the particles that interact during the 
reaction and the particles that result from the reaction. �ose that exist before the reaction are 
shown to the left-hand side of the diagram and those that result from the reaction are shown 
to the right-hand side. Hence, the horizontal axis represents time, with the positive direction 
pointing to the right. 

Figure 9.9 shows a reaction diagram for the decay of a neutron into a proton, electron and 
electron antineutrino. 

Each particle is represented by a line with an arrow. For particles, the direction of the arrow 
matches the direction of time. For antiparticles, the direction of the arrow is reversed. �is 
allows us to distinguish between particles and antiparticles. Straight lines represent matter 
particles and wiggly lines represent massless exchange particles such as photons. 

�e reaction itself is represented by the large dot or circle in the middle. �e entire reaction 
is represented in the diagram as occurring at a single point in time, whereas in reality the 
reaction may include intermediate stages and the exchange of various  eld particles, which takes 
a  nite time. 

�e arrows shown in Figure 9.9 do not represent actual paths through space. �ey do not 
represent the trajectories of the particles before and after the reaction. 

�e reaction shown in Figure 9.9 is one that you may recognise from Nelson Physics Units 1 & 2  
for the Australian Curriculum, Chapter 3, in which you studied radioactive decay. �is is the 
process of b2 decay, which occurs in nuclei. 

Particle reaction 
diagrams are similar 
to the reaction 
diagrams and 
reaction equations 
that you might have 
seen in chemistry. 

We are representing 
time on the horizontal 
axis. Other resources 
may represent time 
on the vertical axis –  
be sure to check 
which convention is 
being used!

remembering
1 List the six types of leptons. Give the name and symbol for each. 

2 Make a table listing the properties of the two different types of hadrons.

3 what is an exchange particle? List the exchange particles for each force. 

Understanding
4 why are leptons considered to be elementary particles, but not mesons? 

5 what is a baryon? describe the features that distinguish it from a lepton or a meson. 

analysing
6 Follow the weblink to the australian international Gravitational Research Centre. what evidence are 

they hoping to ;nd to support the existence of gravitons? what are the main dif;culties in ;nding this 
evidence? 

7 Research the properties of each exchange particle shown in Table 9.2. Make a table showing the 
properties including mass, charge and spin of each. 

reBecting
8 Compare and contrast the ;eld model for forces and the particle exchange model. 

q U e S t I O n  S e t  9. 2
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As we saw in the Wow box about PET (page 258), matter particles annihilate when they 
meet their antimatter counterparts, resulting in the release of energy. In the case of PET, that 
energy takes the form of two photons. �is is shown in Figure 9.10.

Figure 9.10 p positron–electron 
annihilation

Time

e2

e1

g

g

Time

n

p1

e2

n
–
e

Figure 9.9 p a simple reaction 
diagram showing a neutron 
decaying to a proton, an electron 
and an electron antineutrino. 

The reaction is 
represented by 
the circle and 
the particles are 
represented by lines 
going into or out of 
the reaction. Note 
that antiparticles, 
such as the electron 
antineutrino, have 
their arrows reversed.

WO r k e D  e x aM Ple  9.1

draw a reaction diagram for the process p1 1 p → K1 1 o1. (5 marks)

answer logic

p

K1

S1

Time

p1

p Figure 9.11

we are given the reaction here: p1 1 p → K1 1 o1.

all the particles are matter (not antimatter), so the 
arrows for all particles point to the right. The p1 and  
p are on the left, because they are reacting, and 
the K1 and o1 are on the right, because they are the 
products of the reaction.

5 marks

try this yourself

draw a reaction diagram showing the decay of a negatively charged tau to a tau neutrino, an 
electron and an anti-electron neutrino.

(5 marks)

reactions and conservation laws
�e laws of conservation of energy, linear momentum, angular momentum, spin and electric 
charge provide us with a set of rules that all processes must obey. 

You have already met the law of conservation of energy many times. It is central to 
understanding processes such as the photoelectric e;ect (Chapter 7), as well as the transmission 
of waves  and mechanical collisions, which were discussed in Chapters 10 and 9 respectively of 
Nelson Physics for the Australian Curriculum Units 1 & 2. In Chapter 6 you saw that mass and 
energy are related via the equation E 5 mc2. 

You applied conservation of linear momentum when you studied collisions between objects 
in Chapter 9 of Nelson Physics for the Australian Curriculum Units 1 & 2. 

In Chapter 8 we saw that angular momentum is a property of rotating or orbiting systems. 
It is conserved for all systems and processes, and is quantised in atomic and subatomic systems. 
Spin, which results in magnetic moments, is another quantity that is both conserved and 
quantised. 

Conservation 
principles are a 
unifying concept in 
physics. All systems 
and phenomena 
yet discovered obey 
these conservation 
principles. Energy, 
momentum, angular 
momentum, charge 
and spin are all 
conserved quantities. 
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When you studied circuits in Chapter 5 of Nelson Physics Units 1 & 2 for the Australian 
Curriculum, you applied conservation of charge every time you used Kirchho;’s current law 
(junction rule), and conservation of energy when you applied the energy law (loop rule). 

All of these conservation laws must be obeyed in any interaction between particles.

Particle physicists have discovered two further conservation laws. �ese are conservation of 
baryon number and conservation of lepton number. 

Conservation of baryon number
We assign every particle a baryon number, as follows: B 5 11 for all baryons, B 5 21 for all 
antibaryons, and B 5 0 for all other particles (see Table 9.1).

Experimental results show that whenever a baryon is created in a decay or nuclear reaction, 
an antibaryon is also created. Baryons and antibaryons can annihilate just as electrons and 
positrons do. However, in any other reaction in which a baryon or antibaryon is destroyed, 
another is created. From this we deduce that baryon number is a conserved quantity.

The law of conservation of baryon number states that whenever a reaction or decay 

occurs, the sum of the baryon numbers before the process must equal the sum of 

the baryon numbers after the process.

Baryon numbers for 
some particles are 
given in Table 9.1. 

For example, consider the decay of a neutron resulting in b2 radiation:

n → p 1 e2 1 ne

On the left-hand side of the equation, the neutron has baryon number B 5 11, and on the 
right-hand side the proton has baryon number B 5 11. �e electron and antineutrino both have 
B 5 0. Because baryon number is conserved, this is an allowed process. 

In contrast, a decay of the proton to a positron and a neutral pion could satisfy conservation 
of energy, momentum and electric charge, but it would not satisfy the law of conservation of 
baryon number. Such a decay has never been observed. 

WO r k e D  e x aM Ple  9. 2

Use the law of conservation of baryon number to determine whether each of the following reactions can occur. 

a 

p

n

p

p

n

p–

Time

b p 1 n → p 1 p 1 p (4 marks)

answers logic

a The reaction shown in Figure 9.12 is p 1 n → p 1 p 1 n 1 p

Before reaction after reaction

particle B particle B

p 1 p 1

n 1 p 1

n 1

p 21

Before the reaction:  
B 5 (11) 1 (11) 5 12

after the reaction:  
B 5 (11) 1 (11) 1 (11) 1 (21) 5 12

as the total baryon number before 
and after the reaction is the same, 
this reaction is allowed by the law of 
conservation of baryon number. 

2 marks

2 marks

 This reaction is allowed.

t Figure 9.12

(4 marks)



2 7 2  N E L S O N  p H y S i C S  U N i T S  3  &  4  F O R  T H E  a U S T R a L i a N  C U R R i C U L U M 9 78 017 0 2 4 2110

b The reaction shown in Figure 9.12 is p 1 n → p 1 p 1 p

Before reaction after reaction

particle B particle B

p 1 p 1

n 1 p 1

p 21

Before the reaction:  
B 5 (11) 1 (11) 5 12

after the reaction:  
B 5 (11) 1 (11) 1 (21) 5 11

The total baryon number is reduced. 
Because the baryon number is not 
conserved, the reaction cannot  
occur.

2 marks

1 mark

1 mark

 This reaction is not allowed.

try this yourself

is the reaction shown in Figure 9.13 allowed?

p n

e2 ne

Time

 t Figure 9.13

(4 marks)

In part a of Worked example 9.2, the mass on the right is larger than the mass on the 
left. �erefore, one might be tempted to claim that the reaction violates energy conservation. 
However, the reaction can indeed occur if the initial particles have suEcient kinetic energy to 
allow for the increase in the rest mass energy of the system. Remember that it is total energy 
that must always be conserved. Converting kinetic energy to rest mass energy does not violate 
conservation of energy. 

Conservation of lepton number 
�ere are three varieties of leptons: electrons (e), muons (m) and tauons (t), each with an 
associated neutrino (n). �ere are three quantum numbers called lepton numbers, Le, Lm and 
Lt associated with these particles. �e electron and the electron neutrino have electron lepton 
number Le 5 11, and the antileptons e1 and ne have Le 5 21. All other particles have Le 5 0. 
Table 9.1 gives the lepton numbers of each type of lepton.

�e law of conservation of electron lepton number states that in any reaction the sum of the 
electron lepton numbers before the process must equal the sum of the electron lepton numbers 
after the process. Similar conservation laws apply to muon and tau lepton numbers. 

Each of the lepton numbers Le, Lm, and Lt is a conserved quantity.Lepton numbers for 
each type of lepton 
are given in Table 9.1. 

Consider the decay of the neutron again:

n → p 1 e2 1 ne

Before the decay, the electron lepton number is Le 5 0; after the decay, it is 0 1 1 1 (21) 5 0. 
�erefore, electron lepton number is conserved. 

Similarly, when a decay involves muons, the muon lepton number Lm is conserved. �e m2 
and the nm are assigned a muon lepton number Lm 5 11, and the antimuons m1 and nm are 
assigned a muon lepton number Lm 5 21. All other particles have Lm 5 0. Tau lepton number, 
Lt, is also conserved, with similar assignments made for the tau lepton, its neutrino, and their two 
antiparticles.

This reaction 
should be familiar 
from your study of 
nuclear processes 
in Unit 1 of Nelson 
Physics Units 1 & 2 
for the Australian 
Curriculum.



U n I t  4  C h a P t e r  9 :  p a R T i C L E  p H y S i C S  2 7 39 78 017 0 2 4 2110

WO r k e D  e x aM Ple  9.3

Use the law of conservation of lepton numbers to determine whether this decay can occur:  

m2 → e2 1 en  1 nm (5 marks)

answer logic

Before reaction after reaction

particle Le Lm particle Le Lm

m2 1 e2 1

en 21

nm 1

Before the decay:  
Lm 5 11, Le 5 0 

after the decay: 

Lm 5 (0) 1 (0) 1 (11) 5 11

L e 5 (11) 1 (21) 1 0 5 0

2 marks

2 marks

Both electron and tau lepton numbers are conserved  
and on this basis the decay is possible.

1 mark

try this yourself

is the decay shown in Figure 9.14 allowed? 

nm

ne

m1

p1

Time  

t

 

Figure 9.14

(5 marks)

remembering
1 List four quantities that must be conserved in all interactions.

2 de;ne ‘baryon number’. List the baryon numbers for the following particles: n, p, p, e2.

Understanding
3 draw a reaction diagram for each of the following reactions.

a V2 
→ L0 1 K2

b p2 → m2 1 nm

applying
4 Show that baryon number is conserved in the following reactions.

a p1 1 p → K1 1 o1 

b p 1 p → p 1 p 1 p0

5 Show that charge is conserved in the following reactions.

a V2 → L0 1 K2

b p 1 e2 → n 1 ne

6 Show that lepton number is conserved in the following reaction: m2 → nm 1 e2 1 ne

q U e S t I O n  S e t  9.3

It has been found that lepton number is conserved in all reactions between particles; however, 
neutrinos have been observed to change from one type to another. �is is called ‘neutrino oscillation’.
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Predicting new reactions 
using symmetry operations
�e idea of symmetry in physics is a very important one. Physicists believe that the laws of 
physics will correctly describe physical phenomena under various transformations – such as reversal 
of direction in space or time, and rotations. �ese are called symmetries. We shall look at three 
symmetries in particular, because they give us a means of predicting possible particle reactions. 
�ese are time-reversal symmetry, charge-reversal symmetry and crossing symmetry.

If we apply any of these symmetries to an allowed reaction, then the resulting reaction is 
also allowed under the conservation laws we have discussed. �is does not mean, however, that 
the reaction is likely to take place. In general, the probability of a new reaction occurring will be 
very di;erent from the probability of the reaction from which it was derived. In some cases the 
new reaction does not in fact occur. �e reason for this symmetry breaking is a matter of 
ongoing theoretical and experimental research. 

time-reversal symmetry
Recall that the horizontal direction on our reaction diagram represents time. If we Gip a 
diagram around, swapping right to left, we reverse the direction of time. �is means that the 
reaction occurs in the reverse order. If all the conservation laws previously described were 
obeyed by the original reaction, then this new process also obeys all the conservation laws. �is 
process is called time reversal.

Figure 9.15 shows time reversal applied to electron capture. �e  rst process shown  
(Figure 9.15(a)), in which an electron is captured by a proton, resulting in a neutron and an 
electron neutrino, occurs naturally in some large nuclei. If we apply time reversal to this process 
we get the reaction n 1 ne → p 1 e. �is process also occurs. �is is, in fact, the reaction by 
which the presence of neutrinos is detected at facilities such as Mount Kamioka where the 
Super-Kamiokande experiment runs (see Chapter 10).

The symmetry 
between the electric 
and magnetic *elds 
allowed Maxwell to 
recognise them as 
aspects of a single 
phenomenon, 
as described in 
Chapter 5. The idea 
that all physical 
laws apply in any 
non-accelerating 
reference frame 
was central to 
the development 
of relativity, as 
described in  
Chapter 6. 

Figure 9.15 u 
Time reversal applied to 
electron capture. a) an 
electron is captured by 
a proton. b) a neutron 
reacts with a neutrino 

to form a proton and an 
electron.

a

p n

e2 ne

Time

b

n p

ne e2

Time

analysing
7 The following reaction is forbidden. determine which conservation law is violated. 

 p 1 p → m1 1 e2

8 a  draw a reaction diagram for this reaction: n → p 1 e2 1 ne

b is the reaction allowed according to the conservation laws described in this section? if not, which law 
is violated? 

9 Consider the following reaction: p 2 1 
—

 → K0 1 L0. what properties must the missing particle have? Give 
an example of such a particle from Table 9.1. 

reBecting
10 in your earlier studies of radioactivity you saw the role of the neutrino as an energy carrier. Compare and 

contrast this description with your understanding of the role of neutrinos in particle reactions now. 

It may seem that you can apply time reversal to any reaction to generate a new possible 
reaction. However, energy and momentum conservation must be obeyed. 
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Consider a reaction in which the mass of the products is less than the mass of the reactants. 
If you apply time reversal, then the products have more mass than the reactants. �e only way 
that this is possible is if the reacting particles have enough kinetic energy to convert into mass 
to create the new particles, or if there is some other source of energy available. �is may be a 
particle that gives up energy but does not otherwise change in the reaction. An extreme example 
is electron−positron pair annihilation. You start with two massive particles, which annihilate to 
give photons with no mass. Applying time reversal to this process requires photons with enough 
energy and the correct momentum to interact such that an electron–positron pair is produced. 
�e process of producing an electron–positron pair from high-energy photons is not simply the 
reverse of electron–positron annihilation. It involves a complex interaction with a nucleus to 
allow for conservation of momentum and energy.

A second aspect to consider is the probability of a reaction occurring. Consider a decay reaction 
such as that shown in Figure 9.16(a). �is is the experimentally observed decay of a positive muon 
into a positron, an antimuon neutrino and an electron neutrino. If we apply time reversal to this 
process, as in Figure 9.16(b), we have a reaction between a positron, an antimuon neutrino and 
an electron neutrino. Although this is theoretically possible, in practice the probability of  nding 
all three particles close enough together to react like this is negligible. �is is particularly the case 
with short-lived exotic particles, such as muons, and neutrinos that interact only very weakly with 
matter. It is practically impossible to simultaneously collide three or more particles. 

t Figure 9.16 a) a 
positive muon decays 
into a positron, an 
antimuon neutrino and 
an electron neutrino.  
b) Time reversal applied 
to the process in  
part a. This reaction is 
not observed.

a

ne

e1

m1

Time

n
–
m

b

ne

m1

e1

Time

n
–
m

Applying time-reversal symmetry to a known allowed reaction generates a new 

reaction that is theoretically possible. 

However this new reaction may not be experimentally realisable because of 

the requirement for conservation of energy and momentum, or because of the 

extremely low probability of simultaneously combining all the reacting particles. 

WO r k e D  e x aM Ple  9. 4

what is the result of applying time reversal to the b decay of a neutron? do you think the time-reversed reaction 
is likely to occur? (4 marks)

answer logic

n → p 1 b2 1 ne apply conservation of baryon and lepton number to 
arrive at the correct reaction. 

apply time reversal to obtain this equation.

3 marks

p 1 b2 1 ne → n

This reaction is unlikely.

The reaction requires both an electron and an 
antineutrino to interact simultaneously with a proton.

1 mark
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Try this yourself

Apply time reversal to the reaction shown in Figure 9.17. Do you think the new reaction is likely? (2 marks)

p
1

p
1

p
2

K1

Time

  tFigure 9.17 Reaction diagram for kaon decay

Charge-reversal symmetry 
Charge-reversal symmetry says that if we reverse the charges on all particles in a reaction, this 
new reaction is also possible in that it doesn’t violate any conservation laws. In fact, strictly 
speaking, charge reversal is used to refer to swapping all particles for their antiparticles, even 
those that are electrically neutral, such as neutrons and neutrinos.

Consider, for example, the decay of a muon:

m2 → e2 1 ne1 nm

Under charge reversal this becomes: 

m1 → e1 1 ne 1 nm

!is decay also occurs. 

Figure 9.18 u  
a) Decay of a negatively 

charged muon.  
b) Applying charge 
reversal gives us the 

reaction for the decay 
of a positively charged 

muon. Both these 
reactions are observed. 

a

nm

e2

m
2

Time

n
–
e

b

m1

Time

n
–
m

ne

e1

Wo r k e d  e x am ple  9.5

Apply charge-reversal symmetry to the decay of a negative kaon, shown in Figure 9.19, to draw a reaction 
diagram for the decay of a positive kaon. (3 marks)

p
0

e2

K2

Time

n
–
e

  tFigure 9.19 Decay of a negative kaon
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answer logic

p
0

e1

K1

ne

Time

p Figure 9.20

Reverse the charge on each particle, replacing it 
with its antiparticle. To show that the neutral pion 
is an antipion, reverse the direction of its arrow on 
the reaction diagram.

3 marks

try this yourself

apply charge reversal to the reaction for electron capture shown in Figure 9.15(a). do you think this 
reaction is likely to be observed?

(4 marks)

As with time reversal, applying charge reversal produces a reaction that does not 

violate conservation principles but may be so unlikely as to rarely or never occur 

naturally.

One reason for this is the extremely tiny amount of antimatter in the universe compared to 
the amount of normal matter. 

Crossing symmetry
A third sort of symmetry that can be applied to predict new reactions is crossing symmetry. 

In crossing symmetry we take one particle and cross it to the other side of the reaction, while 
converting it into its antiparticle. 

WO r k e D  e x aM Ple  9.6

a proton captures an electron, to form a neutron and an electron neutrino. 

a draw the reaction diagram for this process. (2 marks)

b apply crossing symmetry to the electron and draw the resulting reaction diagram. (3 marks)

answers logic

a The reaction is p 1 e2 → n 1 ne.

p n

e2 ne

Time

p Figure 9.21 

draw the reaction diagram (Figure 9.21), noting 
that there are no antiparticles, so all arrows point 
to the right.

2 marks
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b The new reaction is p → n 1 ne 1 e1

ne

n

p

e1

Time

p Figure 9.22

we need to move the electron to the right-hand 
side and replace it with its antiparticle, the 
positron.

Note that we now have an antiparticle on the 
right-hand side, so its arrow must point left. 

3 marks

try this yourself

write two other reactions by applying crossing symmetry to the reaction for electron capture. 
do you think these reactions are likely to occur? 

(6 marks)

aCt Iv I t y  9.1

p i pE - C L E a N ER  R E aCT i O N  d i aG R a M S

aim

your aim is to make some reaction diagrams using pipe cleaners. you can then apply the three different 
symmetry operations to generate new reactions. 

you will need

pipe cleaners in different colours, some thread and a large bead or ring.

What to do

1 The pipe cleaners represent particles. The bead or ring represents a reaction. 
decide in advance what particles the different colours of pipe cleaners will 
represent. you can use the same colour but with a bit of thread wrapped 
around the pipe cleaner to represent the antiparticle.

2 Now apply the rules for drawing reaction diagrams to make a pipe-cleaner 
reaction diagram. Twist one end of each pipe cleaner into the bead or ring. 
Now bend the pipe cleaner so it is either coming into or going out of the 
reaction. 

3 Sketch the diagram and write down what it represents. 

p Figure 9.23 
a pipe-cleaner 
reaction diagram 

In Worked example 9.6 we can see that applying crossing symmetry to electron capture 
predicts the b1 decay reaction. Both reactions are observed. However, other reactions predicted 
by applying crossing symmetry to electron capture are not observed. 

Crossing symmetry, as with time-reversal and charge-reversal symmetry, predicts 

reactions that do not violate conservation principles. However, this does not mean 

that the reactions predicted actually occur.

Whether a reaction can occur, or how likely it is to occur, depends on the energy available, 
the mass di;erences of the particles, and conservation of other properties such as angular 
momentum. As with the other symmetries, reactions may also be theoretically possible, but have 
a negligible probability of ever occurring. 
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remembering
1 List the three types of symmetries that can be applied to generate new reactions. 

2 when we apply crossing symmetry and move a particle from one side of a reaction to the other, what 
else must we do?

Understanding
3 Explain brieAy the process of time reversal. For what reasons might a reaction predicted by applying time 

reversal not actually occur? 

4 why are many of the reactions predicted by charge reversal not observed, even though they are 
possible?

applying
5 a negative sigma, o2, commonly decays by the reaction o2 → n 1 p2. apply charge-reversal symmetry to 

predict the decay process for a positive sigma. 

6 The following decay reaction has been observed experimentally: t2 → e2 1 nt 1 ne 

 apply charge reversal to this reaction. do you think this reaction is likely to occur? Explain your answer.

7 a apply crossing symmetry to the electron in the reaction shown in question 6. draw a reaction diagram 
for the resulting reaction. do you think this reaction is likely to occur? Explain your answer.

b apply time-reversal symmetry to the reaction you found in part a. why is this reaction unlikely to occur? 
Give at least two reasons. 

8 apply time reversal to the reaction shown in Figure 9.10. write the reaction and draw the reaction 
diagram. Explain why this reaction does not occur without other particles being involved.

analysing
9 Consider the reaction n → p 1 e2 1 ne. By applying crossing symmetry, time reversal and then a second 

symmetry operation to this reaction, we can arrive at the process of b1 decay. draw the series of reaction 
diagrams for these symmetry operations, starting with the neutron decay reaction as given, and ending 
with b1 decay. 

reBecting
10 Explain what the term ‘symmetry’ means in physics. Compare and contrast this with other meanings of 

symmetry you have come across. 

q U e S t I O n  S e t  9. 4

4 Now apply one of the symmetry operations – time reversal, charge reversal or crossing – to your pipe 
cleaners. you do this by bending the ‘particles’ to come into the reaction from different directions. 
Remember that when you do this, a particle is coming in from the opposite direction in time, so you 
need to convert it into its antiparticle. 

See how many different reactions you can make. 

5 Sketch and write down these new reactions. 



2 8 0  N E L S O N  p H y S i C S  U N i T S  3  &  4  F O R  T H E  a U S T R a L i a N  C U R R i C U L U M 9 78 017 0 2 4 2110

ChaP te r  S U M Mary

 ● Elementary particles are those that have no internal structure and cannot be divided into smaller 
components. 

 ● The electron is one of a family of elementary particles called leptons.

 ● The photon is an elementary particle, with zero mass.

 ● protons and neutrons are not elementary particles. They can decay into other particles, and the neutron 
has a magnetic ;eld even though it is uncharged. 

 ● For every particle there is a corresponding antiparticle with opposite charge but the same mass. when a 
particle meets its antiparticle they annihilate, producing energy in the form of photons. positron–electron 
annihilation is an example of this, and is used in medical imaging. 

 ● High-energy particles can be detected because they cause ionisation of materials they pass through. This 
occurs in cloud chambers and bubble chambers. 

 ● particle accelerators are used to create new particles by colliding high-energy charged particles with a 
target, such as another particle or a nucleus.

 ● More than 300 distinct types of particles have been observed. These can be classi;ed as leptons and 
hadrons. Hadrons can be further classi;ed as mesons and baryons.

 ● particle masses are usually given in units of MeV/c2 . 1 MeV/c2 5 1.78 3 10–30 kg. 

 ● interactions between particles can be represented using reaction diagrams. These show the reacting 
particles as lines, moving in the direction of increasing time (horizontal axis) and interacting at an instant in 
time. antiparticles are shown with their arrow pointing in the opposite direction. 

 ● Reactions between particles obey a set of conservation laws, including conservation of energy, momentum, 
angular momentum, charge, baryon number and lepton number.

 ● Baryons have baryon number B 5 11; antibaryons have B 5 21. all other particles have B 5 0. 

 ● There are three lepton numbers, one for each type of lepton and its neutrino; L e, L m and L t. The leptons have 
Lx 5 1, the antileptons have Lx 5 21, where x 5 e, m or t depending on the type of lepton.

 ● if a reaction is allowed under all conservation laws, then new reactions that are generated by applying 
time-reversal symmetry, charge-reversal symmetry or crossing symmetry are also allowed under the 
conservation laws.

 ● Time-reversal symmetry is applied by reversing the direction of time for a reaction.

 ● Charge-reversal symmetry is applied by reversing the charge on all particles involved in the reaction and 
replacing them with their antiparticles.

 ● Crossing symmetry is applied by moving one particle to the opposite side of a reaction and replacing it with 
its antiparticle.

 ● Reactions generated in this way are not necessarily likely to occur, and may not be possible, even though 
they are not forbidden by conservation laws. 

ChaP te r  glO S Sary

antimatter matter composed of antiparticles, such 
as positrons, antiprotons and antineutrons

antiparticle each particle has an antiparticle 
that has the same mass but opposite charge and 
magnetic moment to the particle 

baryon a heavy particle, with baryon number  
B 5 11

baryon number, B quantum number associated 
with baryons; baryons have B 5 11, antibaryons have 
B 5 21

boson particle with integer spin, s 5 0, 1. These 
particles do not obey the exclusion principle. 
Examples include the exchange particles

charge-reversal symmetry if all particles in an 
allowed reaction are replaced with their antiparticles 
(which have opposite charge), the new reaction is 
also allowed under known conservation laws

cloud chamber a chamber containing a 
supersaturated vapour through which high-energy 
particles pass, causing condensation of the vapour, 
and thus allowing their tracks to be visualised

collider a particle accelerator in which two particles 
are accelerated in opposite directions and collide

crossing symmetry if a particle in an allowed 
reaction is crossed to the other side of the reaction 
and replaced with its antiparticle, the new reaction 
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is also allowed under known conservation principles 
provided enough energy is available

elementary particle a particle that does not 
have internal structure and cannot be broken into 
constituent particles. Leptons are considered to be 
elementary particles; mesons and baryons are not

exchange particles or Eeld particles particles that 
mediate interactions, such as photons, which are the 
;eld particle of the electromagnetic ;eld; also called 
gauge bosons

fermion particle with half-integer spin, s 5 
1

2
, 

3

2
, ..., 

that obeys the exclusion principle; fermions include 
protons, neutrons and electrons  

Eeld particles  see exchange particles 

hadrons  particles with large mass; the two types of 
hadrons are mesons and baryons 

leptons a family of elementary particles: electrons, 
taus and muons and their neutrinos and all their 
antiparticles 

lepton number, L the quantum number associated 
with leptons, there is one for each lepton type: L e 5 11 
for electrons and electron neutrinos, Lm 5 11 for muons 
and muon neutrinos and Lt 5 11 for the tau and tau 
neutrino; the corresponding antiparticles have lepton 
number 21 

linear accelerator or linac a device in which 
electric and magnetic ;elds are used to accelerate 
charged particles to high speeds in a straight line 

meson a particle, generally (but not always) with 
mass between that of a lepton and a baryon

particle accelerator a device in which electric and 
magnetic ;elds are used to accelerate beams of 
particles to high speeds

positron the antiparticle of the electron, with charge 
1e and mass me

reaction diagram  diagram showing the interaction 
of particles. particles are represented as lines with 
arrows, and interactions are represented as a circle; 
time is shown on the horizontal axis

strong nuclear force or nuclear force the force that 
acts between nucleons (protons and neutrons) to 
hold the nucleus together; it is mediated by pions 

symmetry the invariance of physical laws under 
transformations such as translation, reAection and 
rotation in time and space 

symmetry breaking  a change in the behaviour of 
a physical system or the laws of physics that govern 
its behaviour when a symmetry operation such as a 
translation, reAection or rotation in time or space takes 
place

time-reversal symmetry when an allowed reaction 
is written such that it runs in the opposite direction in 
time; the new reaction is also allowed in that it does 
not break any of the known conservation laws 

weak force the force necessary for b decay of 
nuclei. it is mediated by w and Z bosons. at very high 
energies it is uni;ed with the electromagnetic force as 
part of the electroweak force 

ChaP te r  r e v I e W q U e S t I O n S

remembering

 1 Name the three types of particle described in this chapter. which are elementary particles? 

 2 which force is mediated by the w and Z bosons? How are these exchange particles different from those 
that mediate the electromagnetic force? 

 3 State the baryon number, B, of: 

a  a photon. b  an electron.

c a pion. d  a neutron.

 4 State the electron lepton number, L e of:

a a photon. b  an electron.

c a muon. d  an electron neutrino.

 5 when we apply time reversal to a reaction, which axis of the reaction diagram is reversed?

Understanding

 6 Suppose a claim is made that the decay of the neutron is given by n  p 1 e. what conservation laws are 
violated by this decay? 

 7 List ;ve conservation principles which must be obeyed in particle reactions. are these same conservation 
principles obeyed in a chemical reaction?

 8 List the particles that normally exist in your body. include exchange particles. 

 9 Show that the unit MeV c22 is a unit of mass by writing and simplifying its dimensions.
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10 why do physicists believe that protons and neutrons are not elementary particles? describe the evidence 
that suggests this. 

applying

11 a Show that 1 MeV c22 5 1.78 3 10230 kg.

b what is the mass in kg of the following particles?

i t

ii V

12 an electron is accelerated to 60% the speed of light in a linear accelerator before being fed into a 
synchrotron ring of radius 550 m. 

a Using classical electromagnetism, calculate:

i the accelerating potential used in the linear accelerator.

ii the magnetic ;eld required in the synchrotron.

b would your answers to parts a and b be larger or smaller if you had used the relativistic corrections? 

13 an electron is circulating at 98% of the speed of light in a synchrotron with radius 1.5 km. what magnetic 
;eld is required to keep it in orbit? Use the relativistic correction. 

14 a Show that baryon number is conserved in the following reaction: o0 → L0 1 g. 

b why is a photon also produced in this reaction?

15 is lepton number conserved in the following reactions?

a n → p 1 e2

b p2 → m2 1 nm

c p1 → m1 1 nm

16 Consider the following decay: p0 → m2 1 e1 1 nm. what conservation laws are violated by this decay?

17 a positron and a proton both enter a uniform magnetic ;eld, as shown in 
Figure 9.24.

a which of the two particles is the proton? Explain your answer.

b an electron enters the same ;eld from the same direction and with 
the same initial velocity. Copy the diagram and draw the path of the 
electron.

18 draw a reaction diagram for the decay of a muon to a muon neutrino, an 
electron and an anti-electron neutrino.

19 apply time reversal to the following decay reaction: m2 → e2 1 ne 1 nm. is 
this reaction likely to occur? why or why not?

20 apply charge reversal to the reaction given in Question 19. How likely  
do you think this reaction is to occur compared to the answer to Question 19? 

analysing 

21 an electron is accelerated to 0.999c in a linear accelerator. it is then fed into a synchrotron storage ring of 
radius 4.29 km. Calculate:

a the accelerating potential in the linear accelerator.

b the magnetic ;eld in the synchrotron.

22 an electron circulates at a speed of 0.9999c in the 4.29 km radius ring at the large hadron collider. what 
frequency is the synchrotron radiation emitted by this electron? 

23 positron–electron pair annihilation most commonly produces a single virtual ;eld particle that then decays to a 
new particle–antiparticle pair. For example, a positron and electron annihilate to create a high-energy photon 
that in turn decays to a muon–antimuon pair. draw the two reaction diagrams that describe this process. Show 
that charge and lepton and baryon numbers are conserved.

reBecting 

24 draw a spider diagram summarising what you have learnt in this chapter. put in links to what you already 
knew from your study of radioactivity and nuclear physics. How has the material in this chapter extended 
your understanding of nuclear processes? 

B

p Figure 9.24



By the end of this chapter you will have covered the following material.

Science Understanding

 ● Uniformly accelerated motion is described in 
terms of relationships between measurable 
scalar and vector quantities, including 
displacement, speed, velocity and 
acceleration (ACSPH060)

 ● Representations, including graphs and 
vectors, and/or equations of motion, can 
be used qualitatively and quantitatively to 
describe and predict linear motion (ACSPH061)

 ● Vertical motion is analysed by assuming the 
acceleration due to gravity is constant near 
Earth’s surface (ACSPH062)

By the end of this chapter you will have covered the following material.

Science Understanding

 ● The Standard Model is based on the premise 
that all matter in the universe is made up 
from elementary matter particles called 
quarks and leptons; quarks experience the 
strong force, leptons do not (ACSPH141)

 ● The Standard Model explains three of the 
four fundamental forces (strong, weak and 
electromagnetic forces) in terms of an 
exchange of force-carrying particles called 

gauge bosons; each force is mediated by a 
different type of gauge boson (ACSPH142)

 ● High-energy particle accelerators are used 
to test theories of particle physics including 
the Standard Model (ACSPH146)

 ● The Standard Model is used to describe the 
evolution of forces and the creation of matter 
in the Big Bang theory (ACSPH147)
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Introduction 
In the previous chapter we described the discovery of several new particles. We also looked 
at the evidence that indicates that familiar particles such as protons and neutrons are not 
elementary. �is evidence includes the magnetic moment of uncharged particles such as 
neutrons and some other baryons. 

�e large number of new particles, more than 300, also suggested to physicists that not all 
of them could be elementary particles. �is was partly because many of the particles seemed to 
come in ‘families’ or groups that had similar characteristics. For example, we have already seen 
that the proton and neutron have similar masses and the same spin. �e group of three particles 
known as pions have almost identical masses and the same spin, but have di#erent electric 
charges (21e, 0 and 11e). As more and more particles were discovered, more patterns such as 
these began to emerge. 

Other puzzles in particle physics included the nature of the *eld particles – photons, W and 
Z bosons, pions and the proposed gravitons. All but the last of these particles have now been 
detected. Photons are massless, but W and Z bosons and pions are not. What is the reason for 
the di#erent masses of the *eld particles? 

Physicists believed that there must be an underlying structure giving rise to the patterns 
observed in the properties and behaviour of all these particles. Just as the theory of evolution 
gave an underlying structure to the relationships between species, and the early theories of atoms 
gave an explanation for the organisation of the elements in the periodic table, physicists were 
searching for the underlying pattern to explain the ‘particle zoo’. �ey wanted to know which of 
these particles were really elementary, and what the others were made of. 

�e answers to some of these questions came with the development of the Standard Model 
of particle physics. �e *rst major development leading to the Standard Model was the quark 
theory. 

At the same time that particle physicists were searching for the underlying structure of 
particles, astronomers and cosmologists were trying to understand how the large-scale structure 
of the universe came about. Astronomical evidence such as the red shift in the spectra of stars 
led to the development of the Big Bang theory – the theory that the universe began as a point-
like singularity with enormous energy density. It may seem that the structure of the universe 
and the structure of a subatomic particle may not be closely related. However, according 
to the Big Bang theory, the universe began with the creation of elementary particles that 
condensed into the many particles we know of today, then into atoms, molecules and, *nally, 
into the planets, stars and galaxies that give the universe its large-scale structure. Astronomical 
observations can only give us limited information about the history of the universe. To model 
what happened in the *rst stages of the evolution of the universe we need to use high-energy 
particle physics experiments. 

Hence, an understanding of the underlying structure of the many particles in the particle 
zoo will also tell us about how the universe formed and then evolved to its current state. Once 
we understand the past evolution of our universe, we may be able to predict its future evolution.

The Standard Model of particle physics explains the underlying structure of 

particles and the forces via which they interact. It also describes the early stages of 

the evolution of the universe when particles �rst formed. 

The evolution of the universe from a point-like singularity with enormous energy  

to the con�guration of galaxies we know today is described by the Big Bang 

theory. The Big Bang theory relies on the Standard Model to describe and explain 

the �rst stages of the formation of the universe. 

9 7 8 0 17 0 2 4 2 11 0

Quarks

read about how 
the quark got its 
name.
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Wo r k e d  e x am ple  10 .1

Which of these quark combinations is not a possible particle? (4 marks)

a dd
−

 b dd

c −ud
−

d d −ud
−

d
−

answers logic

a  possible a meson consists of a quark–antiquark pair. a baryon consists of 
three quarks, and antibaryon of three antiquarks. 

Hence, a is a meson, b is impossible, c is impossible and d is an 
antibaryon.

1 mark

b  not possible 1 mark

c  not possible 1 mark

d  possible 1 mark

try this yourself

Which of these quark combinations is not a possible particle?

a uuu

b uu

c u−u 

d  u−u−u  

(4 marks)

Baryons

p

n

Mesons

K2

u

s

p
1

u u

d

u

d

d

d

–

–

u

Figure 10.1 p  
The quark composition 
of two mesons and two 

baryons 

9 7 8 0 17 0 2 4 2 11 0

matter and the  
standard model
As we have seen, in the 1950s there were a huge number of particles known. Broadly, these 
could be classi*ed as particles with mass – leptons and hadrons – and those without mass, which 
include exchange particles such as photons. 

�e hadrons did not appear to be fundamental particles. So the question was, what were 
they made from? 

Quarks
In 1963, Murray Gell-Mann and George Zweig independently proposed a model for the 
substructure of hadrons. According to their model, all hadrons are composed of two or three 
elementary constituents called quarks. 

�is early quark model had three types of quarks, designated by the symbols u, d and s, 
which are given the arbitrary names up, down and strange. �e various types of quarks are 
called �avours. Figure 10.1 is a pictorial representation of the quark compositions of several 
hadrons.

The compositions of all hadrons known when Gell-Mann and Zweig presented their 

model can be completely speci�ed by three simple rules:

 A meson consists of one quark and one antiquark.

 A baryon consists of three quarks.

 An antibaryon consists of three antiquarks.

Gell-Mann invented 
the term ‘quark’ for 
these elementary 
particles. The spelling 
was borrowed from 
a rhyme in James 
Joyce’s finnegans 
Wake: ‘Three quarks 
for Muster Mark’. 
Quark is also a type 
of cottage cheese. 
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Table 10.1 gives the properties of the quarks. �e charmed c, top t, and bottom b quarks are 
described below. 

Each quark has an associated antiquark of opposite charge, baryon number, strangeness, 
charm, topness and bottomness.

Unlike any particles we have seen before, quarks carry a fractional electric charge. �e u, d 

and s quarks have charges of  
e2

3
, 

e

3
2  and 

e

3
2  respectively, where e is the electron charge  

(e 5 1.60 3 10219 C). Quarks have spin 
1

2
, which means that they are classi*ed as fermions (see 

Chapter 9), and have their own intrinsic magnetic moment and, hence, magnetic *eld. When 
quarks combine to form a particle, the charge of the particle is the arithmetic sum of the charges 
of its quarks. �e spin of the particle is the sum of the spins of its quarks. However, spin is a 
vector, so we need to be more careful in how we add the spins. Both the magnitude and the 
direction of spin are quantised.

In Table 10.1 you can see that quarks have baryon number 
1

3
. Antiquarks have baryon 

number 
1

3
2 . Hence, a meson composed of one quark and one antiquark has baryon number  

B 5 
1

3
 1 





1

3
2  5 0. A baryon, which is composed of three quarks, has B 5 

1

3
 1 

1

3
 1 

1

3
 5 1, 

and an antibaryon composed of three antiquarks has B 5 





1

3
2  1 





1

3
2  1 





1

3
2  5 21.

�e law of conservation of baryon number, which we used in Chapter 9, is based on 
experimental observation. It is consistent with the model of quarks as elementary particles and 
this assignment of baryon numbers to quarks. Hence, the quark theory is able to explain the 
experimental observation of baryon number conservation. 

Although no isolated quark has ever been experimentally observed, the quark model 
does describe the properties of mesons and baryons. Table 10.2 shows how mesons can be 
constructed from combinations of a quark and an antiquark. 

Recall from Chapter 4  
that magnetic 
moment is a vector. It 
points in the direction 
of the north pole of 
an equivalent current 
loop. The magnitude 
of the magnetic 
moment of a particle 
depends on the spin.

table 10.1 properties of quarks

name symbol spin charge Baryon 
number

strangeness charm Bottomness topness

up u
1

2  

2

3
1 e

1

3
0 0 0 0

down d
1

2

1

3
2 e

1

3
0 0 0 0

Strange s
1

2

1

3
2 e

1

3
21 0 0 0

charmed c
1

2

2

3
1 e

1

3
0 11 0 0

Bottom b
1

2

1

3
e

1

3
0 0 11 0

Top t
1

2

2

3
1 e

1

3
0 0 0 11
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table 10.2 Quark composition of some mesons

antiquarks

b
− 

c− s− d
−

u−

Quarks

b Y (b
− 

b) Bc2 ( c−b) B
−

s ( s−b) B
−

d0 ( d
−

b) B2 ( u−b)

c Bc
1 (b

− 
c) J/C ( c−c) ds

1 ( s−c) d1 ( d
−

c) d0 ( u−c)

s Bs
0 (b

− 
s) ds2 ( c−s) f ( s−s) K

−
0 ( d

−
s) K2 ( u−s)

d Bd
0 (b

− 
d) d2 ( c−d) K0 ( s−d) p0 ( d

−
d) p2 ( u−d)

u B1 (b
− 

u) d
− 

0 ( c−u) K1 ( s−u) p1 ( d
−

u) p0 ( u−u)

Consider the p2 meson as an example. We see in Table 10.2 that this meson has the quark 

composition ud. �e u quark has baryon number 
1

3
2  and the d quark has baryon number 

1

3
, 

giving a total of B 5 0. �e u quark has charge 2
2

3

e  and the d quark has charge 2
3

e
. �is gives 

the π2 meson a total charge of 21e. Both the u and the d quarks have spin 
1

2
. Spins are a little 

more complicated to add up because they represent magnetic moments, which are vectors. �e 
magnetic moments can only line up in two ways: parallel or antiparallel (see Figure 10.2). When 

magnetic moments are parallel the total spin is 
1

2
 1 

1

2
 5 1; when they are antiparallel the total 

spin is 
1

2
 2 

1

2
 5 0. Looking back at Table 9.1 on page 264, we can see that a π– meson has the 

properties B 5 0, charge 5 21e and spin 5 0. �is is exactly what we expect from the combination 
of an anti-up quark and a down quark with their spins antiparallel. �e alternative spin arrangement 
with spin 5 1 corresponds to an excited (higher energy) state of the π2 meson.

1

1

5

5

1 5
1

2

1
1

2

2 5 0
1

2

1

2

a

b

t Figure 10.2  
a) parallel spins  
add to give spin 5 1.  
b) antiparallel spins add 
to give spin 5 0.

Baryons are composed of three 
quarks, and antibaryons of three 
antiquarks. Table 10.3 gives the quark 
composition of some baryons.

Note: Some baryons have the same 
quark composition, such as the p and 
∆1 and the n and ∆0  baryons. In these 
cases, the ∆ particles are considered 
to be excited states of the proton 
and neutron.

table 10.3 Quark composition of several baryons

particle Quark composition

p uud

n udd

⋀o uds

∑1 uus

∑o uds

∑2 dds

D11 uuu

D1 uud

Do udd

D2 ddd

Jo uss

J2 dss

V2 sss

Recall from Chapter 9  
that particles with 
integer spin are 
bosons and particles 
with half-integer spin 
are fermions. The 
two types of particles 
behave differently 
when they interact 
and bind together. 
Fermions obey the 
exclusion principle; 
bosons do not.
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In the example above, the spin 
3

2
 arrangement corresponds to a D1 particle. As with the 

mesons, the parallel spin states are considered to be excited particle states. Hence, the D1 
particle is considered to be an excited state of the proton.

Although the original quark model was highly successful in classifying particles into 
families, some discrepancies occurred between its predictions and certain experimental decay 
rates. Consequently, several physicists proposed a fourth quark Havour in 1967. �ey argued that 
if four types of leptons existed (as was thought at the time), there should also be four Havours 
of quarks because of an underlying symmetry in nature. �e fourth quark, designated c, was 

assigned a property called charm. A charmed quark has charge 
2

3
1

e
, just as the up quark does, 

but its charm distinguishes it from the other three quarks. �is introduces a new quantum 
number C, representing charm. �e new quark has charm C 5 11, its antiquark has charm of  
C 5 –1; all other quarks have C 5 0.

Evidence that the charmed quark exists began to accumulate in the 1970s, when a series of 
heavy mesons with long lifetimes were discovered. �e existence of these new mesons provided 
*rm evidence for the fourth quark Havour.

�en in 1975, a *fth type of lepton, called the tau (t) lepton, was discovered. �is led 
physicists to propose that more Havours of quarks might exist, on the basis of symmetry 

At the time of the 
development of the 
quark theory only four 
types of lepton were 
known. We now know 
that there are six 
types, as described 
in Chapter 9.

Wo r k e d  e x am ple  10 . 2

consider a baryon with quark composition uud. Show that it has the properties of a proton. (5 marks)

answer logic marks
The uud combination has total charge  

2

3

2

3

1

3
1 .1 2 5e e e e

an up quark has charge 
2

3
 and a down 

quark has charge
1

3
2 .

2 marks

its baryon number is 
1

3

1

3

1

3
1B 5 1 1 5 each quark has B 5 

1

3
. 1 mark

Spin 3

2
or

1

2
5 The possible spin states are 

3

2
 (all 

parallel) and 
1

2
 (one antiparallel, two 

parallel), as shown in figure 10.3.

2 marks

looking back at Table 9.1 in chapter 9, we can see that 

the proton has B 5 1, charge 5 11e and spin 
1

2
5 , in 

agreement with this quark composition with the lower 
energy arrangement of spins.

try this yourself 

repeat the example above for a neutron with quark composition udd. (5 marks)

p Figure 10.3 possible spin arrangements for three quarks

11 5

11 5

1 5
1

2
1
1

2

1

2

3

2

1 5
1

2
2
1

2

1

2

1

2
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M aK i n g  Ba ryo n S

aim

your aim is to use ‘quarks’ to make some ‘baryons’ and identify their properties. 

You will need

at least four beads or tokens in each of six different colours. each different colour represents a different 
type of quark. you will also need a bag to hold the quarks, coloured pencils and paper. 

What to do

1 Make a table listing the types of quarks and their properties, including charge, spin, strangeness, 
charm, topness and bottomness. use Table 10.1 as a guide and add a column listing the colour you 
are using to represent each quark.  

2 place all the beads or tokens in the bag and randomly take 3 quarks from the bag. 

3 These three quarks make up your new baryon. using the table you have already drawn, work out the 
properties of your new baryon. list charge, spin, strangeness, charm, topness and bottomness. 

 note that spins can be in the same direction or opposite direction. Hence, there is not a single unique 
value for the spin of your new baryon. 

4 use your coloured pencils to record your new baryon and write down its properties. 

5 now see whether you can identify it in a list of known baryons, such as those given in Table 10.3 and 
Table 9.1 (page 264). 

6 put the quarks back in their bag and repeat the process. 

What did you discover?

1 How many different baryons do you think you can make? 

2 did you make the same baryon more than once? do you think all quarks are as common in nature as 
they are in your bag? Why or why not? 

act Iv I t Y  10 .1

arguments similar to those leading to the proposal of the charmed quark. �ese proposals led to 
more elaborate quark models and the prediction of two new quarks, top (t) and bottom (b). To 
distinguish these quarks from the others, quantum numbers called topness and bottomness (with 
allowed values 11, 0, 21) were assigned to all quarks and antiquarks (see Table 10.1).

matter particles in the  
standard model
�e Standard Model of particle physics says that all matter is made up of two types of 
elementary particle. �ese are quarks and leptons. 

As we saw in Chapter 9, there are six types of leptons, each with its own antiparticle. 
�ese are the electron, muon, tau, electron neutrino, muon neutrino and tau neutrino, and 
the antiparticle of each. Leptons do not combine to form other particles. 

�ere are also six types or Havours of quarks, as we have just seen: up, down, top, bottom, 
strange and charmed. Each type of quark also has an antiquark. Quarks bind together to form other 
particles. �ey bind in groups of three to form baryons and in quark–antiquark pairs to form mesons. 

All quarks and leptons have spin of 
1

2
, and have an intrinsic magnetic moment. �ey are all 

fermions. �is means that when they bind together into other particles, including baryons or 
large composite particles such as atoms, they obey the exclusion principle. 
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Figure 10.4 u 
The elementary matter 
particles described in 

the Standard Model

Quarks Leptons
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n
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e
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remembering
1 name the three types of elementary particles. 

2 a How many quarks do mesons consist of? 

b How many quarks do baryons consist of?

understanding
3 explain why particle physics experiments are important in the development of cosmological theories 

such as the Big Bang theory.

4 Which of these quark combinations is a possible particle? explain your answers. 

a ud

b udd

c −udd

d −ud
−

d
−

e ud
−

applying
5 for each of these quark combinations, give the resulting particle’s charge, strangeness and baryon 

number and all possible spins.

a d
−

d
−−s

b bbt

c uus

d −u−u−s

6 Show that the properties of the quark combination −su are consistent with the K1 meson.

7 Show that the properties of the quark combination uds are consistent with the Λ0. What other baryon 
could be composed of these quarks? explain your answer.

Q u e s t I o n  s e t  10 .1

�e second part of the Standard Model that we shall explore is the interaction of these particles. 
What force binds quarks together to form baryons and mesons? How is this force related to the force 
that holds nucleons together in the nucleus? We shall answer these questions in the next section. 
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Forces and the  
standard model
So far we have looked at four forces: the electromagnetic, gravitational, strong nuclear and 
weak nuclear forces. We said in the previous chapter that three of these, the electromagnetic, 
gravitational and weak nuclear, are fundamental forces. �e fourth, the strong nuclear force, is 
not a fundamental force. Instead it is a consequence of another force, the strong force, which we 
shall introduce in this section.

�e quark theory, combined with a theory called gauge theory, allows us to understand 
why the strong nuclear force is not a fundamental force. Rather, it arises from the interactions 
of quarks, as the nucleons (protons and neutrons) are composed of quarks. Gauge theory is 
highly mathematical and well beyond the scope of this course, so we shall look at some of the 
predictions of the theory only.

Gauge theory predicts the existence of particles called gauge bosons, which are 

massless particles via which massive particles interact.

We have already met one of these gauge bosons several times before: the photon.

the fundamental forces and  
field particles
In the Standard Model, particle interactions are described in terms of *eld particles or exchange 
particles. �e emission of a *eld particle by one particle and its absorption by another particle 
manifests as a force between the two interacting particles.

Physicists now believe there are four fundamental forces which explain all 

interactions between particles. 

In order of decreasing strength, they are the strong force, the electromagnetic 

force, the weak force and the gravitational force.

�e strong force is responsible for the attractive force between nucleons. It has a very short 
range and is negligible for separation distances between nucleons greater than approximately 
10–15 m (about the size of the nucleus). It acts between quarks, and the exchange or *eld particle 
is called the gluon. �e name ‘gluon’ comes from the way that gluons ‘glue’ the nucleus together.

�e electromagnetic force, which binds atoms and molecules together to form ordinary 
matter, has a strength of approximately 10–2 times that of the strong force. As we have seen, 
this long-range force decreases in magnitude as the inverse square of the separation between 
interacting particles. �e *eld particles for the electromagnetic force are photons.

Do not confuse the 
strong force with the 
strong nuclear force. 
They are different 
forces, acting 
between different 
particles and 
mediated by different 
exchange particles.

analysing
8 a proton (uud) and an antiproton ( −u−ud

− 
) collide and a u and a −u annihilate to create a total of eight 

quarks: (u −u d d
− 

d d
− 

s s
− 

). a S
20, a Λ0 and what other particle are formed? 

9 analyse each of the following reactions in terms of constituent quarks and show that each type of quark 
is conserved. 

a p1 1 p → K1 1 S1 

b K2 1 p → K1 1 Ko 1 V2

10 compare and contrast the aims of particle physics and cosmology. How has your understanding of the 
interaction between theories and researchers in different areas of physics changed?
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�e weak force is a short-range force that is responsible for beta decay and other decay 
processes. Its strength is only about 10–5 times that of the strong force. �e weak force is 
mediated by *eld particles called W and Z bosons.

Finally, the gravitational force is a long-range force that has a strength of only about 10–39 times  
that of the strong force. Although this is the force that holds the planets, stars and galaxies 
together, its e#ect on elementary particles is negligible. �e gravitational force is thought to be 
mediated by *eld particles called gravitons. �e gravitational force is not part of the Standard 
Model, and the graviton has not yet been detected.

�ese interactions, their ranges, and their relative strengths are summarised in Table 10.4.
You can see that these forces di#er in several respects, including their relative strength and 

the types of particle they act on.

table 10.4 The fundamental forces and their exchange or Ield particles

Interactions relative 
strength 

range of force mediating 
=eld particle

mass of =eld 
particle (Gev c22) 

Strong 1 Short ( 1 fm) gluon 0 

electromagnetic 1022 ∞ photon 0 

Weak 1025 Short ( 1023 fm) W6, Z0 bosons 80.4, 80.4, 91.2 

gravitational 10239 ∞ graviton 0 

relative strengths of forces
�e relative strength of a force is a way of describing how strong the interaction is that it causes 
between particles. As an illustration, let’s consider the forces between two electrons. We already 
know from Chapter 3 that electrons interact via the electromagnetic force. �e electromagnetic 
force exerted by one electron on another is described by Coulomb’s law:

2.307 10
N m

ee, EM

e e
2

2

28

2

2F
k q

r r
5 5

3 2
2

But electrons have mass, and so as well as exerting an electrostatic force, they will also exert 
a gravitational force on each other:

5.535 10
N m

ee, G

e
2

2

71

2

2F
Gm

r r
5 5

3 2
2

So we don’t worry about the gravitational force between two electrons because the 
electromagnetic force is much stronger than the gravitational force. 

As we can see from the equations, the exact magnitude of the forces depends on the 
properties of the particles that are interacting (charge for electromagnetism and mass for 
gravity), the separation between them, and factors relating to the force itself. �ese factors 
are represented by the constants ke and G in the equations above. To compare the strengths 
of the fundamental forces alone, independently of properties such as mass and charge, 
physicists have introduced dimensionless quantities called coupling constants or relative 
strengths, given in Table 10.4. �e exact de*nition of these constants depend on some quite 
complex theory.

the strong force and the strong  
nuclear force 
�e nuclear force was historically called the strong nuclear force. Once the quark theory was 
established, however, the phrase ‘strong force’ was reserved for the force between quarks. We 
shall follow this convention: the strong force is between quarks or particles built from quarks, 
and the nuclear force is between nucleons in a nucleus. �e nuclear force is a result of the strong 
force. Other books and resources may refer to the nuclear force as the strong force.

The strong force acts 
between quarks 
and is mediated by 
gluons. The strong 
nuclear force acts 
between nucleons 
and is mediated by 
pions. Other sources 
may refer to the 
strong nuclear force 
as the strong force. 
Make sure you know 
which is meant.
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�e Standard Model, in which quarks interact via gluons, gives us a di#erent way of looking 
at nuclear interactions. �e proton–neutron interaction was described in Chapter 9 as being the 
result of an exchange of a pion between the two particles (see Figure 9.8, page 268).

Let’s look at the same interaction from the viewpoint of the quark model, shown in Figure 10.5.  
Figure 10.5(a) shows the same process as Figure 9.8, although we now represent the process in 
three steps. First, the emission of a p– particle by the neutron. �e emission of a p– changes the 
neutron to a proton. �e absorption of the p– by the proton results in it being converted into a 
neutron. �e net e#ect is a force acting between the two nucleons. In Figure 10.5(b), the proton 
and neutron are represented by their quark constituents. Each quark in the neutron and proton 
is continuously emitting and absorbing gluons. �e energy of a gluon can result in the creation 
of quark–antiquark pairs. �is process is similar to the creation of electron–positron pairs in 
pair production. When the neutron and proton approach to within 1 fm of each other, these 
gluons and quarks can be exchanged between the two nucleons, and such exchanges produce 
the nuclear force.

Figure 10.5(b) shows one possibility for the process shown in Figure 10.5(a). A down quark 
in the neutron on the right emits a gluon. �e energy of the gluon creates a uu pair. �e u 
quark stays within the neutron (which has now changed to a proton), and the recoiling d quark 
and the u antiquark are transmitted to the proton. Here the u annihilates a u quark within the 
proton and the d is captured. �e net e#ect is to change a u quark to a d quark, and the proton 
on the left has changed to a neutron.

As the d quark and u antiquark in Figure 10.5(b) transfer between the nucleons, the d and u 
exchange gluons with each other and hence are bound to each other by means of the strong force. 

Looking back at Table 10.2, we see that this combination is a p–, or Yukawa’s *eld particle, 
as described in Chapter 9. �erefore, the quark model of interactions between nucleons is 
consistent with the pion-exchange model.

The pion was 
introduced in 
Chapter 9 as the 
1eld particle that 
mediates the strong 
nuclear force. 

t Figure 10.5 
The strong nuclear 
force mediated by  
a) pion exchange and 
b) gluons and quarks. 
The two processes are 
equivalent.
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the electroweak force
In 1979 Sheldon Glashow, Abdus Salam and Steven Weinberg won the Nobel Prize in 
Physics for developing a theory that uni*es the electromagnetic and weak interactions. �is 
electroweak theory postulates that the weak and electromagnetic interactions have the same 
strength when the particles involved have very high energies. Because of the mass di#erence 
between photons and the W and Z bosons, the electromagnetic and weak forces are quite 
distinct at low energies, but become similar at very high energies, when the rest energy is 
negligible relative to the total energy. �is behaviour, as one goes from high to low energies, is 
called symmetry breaking because the forces are similar, or symmetric, at high energies but are 
very di#erent at low energies. 

�e two interactions are viewed as di#erent manifestations of a single unifying electroweak 
interaction. �e theory makes many concrete predictions, but perhaps the most spectacular 
is the prediction of the masses of the W and Z particles at approximately 82 GeV c22 and 
93 GeV c22, respectively. �ese predictions are close to the masses in Table 10.4 determined by 
experiment.

The electroweak 
theory is an example 
of a unifying theory. 
Maxwell’s theory of 
electromagnetism 
is another example 
of a unifying theory. 
Unifying or uni1ed 
theories are those 
that explain more 
than one force within 
a single theoretical 
framework.
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We shall see that this separation of the electromagnetic and weak forces was an important 
step in the evolution of the universe. �e electroweak theory was important in the development 
of the Big Bang theory. 

mass and the higgs boson
One of the questions raised by the Standard Model is why all the *eld particles except the  
W and Z bosons are massless. Or, put another way, why do the W and Z bosons have mass, and 
in fact what is the origin of the mass of all the other massive elementary particles? 

To resolve this problem, a hypothetical particle called the Higgs boson, which provides a 
mechanism for breaking the electroweak symmetry, has been proposed. When particles interact 
via the Higg’s *eld, they gain mass from this interaction. �e *eld particle is the Higgs boson. 
�e Standard Model modi*ed to include the Higgs boson provides a logically consistent 
explanation of the massive nature of the W and Z bosons. 

�e Higgs boson was named for Peter Higgs, one of a group of physicists who proposed its 
existence in 1964. �e existence of the Higgs boson was con*rmed in March 2013 by CERN 
(the European Organization for Nuclear Research) after a particle with properties corresponding 
to those predicted for the Higgs boson was observed in July 2012, as described in the Scienti*c 
literacy box on the next page. 

the standard model: a summary
Particle physicists now believe that all matter is made up of two types of elementary particles: 
quarks and leptons. �ere appears to be a symmetry between the quarks and leptons, in that 
there are six types of each, along with their antiparticles. 

Quarks combine to form mesons and hadrons. Mesons are made up of two quarks, as shown 
in Table 10.2. Baryons are made up of three quarks each (see Table 10.3). 

In addition to these particles, there are also the exchange particles associated with the four 
fundamental forces, as shown in Table 10.4. 

Although the details of the Standard Model are complex, its essential ingredients are 
summarised in Figure 10.6. �is diagram shows that quarks participate in all the fundamental 
forces and that leptons participate in all except the strong force.

Note that the Standard Model does not include the gravitational force at present. However, 
we include gravity in Figure 10.6 because physicists hope to eventually incorporate this force 
into a uni�ed theory. 

Matter is made up 
of the elementary 
particles, quarks 
and leptons. 
Interactions between 
these particles are 
mediated by the third 
type of elementary 
particle, gauge 
bosons or 1eld 
particles.
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Scienti�c literacy: Discovery of the Higgs boson

as we have seen above, the mass of the Z and W bosons that mediate the electroweak force is 
something of a mystery in the Standard Model. related to this, is the question as to how particle masses 
arise and what determines the mass of a given particle. 

The theories behind this are extremely complicated mathematically and 
well beyond the scope of this text. They deal with fundamental symmetries in 
nature, and are referred to as gauge theories. They are based on quantum Ield 
theories, in which exchange particles are the mechanism by which particles 
interact and reactions occur. 

in 1964, British physicist peter Higgs 
proposed the existence of a Ield, 
now called the Higgs Ield, with which 
particles with mass interact. it is this 
Ield that gives them the property 
of mass. The Ield is composed of 
particles, now called Higgs bosons. 

in the same year, and published 
in the same journal (Physical Review 
Letters), were two other papers that 
also described a mechanism by 
which particles acquired mass via 
interactions with a Ield. The Irst paper 
was by francois englert and robert 
Brout, who were working in Brussels, and the other was by gerald guralnik, 
carl Hagen and Tom Kibble, a collaboration of British (Kibble) and american 
(guralnik and Hagen) physicists working in london. 

although the popular literature generally only mentions Higgs, all three 
papers are considered of equal importance in the development of the 
relevant theory by particle physicists. Many physicists, including Higgs himself, 
have argued that the name ‘Higgs boson’ is inappropriate because it does 
not acknowledge the contribution made by the others. However, given the 
widespread and long-term use of the name, it is unlikely to change now. 

remember that for a model to be considered a good one, it must explain 
existing phenomena and produce testable predictions. The model developed 
by englert, Brout, Higgs, guralnik, Hagen and Kibble explained why the weak 
force has a short range, while the electromagnetic force has an inInite range. 
it also explained why particles have mass. The model predicted the existence 
of a gauge boson – the Higgs boson – as well as its approximate mass. The 
detection of this particle is an important test of the theory.

However, detecting a Higgs boson is not a simple task. it requires massive 
energies of colliding particles to produce a reaction in which isolated Higgs 
bosons can be detected. it also requires massive computing power to analyse 
the data generated in such collision events. The large Hadron collider (lHc) 
was constructed, among other purposes, to search for the Higgs boson. 

in July 2012, almost 50 years after its prediction, the detection of a particle 
with the properties and approximate mass of the Higgs boson was announced 
by physicists at cern. it is interesting to note that the announcement did 
not claim that the particle found was the Higgs boson. Such a Inding is of 
enormous importance in conIrming the Standard Model and in understanding 
the nature of matter, forces and energy – the basic concepts in physics. This 
explains why researchers were hesitant to make such a signiIcant claim without 
further careful analysis and measurement. nonetheless, the announcement 
caused enormous excitement. 

eight months later, in March 2013, a press release from cern stated that ‘the 
measured interactions of the new particle with other particles strongly indicates 

that it is a Higgs boson’. The same press release (see weblink) quotes a spokesperson for one of the 
experiment teams as saying: ‘The preliminary results with the full 2012 data set are magniIcent and to 
me it is clear that we are dealing with a Higgs boson though we still have a long way to go to know what 
kind of Higgs boson it is.’

JulY 2012 
press  
release

read the 
announcement of 
the discovery of a 
particle with the 
properties of the 
Higgs boson. 

IntervIeW 
WIth peter 
hIGGs

you can read 
about peter 
Higgs’ reaction to 
the news of the 
discovery in this 
interview.

p Figure 10.7 peter Higgs
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latest news on the 
Higgs boson here.
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in 2013 the nobel prize for physics was awarded to peter Higgs and 
francois englert (robert Brout died in May, 2011, and the nobel prize is 
not awarded posthumously). The citation by the nobel society states that 
the award was given ‘for the theoretical discovery of a mechanism that 
contributes to our understanding of the origin of mass of subatomic particles, 
and which recently was conIrmed through the discovery of the predicted 
fundamental particle, by the aTlaS and cMS experiments at cern’s large 
Hadron collider’. 

although many physicists believe that guralnik, Hagen and Kibble should 
also be recognised, the nobel prize is awarded to a maximum of three people. 

Questions

1 Why is the detection of the Higgs boson of such importance to the Standard Model?

2 The Higgs boson detected has a mass between 125 geV c22 and 126 geV c22. What is this in kilograms? 

give your answer in the form (2 6 2) 3 102_ kg. 

3 Why could the Higgs boson not be detected with earlier particle physics experiments?  

4 The Higgs boson was called ‘the god particle’ by leon lederman. do some web searches and Ind 
out why. comment on Higgs’s response that it was embarrassing and ‘the kind of misuse ... which i 
think might offend some people’. Why do you think he said this?

limitations of the standard model
�e Standard Model has helped us make sense of the huge number of particles. It has provided a 
sort of ‘periodic table’ to help us understand particle properties as arising from their underlying 
quark composition. 

�e Standard Model has also been very successful in explaining the origin and nature of 
three of the four fundamental forces – the strong, weak and electromagnetic. However, the 
Standard Model does not include the gravitational force. 

�e inclusion of the Higgs boson in the Standard Model gives a mechanism by which 
particles have mass. Particles acquire mass because of interactions with Higgs bosons. As we 
have seen, mass is the property that causes the gravitational *eld and hence the gravitational 
force. However, the Standard Model does not explain how the gravitational force is mediated. 
Many physicists believe that the gravitational *eld is mediated by massless exchange particles 
called gravitons. �is is consistent with the way other *elds are mediated by exchange particles 
(see Table 10.4), but the Standard Model does not include the graviton; therefore, the Standard 
Model is incomplete. 

Gravity is the force that is most signi*cant in the large-scale structure and evolution 
of the universe. �eories such as the Big Bang theory, discussed in the next section, base 
their predictions and explanations of cosmological phenomena largely on our current 
understanding of gravity. For example, the predicted existence of dark energy and dark 

matter is based on observed gravitational e#ects. �e development of a more fundamental 
explanation for the gravitational *eld, or a grand uni�ed theory (GUT) that explains 
all four forces, is therefore of great importance not only to particle physicists but also to 
cosmologists. 

�e structure and rate of expansion of the universe can be explained by the presence of 
dark matter and dark energy, as described in the next section. Dark matter neither radiates 
nor reHects energy – hence it is dark. Its presence is inferred from gravitational e#ects. 
Cosmologists believe that dark matter and dark energy consist of subatomic particles of a type 
as yet undiscovered. �e Standard Model does not predict such a particle – there is a mismatch 
between current theories in cosmology and the Standard Model of particle physics. 

Finally, the Standard Model in its current form has been found to be consistent with 
experimental results over the last 50 to 60 years, with one exception. �e Standard Model 
predicts that the neutrino should be massless. 

In 1998, at the Super-Kamiokande neutrino detector in Japan, it was discovered that 
neutrinos can change from one type to another. �is implies that they have mass.

standard 
model and 
neutrIno mass

find out more 
about the mass of 
neutrinos. 

2013 noBel 
prIze For 
phYsIcs

read more about 
the 2013 nobel 
prize for physics at 
this weblink.
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remembering
1 Which forces are included in the Standard Model, and which are not?

2 Who won the nobel prize for physics in 2013, and for what?

understanding
3 Why is the strong nuclear force not considered to be a fundamental force? 

4 describe two limitations of the Standard Model.

Q u e s t I o n  s e t  10 . 2

W
o

W The Super-Kamiokande

The Kamioka neutrino observatory is located 1 km under Mount Kamioka in Japan. 
The Super-Kamiokande detector consists of a huge steel cylinder, 41 m tall and 39 m in 
diameter that contains 50 000 tonnes of highly puriIed water. 

When neutrinos from sources such as the Sun or supernovae enter the water, they can 
interact with electrons or nuclei in the water molecules. These interactions produce particles 
that travel faster than the speed of light in water. (note that this is much slower than the 
speed of light in vacuum.) This produces shock waves in the water, which are seen as 
cherenkov radiation – a blue-green glow in a cone shape. This cone of light shows up as 
a ring, incident on detectors on the cylinder structure. The information from the detectors is 
analysed to determine the type of particle that interacted with the water. one of the reactions 
observed at the Kamioka observatory is n 1 ne → p 1 e, as described in the previous chapter.

The facility is located deep underground to shield the detector from more strongly 
interacting particles, allowing neutrinos, which interact only very weakly with matter, to be 
detected.

p Figure 10.8 The Super-Kamiokande neutrino detector
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Astronomical observations including ‘galactic lensing’ imply a neutrino mass of about 0.2 eV c22 
to 1.5 eV c22. �e masses of the various types of neutrinos are not yet known, other than that they are 
very, very small. However, there is general agreement that neutrinos are not massless. Various theories 
have been put forward modifying the Standard Model to allow for non-zero neutrino masses.

The standard model is considered incomplete because it: 

 does not explain gravity, and 

 predicts that neutrinos are massless.
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the standard model  
and cosmology
As you have seen, the Standard Model of particle physics deals with elementary particles, which 
are the smallest building blocks of matter. In contrast, cosmology deals with the large-scale 
structure of the universe, such as galaxies and nebulae. So it is not immediately obvious how the 
two are connected. 

To understand the current structure of the universe, and predict its future, we need to 
understand the evolution of the universe. �e currently accepted theory of how the universe 
began, the Big Bang theory, states that the universe began as an in*nitesimally small and dense 
singularity about 14 billion years ago. �is singularity exploded, forming all the elementary 
particles described by the Standard Model of particle physics. �e interaction of these particles, 
which led to the formation of other particles – atoms, molecules, and eventually stars and 
galaxies – is governed by the fundamental forces. 

Hence, to understand the evolution of the universe, we need to start with particle physics. 
But to understand where the particles came from in the *rst place, we need to use cosmology: 
the two are intimately connected. 

�e Big Bang theory is an expansion theory of the universe. It says that the universe was once 
much smaller and has been expanding since some time in the past. �ere are other expansion theories 
in cosmology, as well as steady state theories (which say that the universe is not expanding) and even 
oscillatory theories which say that the universe is oscillating in size and happens to be expanding at the 
moment. However, the Big Bang theory is currently the most widely accepted cosmological theory. 

�ere are two main experimental observations that support the Big Bang theory. �e *rst 
is the redshift of light from distant galaxies, described in the next section. If we assume that 
this means that galaxies are moving away from us and extrapolate backwards in time, then 
the universe must once have been much smaller. �e second important piece of evidence is the 
existence of the cosmic microwave background radiation, which is discussed later. 

In addition to the redshift and cosmic microwave background radiation, the di#erent 
characteristic spectra of distant stars and the structure of distant galaxies compared to close 
ones implies that the universe is changing with time, and hence is not in a steady state. �is 
argument is based on the idea that looking at distant galaxies is equivalent to looking backwards 
in time. �is is because light takes a *nite time to travel a given distance. If a star is 1000 light-
years away, then the light from that star we observe today left the star 1000 years ago and what 
we are actually observing is what that star looked like 1000 years ago. 

the expanding universe
In 1912 Vesto Melvin Slipher reported that most galaxies are receding from Earth at speeds 
of up to several million kilometres per hour. Slipher used Doppler shifts in spectral lines to 
measure the velocities of various galaxies.

applying
5 calculate the gravitational and electrostatic forces between two neutrons 1 fm (1 3 10215 m) apart.

6 calculate the gravitational and electrostatic forces acting between two protons 1 fm apart. What is the 
minimum force provided by the strong nuclear force between the protons? 

analysing
7 What is a Ield particle? BriePy describe how the existence of Ield particles explains ‘action-at-a-distance’. What 

other models have we previously used to explain ‘action-at-a-distance’?  explain how these models differ. 

reDecting
8 if you were in charge of the nobel committee for physics, to whom would you have awarded a nobel 

prize for the prediction of the Higgs boson? Justify your answer.

9 Why do you think a uniIed theory that incorporates all four forces is important to both particle physicists 
and cosmologists? How has your understanding of the way in which different areas of physics interact 
changed? draw a concept map to illustrate your understanding.
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Recall from Chapter 8 that at this time spectra had already been used to identify speci*c 
atomic species. Slipher observed spectra from distant galaxies that had the same line spacings as 
known species, but with the frequency of each line shifted by a *xed amount. 

When the source of a wave is moving, the frequency of the wave detected by an observer 
is shifted. A higher frequency is detected if the source of the wave is travelling towards the 
observer. A lower frequency is detected if the source is travelling away from the detector. You 
may have noticed this e#ect when an ambulance or police car goes past you with its siren on. 
Initially, as the vehicle approaches, you hear a higher frequency. As the vehicle passes you, the 
frequency drops and you hear a lower frequency as it moves away. 

�e spectral lines from distant galaxies that Slipher observed were consistently shifted to lower 
frequencies. �e shift varied for di#erent galaxies, but in each case the shift was towards a lower 
frequency (or longer wavelength). �is is called a redshift, because red is at the lower frequency end 
of the spectrum. From these shifts Slipher deduced that the galaxies were moving away from us.  

When light of wavelength lemitted is emitted from a source moving at velocity v away from an 
observer, the wavelength observed is given by:

lobserved 5 lemitted 
1

2

1

1

v

c
v

c

�e shift in wavelength is therefore:

Dl 5 lobserved 2 lemitted 5 lemitted 
1

2
2

















1

1
1

v

c
v

c

�e factor 
1

2

1

1

v

c
v

c

 is also sometimes written as: 

1

2

1

1

v

c
v

c

 5 
b

b
b

1

2
5

1

1
where

v

c

You have met the 
ratio b in Chapter 6 
when you studied 
relativity.

The Doppler shift for 
sound is described in 
Nelson Physics Units 1 
& 2 for the Australian 
Curriculum Chapter 
10. Recall that when 
a sound source is 
moving away from 
you, you hear a  
lower frequency. 

Wo r k e d  e x am ple  10 .3

calculate the observed wavelength of the hydrogen spectral line that has wavelength 434 nm, from a galaxy 

receding from us at 0.25c. is this light still in the visible region of the spectrum? (4 marks)

answer logic

lobserved 5 lemitted 
1

2

1

1

v
c

v
c

relate the observed wavelength to the 
emitted wavelength.

1 mark

lobserved 5 434 nm 
1 0.25

1 0.25

c
c

c
c

1

2

 

Substitute wavelength and speed in units of c.
 
1 mark

lobserved 5 434 nm 
1.25

0.75
5 560 nm

 
calculate the Inal value.

 
1 mark

The observed wavelength is in the yellow-
orange region of the spectrum. 

1 mark

try this yourself

if this same spectral line was observed with a wavelength of 650 nm, what speed would the 
source galaxy need to have? 

(5 marks)
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Subsequent observations by other astronomers consistently showed that the spectra of stars 
in all observed galaxies were redshifted. It appeared that everything was moving away from us! 

The atomic spectra of light from distant galaxies is redshifted such that each 

spectral line has a longer wavelength than the same line for that atomic species on 

Earth. This redshift is a result of the Doppler shift in the frequency of the light due 

to the source of the light moving away from us. This observation implies that distant 

galaxies are moving away from us. 

Not only did observation show that all galaxies are moving away from us, it also seems that 
the more distant the galaxy, the greater the redshift. �is implies that the further away a galaxy 
is, the faster it is moving. 

In the late 1920s, Edwin P. Hubble put forward the theory that the entire universe is 
expanding. Observations showed that the speeds at which galaxies are receding from Earth increase 
in direct proportion to their distance from us.  

This is described mathematically by Hubble’s law:

v 5 HR

where v is the speed of recession, R is the distance from us and H, is the Hubble constant,  

H≈ 22 3 1023 m s–1 ly–1. (1 ly 5 1 light-year 5 9.5 3 1015 m)

�is is possible if the entire universe is expanding, with all points getting further away from 
each other. So the universe must have started out much smaller. 

�e current theory in cosmology, the Big Bang theory, says that it started with an explosion 
of all matter from a single point, a singularity.

the Big Bang theory and the 
evolution of the universe
According to the Big Bang theory, the universe erupted from an in*nitely dense singularity 
about 14 billion years ago. 

For the *rst few moments after the Big Bang the universe was at such extremely high energy 
(temperature) that all matter was contained in a quark–gluon plasma. 

It is thought that in these *rst moments all four fundamental forces were uni*ed; the strong, 
electroweak and gravitational forces were joined to form a single force.

�e evolution of the four fundamental forces from the Big Bang to the present is shown in 
Figure 10.9.

�en, about 10–35 s after the Big Bang, when the temperature had dropped to about 1029 K, 
symmetry breaking occurred for gravity. �is symmetry breaking meant that the properties of 
the gravitational force became distinct from those of the other forces. At this time the strong 
and electroweak forces remained uni*ed. 

It was a period when particle energies were so great that very massive particles as well as 
quarks, leptons and their antiparticles existed. For some reason not yet understood, far more 
matter than antimatter particles formed. �e amount of matter far exceeds the amount of 
anti-matter in our universe to this day. �is is not explained by the Standard Model of particle 
physics, or by the Big Bang theory.

�en the universe rapidly expanded and cooled, and the strong and electroweak forces 
became distinct.

�e universe continued to cool and, at approximately 10–10 s after the Big Bang, the 
electroweak force split into the weak force and the electromagnetic force.

After a few minutes, protons and neutrons condensed out of the plasma. For half an hour, the 
universe underwent thermonuclear detonation, exploding as a hydrogen bomb and producing most 
of the helium nuclei that now exist. �e universe continued to expand, and its temperature dropped. 

Until about 700 000 years after the Big Bang, the universe was dominated by radiation. 
High-energy radiation prevented matter from forming neutral hydrogen atoms because 

Hubble’s law is 
empirical. It is a 
mathematical 
description of 
experimental 
observations. It is 
not based on any 
underlying theory. 
NASA’s current best 
estimate of Hubble’s 
constant has an 
uncertainty of 3%.

Recall that in the 
Standard Model of 
particle physics the 
electromagnetic 
and weak forces 
are uni1ed into the 
electroweak force at 
high energies. 
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Gravitation

Strong

Weak

Electromagnetic

Time (s)

Temperature (K)

10240 10230 10220 10210 100 1010 1020

1032 1028 1025 1016 1010 103

Gravitational force 
splits off from the 
strong and electro-
weak forces.

)e universe 
expands 
rapidly.

)e strong and 
electroweak 
forces split.

)e weak and 
electromagnetic 
forces split.

)e expansion 
appears to 
accelerate.

Present 
day

)e universe 

consists of 

quarks and 

leptons.

)e Big Bang 

occurs. All 

forces  are 

unified.

Protons and 

neutrons can 

form.

Nuclei can 

form.

Atoms can form.

)e universe becomes 

transparent to photons.

3

t Figure 10.9 
The Big Bang and 
the evolution of the 
fundamental forces

collisions would instantly ionise any atoms formed. Photons were continuously scattered from 
the vast numbers of free electrons, resulting in a universe that was opaque to radiation.

�is is an important point in the history of the universe. Astronomers claim that when you 
look through a telescope into space, you are looking into the past. �is is because light takes 
a *nite time to travel through space. Hence, the further away you look into space, the further 
back in time you are seeing because the light has taken a long time to reach you. 

But no matter how far away you look with a telescope, you cannot see further back than the 
time when the universe was 700 000 years old. �is is because the universe was opaque to light 
before then, so no light can reach us from that time. 

Astronomical observations cannot give us information about the universe when 

it was less than 700 000 years old. We rely on particle physics to tell us about the 

state of the universe before this time.

�e 700 000-year-old universe had expanded and cooled to approximately 3000 K and protons 
could now bind to electrons to form neutral hydrogen atoms. As we know from Chapter 8,  
atoms have quantised energy levels. Now that atoms existed as the main state of matter, far 
more wavelengths of radiation were not absorbed by atoms than were absorbed, and the universe 
suddenly became transparent to photons. 

Radiation no longer dominated the universe, and clumps of neutral matter steadily grew: 
*rst atoms, then molecules, gas clouds, stars and *nally galaxies.

�e universe has continued to expand and cool since the Big Bang.
One prediction of the Big Bang theory is that residual radiation from the Big Bang should 

currently be observable. �is was predicted in 1948 by Ralph Alpher and Robert Herman, 
although their work was largely ignored at the time.

�is radiation comes from the time when the universe was at a temperature of about 3000 K 
and photons were *rst able to pass through the matter in the universe. We would expect a 

The universe became 
transparent to 
photons when atoms 
formed, because the 
quantised energy 
levels of atoms mean 
they can absorb 
only 1xed, discrete 
frequencies. See 
Chapter 8 for more 
details of atomic 
spectra.

Astronomers like to 
say that they are 
looking backwards 
in time when they 
look at light from a 
distant star, because 
the light has travelled 
many years to get to 
them. 
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radiation spectrum from the early universe to look like that of a 3000 K black  
body curve. 

�e universe has since expanded and cooled and the predicted radiation spectrum now 
corresponds to a 3 K black body curve. �is background radiation should have a peak intensity 
at a wavelength of a few millimetres, which is in the microwave region of the spectrum. Hence 
this residual radiation is known as ‘cosmic microwave background radiation’. 

Cosmic microwave background radiation was *rst observed in 1965 by Arno Penzias and 
Robert Wilson. �e measurement of the radiation was important in establishing the Big Bang 
theory as the accepted theory in cosmology. 

dark matter, dark energy and the 
future of the universe
The Big Bang theory gives us a model for the beginning of the universe. But what will happen 
to the universe in the future? Will it continue to expand and cool forever, or will it at some time 
begin to contract again? What happens will depend on the amount of mass in the universe, and 
on the rate at which the universe is expanding. 

If there is enough mass, then eventually the gravitational force will cause the expansion to 
slow down and stop, and then reverse it. Gravity will pull all the galaxies, stars and planets back 
together into a ‘big crunch’. If there is not enough mass, or if the rate of expansion is too great, 
then the universe will continue to expand and cool forever.

In 1998 observations of the apparent brightness and the redshift of supernovae were 
used to measure their distance and speed of recession from the Earth. �ese observations led 
astronomers to the conclusion that the expansion rate is increasing.

To explain this acceleration, physicists proposed the existence of dark energy, which is 
energy possessed by the vacuum of space. �e theory is that in the early universe, gravity 
dominated over the dark energy. As the universe expanded and the gravitational force between 
galaxies became smaller because of the great distances between them, the dark energy became 
comparatively more important. �e dark energy results in an e#ective repulsive force that causes 
the expansion rate to increase. �is is a similar mechanism to that which causes hot gases to 
expand. 

In any gas, such 
as a star, there are 
two competing 
effects. Gravity tries 
to pull the particles 
together, while 
pressure due to 
thermal energy acts 
to push the particles 
apart. Hence, the 
hotter the gas, the 
more it expands. 
The denser the gas, 
the more gravity 
compresses it. 

W
o

W 3K Cosmic microwave background radiation,  
not pigeons

in 1965, arno a. penzias 
and robert W. Wilson of Bell 
laboratories were testing a 
sensitive microwave receiver for 
satellite communications. a faint 
background hiss was interfering 
with their experiments. They 
noticed that the hiss was the 
same regardless of the direction 
they pointed the antenna. They 
cooled the microwave detector 
and went outside to chase a 
Pock of pigeons out of the horn-
shaped antenna, but the signal 
remained. 

in a casual conversation 
with colleagues they realised 
that what they had taken to be 
interference caused by pigeons 
was actually the residual radiation from the Big Bang. 

Subsequent measurements conIrmed that the radiation they measured corresponded to 
that of a back body at 2.7 K. They were awarded the nobel prize for their discovery in 1978. 

p Figure 10.10 Wilson and penzias with the 
antenna Irst (accidentally) used to detect 
cosmic background microwave radiation 
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Other observations carried out between 2006 and 2011 at the Anglo-Australian Telescope at 
the Siding Spring Observatory have provided strong evidence that the expansion rate is indeed 
increasing. �e new results imply that dark energy is likely to account for about 72% of the 
energy in the universe!

�e dark energy may be acting to increase the rate of expansion of the universe. If the 
balance between dark energy and gravity favours dark energy, then the universe will continue 
to expand forever. Based on the observable mass of the universe, dark energy should win out. 
However, based on observable gravitational e#ects, there appears to more than just visible matter 
in the universe.

‘Dark matter’ was *rst postulated by Jan Oort in 1932. Recall from your study of gravity 
and orbital motion (Chapter 2) that the orbital velocity of a planet depends on the mass of 
the star about which it orbits. Similarly, the orbital velocity of stars about the galactic centre 
depends on the mass in the galaxy. Oort observed that the measured velocity of stars in the 
Milky Way did not correspond to that predicted by the observable mass in the Milky Way. �e 
observable mass is that calculated from the objects that we can see – mainly stars.

Observations by other astronomers also provided evidence that the total mass in galaxies, 
including our own, is far greater than that due to visible matter. �e ‘missing matter’ needed to 
explain these observations was given the name ‘dark matter’ because we cannot see it. 

Cosmologists now believe that most of the matter in the universe is this mysterious dark 
matter. If there is enough dark matter then gravity will eventually win over dark energy. If this 
happens the universe will contract and end in a big crunch. 

�e nature of both dark energy and dark matter remains a mystery that many physicists 
hope to solve.

limitations of the Big Bang theory
�e Big Bang theory is the model of the evolution of the universe that is most widely accepted 
by cosmologists today. However, as with all the models and theories we have examined so far, it 
has limitations. 

One of the predictions based on the combination of particle theory and the Big Bang theory 
is the creation of magnetic monopoles (isolated magnets with only one magnetic pole). However, 
no magnetic monopoles have ever been observed. 

t Figure 10.11 
The anglo-australian 
Telescope at the Siding 
Spring observatory, nSW
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1999 noBel 
prIze In 
phYsIcs

This nobel prize 
was awarded 
for elucidating 
the electroweak 
interactions.

2008 noBel 
prIze In 
phYsIcs

This nobel prize 
was awarded for 
the discovery of 
the origin of a 
broken symmetry.

atlas

aTlaS investigates 
a wide range of 
physics. read 
more about aTlaS 
here.

Case study

Professor Elisabetta Barberio

elisabetta Barberio is a professor in the School of physics at the 
university of Melbourne. She is considered the world expert in 
measurements of b-quark (bottom quark) properties. She has 
contributed to two major experiments that conIrmed key pieces of 
Standard Model theory, which led to two nobel prizes in 1999 and 
2008. 

professor Barberio is a chief investigator at the arc centre of 
excellence for particle physics at the Terascale (coepp) where 
she leads a team of experimental particle-physics researchers. 
coepp is a centre of excellence funded by the australian 
government through the australian research council. coepp 
provides the necessary funding so that professor Barberio and her 
colleagues can go to work at amazing places like cern (european 
organization for particle physics) in Switzerland. She and her team 
work on the aTlaS experiment at cern.

professor Barberio became a physicist because she has always 
been very curious about the world around us, and trying to understand natural phenomena. She chose 
physics because she wanted the opportunity to contribute to our understanding of the universe. physics 

tries to address fundamental questions, and often can give an answer. perhaps 
not the Inal answer, but a step forwards. She enjoys physics because physicists 
need to be inventive, to have ideas and to have creativity. 

professor Barberio studied physics as an undergraduate at the university 
of Bologna in italy. She then went on to a Masters degree and a phd in 
germany. 

Since then she has led many international research teams in europe and 
Japan. She and her teams have played a crucial role in data analysis for the 
opal experiment at the large electron positron collider. The opal detector 
made measurements of W and Z bosons. recall that these are the exchange 
particles for the electroweak force. precision measurements made with the 
opal experiment have conIrmed the theory describing fundamental particle 
behaviour (the Standard Model) to an extraordinary degree. 

professor Barberio’s research continues to look at some of the fundamental 
questions in science. Her current group had an important role in the discovery 
of the Higgs boson at the large Hadron collider (lHc) (see 'ScientiIc literacy: 
discovery of the Higgs boson' on page 295). The group works on the aTlaS 
experiment at the lHc and are foundation members of the experiment. 

The coepp was also a major sponsor and organiser of icHep2012, the 
international physics conference at which cern announced its Higgs boson 
discovery via two-way webcast with Melbourne.

The acronym aTlaS stands for a Toroidal large hadron collider apparatuS. 
aTlaS is 46 metres long, 25 metres high, 25 metres wide and weighs 7000 tonnes. 
it has six different detecting subsystems and a huge magnet system that bends 
the paths of charged particles. it is housed at cern and its goal is to explore the 
fundamental nature of matter and the basic forces that shape our universe. 

aTlaS is one of the largest collaborative efforts ever attempted in the physical 
sciences. There are 3000 physicists participating from more than 150 universities 
and laboratories in 38 countries. coepp experimentalists take turns in going to 
cern and working on the detector.  

as we have seen, the Standard Model of particle physics describes our 
current understanding of matter and forces. The fundamental matter and force 
particles form a ‘periodic table’ of the building blocks of the universe. These 
observed patterns or symmetries have been key to the Standard Model and 
many of its predictions. However, the symmetries are not perfect. Some particles, 
such as the photon, are massless, while others, such as the electron, are 
massive. particle masses vary over many orders of magnitude. 

p Figure 10.12 
professor elisabetta Barberio
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a key goal of the coepp is to look at the origin of mass, and the symmetry breaking that generates the 
variety of masses of the elementary particles. The simplest of these, the Higgs mechanism, demands the 
existence of the now famous Higgs boson.

Through their involvement in the giant aTlaS experiment at the lHc, professor Barberio’s team 
participated in the discovery of the Higgs boson. This involved both gathering the data from aTlaS and 
interpreting that information in light of our current theories.

in parallel with the Standard Model, a ‘standard model’ of cosmology has emerged, leading to the 
astounding conclusion that only 4% to 5% of the universe is made of the ‘normal’ matter so well described 
by the Standard Model. approximately 23% of the universe is made of ‘dark matter’, which interacts 
via gravity, but otherwise remains unknown to us. even stranger is the remaining 72% that results in the 
accelerating expansion of the universe – dark energy. 

The current Standard Model does not include dark matter or dark energy. However, a feature of some 
extensions to the Standard Model is the prediction of dark matter particles that would be discoverable 
at the lHc. professor Barberio’s research program aims to draw together the Standard Model and 
cosmology, leading to a genuine understanding of the nature of dark matter. They are hoping to be able 
to detect the presence of these theorised dark matter particles in experiments using the lHc at cern. 

professor Barberio summarises the main questions at the frontiers of particle physics:
What is dark matter and dark energy?
How do quarks bind to form protons, neutrons, pions and other hadrons?
How do neutrinos gain mass and why are those masses so small?
Why is the universe Illed with matter but essentially no antimatter?
professor Barberio and her team, along with the many theoretical and experimental physicists with 

whom they collaborate, hope to answer some of these questions.

Questions

1 Why did professor Barberio choose to study physics?

2 What fraction of the matter in the universe is estimated to be ‘dark matter’?

3  use the tables earlier in this chapter to answer these questions.

a What are the properties (charge, spin, mass) of the b quark?

b name one meson and one baryon that contain a b quark. 

4 Why was the discovery of the Higgs boson so important to particle physics? 

5 follow the weblink to the 1999 or 2008 nobel prize in physics page. prepare a Ive-minute talk or a poster 
on one of these discoveries for which the prize was awarded. 

p Figure 10.13 The aTlaS detector at cern
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A second problem is known as the ‘Hatness problem’. �is is based on the idea that gravity 
curves space–time, an idea that comes from the general theory of relativity. It seems that the 
universe is very ‘Hat’, which is a very unlikely outcome if it started as a singularity and evolved in 
the way described by the Big Bang theory. 

�e theory is also limited in what it explains. It does not, for example, explain how stars 
and galaxies form. In fact, it makes an assumption that matter is uniformly distributed through 
the universe on all scales – this is known as the cosmological principle. �is assumption is 
actually at odds with the existence of galaxies, and even with the formation of atoms. In fact, 
matter appears to be ‘clumped’ at all scales rather than uniformly distributed. 

�e cosmic microwave background radiation is also not uniform, as predicted by the 
Big Bang theory, but varies slightly depending on the direction in which you look – another 
observation that cannot be explained by the Big Bang theory.

particle physics and the Big Bang theory
Astronomical observations will continue to provide evidence to help cosmologists re*ne their 
theories. However, if the Big Bang theory is correct, then no matter how big the telescopes we 
build, we will not see further back in time than when atoms formed. Astronomical observations 
cannot give us information about the very hot, early stages of the universe or the singularity 
from which the universe started. 

For this information we need to turn to particle physics and the accelerators and colliders 
that can create conditions similar to those of the early universe. Recall that at very high energies 
the four fundamental forces are believed to be uni*ed into a single force. �eories that attempt 
to explain what this force was, and how it split into the four forces we know today are called 
grand uni*ed theories. �ese theories can only be tested in experiments at enormously high 
energies – the sort of energies only available in massive particle accelerators. �e Big Bang 
theory relies on the existence of grand uni*ed theories to explain the *rst stages in the evolution 
of the universe from a tiny, enormously hot singularity.

It is also only in high-energy particle physics experiments that we can hope to actually make 
particles of dark matter and measure their properties. �is is one of the future goals of particle 
physicists at CERN and other facilities. 

Hence, the Big Bang theory will eventually be tested in experiments at particle accelerators 
like the LHC at CERN. 

�ese experiments will not only help us build better models of the beginning of our 
universe, but they may also tell us what the ultimate fate of our universe will be – whether it 
continues to expand forever or contracts to end in a ‘big crunch’. 

Astronomical 
observations are 
limited in what they 
can tell us about 
the early universe. 
Information about 
the early universe will 
need to come from 
high-energy particle 
physics experiments.

remembering
1 Why is dark matter called dark matter?

2 What is the evidence for the existence of dark energy?

3 What causes the redshift in observed spectra?

understanding
4 explain how the observation of spectra allows us to determine the speed of a star.

5 Why is the point at which the universe became transparent to photons signiIcant? 

applying
6 use Hubble’s law to estimate the speed of recession of the nearest star to us, alpha centauri, 4.4 light-

years away.

7 The redshift of light from distant galaxies implies that some of them are moving at a signiIcant fraction of 
the speed of light. if a distant galaxy is found to be moving at 0.45c, how far away from us is it according 
to Hubble’s law?

Q u e s t I o n  s e t  10 .3
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8 use the information on black body radiation in chapter 7 to Ind the peak wavelength radiated by: 

a a black body at 3000 K (the universe at 700 000 years after the Big Bang). 

b a black body at 3 K (the universe today). 

analysing
9 The hydrogen emission spectrum has a series of visible lines called the Balmer series, as described in 

chapter 8. This series corresponds to transitions to the n 5 2 energy level. for a distant galaxy, the line 
corresponding to the n 5 4 to n 5 2 transition is observed at a wavelength of 700 nm. 

a find the wavelength of the line corresponding to the n 5 4 to n 5 2 transition on earth. 

b find the speed at which this galaxy is receding from us. 

c find the distance of this star from us. 

reDecting
10 draw a concept map to illustrate your understanding of the Big Bang theory. include the evidence for the 

theory, as well the limitations of the theory, on your diagram. include the things that the theory predicts 
and explains. add links showing how it draws on ideas from other areas of physics. 

chap te r  s u m marY

 ● The Standard Model of particle physics is the currently accepted model that describes the elementary 
particles of which matter is made and explains the forces via which they interact. 

 ● The Big Bang theory is currently the most widely accepted cosmological model for the evolution of the 
universe, beginning with a singularity around 14 billion years ago. it relies on particle physics to explain the 
evolution of matter and forces from this initial singularity.

 ● More than 300 distinct types of particles have been observed. These can be classiIed as leptons and 
hadrons. Hadrons can be further classiIed as mesons and baryons.

 ● The Standard Model says that all hadrons are composed of elementary particles called quarks. 

 ● Quarks come in six ‘Pavours’: up, down, top, bottom, charmed and strange. for each quark type there is an 
antiquark. 

 ● Mesons are composed of one quark and one antiquark.

 ● Baryons are composed of three quarks. Their corresponding antiparticles are composed of the 
corresponding three antiquarks. 

 ● interactions between particles occur via the exchange of Ield particles. according to the Standard Model 
of particle physics, these Ield particles are photons for the electromagnetic force, W and Z bosons for the 
weak force and gluons for the strong force.

 ● The four fundamental forces are the strong force (not the same as the strong nuclear force), the weak force, 
the electromagnetic force and the gravitational force. 

 ● The strong nuclear force, which is mediated by pions, is a result of the strong force interaction between 
quarks, which is mediated by gluons. 

 ● The Standard Model does not currently include gravitation, although some theories predict the existence of 
the graviton as the exchange particle for the gravitational force, and the existence of gravitational waves 
(analogous to photons and electromagnetic waves). 

 ● in the Standard Model, particles acquire mass via interactions with the Higgs Ield. The mediating particle is 
the Higgs boson.

 ● The Higgs boson was Irst observed at cern in July 2012.

 ● The Standard Model has limitations. it does not include a theory for gravity, and it predicts that neutrinos 
should be massless. experimentally, neutrinos have been found to have very small but non-zero mass. 
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chap te r  Glo s sarY

Big Bang theory the theory that the universe began 
with a massive explosion of matter from a single point

cosmic microwave background radiation the 
observed radiation coming from all points in space 
corresponding to radiation from a black body at 3 K;  
it is believed to come from an earlier, much hotter 
stage of the universe’s evolution

cosmological principle the assumption that matter 
is uniformly distributed throughout the universe on all 
scales; it is one of the assumptions underlying the Big 
Bang theory

dark energy energy that is predicted from the 
increasing rate of expansion of the universe, but 
which is not identiIable as any currently known 
energy form 

dark matter matter that is postulated to explain 
gravitational effects but which is not observable by 
the emission or rePection of light 

electroweak theory theory combining 
electromagnetic and weak interactions

Davours (quarks) the six classiIcations of quark 
types: up, down, strange, charm, top and bottom 

gauge bosons the Ield or exchange particles 
predicted by gauge theory

grand uni=ed theory (Gut) a theory that unites 
all four fundamental forces in a single model and 
explains the symmetry-breaking mechanism that 
caused them to separate into the four distinct forces 
we know of. There is as yet no widely accepted guT

quark type of elementary particle (along with 
leptons and gauge bosons). Quarks come in six 
Pavours and are fermions

redshift the observed shift to longer wavelength of 
spectral lines in distant stars

singularity a point in space and time at which the 
density of matter/energy is inInite and the volume is 
inInitesimally small 

standard model the current most widely accepted 
model of particle physics that uses quarks and 
leptons to explain the nature of matter and 
exchange particles to explain the origins of three 
of the four fundamental forces: strong force, weak 
force and electromagnetic force; does not include a 
theory for gravity

uni=ed theory any theory that demonstrates how 
fundamental forces can be united, and explains 
the mechanism by which they become distinct, for 
example the electroweak theory

 ● The Big Bang theory explains the universe as having originated from the explosion of a singularity containing 
all the energy and matter of the universe. 

 ● astronomical evidence such as the redshift points to the expansion of the universe, which is compatible with 
the Big Bang theory.

 ● Hubble’s law is an empirically derived relationship between the distance to any given star and its rate of 
recession from us. 

 ● in the Irst stages of the formation of the universe, the four forces were uniIed as a single force. Symmetry 
breaking as the universe cooled resulted in the separation of the forces. 

 ● particles formed in the Irst second after the Big Bang. 

 ● To understand the earliest stages of the universe and its current structure and composition we need to use 
particle physics as well as cosmology.
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chap te r  r e v I e W Q u e s t I o n s

remembering

 1 name the three types of elementary particle. 

 2 Which forces are included in the Standard Model? Which particles interact via each of these forces?

 3 Which force is mediated by the W and Z bosons? How are these exchange particles different from those 
that mediate the other fundamental forces? 

understanding

 4 Why do physicists believe that protons and neutrons are not elementary particles? describe the evidence 
that suggests this. 

 5 Why are we not able to ‘see’ further back than when the universe was approximately 700 000 years old? 

 6 The emission spectrum of a hydrogen lamp is observed to have a line with a wavelength of 486 nm. This line 
corresponds to a transition from the n 5 4 state to the n 5 2 state. Would you expect the line corresponding 
to this transition in hydrogen from a distant star to have the same wavelength, a longer wavelength or a 
shorter wavelength? explain your answer. 

 7 Why is the Super-Kamiokande detector located so far underground?

 8 The strong force and the strong nuclear force are often confused. Make a table comparing the two. 
include columns headed ‘acts on’, ‘exchange particle’ and ‘range’. 

 9 Why does charge always add arithmetically, but spin can add in two different ways? 

10 The redshift is evidence that distant stars are receding from us. How would the wavelength shift be different 
if instead those stars were moving towards us? 

applying

11 Which of these quark combinations is a possible particle? for those that are possible, identify the particle. 

a cd

b uud

c uss

d cc

12 for each of these quark combinations, give the resulting particle’s charge, strangeness and baryon 
numbers and all possible spins.

a dss 

b bbb

c uuu

d uus

13 What is the quark composition of a d– meson? Show that this composition gives the characteristics of a  
d– particle. 

14 Show that the characteristics of a D11 are consistent with its quark composition, as given in Table 10.3. 

15 What is the largest possible charge of a baryon? give an example of a combination of quarks that gives 
this charge. 

16 a physicist claims to have detected a meson with a charge of 
1

3
. Why is this impossible in the Standard 

Model?

17 a distant star is moving away from us at 0.15c.

a How far away is this star?

b What is the observed wavelength of the 656 nm red line in the Balmer series for this star? 
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analysing 

18 consider the b– emission process in which the following reaction occurs: n → p 1 e– 1 v
e

a What is the quark composition of each particle before and after the reaction?

b is quark Pavour conserved in this reaction?

19 it has been observed at the Super Kamiokande observatory that neutrinos can change from one type to 
another. What does this imply about conservation of lepton number, L? 

20 The ngc157 galaxy is 70 Mly away. calculate the wavelength of the longest and shortest wavelength lines 
in the Balmer series for light coming from ngc157. Which of the lines are in the visible region? 

21 a distant star is observed to have a hydrogen spectral line that is shifted from 103 nm to 201 nm. How far 
away is this star?

reDecting 

22 rePect on the interaction between particle physics and cosmology. compare and contrast the 
contributions each has made to our understanding of the universe. 

23 draw a concept map summarising your understanding of the Standard Model. compare your diagram 
with that of another student, and add anything that you have missed. do this at least three times, or until 
you are no longer adding new things.

24 How has your understanding of the way models and theories are developed and used in physics changed 
from your studies of the topics in unit 4? Write a short summary describing your understanding of how 
models and theories develop and change. describe the development of two models or theories as 
examples to illustrate your summary. 



chap ter  6 

m ot io n

c h a p t e r  6 :  m o t i o n  3 119 78 017 0 2 4 2110

Chap ter  11  

m e asu r em ent

By the end of this chapter you will have covered the following material.

Science Inquiry Skills

 ● represent data in meaningful and useful 
ways, including using appropriate si units, 
symbols and signi$cant $gures; organise 
and analyse data to identify trends, 
patterns and relationships; identify sources 
of uncertainty and techniques to minimise 
these uncertainties; utilise uncertainty and 
percentage uncertainty to determine

–  the uncertainty in the result of calculations 

(ACSPH081)

–  the cumulative uncertainty resulting from 
calculations (ACSPH117)

and evaluate the impact of measurement 
uncertainty on experimental results; and 
select, synthesise and use evidence to make 
and justify conclusions

 ● Communicate to speci$c audiences and 
for speci$c purposes using appropriate 
language, nomenclature, genres and 
modes, including scienti$c reports 
(ACSPH085 And ACSPH121)
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Introduction
Physics, and science more generally, is the study of phenomena and their causes. We ask two 
questions of phenomena: What happens? Why does it happen?

By careful investigation, we attempt to make sure we know what happens, and with 
what degree of certainty we can say that the phenomenon happens. �at is the purpose of 
experimentation. Once we are con"dent that we know what actually does happen, we search 
for a satisfactory explanation. �ere may be competing explanations, so we try to test the 
explanations to see whether they stand up in all circumstances. In this way, the explanations 
enable us to look for further data: data and theory inform each other.

In the case of competing explanations, we try to "nd critical tests of the explanations. 
A critical test will show that one explanation is superior to the other. A superior explanation is 
able to explain more of the evidence and has greater power to predict, and then explain, novel 
results. �is should mean that one of the explanations is discarded. In reality, both explanations 
tend to exist side by side until it becomes obvious that one is superior, or an even more e&ective 
explanation takes hold. 

Observe and
measure

Record and
analyse

Develop
models

and theories

Design and
conduct

critical test

Accept
explanation

Reject

Modify or
delimit
models

and theories

philosophy and science
Physics was known from classical times as ‘Natural philosophy’. It was the study of, and 
explanation for, the physical world. Aristotle (384 BCE–322 BCE) was one of the most 
famous and in3uential of the classical natural philosophers. In the 13th century, Roger Bacon 
(c.1214–c.1292) integrated new interpretations of Aristotelian ideas into university teaching of 
theological and philosophical ideas. He argued successfully for reform in university education 
to include experiential science. He was well-versed in Greek and Muslim thought, especially in 
optics, which he used to develop a clear description of empirical science as well as its purposes – 
to gain understanding of phenomena, to explain it and to make predictions. 

Aristotle’s ideas came under increasingly intense scrutiny during the 15th through 17th centuries. 
Careful data collection and analysis provided the impetus for the gradual development of a 
new form of natural philosophy. Finally, the work of Nicolaus Copernicus (1473–1543),  

Figure 11.1 u 
flowchart representing 
the enterprise of doing 

physics

roger Bacon

find out more 
about the 
incredible breadth 
of roger Bacon’s 
scholarship.
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Francis Bacon (1561–1626), Galileo Galilei (1564–1642), Isaac Newton (1642–1727) and many 
others radically changed the philosophical basis of natural philosophy. Physics, the academic 
discipline we now study, was born.

Karl Popper  (1902–94) was a philosopher of science. He argued that science proceeds by the 
way of falsi�ability. �at is, a theory is formed that starts o& with a set of concepts, models, 
connected ideas and consequences linked to data, just like the solution to a mathematical 
problem. �is construction of a theory "ts some data and suggests new experiments. All 
experiments that "t with the theory and related models serve only to prove what we already 
know. However, if a theory is to be re"ned or changed, then we need to search for data from 
experiments that make the consequences of the theory false (falsi"ability). Only then can we 
improve our understanding.

Falsi�ability

Science proceeds by way of critical tests of explanations. A critical test is an 

experiment that, having been rigorously conducted, shows that one or other of 

competing theories is false.

Popper’s ideas have been challenged by other philosophers of science. �ey disagree in three 
ways. First, they argue that falsi"ability is too strict a criterion. Scientists gain con"dence that 
they are on the right track when they con"rm their theories through experiment. 

Second, they point to the way scientists hold "rm to useful ideas even when those ideas 
are under threat. It is not suCcient for new data to outweigh older data. �eories do not fail 
completely simply because some data falsi"es them. 

Often, the emerging theory does not seem to be better than the accepted one. �is is a 
common experience for physics students: they do not accept what they are told unless it is better 
than what they already think. For example, Newton’s laws are well accepted. �ey predict that 
all masses falling near Earth’s surface will accelerate at the same rate. Yet, students who observe 
di&erent freefalling masses striking the ground simultaneously frequently say, ‘I’ve seen this many 
times. I’ve seen it, but I don’t believe it.’ Students, like scientists, are human. �ey hang on to 
dearly held ideas well beyond their use-by date. �at slows progress towards better understanding 
and explanations.

�e third way in which falsi"ability is used is to constrain or put limits on the applicability 
of a theory. A theory may be found to be less general than previously claimed. In this way, the 
theory is saved but reduced in applicability. �is happens for Newton’s laws, which work well for 
big, slow things, but not for speeds approaching the speed of light.

Physics and philosophy are always in dialogue. �e development of the quantum theory, 
which described the universe as fundamentally probabilistic, caused consternation to those 
who favoured a philosophically deterministic physics. It can be argued that Einstein’s relativity  
arose in the 19th century philosophical ferment that resulted in deconstructionism and  
post-modernism. And let us not forget the possibility that the philosophical underpinnings of 
mathematics itself may be holding back further developments in science and philosophy. 

Models in science
Data represent physical systems. Data can be organised in tables, graphs, images, diagrams 
and words. It can be in quantitative (numerical) or qualitative forms. All of these data sets 
represent the actual physical system. Relationships between data sets can be represented using 
mathematical relationships, geometric constructions and diagrams, words, computer programs, 
physical models, etc. �ese representations model the situation – they are not the physical reality 
any more than an architectural drawing is a building.

Models in science demonstrate relationships between measureable quantities. In the 
process, they are used to explain things. Models or representations can show multiple 
relationships between parameters so that we can predict new observations and relationships. 
New observations, whether made as a result of experiments carried out to test a model or 
otherwise, shed light on models. �at is, representations are subject to data, and data is 
described and explained by models. Neither the data nor the model is identical with the 
situation being observed.

Models are central 
to science because 
scientists use them 
to describe, explain, 
relate and predict 
phenomena. Models 
can be expressed in 
a range of ways – via 
words (with language 
that is commonly 
metaphorical), 
images (actual or  
imagined), 
mathematics, 
computer simulations 
or physical 
constructions 
(including some 
machines). Models 
help scientists to 
frame physical laws 
and theories, and 
these laws and 
theories are also 
models of the world. 
Models are not 
static – as scienti�c 
understanding of 
concepts or physical 
data or phenomena 
evolves, so too do the 
models scientists use 
to describe, explain, 
relate and predict 
these.
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In the case of light, there are competing explanations of data concerning the interactions 
between light and matter. �ese explanations are based on a particle model or a wave model. 
Interestingly, we can show that both these explanations are useful, but for di&erent data sets. 
�ere are clear, critical tests where one or the other of the models fails to explain some  
of the data.

�is causes us to re3ect on the nature of explanation itself. When we try to explain 
something, we use our common experience as a starting point. We say that something ‘is like’ 
something else. A picture, an image, a word, a photograph and a computer-generated simulation 
are examples of models. So are mathematical equations. �eories model reality. �ey are not 
themselves reality. Poets use imagery to model their vision of the world.

Lord Kelvin (1824–1907), of kelvin temperature fame, said about models: ‘I am never 
content until I have constructed a mechanical model of the subject I am studying. If I succeed 
in making one, I understand; otherwise I do not.’

A model is an aid to understanding. But a model is not the same as the thing itself. A 

model is a model. The thing to which a model refers is the thing to which it refers.

Units and standards
Physicists are required to make very careful and accurate observations and measurements of 
physical quantities. Good measurements are crucial to good science. It is the responsibility 
of experimenters to know about measurement and to cover all possible ways in which a 
measurement could fail to be accurate and precise. 

An internationally agreed system of units called the Système Internationale or SI system is 
used in science. It provides de"nitions of quantities, lists the most up-to-date values for important 
quantities, codi"es measurement theory and practice, and provides standards for the reporting of 
measurements. No country uses only SI units. If it did, it would use kiloseconds instead of hours.

Fundamental units
Seven units are de"ned for the fundamental or basic quantities – length, mass, time, current, 
temperature, luminous intensity and amount of matter.

�e fundamental or basic SI units and their de"nitions are:
 ● Length: �e unit of length is the metre (m), which is de"ned as 1 650 763.73 wavelengths 

of the orange-red line of the spectrum of 86Kr (krypton) in a vacuum.
 ● Mass: �e unit of mass is the kilogram (kg), which is based on a cylinder of platinum–

iridium alloy kept by the International Bureau of Weights and Measures in Paris.
 ● Time: �e unit of time is the second (s), which is de"ned as the duration of 9 192 631 770 

periods of the radiation corresponding to the transition between the two hyper"ne levels of 

the ground state of the 133Cs (caesium) atom at 0 K.
 ● Electric current: �e unit of current is the ampere (A), and this is de"ned as the current 

that, if maintained in two straight parallel conductors of in"nite length and negligible cross-

section, separated from each other by a distance of 1 metre in a vacuum, will produce a force 

equal to 2 3 107 newton per metre of length between the conductors.
 ● Temperature: �e unit of temperature is the kelvin (K), which is de"ned as 

1

273.16
 of the 

thermodynamic temperature of the triple point of water.

 ● Luminous intensity: �e unit of luminous intensity is the candela (cd), which is de"ned  

as the luminous intensity in the perpendicular direction of a surface of 
1

600000
 square 

metre of a black body at the freezing temperature of platinum (2042 K) under a pressure of 

101 325 pascals.

Figure 11.2 p 
‘my love is like a red, 

red rose’ (robert Burns). 
the rose, the girl and 

the poet’s love are not 
identical with the poet’s 
image or model of love. 

this photo is also a 
model; it is neither the 

girl nor the :owers.
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 ● Amount of substance: �e unit of amount of substance is the mole (mol), which is de"ned 

as the amount of substance of a system that contains as many elementary entities as there are 

atoms in 0.012 kilogram of carbon-12. (�is number is approximately 6.023 3 1023.)

�ese seven de"nitions are obviously quite impractical for everyday use, but they have been 
chosen carefully to provide invariable standards from which more practical devices can be 
manufactured; for example, a ruler or a stopwatch.

derived units
Derived units are formed by combinations of the fundamental units. A simple example is the 
unit for area, the square metre (m2). Other examples are:

 ● Volume – cubic metre (m3)
 ● Speed – metre per second (m s21)
 ● Density – kilogram per cubic metre (kg m23)

A number of derived units have been given special names to commemorate notable scientists. 
�ese include frequency (hertz, Hz); force (newton, N); work and energy (joule, J); power  
(watt, W); current (ampere, A).

prefixes
Consider the measurement of length. �e metre is too large a unit with which to measure the 
thickness of this page. It is too small a unit to measure the distance to the Moon. For this 
reason, multiple or submultiple units may be formed by adding a pre"x to the SI unit. �e pre"x 
is combined with the unit name and is written as one word.

millimetre (mm) equal to 1023 m megawatt (mW) equal to 106 W

centimetre (cm) equal to 1022 m kilogram (kg) equal to 103 g

kilometre (km) equal to 103 m gigajoule (GJ) equal to 109 J

�e preferred pre"xes relate to the SI units usually by powers of three. �e common pre"xes 
are given in Table 12.1.

table 11.1 Common pre$xes

Multiple pre4x Symbol Multiple pre4x Symbol

1018 exa e 1022 centi c

1015 peta p 1023 milli m

1012 tera t 1026 micro µ

109 giga G 1029 nano n

106 mega m 10212 pico p

103 kilo k 10215 femto f

All measurements require at least a value and a unit. Some also require a direction. In more 
advanced measurements an indication of accuracy is also given. �e value is often written in a 
standard form.

You should get into the habit of writing numerals and units correctly. �e unit is separated 
from the numeral by a space. Each separate part of the unit is also separated by a space. For 
example, a speed of 5.3 metres per second is written as 5.3 m s21. Notice the space between  
5.3 and ‘m’, and the space between ‘m’ and ‘s’ (ms21, no space, means ‘per millisecond’).
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Standard or scientific form
Standard or scienti"c form is widely used in science. It enables very large and very small 
numbers to be expressed relatively simply. Numbers are written as a number between 1.0 and 10 
multiplied by the relevant power of 10. For example:

 ● �e distance from Earth to the Sun is 150 000 000 km. In standard form this is written as 

1.5 3 108 km.
 ● �e average distance between two atoms is 0.000 000 000 16 m. �is is written as  

1.6 3 10210 m.

In some cases, it is not sensible to write measurements in this form. For example, the 
measurement 0.8 m is better left as it is than written as 8 3 1021 m. As a general rule, it is not 
usual to express the numbers between 0.01 and 1000 in standard form. It is not wrong to do it; 
it is just not the preferred method. 

dimensions
In the SI system, the unit of speed is the metre per second. �is is not the only unit that can 
be used. Some alternative, equally correct units are mile per hour, kilometre per hour and 
centimetre per minute. All of these have one thing in common – each is a unit of length per unit 
of time. �e quantity length per time is called the dimension of the property speed.

When writing the dimensions of a physical quantity, we use the symbols [L], [M], [T] and 
[I] to represent the dimensions of length, mass, time and current, respectively. Hence, we can 
write: [speed] 5 [length] [time]21 5 [L] [T]21, where the brackets are read as ‘dimensions of ’.

All of the quantities used in this book can be expressed in terms of a few fundamental 
quantities. Examples include [area] 5 [L]2, [volume] 5 [L]3, [density] 5 [M] [L]23.

�e unit of all derived quantities can be found by substituting the fundamental unit for 
each dimension in the dimension equation. For example, in the SI system the unit of mass is the 
kilogram (kg) and the unit of length is the metre (m). �e unit of density – dimension [M] [L]23 – 
then becomes kg m23 in the SI system, but lb ft23 in the British Imperial System.

�e examination of the dimensions of an expression can be used to check whether an 
equation is likely to be correct. �e dimensions of both the left-hand side and right-hand side 
of all equations must be dimensionally correct and equal, so that they balance. If they are not, 
then the equation cannot be correct. For example, the circumference of a circle, C 5 2πr has 
dimensions of length, [L] on both sides: [circumference] 5 [L], [2πr] 5 [radius] 5 [L] – the 
constant, 2π has no dimensions. Hence, the equation is dimensionally correct. Note, however, 
that the equations C 5 2r and C 5 πr are also dimensionally correct, but are in fact wrong. �e 
dimension check will only tell us if the equation is wrong – not that it is necessarily correct.

Making and reporting 
measurements
When we make a measurement we have some idea that what we measure is relevant and 
appropriate to our interest. We may also expect there to be a ‘true value’, an exact number 
that represents what we are measuring. �is cannot, however, be known with 100% certainty. 
Whenever a measurement is undertaken two things need to be guaranteed. �e measurand, 
the quantity being measured, should be clearly speci"ed. �e measurement result, the best 
estimate of the ‘true value’, should be both accurate and precise.

Measurand
Mostly, it will be obvious which quantity is to be measured: length on a ruler, mass on a 
weighing machine, time on a clock, current on an ammeter, potential di&erence on a voltmeter. 
In student-designed practical investigations it may be necessary to decide what to measure: 
vertical angle of a cone, ‘squash’ of a crumple zone, extension of a spring, density of a 3uid, rate 
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of temperature change of a solid. �ese quantities are generally measured using length, mass and 
time quantities. Sometimes, the measuring device obscures this. Digital meters often rely on 
length, mass and time to produce the number on the dial, but this is not nearly as clear as on an 
analogue meter. For example, a digital radar gun measures the time between successive sound 
waves and internally converts this to a speed (distance/time). An analogue thermometer has an 
obvious, linear scale printed on it. 

Many students think that because they get a numerical readout on a digital meter it is more 
accurate than an analogue meter. In general, this belief must be questioned. When comparing the 
readings from an analogue meter and a digital meter, the analogue meter is often more accurate. 
For example, if both give a measurement to the second decimal place, the uncertainty for the 
analogue meter will be a maximum of 60.005. For the digital meter, the uncertainty is 60.01.

Measurement result
�e measurement result is the best estimate of the ‘true value’. Except for discrete, countable 
things, the ‘true value’ is an ideal that can never be completely and unambiguously known. It is 
logically impossible to know the exact value of a continuous variable, even for standard values, 
such as the speed of light.

Measurand is a speci�ed quantity to be measured.

Measurement result is the best estimate of the ‘true value’ of a measurand.

‘True value’: for continuous variables this is an unknowable, ideal value that 

represents the measurand.

It is possible to make better or worse estimates of the ‘true value’. �is depends on the 
environment, the quality of the equipment and the skill of the person making the measurement.

accuracy
An accurate measurement result is one that represents the ‘true value’ of the measurand as closely 
as possible. How can this be achieved? Every measurement provides an indication of the ‘true 
value’. If we take repeated measurements, there will always be a spread of these indication 

values or results. However, the mean of these indication values should be a very good estimate 
of the ‘true value’. Notice this is an agreed procedure. We agree that the mean is the most likely 
or best estimate of the ‘true value’. It is not certain that it is the ‘true value’. A plot of the number 
of indication values versus reading shows the spread of results around the supposed ‘true value’.
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�e means of Figures 11.3(a) and (b) are the same. �e two measurement results are 
identical. Both report the same mean as the best estimate of the ‘true value’. In this sense, both 
measurement results are accurate.

a b
t Figure 11.3 
in a plot of number of 
indication values versus 
reading, results may:  
a) cluster close to the 
‘true value’, or b) be 
spread signi$cantly 
around the ‘true value’.
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It is possible to get plots that look similar yet not achieve a proper measurement result for the 
‘true value’. If the measurand is speci"ed incorrectly, then the measurement result will cluster 
around another value that is not the ‘true value’. �is is shown in Figure 12.4.
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 �e means of Figures 11.3(b) and 11.4(b) are the same. �e two measurement results are 
identical. Both report the same mean of the indication values, but they do not represent the 

best estimate of the ‘true value’. In this sense, both measurement results are inaccurate.

precision
Precision relates to the skill of the experimenter within the environment and the quality of 
both the equipment and the measuring techniques used. If the quality of these is high, the 
measurement result is highly precise; if the quality is low, the result is imprecise. Figures 11.3(a) 
and 11.4(a) show precise measurement results because the individual indication values cluster 
closely around the mean. But Figures 11.3(b) and 11.4(b) show imprecise measurement results 
because the individual indication values spread signi"cantly around the mean. 

Accurate: value that represents the ‘true value’

Precise: small spread around a mean value

Accurate and precise: small spread around the ‘true value’, which is taken to be the 

mean of indication values

Uncertainty
No measurement is exact. �ere are always e&ects that contribute to each measurement of a quantity 
being a bit di&erent. �ey add to the uncertainty with which an indication value or measurement 
result can be reported. Good experimental observers always ensure that they can estimate the 
uncertainty, which is the range of values between which they are con"dent the ‘true value’ lies. 
Figures 11.3(a) and (b) both show the dispersion of indication values around the ‘true value’. �is 
dispersion is the result of random e&ects such as small air currents or localised temperature changes. 
�is dispersion of indication values is called random error, although this term is starting to be 
replaced by more precise concepts. �e term ‘random error’ alerts us to the possibility that, if the 
dispersion of the results is not considered, a mistake will be made in reporting the value correctly.

It is not possible, in principle, to predict the next indication value from the previous 
measurement. If it were, the e&ect could be taken into account in making the estimate of the 
‘true value’. Figures 11.4(a) and (b) show the mean of the indication values, which are o&set 
from the ‘true value’. Some of this o&set can be accounted for by careful consideration of the 
situation and the measurement activities. �ese systematic errors can be identi"ed and 
indication values adjusted for these known, regular e&ects. For example, when you weigh 
ingredients for a recipe, the scales may read 200 g before you put the ingredients in the bowl. 
After weighing the ingredients you would adjust the result by taking 200 g from the scale 
measurement to work out the actual quantity. �is is referred to as calibration. Often calibration 
requires correction for a zero error, as in this example. �e term, systematic error, alerts us 

Figure 11.4 u 
in a plot of number of 

indication values versus 
reading, a) many results 

cluster close to a value 
that is not the ‘true 

value’. b) the results may 
be spread signi$cantly 
around a value that is 

not the ‘true value’.
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to the possibility that, if they are not considered, a mistake will be made in reporting the value 
correctly. When drawing graphs of data, you should never force a line of best "t through the 
origin, even if you believe it should pass through the origin. A line of best "t that does not pass 
through the origin when it is expected to do so may be alerting you to a systematic error in your 
data. �e systematic error should not be ignored.

�e uncertainty in a measurement is a quantity that makes apparent the quality of the 
measurement. Some people refer to measurement uncertainty as measurement error. �is is 
unhelpful. An error is a mistake. �ere should be no mistake in making the measurement. �e 
uncertainty represents a careful estimate of doubt about the value.

reporting uncertainty
Any measurement should be reported with two numbers: the best estimate of the value observed in 
the measuring system, and an estimate of how much uncertainty there is in this value. For example, 
the radius of a small ball can be measured with greater or less precision by di&erent measuring 
devices. Using a ruler, its diameter might be recorded as (2.5 6 0.1) cm. A di&erent system might 
enable the diameter to be recorded as (2.513 6 0.001) cm. Both these results would be accurate if 
there were no zero error. In general, the measurement with the least uncertainty is the most precise.

Managing uncertainty  
in practice
Measurements are used to derive new quantities. �e best estimate of the measurand is used, for 
example, to "x a point on a graph or substitute into an equation. �e uncertainty comes along as 
well. We need to manage the e&ect of this uncertainty on the overall quantities produced from 
such operations.

precision of a measurement
We use place value to report the precision of a measurement. For (2.5 6 0.1) cm, the "nal place 
in the value, the 5 in the tenths column for 2.5, is uncertain by 0.1 cm. We are saying, ‘�e 
best estimate of the value is 2.5 cm, and we are con"dent the ‘true value’ lies between 2.4 cm 
and 2.6 cm’. Similarly, for the more accurate and precise measurement (2.513 6 0.001) cm, we 
are reporting con"dence that the ‘true value’ lies between 2.512 and 2.514. �e measurement is 
uncertain in the thousandths column.

�e number of signi�cant �gures in a measurement can be found by counting the number 
of reported digits. �ere are rules for deciding on the number of signi"cant "gures in a reported value:

1 Zeros in front of the integer part of a numeral are not signi"cant; for example, 00346 has  

3 signi"cant "gures.

2 All non-zero "gures are signi"cant, for example in 25.4 there are 3 signi"cant "gures.

3 All zeros between non-zero digits are signi"cant, for example in 203.4 and 27.6002 the 

zeros are signi"cant. �ey have 4 and 6 signi"cant "gures respectively.

4 All zeros to the right of a decimal point, which follow a non-zero digit, are signi"cant, for 

example in 21.000 the zeros are signi"cant (5 signi"cant "gures).

5 For numbers less than 1, the zeros before the "rst non-zero digit are not signi"cant, for 

example, 0.003 682 has 4 signi"cant "gures, starting at the digit 3.

Numbers between zero and 0.01 and numbers between 10 and 1000 are not usually 
written in standard form. Between 10 and 1000, a zero in the units column is then treated as 
signi"cant. �us, 200 and 850 both have 3 signi"cant "gures.

Some examples are shown below (the number of signi"cant "gures is reported in the bracket).
700 046 (6), 901.040 (6), 5403.2, (5), 350 (3), 67.2, (3), 64.0 (3), 0.409 (3), 0.0038 (2)
Other than 100–1000, a number such as 350 000 has 2 signi"cant "gures, because it can be 

written as 3.5 3 105; however, if written as 3.500 00 3 105 it has 6 signi"cant "gures.
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Wo r k e d  e x aM ple  11.1

how many signi$cant $gures are in the following numbers?

a 0.0098 (1 mark)

b 758.0 (1 mark)

c 650 (1 mark)

d 3.0002 (1 mark)

e 21 000 (1 mark)

answers logic

a 2 use the rules for signi$cant $gures. 1 mark 

b 4 1 mark

c 3 1 mark

d 5 1 mark

e 2 (2.1 3 104 ) 1 mark

try these yourself
how many signi$cant $gures are in the following numbers?

a 0.0241 

b 6.098 

c 0.0045 

d 0.006 20 

e 650 000

(1 mark)

(1 mark)

(1 mark)

(1 mark)

(1 mark)

relative and percentage uncertainty
Uncertainties can be reported as absolute or relative uncertainties. �e examples above are all 
absolute uncertainties. �ey always have the same units as the measurement and are usually 
given to only 1 signi"cant "gure. 

Uncertainties can also be given as relative (proportional or fractional) or percentage 
uncertainty. Percentage uncertainty is calculated by "nding the relative uncertainty or 
proportional uncertainty, then converting it to an equivalent fraction out of 100:

Relative uncertainty 5 
uncertainty

value

Percentage uncertainty 5 
uncertainty

value

100

1
%3

Relative and percentage uncertainties are usually given to two signi"cant "gures. �ey have 
no units because they are the ratio of the absolute uncertainty in the measurement. �e absolute 
uncertainty and the measurement have the same units, so when you divide one by the other, the 
units cancel out. 
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Wo r k e d  e x aM ple  11. 2

Calculate the relative and percentage uncertainties for these values. 

a 2.5 6 0.1 cm (2 marks)

b 2.513 6 0.001 cm (2 marks)

answers logic

a relative uncertainty 5 
0.1 cm

2.5 cm
 5 0.04 use the correct fraction, calculation 

and number of signi$cant $gures. 1 mark

 percentage uncertainty 5 3
0.1 cm

2.5 cm

100

1
% 5 4% use the correct fraction, calculation 

and number of signi$cant $gures. 1 mark

b relative uncertainty 5 
0.001 cm

2.513 cm
 5 0.000 40 use the correct fraction, calculation 

and number of signi$cant $gures. 1 mark

 percentage uncertainty 5 3
0.001 cm

2.513 cm

100

1
% 5 0.040%

use the correct fraction and 
calculation.

 
1 mark

try these yourself

1 Calculate the relative and percentage uncertainties for these values.

a (2.5 6 0.1) s  

b (0.0524 6 0.003) µm 

c (250.0 6 0.8) kg 

(1 mark)

(1 mark)

(1 mark)

2 in radiation counting, the uncertainty in N counts is 6 N . Calculate the percentage 
uncertainties for these counts.

a 100 counts

b 1000 counts

c 10 000 counts

(1 mark)

(1 mark)

(1 mark)

proportional error
Every measurement, including highly precise measurements, should be reported with an 
uncertainty value. When two measurements of the same quantity are compared, the range of 
uncertainties must be considered. For example, the accepted value for the acceleration due to 
gravity near Earth’s surface might be reported at a location to be (9.80 6 0.02) m s22. �is means 
that the value could be anywhere between 9.78 m s22 and 9.82 m s22. In a laboratory experiment, 
a student measured the acceleration due to gravity to be (9.7 6 0.8) m s22. �is means that the 
student’s value could be anywhere between 8.9 m s22 and 10.5 m s22. �e student’s result is clearly 
less precise than the accepted value. However, the student has managed to measure a value that 
"ts within the range of uncertainty of the accepted value. With a less precise measurement, the 
student has nevertheless produced a con"rming instance of the same value as the accepted value. 
�e accepted value and the student’s value both encompass a region in which the ‘true value’ could 
actually lie. �is is within the overlap region, between 9.78 m s22 and 9.82 m s22. Hence the two 
values agree.

8.50

Measured value
(accurate, imprecise)

Accepted value
(accurate, precise)

Acceleration due to
gravity (m s22)

9.00 9.50 10.00 10.50

t Figure 11.5 
the uncertainty of a 
student-measured value 
overlaps that of the 
accepted value. the two 
values agree.
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Some measurements are extremely precise, well beyond the precision generally possible 
in a school laboratory. �ese accepted values can be considered as though they are ‘true 
values’. For example, the charge on an electron is 1.602 176 565 3 10219 C. �e uncertainty is 
0.000 000 035 3 10219 C. �e relative uncertainty is an incredibly precise 2.2 3 1028.

In these cases, the concept of proportional error can be de"ned. It is the di&erence between 
a measurement result and an accepted value, expressed as a fraction of the accepted value:

5
2

Proportional error
measured value accepted value

accepted value

Proportional error is a way for students to compare their measurement result with an 
accepted value. 

Percentage error is the ratio of the magnitude of the proportional di&erence between an 
accepted value and a measurement result, expressed as a percentage:

5
2

3% error
measured value accepted value

accepted value

100

1
%

Proportional error and percentage error are useful for helping students compare their accuracy 
with far more precisely measured quantities; however, neither is de"ned in the international 
measurement standards from the Bureau International des Poids et Mesures (BIPM).

Wo r k e d  e x aM ple  11.3

a manufacturer gives the wavelength of a light as (671 6 5) 3 1029 m. a student measured the wavelength to 
be (660 6 9) 3 1029 m.

a Does the student’s measurement result $t within the accepted value measurement result? sketch a graph 
of range of indication values versus reading to show any differences between the measurement results. (5 
marks)

b Calculate the percentage error in the student’s measurement result. (2 marks)

answers logic

a the two measurement results overlap in the region (6662669) 3 1029 m. 

650

Manufacturer

Student

Wavelength (nm)

660 670 680

p Figure 11.6 overlap of measurement results for manufacturer’s accepted value 
and student measurement result

identify the overlap. 1 mark

label the horizontal 
axis and mark the 
correct overlap 
values.

4 marks

b  % error
measured value accepted value

accepted value

100

1
%

% error
660 m 671m 10

671 10 m

100

1
%

% error
11

671

100

1
%

% error 1.6%

9

9

5
2

3

5
2 3

3
3

5 3

5

2

2
⇒

⇒

⇒

substitute the 
correct values into 
the formula.

Calculate the 
answer.

1 mark

1 mark

 as both measurements incorporate the region in which the ‘true value’ 
may be meaningfully said to exist, this $gure is of little relevance. this is 
why the Bipm does not de$ne percentage error.

 

phySIcal 
conStantS

search for 
particular 
constants, such 
as the electronic 
charge, speed  
of light and mass 
of a proton.
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try these yourself

the colour code on a resistor claims the resistance to be 1000 6 50 Ω . a student who uses a 
specially designed circuit to determine the resistance $nds the value to be 1025 6 15 Ω.

a Does the student’s measurement result agree with the accepted value of the measurement result? (2 marks)

b Calculate the percentage error in the student’s measurement result. Comment on its 
meaningfulness. (2 marks)

effect of uncertainty in derived 
quantities
Measured raw data are used to "nd derived data. Any uncertainty in the raw data must be 
taken into account in reporting derived data. In many instances data are given without uncertainty 
values. In these cases, the last decimal place represents the "rst uncertain "gure. �e number 
of signi"cant "gures in each "gure is the number of digits, taking into account the rules for 
signi"cant "gures.

adding and subtracting raw data
When adding and subtracting numbers with uncertainties, it is useful to take advantage of place 
value. Perform the operation with the best estimate values. Add the individual uncertainties to 
"nd the uncertainty in the sum or di&erence. Claim the best estimate only as far as the sum of 
uncertainties will allow; that is, the place value of the "rst digit of the sum of the uncertainties. 
For example, consider the following sum:

(17.23 6 0.02) 1 (5.1 6 0.4)

Add the best estimates of the value: 17.23 1 5.1 5 22.33
Add the uncertainties for each value: 0.02 1 0.4 5 0.42

�e answer could be given as 22.33 6 0.42, but the result becomes uncertain at the "rst 
decimal place in the uncertainty, 4 in 0.42. Hence, the best estimate, with uncertainty, of the 
sum is 22.3 6 0.4.

When there is no uncertainty given in a data point, the last decimal place in each number is 
regarded as the "rst uncertain "gure. �en the result must have no more decimal places than the 
number with the least number of decimal places. �e addition or subtraction is performed with 
the numbers as given, then rounded up from 5 or down from 4. For example:

  32.2187   3052.3

 1 126.3  2   235 

 1     3.132  2817.3

 161.6507

 
this is rounded up (0.65 to 0.7) to 161.7 because the 
number 126.3 is given to only one decimal place.

this is rounded down (0.3 to 0) to 2817 because the 
number 235 is given to the nearest whole number.

Multiplying and dividing raw data
When multiplying and dividing numbers with uncertainties, perform the operation using the 
best estimate values. Add the individual relative or percentage uncertainties to "nd the relative 
or percentage uncertainty in the product or quotient. To "nd a value for the uncertainty, the 
percentage or proportional uncertainty is used. For example, consider the following product: 

(50.6 6 0.8) 3 (123.63 6 0.91)

Multiply the best estimates: 50.6 3 123.63

5 6255.678
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Find the percentage uncertainties for each number:

0.8

50.6

100

1
%

1.581%

5 3

5

 and 
0.91

123.63

100

1
%

0.736%

5 3

5

Add the percentage uncertainties: 

5 1.58% 1 0.736%

5 2.371%

5 2.3% by convention

�e product can be given as (6255.68 6 2.3)%, but this hides a problem. �e product has 
far more signi"cant "gures than the individual raw data numbers from which it was calculated. 
�at is, the derived quantity is claimed to be more accurate than the raw data from which it was 
derived! �at cannot be.

Let us look at the actual value of the uncertainty:

2.3% of 6255.68 5 143.88

�e result could now be reported, inaccurately, as (6255.68 6 143.88). �e result, 6255.68, 
is shown to be uncertain in the hundreds column. Using standard form to express the 
signi"cant "gures, the result should now be written, correctly, as: 

(6.2 6 0.1) 3 103

As long as the raw data measures what is intended, this is an accurate and precise statement 
of the derived quantity. Notice, however, that the derived quantity has 2 signi"cant "gures. �is 
is less than the number of signi"cant "gures in the number with the least signi"cant "gures, 
namely 50.6 (3 signi"cant "gures). �e number of signi"cant "gures in a derived quantity is 
always equal to or less than the number of signi"cant "gures in the least precise piece of raw data. 
In experiments, physicists try to ensure that uncertainties in the raw data do not accumulate to 
the point where derived quantities become meaningless. �is takes high-level thinking, planning 
and e&ort.

When there is no uncertainty given in the data, calculations are performed using the un-
rounded data. �e result is then rounded to a "gure that has the same number of signi"cant 
"gures as the data with the least number of signi�cant �gures.

Two examples follow.

i          45.71  (4 signi"cant "gures)

         3  34.1  (3 signi"cant "gures)

           1558.711 (7 signi"cant "gures on calculator)

�is is rounded to 1.56 3 103 (3 signi"cant "gures) because 34.1 has the least number of 
signi"cant "gures (i.e. 3).

ii 

   

 

5465.48

2.4
 

a 6 signi"cant "gure number divided by a 2 signi"cant "gure number

      5 2277.283333 (10 signi"cant "gures on calculator)

      5 2.3 3 103 (2 signi"cant "gures)

�is is rounded to 2.3 3 103 because 2.4 has the least number of signi"cant "gures (i.e. 2).

numerical methods for calculating 
uncertainties involving functions
Sometimes, measurements are used in functions such as sin, cos and tan. An uncertainty value 
can be found numerically, rather than by applying the rules outlined above. Consider the way 
the function works before deciding how to proceed.
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Wo r k e d  e x aM ple  11. 4

a student conducts an experiment to $nd the refractive index of an organic biochemical. angles of incidence, 

i, and angles of refraction, R, are measured several times and an average, with uncertainty, is found for each. 
the refractive index is then calculated from the equation:

sin

sin
5n

i

R

use the following data to compute the refractive index, with uncertainty:

i 5 (43.6 6 0.5)°, R 5 (32.1 6 0.5)° (6 marks)

answer logic

Calculate the refractive index from the best value estimate:

sin(43.6 )

sin(32.1 )
1.2985

8

8
5n substitute the known 

values and calculate 
the answer.

2 marks

Decide what is the worst case possible.

as the sine function is increasing in the range of possible values, calculate:

sin(43.6 0.5 )

sin(32.1 0.5 )

sin(44.1 )

sin(31.6 )
1.3285

1 8

2 8
5

8

8
5n substitute the known 

values and calculate 
the answer.

2 marks

the difference between these two values is: 1.328 2 1.298 5 0.030. this 
shows the second decimal place is uncertain, so the answer must not 
go beyond the second decimal place.

Calculate the 
difference.

1 mark

thus, after rounding, the refractive index, n, of the liquid is 1.30 6 0.03. Give the answer and its 
uncertainty.

1 mark

chap te r  S U M Mary

Model

 ● models are used to describe, explain, relate and predict phenomena. 

 ● models can be represented by words, images, mathematics, or physical constructions. 

 ● models help scientists to frame physical laws and theories.

 ● laws and theories are models of the world. 

 ● models change: Data and ideas affect models.

 ● falsi$ability is the process that uses a critical test to determine whether a model needs to be replaced or constrained.

Units and standards

 ● si units are an internationally agreed consistent set comprising seven fundamental units: length (m), mass 
(kg), time (s), electric current (a), temperature (K), luminous intensity (cd) and amount of a substance (mol).

 ● all units for other quantities are derived from these units.

 ● standard or scienti$c form: numbers less than 0.01 and greater than 1000 are written as a number between 
1 and 10 multiplied by 10 raised to an integral power.

 ● Dimensional analysis can be used to:

– check if an equation is possibly correct.

– determine units in different systems.



3 2 6  n e l s o n  p h y s i C s  u n i t s  3  &  4  f o r  t h e  a u s t r a l i a n  C u r r i C u l u m 9 78 017 0 2 4 2110

Measurement

 ● purpose: to $nd a value for a quantity of interest (measurand)

 ● Value is never exact. it is affected by system, procedure, operator skill and environment.

 ● experimenter responsibility: all systematic errors should be quantitatively speci$ed and measurements adjusted 
accordingly. the effect of random errors should be reported in the value reported for the measurand. no errors, 
that is, no mistakes, including mistakes about systematic and random errors, should be allowed to affect results.

 ● mean of indication values is the best estimate of the ‘true value’.

 ● uncertainty is the measure of the dispersion of indication values around the mean; hence, it is an estimate 
of the quality of an indication value or measurement result.

Managing uncertainty in practice

 ● signi$cant $gures: place value is used to show the signi$cance of a measure. the number of digits in a 
measurement is an indication of its accuracy.

 ● percentage uncertainty is the relative uncertainty expressed as a percentage:

percentage uncertainty 5 
uncertainty

value

100

1
%3

  

 ● percentage error is a quantity produced for learning purposes, but which is not de$ned by the Bipm:

% error
measured value accepted value

accepted value

100

1
%5

2
3

 ● raw data are directly measured quantities, including uncertainty. Derived data is computed from raw data. 
the effect of uncertainty in raw data is accumulated in derived quantities.

accurate the degree to which a measurement 
result approaches the ‘true value’

best estimate value chosen to represent the 
indication value or measurement result of a measurand

critical test an experiment that, having been 
rigorously conducted, shows that one or other of 
competing theories is false

derived data data that is deduced from raw data 
by mathematical manipulation, such as graphs, 
algebraic equations and geometric constructions

explanation generalised account of why a body of 
data occurs

falsi4ability principle used to determine the 
experimental data that would disprove a model, law 
or theory; data from a critical test

indication value a single result of a measurement; 
the indication value gives a hint as to the ‘true value’

measurand quantity being measured

measurement result best estimate of a ‘true value’; 
numerical value based on judgements about one or 
more attempts to measure the ‘true value’

model a representation of a system or phenomenon 
that explains the system or phenomenon; a model 
may be mathematical equations, a computer 
simulation, a physical object, words or other form

percentage error proportional error expressed as a 
percentage; not de$ned by Bipm

percentage uncertainty proportional uncertainty, 
expressed as a percentage

precise the degree to which individual 
measurements cluster around the mean

proportional error difference between a measurement 
result and an accepted value, expressed as a fraction 
of the accepted value; not de$ned by Bipm

proportional uncertainty relative uncertainty

qualitative non-numerical data; descriptive 
information

quantitative numerical data; speci$c amount

random error  a variation that affects a measurement 
in a random way so that the measurement is as likely to 
change in any one direction as in any other

raw data original data taken directly from a 
measurement system

relative uncertainty ratio of uncertainty to value

representation model of reality

signi4cant 4gure digit reported in a measurement 
result; the number of signi$cant $gures is the number 
of meaningful digits in a measurement result

systematic error an error that acts to give a 
consistent offset in data; for example, a zero error

true value the exact value of a measurand; the ’true 
value’ is an ideal that can never be known with certainty

uncertainty estimate of the range of values within 
which the ‘true value’ of a measurement or derived 
quantity lies; the extent to which the result of an 
experiment is unknown or unpredictable

zero error scale is not zero when measurements are 
taken; also called a calibration error 
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chap ter  12 

sc i ent i f ic  
invest igat ion s

By the end of this chapter you will have covered the following material.

Science Inquiry Skills

 ● identify, research and construct questions 
for investigation; propose hypotheses; and 
predict possible outcomes (ACSPH078 And ACSPH114)

 ● Design investigations, including the 
procedure to be followed, the materials 
required, and the type and amount of 
primary and/or secondary data to be 
collected; conduct risk assessments; and 
consider research ethics (ACSPH079 And ACSPH115)

 ● conduct investigations, including

–  the manipulation of force measurers and 
electromagnetic devices (ACSPH080)

–  use of simulations and manipulation of 
spectral devices (ACSPH116)

safely, competently and methodically for the 
collection of valid and reliable data

 ● represent data in meaningful and useful 
ways, including using appropriate si units, 
symbols and signi.cant .gures; organise 
and analyse data to identify trends, 
patterns and relationships; identify sources 
of uncertainty and techniques to minimise 
these uncertainties; utilise uncertainty and 
percentage uncertainty to determine

–  the uncertainty in the result of calculations 
(ACSPH081)

–  the cumulative uncertainty resulting from 
calculations (ACSPH117)

and evaluate the impact of measurement 
uncertainty on experimental results; and 
select, synthesise and use evidence to make 
and justify conclusions

 ● interpret a range of scienti.c and media 
texts, and evaluate processes, claims and 
conclusions by considering

–  the accuracy and precision of available 
evidence (ACSPH082)

–  the quality of available evidence (ACSPH118)

and use reasoning to construct scienti.c 
arguments

 ● select, construct and use appropriate 
representations, including text and graphic 
representations of empirical and theoretical 
relationships

–  vector diagrams, free body/force 
diagrams, .eld diagrams and circuit 
diagrams (ACSPH083)

–  simulations, simple reaction diagrams and 
atomic energy level diagrams (ACSPH119)

to communicate conceptual understanding, 
solve problems and make predictions

 ● select, use and interpret appropriate 
mathematical representations, including 
linear and non-linear graphs and algebraic 
relationships representing physical systems, 
to solve problems and make predictions 
(ACSPH084 And ACSPH120)

 ● communicate to speci.c audiences and 
for speci.c purposes using appropriate 
language, nomenclature, genres and 
modes, including scienti.c reports  
(ACSPH085 And ACSPH121)
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Introduction
Performing investigations is your chance to experience what doing science is really like. 
Science is about �nding things out through observation and experiment, which is what doing 
investigations is all about. �is is why investigations are central to science, and why they are so 
much fun.

Sometimes an important advance in science begins with a casual 
observation or a lucky accident. �is was the case when Davisson and 
Germer �rst observed electron di!raction after an accident with a vacuum 
system. �is eventually led to advances in quantum theory and to devices 
such as electron microscopes. However these developments could not have 
followed if Davisson, Germer and many others had not carried out further 
investigations. �is sort of lucky accident may begin a new �eld of research, 
but it then proceeds by carefully planned investigation.

Scienti�c investigations can take years to complete and may involve 
collaboration among many scientists. �ey may require access to special 
equipment in Australia or overseas. �ey may cost a lot of money, sometimes 
millions of dollars, to complete. Hence scientists invest time in planning 
investigations before they begin. When scientists apply for grants to carry 
out investigations they need to show that they have carefully planned what 
they will do and how any money provided will be spent. Good planning is 
crucial to the success of the investigation.

�ey then make careful measurements and observations and record their 
results. �ey keep records of all their experiments. �is is a legal requirement. 
Typically experimental results need to be kept for 5–7 years. �ere are also 
requirements on how and where data is stored. 

Once data is collected it needs to be analysed. �ere are various ways 
this is done, but in the physical sciences (physics, chemistry and geology) 
it almost always involves constructing graphs. Once a relationship is 
established graphically, an algebraic relationship can be derived. 

Finally, the results of the investigation must be communicated. Usually this involves 
publishing a scienti�c paper either in a journal or conference proceedings. It often includes 
presenting the results in talks or posters at conferences. If the result is funded by a grant then a 
research report must be submitted. If the results are really exciting, then the scientists may write 
a media release. However the results are communicated, this step must happen for the 
investigation to be completed. 

Planning your 
investigation
�ere are many things to consider when planning an investigation. You need to think about 
how much time you will have inside and outside class. You will also need to think about what 
space and equipment you will need and where you will go if you want to make measurements or 
observations outside. 

You may be working in a group or on your own. Most scientists work in groups. If you can 
choose who you work with, think about it carefully. It is not always best to work with friends. 
�ink about working with people who have skills that are di!erent from your own. 

When you perform scienti�c investigations you will also need to plan carefully. 

You will �nd out about the topic by reading about what other people have done. 

You will collect data from your own experiments and secondary sources. You will 

then analyse that data and draw conclusions about what it means. Finally, you will 

communicate your �ndings. Each of these steps is outlined below.

Figure 12.1 p 
student working on an 

investigation into rocket 
propulsion
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Finally, and probably the �rst thing that most students think about, is the topic of the 
research. You will need to come up with a research question or hypothesis. 

Choosing a research question
Obviously, it is a good idea to investigate something that you �nd 
interesting. If you are working in a group try to �nd something that is 
interesting to everyone in the group. 

A good way to start is by ‘brainstorming’ for ideas. �is works whether 
you are working on your own or in a group. Write down as many ideas as 
you can think of. Don’t be critical at this stage. Get everyone in the group to 
contribute and accept all contributions uncritically. Write every idea down. 

After you have run out of ideas, it is time to start being critical. Decide 
which questions or ideas are the most interesting. �ink about which of 
these it is actually possible to investigate given the time and equipment 
available. Make a shortlist, but keep the long list too for the moment. Once 
you have your shortlist it is time to start re�ning your ideas. 

researching and refining your question
�e next step is to �nd out what is already known about the ideas on your list. Use the Internet, 
your text books and the library to �nd out. Make sure you keep a record of the information that you 
�nd as well as the sources. You should start a logbook at this stage. You can write in references, or 
attach printouts to your logbook. �is can save you a lot of time later on! Many research students 
forget to do this when they �rst start reading about their topic and then have to search all over 
again. 

Be critical of what you read. Do not assume that everything you read 
online or even in books is true. Try to �nd reliable sources of information. 
Textbooks, websites from universities and government research agencies 
are usually very reliable. Publications and web pages from professional 
associations, such as the Australian Institute of Physics and equivalent 
international organisations are also good sources. Blogs and homepages of 
other students are not usually reliable, although they are useful to give you 
ideas. Websites that are trying to sell you something should also be treated 
sceptically. Talk to your teacher about sources of information as well. �ey 
will be able to tell you if a website is reliable, and suggest sites that they 
know are suitable. 

You may �nd examples of similar investigations to the one you are 
thinking of. It is a good idea to look at these, so you can learn from the 
experience of other researchers. However, in general, it is better not to try 
to replicate someone else’s investigation exactly. If you do decide to replicate 
someone else’s investigation then you need to acknowledge and carefully 
reference their work. (See the section on referencing on page 394). If you 
do not do so, it is plagiarism. �is is a very serious form of academic misconduct. Talk to your 
teacher about how original your research needs to be, and how closely it can be based on someone 
else’s work. It is much better to do this at the start than to be accused of cheating later on!

Finally, talk to your teacher about your ideas. �ey will be able to tell you whether your 
ideas are likely to be possible given the equipment available. �ey may have had students with 
similar ideas in the past and can make suggestions. 

After you have researched your questions and ideas, you will hopefully be able to narrow the 
shortlist down to the one question that you want to tackle. If none of the questions or ideas look 
possible (or still interesting), then you need to go back to the long list. 

Good record keeping is important in scienti�c research, and it begins at this stage 

of the investigation.

p Figure 12.2  
Brainstorm as many 
ideas as you can in your 
group.

p Figure 12.3  
start researching your 
topic and make sure you 
keep a record of all your 
references.
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Proposing a research question 
or hypothesis
Once you have decided on what you will investigate you need to turn it into a research question 
or a hypothesis. 

A research question is one that can be answered by performing experiments or 

making observations. A hypothesis is a prediction of the results of an experiment, 

which can be tested by performing experiments or making observations.

You may also be able to do a design, build and test project. �ese are described later. Make sure 
you check what sort of investigation or project you are supposed to be doing with your teacher. 

research questions
A research question may be of the form ‘How does the height attained by a bottle rocket depend 
upon the volume of water in the rocket?’. �e aim of your research is then to answer the question. 

You need to frame the question carefully. It needs to be speci�c enough that it guides the 
design of the investigation. A speci�c question rather than a vague one will make the design of 
your investigation much easier. Asking ‘what volume of water gives the maximum height for a 
water rocket?’ tells you what you will be varying and what you will be measuring. It also gives a 
criterion for judging whether you have answered the question.

Asking ‘How can we make a water rocket ;y the best?’ is not a good question. �is question 
does not say what will be varied, nor does it tell you when you have answered the question. ‘Best’ is 
a vague term. What you mean by ‘best’ may not be what someone else means. 

A good research question identi�es the variables that will be investigated. Usually you will 
have one dependent variable and one independent or controlled variable. For a lengthy 
investigation you may have two or more independent variables. Variables are discussed in more 
detail later.

Finally, a good research question should be answerable with the time and 
equipment available. 

hypotheses
A hypothesis is a tentative explanation or prediction not yet con�rmed by 
experiment, such as ‘�e height attained by a water rocket will increase with 
the amount of water contained in the rocket’. Your hypothesis should give a 
prediction that you can test, ideally quantitatively. 

A hypothesis is usually based on some existing model or theory. It is a 
prediction of what will happen in a speci�c situation based on that model. For 
example, kinematics describes the trajectory of any projectile. A hypothesis 
based on the kinematics model predicts the range of a speci�c projectile 
launched at a given angle and speed. 

A hypothesis should give you a prediction that you can test by performing 
an experiment. �is means it should at least be falsi�able. A good 
hypothesis should be able to be disproved. However, you will not generally be 
able to claim that you have proved your hypothesis.

auStralIan 
InStItute oF 
PhySICS

this site contains 
a lot of useful 
information on 
physics-related 
matters.

amerICan 
InStItute oF 
PhySICS

this is a useful 
resource for 
keeping up with 
physics news.

If your experiments agree with predictions based on your 

hypothesis, then you can claim that they support your 

hypothesis. This increases your con�dence in your model, but 

it does not prove that it is true. Hence an aim for an experiment 

should not start ‘To prove …’, as it is not possible to actually 

prove a hypothesis, only to disprove it.

Figure 12.4 p  
you need to develop the question you are 

researching very carefully. these students are 
investigating the launch angle at which their 
water rocket will achieve maximum distance.

a
la

m
y/

m
a

rm
a

d
u

ke
 s

t 
J
o

h
n

InStItute oF 
PhySICS

this is another 
useful resource 
on physics-related 
matters.



C h a P t e r  12 :  s c i e n t i f i c  i n v e s t i g a t i o n s  3 3 19 78 017 0 2 4 2110

If your experimental results disagree with your hypothesis, then you may have disproved it. 
�is is not a bad thing! Often the most interesting discoveries in science start when a hypothesis 
based on an existing model is disproved. �is means that the model it was based upon either 
is not a good model, or does not apply to the particular situation. You could then try to work 
out why the model does not apply, or try to formulate a better model. What to do when your 
hypothesis is not supported is discussed further in the analysis section. 

Even if your question or hypothesis meets these criteria, do not be surprised if you change or 
modify it during the course of your investigation. In scienti�c research, the question you set out 
to answer is often only a starting point for more questions. 

Design briefs
Sometimes the aim of the investigation may be to design, build and test 
something. In this case, rather than a research question or a hypothesis, you 
will need a design brief. �e design brief will specify what you intend to 
build, and some criteria by which to judge whether you have succeeded. 
You need a clear aim, and quantitative criteria by which to judge the �nal 
product. 

�e criteria will usually specify minimum performance characteristics 
of the end product. For example, if it is a water rocket, it may need some 
minimum range. A model bridge may need to span some distance and carry 
some minimum weight without breaking. �e criteria may also include 
limits on what may be used or on the speci�cations of the product. For 
example, there may be a maximum weight or cost. 

Just like a good research question or hypothesis, a well-written design 
brief tells you what to do, and how to know if you have succeeded.  

Designing your investigation
Once you have a speci�c research question or hypothesis you need to 
design your investigation. It is fun to start making measurements or 
observations immediately, but it is also important to spend time learning 
how to use the equipment, and experimenting to �nd the best way to set up 
your investigation. You may also discover that you need di!erent or more 
equipment. �is may save you time later on.

It is also important not to get distracted playing and forget the purpose of your investigation. 
At the end of the process, you need good data that answer your question or test your hypothesis. 
Having a plan allows you to ensure that you make the measurements that you need. �e longer 
the investigation, the more important it is that you have a clear plan. �ere are several things to 
consider.

 ● What data will you need to collect? 
 ● What materials and equipment will you need? 
 ● When and where will you collect the data?
 ● If you are working in a group, who will collect the data? 
 ● Who will be responsible for record keeping?
 ● How will the data be analysed? 

�e data that you collect will always include secondary data, and will usually include 
primary data. Secondary data is data that has been collected by someone else. 

You will already have collected some secondary data when you investigated your research 
topic to formulate your question or hypothesis. You will probably want to collect more 

p Figure 12.5  
testing how much 
weight a model bridge 
can carry

th
e

 i
m

a
g

e
 W

o
rk

s/
©

s
y
ra

c
u

se
 n

e
w

sp
a

p
e

rs
/
D

. 
la

ss
m

a
n

In summary, a good research question is a question that is speci�c and can 

be answered by performing experiments and making measurements. A good 

hypothesis is a statement that predicts the results of an experiment and can be 

tested using measurements.
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secondary data. If your topic is not one for which you can collect primary data, then you will 
need to rely on secondary data. Remember that when you collect secondary data it is important 
to use reliable, reputable sources. 

Primary data is data that you collect yourself. You can collect data by performing 
experiments or making observations in the �eld. You should be able to measure distances, times, 
temperatures, forces including weights, potential di!erences and currents. You will have had 
practice at measuring some or all of these things already. You need to decide which variables you 
will measure and which variables you will control. Consider which variables you can control, 
and which you cannot. 

If you are working on a design-build-test project then your primary data includes the 
performance tests of your product.

Consider how you will analyse the data. Will you need access to speci�c software such as 
a graphing or statistics package? If so, make sure that you know how to use it. If you are using 
software to draw graphs then you need to know how to produce a scatter graph and �t a line 

of best �t and add uncertainty bars. Note that a line of best �t is not the same as joining the 
dots. You should never join the dots, even though this is often the default setting in spreadsheet 
software. You should consult a reference guide, the ‘help’ menu for your software, or ask your 
teacher. Graphs are discussed in more detail in the analysis section on page 341. 

Keep a record of your planning. �is should go in your logbook. Writing down what you 
plan to do, and why, will help you stay focused during the investigation. If you are working in 
a group, then a record of what each person agrees to do during the investigation can be very 
important. 

Variables and measurements
Anything that can vary in an experiment is a variable. An independent or controlled variable is 
one whose value you can control. For example, if you are doing an experiment to measure the 
voltage–current characteristics of an unknown circuit, then you would control the potential 
di!erence input into the circuit and measure the current in the circuit as a result. In this case the 
potential di!erence (or voltage) is the independent variable. �e current, which is what varies as 
a result of the independent variable changing, is the dependent variable. 

In the question ‘What volume of water gives the maximum height for a water rocket?’, the 
volume of water is the independent variable. �e dependent variable is the height attained. A 
second possible independent variable, not mentioned in this question, is the air pressure inside 
the bottle. �e air pressure should be kept constant, so it is not a variable in the investigation. If 
it was a long investigation, the air pressure could be a second controlled variable. If you decide 
to have two independent variables then it is important to keep one constant while you vary the 
other, if at all possible. �en you take multiple sets of measurements, keeping one variable at a 
�xed value for each set of data while you vary the other. 

When variables have a numerical value, you make quantitative measurements. You 
measure that numerical value in the appropriate units. For example, you may measure a current 
of 15 mA or a height of 15 m. 

Continuous variables may take any possible value, usually within some range. Length, 
time and current are continuous. In the water rocket example, the volume of water is a 
continuous variable, as it may take any value up to the volume of the bottle. A variable that may 
take only �xed values is called a discrete variable. Often these are whole numbers of things 
that cannot be broken into smaller parts, such as electrons or students. In the water rocket 
example, if the rocket has stabilising �ns then the number of �ns is a discrete variable.

Your measuring equipment will sometimes restrict you to only measuring discrete values. 
�is is always the case with digital equipment. A set of digital scales that measures in grams 
gives you discrete values. It does not, however, mean that mass and weight are discrete variables. 
�e weight of water in a bottle rocket is a continuous variable, but digital scales will only give 
you discrete measurements of the mass. 

In some investigations you may use qualitative measurements or data. For example, 
a chemical reaction may lead to a colour change. You would usually describe the colour in 
words, such as ‘pink’ or ‘green’, rather than using a number. Sometimes you use a combination 
of qualitative and quantitative data. For example, you may describe the ;ight of a water rocket 
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as reaching some maximum height in metres (quantitative) but following a spiralling path 
(qualitative). 

Once you have decided on the variables you will be measuring you will be able to identify 
the equipment and other resources you will need.

Identifying the resources required
If you are going to collect primary data, make a list of all the equipment that you need. 
Consider how precise the measurements will need to be. If your hypothesis predicts a 
temperature change of 0.1°C, but you can only measure to a precision of 0.5°C, then you will 
not be able to test your hypothesis. You may need to think carefully about how you measure 
some things. For example, in a water rocket investigation, measuring the height attained can be 
very diHcult. You may not be able to measure it directly.  

If you are doing a design-build-test project then make sure you list all the materials and 
tools you will need. It is a good idea to allow for some extra materials in case mistakes are made 
during construction. For example, if you are testing a water rocket, the rocket could get stuck in 
a tree or lost. Consider who will supply the materials and how much they might cost. Scientists 
and engineers generally have tight budgets that they have to work within. 

�e equipment you plan to use must be safe. Will you need special protective equipment, 
such as lab coats, safety glasses or ear protectors? For a rocket project, you might need some 
temporary fencing or witches hats to mark o! the launch area. �ere is a section on risk 
assessment on page 334. Make sure that you include any safety equipment needed in your 
equipment list.

Consider where you will perform your experiments or observations. Can you use normal 
classroom space, or do you need to be outside? If you are outside, what provisions can be made 
for ensuring that you can work without interference? Will you need to consider the convenience 
or safety of others? Talk to your teacher about what space is available. 

When you have your list, talk to your teacher about what space and equipment is available. 
You might �nd that you need to modify your question or hypothesis at this stage. 

Planning the experimental procedure
�e most common problem that students have when doing research is time management. It is 
important to plan to have enough time to perform the experiments, and to analyse them, and to 
report on them. You also need to allow time to learn how to use the equipment if you have not 
used it before. 

If you are doing a design-build-test project then allow plenty of time for all three stages. 
Often in this sort of project the design needs to be modi�ed, sometimes several times. 
Building may not go as smoothly as you expect, and problems are often discovered during 
testing. If you allow plenty of time and start work early, you will be able to go back and 
modify your design if needed.

In any investigation you will need to collect reliable and precise data. You cannot do this 
if you do not know how to use the equipment. Always ask if you are unsure. Reading the user 
manual is also a good idea. It will usually specify the precision of the device, and let you know 
of any potential safety risks.

Whenever possible you should make repeat measurements, so allow time for this. �is allows 
you to check that your measurements are valid. Valid results require that each independent 
variable gives similar results each time. If the results are similar each time, then your results are 
likely to be valid. If a result is not reproducible, it is probably not a valid result. A result is 
reproducible if you make exactly the same measurement more than once and get the same result, 
within the limits of experimental uncertainty. If a result is not reproducible, then a variable 
other than the one you are controlling is a!ecting its value. If this is the case, you need to 
determine what this other variable is, and control it if possible. 

�ink about how you can minimise uncertainties. Minimising uncertainty is not just about 
using the most precise equipment you can �nd, it is also about clever experimental technique. Very 
precise measurements are possible using simple equipment. For example, in 1862 Léon Foucault 
measured the speed of light with an uncertainty of 0.2%, without a computer, data logger or even 
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a digital stopwatch. Remember that it is a poor workman who blames his tools! 
See the section on uncertainties on page 337, and also in Chapter 11. 

Sometimes experiments simply don’t work or can’t be done for some 
reason such as equipment failure or bad weather. A water rocket is hard to 
launch in high winds, and not pleasant to use in heavy rain. Try to think of 
all the things that could go wrong. If possible, come up with backup plans. 
Allowing plenty of time helps with this, as does starting your experiments as 
soon as possible. 

Make sure you allow time for analysis. Ideally, do as much analysis as you 
can while you collect results. If you plot graphs as you take measurements, 
then you will be able to identify outliers early. An outlier is a data point 
that does not �t the pattern of the rest of the data. If you identify an outlier 

while you still have access to equipment and space, you can check the measurement and make 
sure that you didn’t make a mistake. 

After you have analysed your results, you need to write your report or communicate your 
�ndings in some other form. You need to plan ahead how this will be done. If you are working 
in a group, who will write which part of the report and when? Who will proofread it? Who will 
be responsible for making sure all the parts �t together?

You may �nd a timeline useful. A timeline helps keep you on track, and reminds everyone of 
their responsibilities. If you are working in a group get everyone to agree on it. 

You can use the following table as a template.

Date and place What will be done By whom outcomes

risk assessment
You may be required to complete a risk assessment before you begin your investigation. Even if 
this is not a requirement, it is a good idea to think about it. You need to think about three things.

1 What are the possible risks to you, to other people, to the environment or property? 

2 How likely is it that there will be an injury or damage? 

3 If there is an injury or damage to property or environment, how serious are the consequences 

likely to be? 

A ‘risk matrix’, such as Table 12.1, can be used to assess the severity of a risk associated with 
an investigation. �e consequences are listed across the top from negligible to catastrophic. 
Negligible may be getting clothes dirty or a very minor injury such as a scratch. Marginal 
might be a bruise from falling o! a bike, or a broken branch in a tree. Severe could be a more 
substantial injury or a broken window. Catastrophic would be a death or the release of a toxin 
into the environment. In general, you need to ensure that your investigation is low risk. You can 
use a risk matrix either for individual identi�ed risks, or for the investigation overall. If there are 
multiple experiments, then you would use a risk matrix for each one.

table 12.1 risk matrix for assessing for severity of risk

Consequences→ 
likelihood↓

negligible marginal Severe Catastrophic

rare low risk low risk moderate risk high risk

Unlikely low risk low risk high risk extreme risk

possible low risk moderate risk extreme risk extreme risk

likely moderate risk high risk extreme risk extreme risk

certain moderate risk high risk extreme risk extreme risk

Figure 12.6 p  
sometimes experiments 

just don’t work.
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Once you have considered what the possible risks are, you need to think about what you 
will do about them. What will you do to minimise them, and what will you do to deal with the 
consequences if something does happen? �is may be as simple as, ‘Keep everyone at least 10 m 
away from the water rocket launch site.’ You can use a risk assessment table like the one shown. 

What are the risks in doing 
this experiment?

how can you manage these risks 
to stay safe?

Water from the rocket may be spilled on 
the ground and someone might slip.

clean up all spills immediately.

Keep the area around the rocket clear. 

ethics
Ethics in research can be controversial. More than one scientist has lost their 
job for unethical research behaviour. Being ethical in your research has two 
aspects. �e �rst is about being honest as a scientist. �is means recording 
data accurately, and not ignoring, hiding or changing any data that doesn’t 
support your hypothesis. It means acknowledging and referencing sources of 
information including books, websites, articles and people who have helped 
you. It means not using other people’s ideas or data without their knowledge 
and permission. Put simply, it is showing integrity or ‘doing the right thing’. 
A good rule is that if you wouldn’t want someone to know what you are 
doing, you probably shouldn’t be doing it. It is no di!erent from behaving 
ethically in any other area of your life. 

�e other aspect to ethics is treating animals, other people and the 
environment with care and respect. If your investigation will be using humans 
or animals, then you need to make sure you do not harm them, either 
physically or psychologically. If you are working with animals, then you need 
to make a strong case for any investigation that harms or could potentially 
harm them. When scientists want to use humans or animals in their research, 
they need to be able to show that the bene�ts to the environment, other 
animals or humans signi�cantly outweigh the negative e!ects on the animals 
or humans used. �e National Health and Medical Research Council 
(NHMRC) has guidelines on the ethical use of humans and animals in 
experimentation. 

Collecting your data
Once you have planned what you are going to do, collected your equipment and set it up, it is 
time to start collecting data. �is is usually the fun part of any investigation. Don’t forget you 
have a question to answer or a hypothesis to test! To do this, you need to make sure that you 
think carefully about what you do and keep good records. Good logbook records are just as 
important for design-build-test projects. Make sure you carefully record the process, including 
all the changes to the design that you make when you come to actually build it. 

record keeping – your logbook
You will need to keep a record of what you do during your investigation. You do this in a 
logbook. Even if you are using data loggers to collect your results and doing your analysis 
electronically, you should still keep a hard-copy logbook. 

Scientists keep a logbook for each project that they work on. It is a record of what they 
did, why they did it, and what they found out. A logbook is a legal document for a working 
scientist. If someone’s work is called into question, then the logbook acts as important evidence. 
Every entry in a scientist’s logbook is dated, records are kept in indelible form (pen, not pencil), 
and entries may even be signed. Scientists’ logbooks include details of experiments such as 
methods and results. �ey include comments and ideas, thoughts about the experiments and 

nhmrC

you can .nd 
nhmrc human 
and animal ethics 
guidelines here.

p Figure 12.7  
When working with 
humans you need to 
make sure that they are 
not harmed in any way.
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analysis. �ey frequently include printouts of data, photocopies of relevant 
information, photos and other items. �e logbook is the primary source of 
information when a scientist writes up their work for publication. Logbooks 
are even provided as evidence in court cases sometimes; for example, in 
patent disputes or when a researcher is accused of falsifying data or stealing 
someone else’s results. 

Some scientists keep their research records electronically, but most 
experimental scientists still keep a hardcopy logbook. �ere are several 
advantages to a hardcopy logbook over an electronic one. First, electronic 
records are easy to make changes to, and it is hard to track what was 
changed, when and by whom. Second, if you are working in a group, it 
can be hard to keep track of who has the most recent version of the �le(s). 
�ird, �les can be easily deleted or corrupted. It takes much more care 

and discipline to maintain a good electronic logbook than a good hardcopy. Remember that 
the purpose of a logbook is to record and maintain evidence of what you did. Electronic 
evidence is not as reliable as a signed hardcopy document.

You should talk to your teacher about what form of logbook records they require you to keep. 
If you are working in a group then you will need to decide whether to keep one logbook for 

the entire group, or one each. If you will all be working in the same places at the same times, 
then one for the whole group is best. If you will be in di!erent places (e.g. doing �eld 
observations), then you will need one each. Your teacher may also require each of you to keep 
your own logbook for assessment, or for authentication purposes.

Write down what you do as you do it. It is easy to forget what you 
did if you do not write it down immediately. An accurate record 
is important if you need to repeat any measurements or if you get 
unexpected results. 

Write down the names, model and serial numbers of any  
equipment used.

Include large, clear diagrams of any experimental set-up. Label 
all the parts or pieces of equipment. You can also include photos of 
experiments. Include large and clearly labelled circuit diagrams of all 
circuits that you use. Diagrams in your logbook do not need to be neat, 
but you must be able to understand the diagrams later on. 

If you are doing a design-build-test project, then include diagrams 
of the build process. Flowcharts are very useful for this. Take lots of 
photos during the building and testing stages. Print these out and 
attach them to your logbook, and make a note of where the �les are 
kept. �ese will be useful when you write your report later. 

Record the results of all measurements immediately and directly into 
your logbook, in pen. Never record data onto bits of scrap paper instead 
of your logbook! Results must be recorded in indelible form. �is means 
using a pen. Never write your results in pencil. Never use white-out or 
scribble over anything in your logbook. If you want to cross something 
out, just put a line through it. It is also a good idea to make a note 
explaining why it was crossed out. 

Your logbook is a detailed record of what you did and what you found out during 

your investigation. Make an entry in the logbook every time you work on your 

investigation. At the start of each session you should record the date and the names 

of all the people with whom you are working at the time. 

tFigure 12.9  
a page from a student’s 
logbook

Figure 12.8 p  
make sure you keep an 

accurate record of what 
you do as you do it.
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Performing experiments
If you have planned carefully and learned how to use the equipment, then hopefully your 
experiments will go smoothly. 

In a design-build-test project, this is the testing stage. 
As stated above, always record results immediately, with the correct units and with their 

uncertainty. �e raw data should always be recorded directly into the logbook unless it is 
recorded using data loggers connected to a computer. In this case a printout of the data should 
be attached to the logbook, and the �le name and location recorded. 

Make sure that you measure and record everything you will need for your analysis. For 
example, if you are investigating water rockets, you could measure the weight of the rocket, 
the air pressure used and the wind strength. It is much better to measure something and then 
discover that you didn’t need to, than to start your analysis and realise that you didn’t measure 
something that you do need. 

Use SI units. �is means metres (m) for lengths, seconds (s) for time and kilograms (kg) for 
mass. If you are measuring current, use amperes (A) and use volts (V) for potential di!erences. 
�e uncertainties on raw data will be in the same units as the measurements. Always record 
these along with the measurements as you go. Do not try to add them in later.

If you are going to be collecting multiple data points, then it is a good idea to draw a table to 
record them in. Label the columns in the table with the name and units of the variables. Do not 
put the units in the table cells. If you know that the uncertainty in all your measurements is the 
same, then you can record this in the heading cell at the top of the column as well. Otherwise, 
each data entry should have its uncertainty recorded in the cell with it. Remember that the 
uncertainty in the raw result should have the same unit as the result.

It is a good idea to start your analysis while you are collecting your data. If you spot an 
outlier and you are still making measurements then you have the opportunity to repeat that 
measurement. If you made a mistake, then put a line through the mistake, write in the new 
data, and make a comment in your logbook. Do not scribble out or remove mistakes, they may 
turn out to be useful. 

If you have not made a mistake, then plotting and analysing as you go allows you to spot 
something interesting early on. You then have a choice between revising your hypothesis or 
question to follow this new discovery, or continuing with your plan. Many research projects 
start with one question and end up answering a completely di!erent one. �ese are often the 
most fun, because they involve something new and exciting. 

estimating uncertainties
When you perform experiments there are typically several sources of uncertainty in your data. 

A good logbook contains:

  notes taken during the planning of your investigation

  a record of when, where and how you carried out each experiment

  diagrams showing the experimental set-ups, circuit diagrams, etc.

  all your raw results

  all your derived results, analysis and graphs

  all the ideas you had while planning, carrying out experiments and analysing data

  printouts, �le names and locations of any data not written directly into the logbook.

It is not a neat record, but it is a complete record.

Sources of uncertainty that you need to consider are the:

  limit of reading of measuring devices

  precision of measuring devices

  variation of the measurand.

See Chapter 11 for a 

discussion of SI units.
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Figure 12.10 u  
a) this digital scale has 

a limit of reading of 
0.001 s. b) this analogue 

scale has a limit of 
reading of 0.1 s.

limit of reading
For all devices there is an uncertainty due to the limit of reading of the device. �e limit of 
reading is di!erent for analogue and digital devices. 

Analogue devices include swinging needle multimeters, liquid in glass thermometers and 
clocks with hands. Analogue devices have continuous scales. For an analogue device, the limit 

of reading, sometimes called the resolution, is half the smallest division on the scale. We take 
it as half the smallest division because you will generally be able to see which division mark the 
indicator (needle, ;uid level, etc.), is closest to. You may be able to estimate the measurement 
to one-�fth or even one-tenth of the smallest division if the spacing between divisions is large; 
however, the limit of reading uncertainty is still half of the smallest division. So, for a liquid in a 
glass thermometer with a scale marked in degrees Celsius, the limit of reading is 0.5°C. 

Digital devices such as digital multimeters, clocks and thermometers have a scale that gives 
you a number. It is limited to a speci�c number of �gures, typically three or four, so it is a 
discrete scale. A digital device has a limit of reading uncertainty of a whole division. So a digital 
thermometer that reads to whole degrees has an uncertainty of 1°C. For a digital device the limit 
of reading is always a whole division, not a half, because you do not know whether it rounds up 
or down, or at what point it rounds. 

Precision of measuring device
�e measuring device used will have a precision, usually given in the user manual. For 
example, a multimeter may have a precision of 0.5% on a voltage scale. �is means if you 
measure a potential di!erence of 12.55 V on this scale, the uncertainty due to the precision of 
the meter is 0.005 3 12.55 V 5 0.06 V. �is is greater than the limit of reading uncertainty, 
which is 0.01 V in this case. 

The resolution or limit of reading is the minimum uncertainty in any measurement. 

Usually the uncertainty is greater than this minimum. 

Many students think that digital devices are more precise than analogue devices. 

This is often not the case. A digital device may be easier for you to read, but this 

does not mean it is more precise. The uncertainty due to the limited precision of 

the device is generally greater than the limit of reading.
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Variation of the measurand
�e measurand itself may vary. For example, the ;ight of a water rocket is strongly dependent 
on initial conditions, wind and other factors. Even keeping launch conditions as close to 
identical as possible, it is unlikely that in repeat experiments you will be able to get a rocket 
to attain the same height within the limit of reading or equipment precision. Making repeat 
measurements allows you to estimate the size of the variation. 

Sometimes you will be able to see how the measurand varies during a measurement by 
watching a needle move or the readings change on a digital device. Watch and record the 
maximum and minimum values. �e di!erence between these is the range: 

Range 5 maximum value 2 minimum value 

�e value of the measurand is the average value, or the centre of the range: 

Measurand 5 minimum value 1 
1

2
(range) 

5 minimum value 1 
1

2
(maximum value 2 minimum value)

�e uncertainty in the measurement is half the range:

Uncertainty 5 
1

2
 (range) 5 

1

2
(maximum value 2 minimum value)

For example, if you are using an analogue multimeter and you observe that the needle  
;uctuates between 12.2 V and 12.6 V then your measurement should be recorded as (12.4 6 0.2) V.  
Note that the measurement and uncertainty are together in the brackets, indicating that the unit 
applies to both the measurement and its uncertainty. 

p Figure 12.11  
a) a typical small digital 
multimeter; b) a page 
from the user manual 
giving the precision on 
various scales

For further discussion 

of uncertainties see 

Chapter 11.
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Function

DC voltage

AC voltage

Frequency

Duty cycle

Note: Accuracy specifications consist of two elements:
   (% reading) –  is is the accuracy of the measurement circuit.
   (+ digits) –  is is the accuracy of the analog to digital converter.

5.000 Hz 0.001 Hz

50.00 Hz 0.01 Hz

500.0 Hz 0.1 Hz

5.000 kHz 0.001 kHz

50.00 kHz 0.01 kHz

500.0 kHz 0.1 kHz

5.000 MHz 0.001 MHz

10.00 MHz

0.1 to 99.9% 0.1%

0.01 MHz

50 to 400 Hz

±(1.5% reading + 15 digits)

±(1.5% reading + 5 digits)

±(1.5% reading + 4 digits)

±(1.2% reading + 2 digits)

Pulse width: 100 μs – 100 ms, Frequency: 5 Hz to 150 kHz

Sensitivity: 0.8 V rms min. @20% to 80% duty cycle and <100 kHz; 5 V rms min.
@20% to 80% duty cycle and >100 kHz

±(1.2% reading + 2 digits)

±(1.5% reading + 6 digits)

±(1.8% reading + 6 digits)

400 Hz to 1 kHz

±(2.5% reading + 15 digits)

±(2.5% reading + 8 digits)

±(3% reading + 8 digits)

Range

400 mV 0.1 mV

4 V 0.001 V

40 V 0.01 V

1000 V 1 V ±(0.8% reading + 3 digits)

400 V 0.1 V

400 mV 0.1 mV

4 V 0.001 V

40 V 0.01 V

750 V 1 V

400 V 0.1 V

±(0.3% reading + 2 digits)

±(0.5% reading + 2 digits)

Resolution Accuracy
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When you take repeat measurements, the best estimate of the measurand is the average 
value. If you have taken fewer than 10 measurements then the best estimate of the uncertainty 
is half the range. If you have more than 10 measurements, the best estimate of the uncertainty is 
the standard deviation, given by:

∑











x x

n
Standard deviation

( )

1

i
2

1

2

5
2

2

where xi is an individual value of the measurand, x is the average value of the measurand and n is 
the total number of measurements. �e sum is over all values of xi. Most calculators have built-in 
statistical functions such as standard deviation. Spreadsheet software such as Excel also calculates 
functions such as standard deviation. Remember that repeat measurements means repeating under 
the same conditions. It is not the same as collecting lots of data points under di!erent conditions. 

random and systematic errors
�ese sources of uncertainty all give rise to random errors. �at means that repeated 
measurements will be randomly spread about the ‘true value’, and centred on that value. 

You may also have systematic errors in your data. �ese typically occur when there is a 
calibration error, such as a zero error, in a measuring device. Always check that your equipment 
reads zero when you expect it to. For example, the volts and amps scales on a multimeter should 
read zero when the leads are not connected to anything. A weighing scale should read zero if 
no force is applied. If it shows some other value, then all your measurements will be out by this 
amount. 

a b

analysing your data
Once you have collected your data you will need to analyse it. Record your analysis in your 
logbook. If this is done on a computer, then record the �le name and location and attach a 
printout of the analysis into your book. Many scientists have logbooks that are bulging with 
printouts. 

�e �rst step is organising your data. �is will usually involve tabulating it. Plotting graphs 
is a useful way to begin the analysis of your data. Graphs are a very useful way of representing 
data so that trends and relationships can be identi�ed. �ere are many di!erent sorts of graphs 
that can be used to organise and display data. �ese are described on the following pages.

You will usually need to do some calculations with your data to be able to answer your question 
or test your hypothesis. Remember to keep units on all quantities, so that any derived values have 
the correct units. You will also need to calculate uncertainties on any derived quantities. 

Figure 12.12 u  
a) results are clustered 

about the true value 
when the errors are 

random.  
b) results are clustered 

about some other 
value as a result of 

systematic errors. 

Gum

read more about 
uncertainties in 
the gUm (guide 
to expressions 
of Uncertainty in 
measurement).
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organising your data
If you have more than a few data points then it is a good idea to display them in a table. You 
may have several tables, for di!erent experiments. You may also need to do some analysis 
of the data. For example, imagine you have measured the temperature of di!erent materials 
as a function of time after heating them. In this case you might have �ve tables of raw data, 
each with measurements of temperature as a function of time for a di!erent material. A table 
summarising the data in some way will be useful. For example, a table showing the time taken 
for each material to drop from 55°C to 45°C may be useful. Alternatively, a table showing the 
change in temperature over a given time period may be more useful. You cannot have too many 
tables or graphs in your logbook. You can decide later, when you write your report, which are 
the most useful for communicating your results. 

Identifying trends, patterns 
and relationships
You may be able to see a pattern simply by looking at a list of numbers in a table. However, the 
most reliable way to identify a pattern in data or a relationship between variables is to plot a 
graph. If you have a hypothesised equation then use it to generate a �t on a graph of your data, 
as described below. Do not substitute your data into your hypothesised equation and try to show 
that it �ts.

A graph should be large and clear. �e axes should be labelled with the names of the variables 
and their units. Choose a scale so that your data takes up most of the plot area. �is will often 
mean that the origin is not shown in your graph. Usually there is no reason why it should be. 

p Figure 12.13  
a) a poor example of 
a graph; b) a good 
example of a graph of 
the same data. how 
many problems can you 
identify on the graph in 
part a?
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When you are looking for a relationship between variables, plot a scatter graph. �is is 
a graph showing your data as points. Do not join them up as in a dot-to-dot picture. Usually the 
independent variable is plotted on the x axis and the dependent variable goes on the y axis, 
unless there is a good reason to do otherwise. In the water rocket example, height would be on 
the y axis plotted against water volume on the x axis. 

To determine a relationship you need to have enough data points and the range of your 
data points should be as large as possible. A minimum of six data points is generally considered 
adequate if the relationship is expected to be linear, but always collect as many as you reasonably 
can, given the available time. 

For non-linear relationships you need more data points than this. Try to collect more data 
in regions where you expect rapid variation. Imagine you are measuring an interference pattern 
from two slits, as shown in Figure 12.14. You may need more than a hundred data points to 
clearly see the sinusoidal pattern due to the two slit interference. 
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A good graph to start with is simply a graph of the raw data. You will usually be able to tell 
by looking whether the graph is linear. If it is, then �t a straight line using a graphing package. 
You can then use a linear regression tool to check how good the straight line �t is. �is will 
give you an R2 number, which is a measure of ‘goodness of �t’. �e closer R2 is to 1 (or –1), the 
better the �t. If it is not very close to 1, then the relationship is not linear. Alternatively, you can 
calculate the uncertainty in the gradient by using lines of maximum and minimum gradient. If 
the uncertainty is large, then the relationship may not be linear. 

If it is a linear relationship, then �nding the equation for the line of best �t may be useful. 
Never force a line of best �t through the origin. Often the intercept gives you useful information. 
It may even indicate a systematic error, such as a zero error in calibration of your equipment. 

When you plot your raw data you may �nd that one or two points are outliers. �ese are 
points that do not �t the pattern of the rest of the data. �ese points may be mistakes; for 
example, they may have been incorrectly recorded or a mistake was made during measurement. 
�ey may also be telling you something important. For example, if they occur at extreme values 
of the independent variable then it might be that the behaviour of the system is linear in a 
certain range only. �is is the case for materials under stress. You may choose to ignore outliers 
when �tting a line to your data, but you should be able to justify why. 

When you extend a line of best �t beyond your measured points this is called 
extrapolation. Any data that you read o! a graph outside the range of your data points is 
extrapolated, and should be viewed with caution. You cannot say for sure that the system 
continues to behave in the same way beyond the bounds of your data. For example, imagine 
you measure the spring constant of a spring by applying weights and measuring its extension. If 
you plot extension as a function of weight, you should get a straight line. You could in theory 
extrapolate your line of best �t to any weight. But you know that in practice if you continued 
adding weights you would eventually break the spring. 

Reading points, other than data points, from a line of best �t within the region in which you 
have data is called interpolation. You cannot be sure that this is exactly what you would �nd if 
you measured that point. However, if your line of best �t really represents the behaviour of the 
system, then you can use interpolated points in your analysis.

Relationships between variables are often not linear. If you plot your raw data, for example height 
of rocket trajectory as a function of pressure, and it is a curve, then do not draw a straight line through 
it. In this case you need to think a little harder. If your hypothesis predicts the shape of the curve, 
then try �tting a theoretical curve to your data. If it �ts well, then your hypothesis is supported. 

If possible, you should linearise your data based on your hypothesis. Remember that linear 
graphs have equations of the form y 5 mx 1 c. Here y is the variable plotted on the vertical 
axis, usually the dependent variable. �e independent variable x is the variable plotted on the 
horizontal axis. �e gradient is m 5 Dy/Dx. �e constant c is the y intercept. 
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Figure 12.14 p  
a) interference pattern 
from two slits; b) plot of 
intensity as a function 

of position for this 
experiment
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For example, if your hypothesis is that h 5 
1

2
 gt2, try plotting your data as a function of t2. 

Here h is the initial height of a falling object, g is the acceleration due to gravity and t is the time 
taken for it to fall:

h 5 g
1

2







 t2 1 0

↑        ↑   ↑      ↑

y 5   m   x  1 c

Hence a plot of h vs t2 should be a straight line with gradient 
1

2
g and a y intercept of zero. 

So if you plot h vs t2 and get a straight line of gradient 
1

2
g with a y intercept of zero, then your 

hypothesis is supported.
A second example is radioactive decay. Your hypothesis could be that the activity of your 

sample at some time t is A 5 A0e2kt. If you measure A as a function of time, t, then a plot of 
ln (A) vs t will have a gradient of 2k and an intercept of A0. You can see that this is the case if 
you take the natural logarithm (ln) of both sides:

ln (A) 5 ln (A0e2kt ) 5 ln (A0) 1 (2kt)

which is again of the straight line form:

ln (A) 5 2k t 1 ln (A0)

↑    ↑ ↑   ↑

y 5      m x   1 c

It is better to linearise your data rather than to try �tting a curve to non-linear data. 
Often a curve for an exponential relationship can look very much like a curve for a power law. 
Linearising your data allows you to distinguish between the two. 

Log–log graphs are useful for power laws. A log–log graph will give you a straight line if 
there is a power law relationship between the variables. For example, if the relationship is of the 
form y 5 axn, then if we take logarithms of both sides we get log (y) 5 log (a) 1 n log (x). A plot 
of log (y) vs log (x) then has gradient n and intercept log (a).

Remember that the argument of a logarithm is dimensionless. Hence we ignore the units 
of a, x and n during this process. It is important to remember to put them back at the end and 
make sure your �nal expression is dimensionally correct. 

Consider the data shown in Table 12.2.

table 12.2

temperature (K) Power (W)

1000  23

1100  34

1200  48

1300  67

1400  89

1500  117

1600 152

1700 194

1800 243

1900  301

2000 370
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Plots of T vs P and log T vs log P are shown in Figure 12.15. 
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We can see from the equation for the line of best �t that the gradient is 3.9993 and 
the intercept is 210.633. Hence we deduce that the relationship between P and T is  
P 5 (2.7 3 10211 W K24) T 4. . �is is a powerful technique, and one well worth practising. 

Sometimes you do not know what relationship to expect between variables, or you may have 
tried to �t your data and it has not worked. With spreadsheet software it is very quick to generate 
log–linear, log–log graphs and other plots, so it is worth trying a few. 

Sometimes the relationship between variables will be more complicated 
than a linear, exponential or power law. In this case, a graph is still useful 
but the most you might be able to say is that one variable increases with 
another, or that there is a peak at a particular position. �is is likely to be 
the case with the water rocket example we have been using. A graph is still 
a useful way of identifying trends and patterns, even if you are not able to 
extract a mathematical relationship from the graph. 

Performing calculations 
with your data
You will usually have to do some calculations with your data as part of your 
analysis. When you recorded your data you wrote down the units for all your  
measurements. You may need to convert these to SI units (e.g. cm to m). 
Include the units with all numbers as you do your calculations. In this way 
you will make sure you have the correct unit on all derived data. It also 
allows you to check that any equations you are using are dimensionally 

correct. For example, if you are using h 5 
1

2
gt2 to estimate a maximum 

height obtained, then you should be using t in s and g in m s22. If you 
measured time in ms, then you need to convert to s before calculating h. 

If you make a mistake and try to use h 5 
1

2
gt instead, then if you have 

Figure 12.16 q  
you will usually need to 
analyse your raw data 

in some way.

Figure 12.15 u  
a) Direct plot of the data 
in table 12.2; b) log–log 
graph of the same data, 
with trendline displayed
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included units in your calculation you should notice that your answer for height is in m s21. For 
example, if you measure t 5 3.0 s and use g 5 9.8 m s22, then using the correct equation:

h 5 
1

2
gt2 5 

1

2
(9.8 m s22)(3.0 s)2 5  

1

2
(9.8 m s22)(9.0 s2) 5 44 m

If you use the incorrect equation you get:

h 5 
1

2
gt 5 

1

2
(9.8 m s22)(3.0 s) 5 

1

2
(9.8 m s22)(3.0 s) 5 15 m s21

�e incorrect unit for h should alert you to an error, even if the di!erence in numerical value 
does not. 

It is good practice in general, not just in investigations, to include units at each step 

in all your calculations.

Your raw data should be recorded with uncertainties. All your derived results should also 
have uncertainties. Chapter 11 shows how to calculate uncertainties on derived values. You 
can also refer to books on experimental methods and uncertainties in measurement for a more 
detailed description of how to treat uncertainties. 

Interpreting your results
Once you have analysed your results you need to interpret them. �is means being able to 
either answer your research question or state whether your results support your hypothesis. In 
a design-build-test project this is where you determine whether, or to what extent, your �nal 
product meets the requirements of the design brief. 

You need to take into account the uncertainties in your results when you decide whether 
they support your hypothesis. For example, suppose you have hypothesised that the maximum 
range of a water rocket occurs at a launch angle of 45°. Your results show that the maximum 
range occurs at an angle of 47°. You may think that this result does not support your hypothesis. 
To say whether the result agrees with the prediction, you need to consider the uncertainty. If the 
uncertainty is 1°, then the results disagree with the hypothesis. If the uncertainty is 2° or more, 
then the results do agree and the hypothesis is supported. 

If your hypothesis is not supported
It is not enough to simply say ‘our hypothesis is wrong’. If the hypothesis is wrong, what is 
wrong with it?

It may be that you have used a model that is too simple. For example, if you have based your 
hypothesis on the kinematics model and ignored the e!ect of air resistance, the range is likely to 
be shorter and the maximum height lower than you predicted. For many projectiles, including 
water rockets, air resistance is not negligible. If you �nd that this is the case, then you may 
conclude that your situation is better described by a model that includes air resistance.

Before you decide that the model is at fault, however, it is a good idea to check carefully that 
you have not made any mistakes or ignored any variables. 

�ink carefully about any factors that you did not take into account but which might have 
a!ected your experiment. 

Go through your method, results and analysis. Check that your equipment was correctly 
calibrated, and that you were using it correctly. Check that data is recorded in the correct units, 
and that units are correctly carried through all calculations during analysis. Check your analysis 
carefully. If you are working in a group, get another person to repeat the calculations. 

You need to know the uncertainty to be able to interpret the results. 

It is never good enough to conclude that ‘the experiment didn’t work’. Either a 

mistake was made or the model used was not appropriate for the situation. It is your 

job to work out which.  
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If you have done a design-build-test project and your �nal product does not meet the design 
brief then you should explain why. Try to determine whether the basic design was ;awed, or if 
there was a problem with materials or something else. If you can, o!er suggestions for a better 
design or process. 

Communicating  
your results
If research is not reported on, then no-one else can learn from it. An investigation is not 
complete until the results have been communicated. Most commonly a report is written. 

Writing reports
A report is a formal and carefully structured account of your research. It is based on the data 
and analysis in your logbook. However the report is a summary. It contains only a small fraction 
of what appears in the logbook. Your logbook contains all your ideas, rough working and raw 
data. �e report typically contains none of this.

the abstract
�e abstract is a very short summary of the entire report. It is the most important part, because 
often it is the only part that people read. Typically an abstract is between 50 and 200 words 
long. It appears at the start of the report, but is always the last thing that you write. Try writing 
just one sentence to summarises each part of your report. 

Introduction
�e introduction tells the reader why you did the investigation and what your research question 
or hypothesis is. �is is the place to explain why this research is interesting.

�e introduction also provides any background information needed to be able to understand 
the rest of the report. �is is the place to summarise any existing theories and models. You need 
to do this to justify your hypothesis. You should also summarise any similar investigations. All 
of this should be correctly referenced, as described in the section on referencing on page 349. 

method 

�e method summarises what you measured and how you measured it. It also explains, brie;y, 
why you chose a particular method or technique. 

A report consists of several distinct sections, each with a particular purpose. 

 Abstract

 Introduction

 Method

 Results and analysis

 Discussion

 Conclusion

 Acknowledgements

 References

 Appendices

Reports are always written in the past tense, because they describe what you 

have done. 

The method describes what you did. It is not a recipe for someone else to follow. 
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Write your method using sentences, not dot points. Remember that these need to be written in 
the past tense – it is not a recipe. You are not commanding anyone to do anything. You are telling 
people what you did. For example, you would write ‘we measured the height’ not ‘measure the height’. 

Include any diagrams, such as circuit diagrams, needed to make your method clear. �e diagrams 
in your logbook will usually be rough sketches (see Figure 12.17). �e diagrams in your report should 
be very neat and carefully labelled. Flowcharts can be useful to describe any procedures in which a 
series of steps was followed. Each diagram should have a �gure number and you should refer to it in 
the text of your report. Position the diagram close to where it is referred to in the text. You should 
take the time to learn how to position �gures neatly using your word processor software. 

t Figure 12.17  
a) a circuit diagram 
from a logbook; b) the 
same circuit diagram 
redrawn in a formal 
report
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R
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results and analysis
�e results section is a summary of your results. It is usually combined with the analysis section, 
although they may be kept separate. 

Avoid including tables of raw data in your report unless they compare the results of a few 
di!erent experiments. For example, you would include a table showing the maximum height 
attained for a few di!erent designs of water rocket. You would not include a table of raw data 
showing height attained for a water rocket for many di!erent volumes of water. Wherever 
possible use a graph instead of a table. 

If a table has more than a few rows of data, it is better to represent that data in some 

other way. Usually this will be a graph. 

�ink about what sort of graph is appropriate. If you want to show a relationship between 
two variables then use a scatter plot. Display your data as points with uncertainty bars and 
clearly label any lines you have �tted to the data. Always make sure you label your axes, 
including units. Choose an appropriate scale so that the data takes up most of the plot area.

Column and bar charts are useful for comparing two data sets, such as average height 
attained for di!erent types of water rocket. Do not use a column or bar chart to try to show a 
mathematical relationship between variables.
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Figure 12.18 gives examples of the two types of graphs. 
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Any data and derived results should be given in correct SI units with their uncertainties. 
If you performed calculations then show the equations you used. You might want to show one 
example calculation, but do not show more than one if the procedure used is repeated. 

Discussion
�e discussion should summarise what your results mean. If you began with a research question, 
give the answer to the question here. If you began with a hypothesis, state whether your results 
support your hypothesis or not. If not, explain why. You may not be able to say why, other than 
that the model was not suitable for the situation being investigated. 

If there are any implications of your work, such as how to build or do something in a better 
way, put them here. 

�e discussion is also the place to brie;y describe any diHculties that you had and make 
suggestions for improving the process. Remember that you should never say ‘the experiment 
didn’t work’ if you didn’t get the results you expected. You might choose to make some 
comments on possible further work that could be done.

Conclusion
�e conclusion is a very brief summary of the results and their implications. Say what you found 
out and what it means. A conclusion should only be a few sentences long. 

acknowledgements
You should thank anyone who helped you in your investigation. �is includes people who 
supplied equipment or funding, as well as people who gave you good ideas or helped with the 
analysis. In science, as in other aspects of your life, it is polite to say thank you; however, this is 
not a necessary section of a report. 

Figure 12.18 u  
a) a scatter plot 

demonstrating 
a mathematical 

relationship;  
b) a column graph 

comparing results from 
different experiments
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references

A reference list details the sources of all information that were actually used to write the report. 
Wherever a piece of information or quotation is used in your report it must be referenced at that 
point. �is is typically done either by placing a number in brackets at the point [2], or the author 
and year of publication (Smith, 2014). �e reference list is then either provided in a footnote at 
the end of the page, or a single complete list at the end of the report. Referencing must be done 
in a consistent style. Check with your teacher what style they prefer. �ere are several good 
online guides to referencing. 

A reference list is not the same as a bibliography. A bibliography is a list of sources that are 
useful to understanding the research. �ey may or may not have actually been used by the 
report authors. You should have a bibliography in your logbook from the planning stage of your 
investigation. �e references will be a subset of these sources. 

appendices 
Appendices may be used to provide additional information such as raw data that is not necessary 
to understanding the report but which might be of interest to some readers. Your teacher might 
require you to provide raw data in an appendix. Reports do not always have appendices. 

Design reports
If you have done a design-build-test project, then the report will be of a slightly di!erent form. 
It will follow the form of an engineering report rather than a scienti�c report. 

Design reports usually contain the following sections.

 Design brief

 Introduction

 Design

 Testing

 Analysis

 Recommendations

 Conclusions

 Acknowledgements

 References

 Appendices

Many of the sections have the same function as in a scienti�c report. However, the analysis 
will deal mainly with the performance of the product. Design reports sometimes also include a 
recommendations section. �e conclusion of the report states whether the �nal product meets 
the requirements of the design brief. �ere are some guidelines for and examples of these reports 
in the weblinks. 

other ways of communicating 
your results
You may want to present the results of your investigation in some other way. Scientists 
communicate their work in many ways. Sometimes a poster is presented or a seminar is given. 
An article may be written or a website produced. Scientists usually use more than one means, 
and sometimes several of them, to communicate about a really interesting investigation. 

A reference list details the source for each piece of information used, and is linked 

to that information in the report.

reFerenCInG 
GuIDe

this guide is 
designed to 
help you with 
referencing 
your sources for 
assignments.

reFerenCInG 
I -tutorIal

this tutorial 
will help you 
understand 
referencing and 
show you how to 
avoid plagiarism.

rePort 
WrItInG 
examPle 1

the brochure 
outlines the key 
features of a 
design report.

rePort 
WrItInG 
examPle 3

this online 
resource will help 
you write a case 
study.

rePort 
WrItInG 
examPle 2

this online 
resource guides 
you through the 
sections of a 
typical report.
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Look at examples of articles in the scienti�c and the popular media, on websites, posters and 
so on. �is will give you an idea of the di!erent styles used in the di!erent modes. �ink about 
the purpose. Is it to inform, to persuade or both? What sort of language is used? 

�ink about your audience and use appropriate language and style. A poster is not usually as 
formal as a report. A website may be more or less formal, depending on your audience.

Posters and websites use a lot of images. Images are usually more appealing than words and 
numbers, but they need to be relevant. Make sure they communicate the information you want 
them to. 

Make sure you keep readability and accessibility in mind if you are creating a poster or 
website. Posters should use large clear fonts and not have too much text. �ey should be readable 
from a few metres away. Fonts also need to be large enough and clear on websites and digital 
images should have tags. You can follow the weblink for more information on accessibility and 
web-page design.

However you communicate your work, make sure you know what the message is and who 
the audience is. Once you have established that, you will be able to let other people know about 
the interesting things you have discovered in your investigation. 

p Figure 12.19 a post-doctorate student presenting her poster at a poster session at a 
conference
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analogue a device or scale that gives a continuous 
measurement; the scale is continuous and may show 
any value in a range

continuous variable a variable that is able to take 
any value, sometimes within a .xed range

controlled variable the variable that is controlled 
by the experimenter, so that its values are chosen; 
also called the independent variable

dependent variable the variable that changes as 
a result of changes to the independent or controlled 
variable 

design brief the document that speci.es the 
requirements for a design, including performance of 
the .nal product

digital able to measure only a limited number of 
possible values, usually within a .xed range

discrete variable a variable that is able to take only 
speci.c values, not continuous; for example, a line 
spectrum is a discrete spectrum

extrapolation extension beyond the measured 
range of data to read or construct new data that has 
not been measured

falsiDable able to be disproved

hypothesis a tentative prediction, usually based 
on an existing model or theory; also a tentative 
explanation of an observation based on an existing 
model or theory

independent variable a variable upon which 
another variable depends; the controlled variable

interpolation to read or construct a new data point 
that has not been measured but is within the range 
of measured data

limit of reading the minimum uncertainty in a 
measurement due to the precision with which the 
scale can be read

line of best Dt the line that most accurately .ts the 
data, usually calculated using linear regression

linearise to make linear; to convert into a form that 
can be described by a straight line

logbook the record of an experiment or investigation 
kept by the scientist performing the experiments; it is a 
legal record of the experiments and their results

outlier a data point that does not .t the pattern 
shown by other measured data points

plagiarism presenting someone else’s work, 
including their words or ideas, as your own

precision the variation in repeated measurements, 
or the uncertainty of a measuring device

primary data data that you have measured or 
collected yourself

qualitative measurements measurements with 
descriptive or non-numerical results

quantitative measurements measurements with 
numerical values

reference the source of a speci.c piece of 
information or quotation; to state the source of 
information

reliable highly likely to be true; a trustworthy source 
of information or reproducible data

reproducible giving the same result, within 
uncertainty, when repeated measurements  
are made

research question the speci.c question that a 
particular experiment or investigation is designed  
to answer

resolution the limit of reading of a measuring device

scatter graph a graph or plot showing data 
points, without a line joining the points, and used 
to demonstrate or determine a mathematical 
relationship between variables; the axes are de.ned 
by the variables

secondary data data or information that has been 
collected by someone else

theory a collection of models and concepts that 
explain speci.c systems or phenomena; scienti.c 
theories allow predictions to be made and hence 
are falsi.able

uncertainty bars bars drawn above and below  
and/or to left and right of a data point on a graph to 
indicate the size of the uncertainty in that point

valid results that are affected only by a single 
independent variable and hence are reproducible

variable something that can change or be 
changed, as distinct from a constant, which cannot

ChaP te r  Glo S Sary
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Appe n d ice s

Appendix 1: Advice for 
studying physics and 
reading the textbook

Overview

Each chapter has a logical structure. �is can be seen in 
the way the headings are written. �e largest headings 
are used to start a complete section. For a logical segment 
of the text, such as a complete chapter, do the following, 
in order, before you do a close reading of the text:

● Read all headings and sub-headings.

● Look at all diagrams and read their captions.

● Read the chapter and section reviews.

● Ask: What is this segment or chapter about? What 
am I going to be learning about?

close reading

�ere is no substitute for careful and speci&c close 
reading of all relevant parts of the textbook. �is is a 
student’s direct responsibility.

A close reading of the text, plus the notes taken in 
class, will form the basis for the notes that students 
generate in order to study, understand and remember.

[High-performing students frequently also read 
around the subject, for example, by using science-related 
feeds from the Internet and/or subscribing to a science-
type magazine.]

note taking

All notes should be:

● written in your own words.

● in point form and each point should contain one 
idea only. Points should not be longer than one line.

(Some people like to use a highlighter on their 
textbook to emphasise what is important – this 
makes them too dependent on the author; but it 
can be a worthwhile, intermediate step towards full 
understanding.)

Questions

● Keep a list of questions about things you need to 
check up on.

● BRING THE LIST TO CLASS and use it.

● Seek assistance by using the questions as a basis for 
your learning.

seeking help

● Always try to specify what you need help about.

● Ask a precise question.

Reading ahead – always!

● �e best learning takes place when you are prepared in 
advance and have some idea about what is coming up.

● Seek advice from your teacher about the next lesson 
or series of lessons.

Appendix 2: si and non-si units

international system of Units (si)

�e international body that decides the appropriate 
units to be used for the various physical quantities is the 
Conférence Générale des Poids et Mesures (CGPM). �e 
system of units approved by the CGPM and now widely 
used by the scienti&c community throughout the world is 
known as Système International d’Unites (abbreviated SI).

In your experimental work you should use SI units 
(or their multiples or submultiples).

�e SI consists of seven base units and two 
supplementary units. All other derived units are based on 
these nine fundamental units. 

�e base and supplementary units, together with the 
derived units with special names that might be relevant 
to your experimental work are listed in  
Tables A2.1 and A2.2. 

Table A2.1 si base units

physical quantity name of unit Abbreviation

length metre m

mass kilogram kg

Time second s

electric current ampere A

Thermodynamic 
temperature

kelvin K

luminous intensity candela cd

Amount of 
substance

mole mol
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As you become familiar with each new unit you should 
make a practice of correctly using its abbreviated form.

�e internationally recognised pre&xes for the SI units 
together with their abbreviations are given in Table A2.3. 

Table A2.2 si supplementary units derived from si base units

name symbol Quantity equivalents si base unit 
equivalents

hertz hz frequency 1/s s21

radian rad angle m/m dimensionless

steradian sr solid angle m2/m2 dimensionless

newton N force, weight kg  m/s2 kg  m  s22

pascal Pa pressure, stress N/m2 kg  m21  s22

joule J energy, work, heat N  m kg  m2  s22

watt W power, radiant 6ux J/s kg  m2  s23

coulomb c quantity of electric charge A  s A  s

volt V electromotive force, electrical potential 
difference, electric potential voltage

J/c kg  m2  s23  A−1

farad f electrical capacitance c/V 
s/V

kg21  m22  s4  A2

ohm V electrical resistance, impedance, 
reactance

V/A kg  m2  s23  A−2

siemens s electrical conductance 1/V 
A/V

kg−1  m22  s3  A2

weber Wb magnetic 6ux J/A kg  m2  s22  A−1

tesla T magnetic :eld strength, magnetic 6ux 
density

V  s/m2 

Wb/m2 
N/(A  m)

kg  s22  A−1

degree 
celsius

°c temperature relative to 273.15 K K – 273.15 K – 273.15

lumen lm luminous 6ux cd  sr cd

lux lx illuminance lm/m2 m22  cd

becquerel Bq radioactivity (decays per unit time) 1/s s21

gray Gy absorbed dose (of ionising radiation) J/kg m2  s22

sievert sv equivalent dose (of ionising radiation) J/kg m2  s22

Table A2.3 Pre:xes for si units

pre3x Abbreviation Value

exa e 1018

peta P 1015

tera T 1012

giga G 109

mega m 106

kilo k 103

hecto h 102

deka da 10

pre3x Abbreviation Value

deci d 1021

centi c 1022

milli m 1023

micro m 1026

nano n 1029

pico p 10212

femto f 10215

atto a 10218
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non-si units

A number of non-SI units are still in use in scienti&c 
literature for a variety of reasons. Some of these are being 
phased out, but others are likely to remain in use. �e 
more common non-SI units that you might come across 
are listed in Table A2.4.

Table A2.4 Non-si units

physical quantity Unit Abbreviation conversion to si units

time minute

hour 

day

year

min 

h

d

y

60 s

3.6 3 103 s

8.64 3 104 s

3.156 3 107 s

mass uni:ed mass unit

tonne

u

t

1.661 3 10227 kg

1000 kg

angle degree ° dimensionless

energy electron-volt

kilowatt hour

eV

kW h

1.602 3 10219 J

3.60 3 103 J

pressure millimetre of mercury mmhg 133.3 Pa

charge elementary or 
electronic charge

e 1.602 3 10219 c

source activity curie ci 3.7 3 1010 Bq

radiation 
 absorbed dose 
 equivalent dose

rad 
rem 

rad 
rem 

0.01 Gy 
0.01 sv

Using si units

�ere are certain conventions now adopted widely in 
scienti&c literature when SI units are being used. Some of 
the more important ones are given below. 

1 When recording a measurement, write the unit in full 
or use the recommended abbreviation (e.g. 25 metre or 
25  m). Using abbreviations save space and time. Notice 
the space between the numeral and the unit.

2 SI units named after scientists: 

a If the full word is used, it starts with a lower case 
letter (e.g. 10 newton, 7 joule, 105 pascal, 50  hertz)

b If the abbreviation is used, it is (or at least 
commences with) a capital letter (e.g. 10  N, 7  J, 
105  Pa, 50  Hz). 

c Measurements are written as products. ‘3  kg’ 
means ‘the product of 3 and the mass known as a 
kilogram’, just as ‘3x’ in maths means the product 
of 3 and x. �erefore ‘s’ is not added to units (e.g. 
5  kg or 5 kilogram, not 5 kgs or 5 kilograms). 

d A full-stop is not placed after the abbreviation of a 
unit, unless it is at the end of a sentence.

e When units are combined as a quotient (e.g. metre 
per second), a solidus (/) or negative index may be 
used. So m/s or m  s21 are both acceptable, though 
the latter is used more widely. Never use more than 
one solidus in a unit as in m/s/s for acceleration, 
which should be m/s2 or m  s22. It is ambiguous, 
just as writing 36/6/3 in maths is ambiguous.  
(�is could mean 2 or 18.) 

converting between units

Treat the unit as a multiplier. Use the pre&xes in Table A2.3 
also as multipliers. For example, 4  kg is the same as: 

4 3 k 3 g 5 4 3 1000 3 g 5 4000  g

�ere are 4000 gram in 4  kg.

1500  cm is the same as 1500 3 (1022  m) 5 15  m.

cOnVeRTing 
beTween UniTs

learn more about 
converting between 
units at this weblink.
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Table A3.1 Physical constants, physical measures and conversion factors

physical constants

Avogadro constant, N
A
 6.022 3 1023  mol21 

coulomb law constant, 
p«

1

4 0

 8.988 3 109  N  m2  c22

Universal gravitation constant, G 6.674  3  10211  m3  kg21  s22

Permittivity of free space electric constant, «
0 8.854 3 10212  f  m21 

Permeability of free space magnetic constant, m
0
 4p 3 1027  h  m21 5 12.57 3 1027  h  m21

Planck constant, h 6.626 3 10234  J  s 5 4.136 3 10215  eV  s

speed of electromagnetic radiation in free space, c 2.998 3 108  m s21

physical measures

mass of electron 9.109 3 10231  kg 5 5.486 3 104  u

mass of proton 1.6726 3 10227  kg

mass of neutron 1.6749 3 10227  kg

rydberg constant (for hydrogen), R
h 1.097 3 107  m21

Gravitational :eld strength at earth’s surface), g (9.80 6 0.3)  N  kg21 

Acceleration due to gravity at earth’s surface, g (9.80 6 0.3)  m  s22

mass of earth 5.976 3 1024  kg

mass of moon 7.348 3 1022  kg

mass of sun 1.989 3 1030  kg

Period of rotation of earth 8.616 3 104  s

radius of earth (equatorial) 6.378 3 106  m

radius of earth (mean) 6.371 3 106  m

radius of earth’s orbit about sun (mean) 1.496 3 1011  m

radius of moon’s orbit around earth (mean) 3.844 3 108  m

Appendix 3: some important 
physical quantities

From time to time you 
will need to &nd a value of 
a physical property from 
a reputable source. �ese 
might include &nding:

● the value of a physical 
constant, such as 
Newton’s universal 
gravitational constant or 
the electric constant.

● a physical property, 
such as boiling point or 
refractive index, which 
is characteristic of a 
particular material.

● a conversion factor 
such as micrometres 
to metres, electron-
volt to joule, uni&ed 
mass unit to kilogram. 

All physical quantities, 
including physical 
constants, are measured 
to very precise levels of 
accuracy. 

Some important physical quantities, including some 
physical constants, are listed alphabetically in Table A3.1. 
�ey are given to four signi&cant &gures. �e uncertainty 
in most of these &gures is better than six-&gure accuracy. 
�ey are taken from sources such as the National 
Institute of Science and Technology (NIST). NIST is a 
specialist organisation dedicated to metrology (study of 
measurement). 

nisT physicAl 
elemenT 
lAbORATORy

This website provides 
atomic and nuclear 
data for every 
element.

nisT physicAl 
RefeRence dATA

The National institute 
of standards and 
Technology (NisT) 
provides a wide range 
of data, including 
standard reference 
data (srf). for 
example, click on 
‘other data’ to enter 
the NisT Gateway.



3 5 6  N e l s o N  P h y s i c s  U N i T s  3  &  4  f o r  T h e  A U s T r A l i A N  c U r r i c U l U m 9 78 017 0 2 4 2110

radius of sun 6.960 3 108  m

solar constant (mean) 1.370 3 103  W  m22

density of water (pressure and temperature dependent) 9.982 3 103  kg  m23

Air density (pressure and temperature dependent) 1.292 3 103  kg  m23

Air pressure (temperature dependent) 1.013 3 105  Pa

speed of sound in air at 0oc 331.4  m  s21

conversion factors

Absolute zero, 0  K 2273.15oc

Uni:ed mass unit, u 1.661 3 10227  kg 5 931.5  meV

electron-volt, eV 1.602 3 10219  J

elementary electron charge, e 1.602 3 10219  c

coulomb 6.242 3 1018 elementary charges

Appendix 4: Analysis of data

graphical analysis

�e purpose of experiments in physics is to &nd regularities 
in the physical world. If one thing varies regularly when 
another is changed, then it may be possible to &nd the 
reason behind the relationship. �erefore, physicists try 
to exclude all variables that might interfere with their 
investigations. �ey look for one variable that causes 
another one variable to change. SuKcient data is collected 
to draw graphs in order to visualise the relationship. �ey 
compare the shape of the graph against known graph 
shapes in order to determine the form of the relationship.

Look at Figure A4.1. What information can you 
obtain from this graph of daily solar intensity in Alice 
Springs? What was the annual average? When could you 
expect the greatest bene&t from solar panels? Could the 
annual variation be turned into an algebraic equation?

Variables

A variable is some quantity that changes or varies. Some 
changes cause other changes to occur, For example a 
force acting on an object causes the object to accelerate. 
�e acceleration of the object does not cause the force to 
be applied to it. �e variable that causes some other to 
change is called the independent variable. �e variable 
that changes is the dependent variable.

Linear graphs
�e most important graph in physics is the straight line or 
linear graph. In its general form the equation is:

y 5 mx 1 c

�e shape of this graph is shown in Figure A4.2.

y is the dependent variable.

x is the independent variable.

m is the gradient of the line.

c is the intercept on the y axis.

figure A4.2 Graph of y 5 mx 1 c

It is usual to plot the independent variable (the one 
that is controlled) on the horizontal axis (x axis) and the 
dependent variable (the one that is not controlled) on 

figure A4.1 daily solar radiation per area in Alice springs 
for one year
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the vertical axis (  y axis). �is will become clearer with 
practice. It is also possible, and indeed common, to plot the 
dependent variable against the square or inverse values of 

the independent variable, for example, y vs x 2, y vs 
x

1

’
 etc.

A special case is the straight-line graph that passes 
through the origin. �e variables are then described as being 
directly proportional to each other. You need to be careful not 
to assume that (0,  0) at the origin is necessarily a data point.

For direct proportionality or direct variation,  
y 5 mx or y 5 kx, the value of the independent variable, y, 
doubles, triples etc. whenever the value of the independent 
variable, x, doubles, triples etc.

y

m

x

  or y ~ x

    y 5 mx

figure A4.3 Graph of y 5 mx

For example, say that you had three cubes of 
aluminium. Cube A has sides 1.0 cm in length. Cube B 
has sides that are twice as long (2.0 cm) and cube C has 
sides three times as long (3.0 cm). You &nd the mass of 
each cube and put the data in a data table. What is the 
relationship between mass and volume? 

Measurements made on the cubes gave the results 
given in Table A4.1.

Table A4.1

cube length of 

side (L) (cm)
mass (m) 

(g)
L3 (calculated) 

(cm3 )

A 1.0  2.7  1.0

B 2.0 21.6  8.0

c 3.0 72.9 27.0

Changes in the length cause the mass to change. If we plot m 
against L, the shape of the graph is as shown in Figure A4.4. 

m

(g)

L (cm)

figure A4.4 Graph of m against L

A little experience with graph shapes and variations in the 
numbers in data tables suggests that the variation is a cubic. 
We might expect, therefore, that m 5 kL3. If we plot m against 
L3, we see that the shape of the graph is a straight line. We &nd 
the gradient, which enables the equation to be written:

gradient, k 5
2

2

(72.9 2.7)g

(27.0 1.0)cm3

k 
g

5 2.7
cm3

k 5 2.7 g cm23

�us, m 5 2.7 L3 (see Figure A4.5).

m

(g)

L
3 (cm3)

figure A4.5 Graph of m against L3

In most cases, the gradient has a physical meaning. 
In this case, the gradient is the density, in g cm23, of 
aluminium. 

A similar relationship holds for other graphs. �at is, if 
a straight line is obtained, then the quantity plotted on the 
vertical axis ( y axis) is proportional to the quantity plotted 
on the horizontal axis (x axis).

If we plot the graph of y against x 2, and &nd the graph 
is a straight line, the equation becomes:

y 5 kx2

where k is the gradient of the graph.

�e graphs are shown in Figures A4.6 and A4.7.

y

x

figure A4.6

y

x2

figure A4.7
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If we plot the graph of y against the inverse of x, that  

is 
x

1
, and the graph is a straight line, the equation becomes:

y 5 k 
x








1
 or y 5 

k

x
.

�e graphs are as shown in Figures A4.8 and A4.9.

In this case, y and x are said to be inversely 
proportional.

�is graphical method is used to analyse experimental 
data. Measured values are plotted on a graph. �e shape 
of the graph suggests a possible relationship between the 
quantities. A further graph may need to be plotted to 
con&rm the relationship and obtain the equation.

Table A4.2 shows experimental results, from the 
measurement of pressure and volume of a &xed mass of gas, 
and it can be analysed to &nd a relationship between P and V.

Table A4.2 experimental results from the measurement of 
pressure and volume of a :xed mass of gas

V (m3) P (pa) 1/V (m23)

10.00  81.0 0.100

 5.00 159.0 0.200

 2.00 397 0.500

 1.00 792 1.00

V

P

800

1

V

P

figure A4.10 Graph 
of P against V

figure A4.11 Graph 

of P against 
v

1

Plot P against V. �e graph is of the form shown in 
Figure A4.10.

�is suggests that the relation is either inverse 
V








1
 or 

inverse square 
V









1
2

.

It could even be to a higher order, but this will not 
be dealt with here. �e next step is to plot the graph of P 
against 1/V , as shown in Figure A4.11.

Because this graph is a straight line, the equation can 
now be given exactly, and is in this case:

P 5 gradient 3 
1

V
 or P 5 

800

V
Recognition of graph shapes is extremely useful.  

When plotting data, you can quickly see whether you  
have the expected relationship or can plan further analysis 
(see Figure A4.12).

x

y is independent of x

or y is a constant 

y

x

c

m

y 5 2mx 1 c

y

x
y 5

k
x

y

x

y

y 5
k
x2

xy 5 kx2

y

x

y

y 5 kx3

x

y 5 A sin x

A
y

xy 5 k   x 

y

figure A4.12 Graphs of important relationships

x

y

1

x

y

figure A4.8 figure A4.9
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�e gradient and the area under a graph may have 
physical meaning. �e units of the gradient are the units 
of the quotient of the units of the vertical axis and units of 
the horizontal axis. �e units of the area are the product of 
the units on the axes.

Interpolation and extrapolation
Interpolation is the estimation of a quantity between data 
points. Interpolation is only valid when there is good reason 
to believe that the graph is a smooth curve between the  
data points.

Extrapolation is the estimation of quantities beyond 
the domain and range of the data. �is is less reliable 
than interpolation because the exact shape of the graph is 
unknown beyond the measured values.

In general, it is wise to be sceptical of the &rst and 
last data points on the graph. �is means that, for simple 
relationships, you will need a minimum of three data 
points between the &rst and last points. �e data points 
should also be spread out relatively evenly to ensure the 
data &eld is adequately sampled. �ere is little point in 
collecting three points near the &rst and a last point a  
long way away. 

Height (m)

Age (years)

2.0

1.0

0 4 12 16 20 248

figure A4.14 from this graph of the height of a student 
against age, predict height at birth, at 6 years of age 
and at 24 years of age. comment on the accuracy of 
your predictions.

Numerical analysis

Another way to test for proportionality is to &nd the 
constant directly from the data coordinates. �at 
is, you use the numbers directly to &nd whether the 
suspected relationship applies. If you refer back to  
Table A4.2 of P against V, you can see that, as P gets 
bigger and V gets smaller. �is suggests an inverse 
relation. To check this numerically, we can use the 
following:

If: P 5 
c

V
, where c is a constant

then:  PV 5 c

From Table A4.2 on page 358, the product PV is equal 
to 810, 795, 794 and 792. �is is close enough to be 
considered a constant within the limits of experimental 
uncertainty. �e equation becomes PV 5 798 (the mean 
of the above values). �is is close to 800, which is the 
value found graphically.

Graphical and numerical methods must both 
be evaluated against the data and the experimental 
uncertainty. Neither is superior.

If we had found that PV was not a constant, then we 
might have tried:

P 5 
2

c

V

�at is, PV  2 5 c.

For linear relationships, A 5 cB, where c is a constant. 
Parabolic, square relationships, have A 5 cB2, so:  
A/B2 5 c etc.

 Numerically measured values from the table can be 
substituted to check that the value of c is constant.

Power laws
Consider a series of cubes of sides 1.0, 2.0, 3.0 and 4.0 cm. 
If we calculate the perimeter of one side, the area of one 
side, the total surface area, the volume and the mass in 
terms of the  
1.0 cm cube, we can &nd a relationship between the values.

�e values are given in tabular form in Table A4.3.

1 Perimeter (P): �ere is a direct relationship between 
the perimeter and the length. If one is doubled, then 
the other is doubled, and so on.

P ~ l

2 Area (A): �ere is a square relationship between 
the area and the length of one side. If the length 
is doubled, then the area is increased fourfold (22), 
tripling the length increases the area ninefold (32), etc.

 �is can be seen to be true for both side and surface 
area, even though the values are diNerent.

A ~ l  2

*

*

*

*
*

Curve of best fit

Interpolated value

Extrapolated value

* Experimentally measured values

y

x

figure A4.13 interpolated values are between 
measured values. extrapolated values are outside 
the range of measured values.
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3 Volume (V ): �ere is a cubic relationship between the 
volume and the length of one side. If length is doubled, 
then the volume is increased eightfold (23); if it is 
increased by three, the volume is increased 27-fold (33) etc.

V ~ l  3

4 Mass (m): If we assume that the density remains constant, 
then the mass changes as the volume changes. �at is, a 
cubic relationship exists between side length and mass. 
If the density changes, the value cannot be found unless 
other facts are known.

cURVe fiTTing

for further information 
on curve :tting and 
data analysis, go to 
this website.

Table A4.3 relationship between values and length of side

length of 
side (cm)

perimeter  
(cm)

Area of 

side (cm2)

Total surface 

area (cm2)

Volume  

(cm3)

mass units

1.0  4.0 1.0  6.0  1.0  1.0

2.0  8.0 4.0 24.0  8.0  8.0

3.0 12.0 9.0 54.0 27.0 27.0

4.0 16.0 16.0 96.0 64.0 64.0
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N u m e r ical  aN swe r s

chapter 1

Question set 1.1

1 g has units of m s22

6 t 5 6.1 s

7 y 5 16 m

8 u 5 10.4 m s21

Question set 1.2

4 a sin 0 5 0, so F
net

 5 0

b sin 90° 5 1, so F
net

 5 w

5 No

7 5 5650 N cos38 512 N
north

oF

 and

 650 N sin38 400 N
east

o5 5F

8 F 5 1600 N

Question set 1.3

5 t 5 2.6s

6 t 5 2.34 s

7 t 5 35.1 s

 x 5 u
x
 t 5 (246 m s21)(35.1 s) 5 8635 m or 8.6 km

8 u
y
 5 usin u so u 5 

sin

22.1 m s

sin60

1

u
5

2

°

u
y

 5 26 m s21

Question set 1.4

5 b Force increases by a factor of 4. 

7 F 5 140 kN

Question set 1.5

2 SF 5 0, St 5 0

6 F 5 714 N

7 F 5 50 kN

8 a N 5 14 kN

b %e friction force is up the slope.

chapter review questions

1 Horizontal acceleration of a projectile is zero

2 SFx 5 0, SFy 5 0, St 5 0

4 u
x
 5 u cos u

12 a y 5 63 m

b t 5 3.6 s

13 a u
y
 5 u sin u 5 45 m s21 sin 15° 5 12 m s21

14 N 5 747 N 

(Hence the person feels as if they weigh 
2

747 N

9.8 m s 2
 5 76 kg.)

15 mg 5 18 m s21 or 66 km h21 

16 a F
min

 5 1.1 kN

b F 5 2.6 kN

17 a u
y
 5 u sinu 5 38 m s21 sin45° 5 27 m s21

 u
x
 5 u cosu 5 38 m s21 cos45° 5 27 m s21

b Time taken 5 2t 5 5.5 s

c x 5 u
x
 t 5 (27 m s21)(5.5 s) 5 148.5 m

21 Twice the force is required.

chapter 2

Question set 2.1

2 a i 5 5
2

g
F

m

GM

r

g

ii 5  
2

F
GM

rg

b %e mass and the radius of the planet.

7 F 5 4000 N or 4 kN

8 a 5 1.7 m s22

Question set 2.2

6 g 5 13 m s22

7 N 5 320 N 

8 M 5 7.36 3 1022 kg

Question set 2.3

1 a SDE
p
 1 SDE

K
 5 0 or SDE

p
 5 2 SDE

K

5 W 5 59 kJ

7 %e gravitational 3eld of an asteroid is small compared 
to Earth because of its much smaller mass.

8 a D 5s 8.2 m

b 5 213 m s 1v

c 5 246 m s 1v

Question set 2.4

5 M 5 5.64 3 1026 kg

6 v 5 9.4 3 104 m s21

7 T
asteroid 

5 2.8 years
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chapter review questions

11 %e force drops to 1% of its original value

13 v 5 889 m s21

14 a g 5 1.5 m s22

b g 5 1.5 m s22 

c DPE 5 W 5 mgDh 5 5.0 kg 3 1.5 m s22 3 10 m 
5 75 J 

d Maximum KE gained is equal to the change  
in PE, 75 J.

15 F 5 356 3 106 N

19 v 5 6.3 3 103 m s21 or 6.3 km s21

chapter 3

Question set 3.1

1 E 5 
F

q
, so F 5 Eq

5 E 5 4.5 3 109 N C21

6 a 5 1.7 3 1013 m s22; downwards

7 x 5 14 m

Question set 3.2

2 
q on q

q on q

1 2

2 1

F

F
 5 21

4 F 5 9.0 3 106 N

5 a r 5 3.2 3 1025 m

b r → 2r 5 4.5 3 1025 m

c F →
22

F
 5 

4

F
 5 5.8 3 10220 N

6 Q 5 1 3 1027 C

Question set 3.3

3 1 V 5 1 
J

C
 5 1 

N m

C
 5 1 

2kg m s m

A s

2

 5 1 kg m2 s23 A21

5 DU 5 qDV 5 (2.0 C)(1.5 V) 5 3.0 J

6 DU 5 DqDV 5 I Dt DV 5 (1 A)(1 s)(12 V) 5 12 J

7 a v 5 1.9 3 107 m s21

b v 5 4 3 105 m s21

c v 5 3 3 105 m s21

chapter review questions

7 ⎮F
a on b⎮ 5 ⎮F

b on a⎮ 5 ⎮F
b on c⎮ 5 ⎮F

c on b⎮ . ⎮F
a on c⎮

  5 ⎮F
c on a⎮

11 F 5 Eq 5 (50 V m21)(1 3 1029 C) 5 5.0 3 1028 N

 a 5 5
3

3

2

2

5 10 N

1 10 kg

8

3

F

m
 5 5.0 3 1025 m s22

12 a F 5 Eq 5 (550 V m21)(1.6 3 10219 C)  

  5 8.8 3 10217 N

b x 5 3.2 3 1026 m or 3.2 mm 

13 a 

    5 1.0 3 1010 N C21

b F 5 Eq 5 (1.0 3 1010 N C21)(1.6 3 10219 C)  

 5 1.6 3 1029 N

15 a F 5 
«







1

4π
0

proton
2

2

Q

r
 

   5 58 N

b F
Gm

r
5

p
2

2

   5 4.7 3 10235 N

17 a KE
initial

 5 
1

2
 mv

i
2 5 

1

2
 (9.1 3 10231 kg)(25 3 103 m s21)2

   5 2.8 3 10222 J

c DV 5 
D

5
D

5
3

3

2

2

2.8 10 J

1.6 10 C

22

19

U

q

KE

q
 

  5 1.8 3 1023 V or 1.8 mV

chapter 4

Question set 4.1 

4 F 5 ilB 5 (9 A)(1 m)(0.01 T) 5 0.09 N

5 a F 5 ilBsinu 5 (5.0 A)(2.0 m)(50 3 1026 T) (sin 30°)  

 5 2.5 3 1024 N

b B 5 3.5 3 1025 T or 35 mT

7 a T 5 5.2 3 1026 s

b f  5 1.9 3 105 Hz or 190 kHz

c B 5 6.8 3 1026 T or 6.8 mT

Question set 4.2

7 B 5 2.0 3 1025 T

8 B 5 
m

p2
o
I

r
 r 5 3.0 m

9 B 5 
m

p2
o
I

r
 I 5 2.5 A

p«
5 3 3

3

3
2

2

2







1

4
9.0 10 N m C

1.6 10 C

(3.8 10 m)
0

2

9 2 1
19

10 2

Q

r
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chapter review questions 

9 B 5 12.5 T

10 B 5 2.7 3 1024 T or 0.3 mT

11 a I 5 7500 A

b 
1

2
 3 0.15 T 5 0.075 T 

12 B 5 0.028 T or 2.8 3 1022 T or 28 mT

chapter 5

Question set 5.1 

1 T m2; also called Weber, Wb

6 r 5 
5.0 10 T m

0.25 T π

3 2f

p
5

3

3

2

B
 5 0.080 m or 8.0 cm

7 
D

D
5 5

30.050 A 1.0 W

0.050 m2

B

t

iR

A
 5 1.0 T s21

8 a 4.5 3 1024 Wb

Question set 5.2 

4 a I
max 

5 30 A, I
ave 

5 0 A, I
rms 

5 
30 A

2
 5 21 A 

b f 5 
p

p

6

2
 5 3 s21

c T 5 5 5
2

1 1

3 s

1

3
s

1f
 or 0.33 s

5 a «
max

 5 2pfnBdl 5 2p(30 Hz)(30)(1.0 T)(0.24 m)(0.4 m)  
 5 540 V

b emf
rms 

5 380 V

6 B 5 0.1 T

7 a f 5 1200 rpm 3 
1 min

60 s
 5 20 Hz

b «
max

 5 19 V (rounded from 18.8 V)

c «
rms

 5 5
2

18.8 V

2
max

emf
 5 13 V

d «(t) 5 «
max

 cos (2pft) 5 19 V cos(40pt)

9 n 5 127

Question set 5.3 

5 5 3 5 3240 V
200

1000S P
S

P

V V
N

N
 5 48 V 

6 a Step up transformer

b 5 5 5
10 A

30 A

1

3
P

S

S

P

N

N

I

I

7 a V
s
 5 60 kV 

b P 5 VI 5 (120 V)(8.0 A) 5 960 W

c Same as the input, 960 W

d 5 5
960 W

60000 VS
S

S

I
P

V
 5 0.016 A

9 a V 5 IR 5 (0.6 A)(10 V) 5 6 V

b V 5 IR 5 (1.0 A)(10 V) 5 10 V

c i 5 3 5 36 V
1200

240 VS S
P

P

N V
N

V
 5 30 turns

ii 5 3 5 310 V
1200

240 VS S
P

P

N V
N

V
 5 50 turns

d VPR 5 6 V 1 10 V 5 16 V

e I 5 5
V

16 V

10

V

R
 5 1.6 A

Question set 5.4 

6 a F
AB

 5 0.18 N; downwards

c 0.18 N upwards

d St 5 7.2 3 1023 Nm, out of the page 

e Anticlockwise

7 I
2
 5 I

1

t

t
5 3

3 2







1.5 A

0.015 N m

7.2 10 N m
2

1
3

 5 3.1 A 

Question set 5.5

1 James Clerk Maxwell

6 a f  5 4.7 3 1014 Hz

b t 5 2.6 s

8 a l 5 550 nm

chapter review questions

6 Wb 5 1 T m2 5 1 kg s22 A21 m2 5 1 kg m2 s2 A1

13 a I
p
 5 3.0 A sin (6.2 s21 t)

b I
p–p

 5 0.64 A

c I
ave

 5 0

d I
rms

 5 0.22 A

14 b F 5 nilB 5 7.7 3 1022 N or 77 mN

c t
net

 5 6.2 m N m

16 B 5 0.24 T

18 a 5 3
S P

S

P

V V
N

N
5 3240 V

250

500
 5 120 V

c 5 3 5 32.4 A
240 V

120 VS P
P

S

I I
V

V
 5 4.8 A 

19 b n 5 108 turns

20 a l 5 0.17 m or 17 cm

b t 5 0.0011 s or 1.1 m s 
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chapter 6

Question set 6.2

2 x 5 x´ 1 vDt

 y 5 y´ 1 vDt

 5 1
  

AB AC CB
v v v

5 a i v
person to bus 

5 2.0 m s21

  ii v
person to outside 

5 v
person to bus 

1 v
bus to outside 

 
 5 14 m s21

 b i x 5 vDt 5 (2.0 m s21)(5.0 s) 5 10 m

  ii x 5 vDt 5 (14.0 m s21)(5.0 s) 5 70 m

Question set 6.4

6 Ĺ  5 40 m

8 t
pion

 5 17 ns

Question set 6.5

1 a m 5 gm
o

b p 5 gp
o

c E 5 m
o
c2

d DE 5 Dm
o
c2

4 E 5 (g 2 1)m
p
c2 5 1.0 3 10210 J

5 v 5 2
γ

1
1

2
c  5 0.89c 

6 E 5 7.46 MeV

chapter review questions

5 a v
p 

5 v
p to train

 1 v
train

 5 13 m s21

b s 5 vt 5 13 m s21 3 5 s 5 65 m 

8 a i c 5 3.00 3 108 m s21

ii c 5 3.00 3 108 m s21 

 b i 7.5 s

ii 2.5 s

9 v 5 0.10c

10 35 years

11 23 ns

12 447 m

14 16 years

15 a Yes

b 5 years

17 a 0.75c

b 56 m

18 1.637 3 10213 J 

19 a i 660 m

b 500 m

c Yes 

21 a 9.65 3 10221 kg m s21

b 0.74 m

chapter 7 

Question set 7.1

6 a 560 nm

b 9.0 cm

Question set 7.2

5 l 5 5
3 2

 
2.898 10 m K

450 K

3b

Tmax

  5 3 m26.4 10 m or 6.4 m 6

6 a 4.04 3 10221 J

b 2.0 3 1012 Hz

7 a 350 nm (from graph)

b 8000 K

8 a 1000 nm

Question set 7.3

5 a Copper

b Lithium 

6 E # hf  2 W

7 a 6.7 3 10234 J s

b 3.8 eV

chapter review questions

7 Platinum, Pt

10 a 0

b 0.0393 m or 3.93 cm

c 0.0785 m or 7.85 cm

11 3000 nm; red 

12 1.1 mm

13 a 8.8 3 10219 J

b 2.3 3 1027 m

c 1.3 3 1015 Hz

14 a 5.05 3 1027 m or 505 nm; green

b 2.69 3 10219 J

15 Aluminium or possibly lead

16 1.54 3 1023 m or 1.54 mm

17 a 1.63 3 10224 J

 1.02 3 1025 eV
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chapter 8

Question set 8.1

5 3

6 4.6 3 1014 Hz

 6.5 3 1027 m 5 650 nm

7 9.1 3 1028 m or 91 nm

9 2.2 3 106 m s21

Question set 8.2

5 a 1.1 3 10235 m

6 a 0

b 3.3 3 1023 m 5 3.3 mm

c 6.7 3 1023 m 5 6.7 mm

7 a 1.2 3 10223 kg m s21

b 3.1 3 10211 m

c Less than 

d Before: l 5 5
3

3

2

2 2

6.626 10 J s

1.2 10 kg m s

34

23 1

h

p
 

  5 5.5 3 10211 m

 After: l 5 5
3

3

2

2 2

6.626 10 J s

0.9 10 kg m s

34

23 1

h

p
 

  5 7.4 3 10211 m

chapter review questions

11 91 3 1029 m or 91 nm, ultraviolet

12 x 5 10 eV 6 2.76 eV 5 12.6 eV or 7.24 eV

13 a 3.45 3 10211 m 

b 1250 eV

14 a 6

b n 5 4 to n 5 1

c n 5 4 to n 5 3

15 y
0
 5 0

 y
1
 5 2.5 3 1025 m

 y
2
 5 5.0 3 1025 m

19 a F 5 
k q q

r

k e

r
5e 1 2

2

e
2

2

b 
1

2
mv2 5 

k e

r2
e

2

 5 KE

c Total energy 5 KE 1 U 5 
k e

r

k q q

r

k e

r
2 5 2

2 2
e

2
e 1 2 e

2

d r 5 5.2 3 10211 m

20 a l 5 4.84 3 1026 m

b y
0
 5 0

 y
1
 5 0.65 m or 65 cm

21 V 5 4.5 V

chapter 9

Question set 9.1

6 V 5 50 GV 5 50 3 109 V

7 a 6.4 3 1027 J

b 0.7 m s21

8 m 5 0.512 MeV/c2 

9 B 5 0.016 T

Question set 9.4

5 S
1
 → n– 1 p1

6 t1 → e1 1 nt  1 n
e

 A t1 is likely to decay in this way. 

chapter review questions

3 a B 5 0

b B 5 0

c B 5 0

d B 5 11

4 a L
e
 5 0

b L
e
 5 11

c L
e
 5 0

d L
e
 5 11 

11 b i t: 1784 MeV c22 3 1.78 3 10230 kg/(MeV c22)  

 5 3.17 3 10227 kg

ii V: 1672 MeV c22 3 1.78 3 10230 kg/(MeV c22)  

 5 2.97 3 10227 kg

12 a i V 5 92.2 3 103 V or 922 kV

ii B 5 1.9 3 1026 T

13 B 5 5.6 3 1026 T

21 a V 5 1.03 3 107 V or 10 MV

b B 5 8.8 3 1026 T

22 f  5 1.1 3 104 Hz
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chapter 10

Question set 10.2

1 Strong, weak and electromagnetic forces

5 F
G

5 2 3 10234 N

 F
E
 5 

k q q

r
e 1 2

2
 5 0

6 F
G

5 2 3 10234 N

 F
E
 5 230 N

Question set 10.3

6 v 5 0.097 m s21, about 10 cm/s 

7 6.1 3 109 ly or 6 billion light years away

8 a l 5 9.66 3 1027 m or approx. 1 mm (infrared)

b l 5 9.66 3 1024 m or approx. 1 mm (microwave)

9 a l 5 4.97 3 1027 m or 497 nm

b  v 5 9.9 3 107 m s21 

c R 5 4.5 3 109 ly or 4.5 billion light years away

chapter review questions

17 a R 5 2.0 3 109 ly or 2 billion light years

b l
obs

 5 763 nm

21 R 5 7.9 3 109 ly or 8 billion light years away
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Glo s sary 

absorption spectrum the wavelengths (or 
frequencies or energies) of radiation absorbed by 
a material

accurate the degree to which a measurement 
result approaches the ‘true value’

action-at-a-distance non-contact force; one 
object experiences a force due to the presence of 
another object that is not touching it

aether a medium through which light waves were 
thought to propagate

albedo the ratio of light re3ected by a surface to 
light incident on it; a surface with an albedo of 1 is 
perfectly re3ective, and an albedo of 0 is perfectly 
absorbing

alternating current (aC) a current that varies with 
time between positive and negative values, usually 
sinusoidally

analogue a device or scale that gives a 
continuous measurement; the scale is continuous 
and may show any value in a range

angular momentum, L momentum associated 
with rotational or orbital motion, L 5 mvr

antimatter matter composed of antiparticles, 
such as positrons, antiprotons and antineutrons

antiparticle each particle has an antiparticle 
that has the same mass but opposite charge and 
magnetic moment to the particle

apparent weight subjective experience of weight, 
which is generally measured as the normal force 
exerted on an object that is not in equilibrium

apparent weightlessness the experience of 
having no normal force exerted on you; this occurs 
during free fall

armature the frame of the rotating part of a motor 
or generator, holding one or more coils

aurora australis the southern lights; light 
produced by the collision of high-energy charged 
particles with air molecules close to the south pole

aurora borealis the northern lights; light 
produced by the collision of high-energy charged 
particles with air molecules close to the north pole

back emf an induced emf that opposes the 3ow 
of current in a circuit, particularly in a coil of a motor

baryon a heavy particle, with baryon number  
B 5 11

baryon number, B quantum number associated 
with baryons; baryons have B 5 11, antibaryons 
have B 5 21

best estimate value chosen to represent the 
indication value or measurement result of a 
measurand

Big Bang theory the theory that the universe 
began with a massive explosion of matter from a 
single point

black body an object with a perfectly absorbing 
surface, which emits radiation with a spectrum  
that is characteristic of the temperature of the 
object

black body radiation the electromagnetic 
radiation emitted by a black body, with a spectrum 
characteristic of the temperature of the body

boson particle with integer spin, s 5 0, 1. these 
particles do not obey the exclusion principle. 
examples include the exchange particles

centre of mass the average position of the mass 
in an object or group of objects. it is the point at 
which the gravitational force can be modelled  
as acting when the object is in a gravitational  
9eld

centripetal centre-seeking; applied to force 
and acceleration on and of objects moving with 
uniform circular motion

charge-reversal symmetry if all particles in 
an allowed reaction are replaced with their 
antiparticles (which have opposite charge), 
the new reaction is also allowed under known 
conservation laws

cloud chamber a chamber containing a 
supersaturated vapour through which high-energy 
particles pass, causing condensation of the vapour, 
and thus allowing their tracks to be visualised

collider a particle accelerator in which two 
particles are accelerated in opposite directions 
and collide

commutator a device for reversing the direction 
of current 3ow in a motor or generator

component the part of a vector pointing in a 
particular direction (usually horizontal or vertical)

concentric having the same centre

contact force a force applied to an object by 
another object having physical contact

continuous able to take any value, sometimes 
within a 9xed range, as distinct from discrete or 
quantised

continuous variable a variable that is able to 
take any value, sometimes within a 9xed range

continuous spectrum a spectrum containing 
radiation of all wavelengths, for example a  
rainbow

controlled variable the variable that is controlled 
by the experimenter, so that its values are chosen; 
also called the independent variable
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cosmic microwave background radiation the 
observed radiation coming from all points in space 
corresponding to radiation from a black body at 
3 K; it is believed to come from an earlier, much 
hotter stage of the universe’s evolution

cosmological principle the assumption that 
matter is uniformly distributed throughout the 
universe on all scales; it is one of the assumptions 
underlying the Big Bang theory

coulomb the unit of charge, named after Charles 
augustin de Coulomb

Coulomb constant the constant of proportionality 

for electric %elds,
1

4
e

0

k 5
pe

 5 9 3 109 N m2 C22

Coulomb’s law the relationship between force, 
charge and distance for two point charges

couple moment the torque or moment resulting 
from two equal but opposite forces acting on an 
object

critical test an experiment that, having been 
rigorously conducted, shows that one or other of 
competing theories is false

crossing symmetry if a particle in an allowed 
reaction is crossed to the other side of the reaction 
and replaced with its antiparticle, the new 
reaction is also allowed under known conservation 
principles as long as enough energy is available

cut-off frequency, f
0
 the minimum frequency of 

light needed to eject an electron from a metal 
surface discrete able to take only speci%c values, 
not continuous. a line spectrum is a discrete 
spectrum

dark energy energy that is predicted from the 
increasing rate of expansion of the universe, but 
which is not identi%able as any currently known 
energy form

dark matter matter that is postulated to explain 
gravitational effects but which is not observable by 
the emission or re0ection of light

dependent variable the variable that changes 
as a result of changes to the independent or 
controlled variable

derived data data that is deduced from raw data 
by mathematical manipulation, such as graphs, 
algebraic equations and geometric constructions

design brief the document that speci%es the 
requirements for a design, including performance 
of the %nal product

deterministic predictable, able to be determined 
if enough information is available

digital able to measure only a limited number of 
possible values, usually within a %xed range

diode a circuit component that allows current to 
0ow in only one direction

dipole a closely spaced pair of positive and 
negative charges (electric dipole) or north and 
south poles (magnetic dipole)

direct current (DC) a current that 0ows in a single 
direction

discrete variable a variable that is able to take 
only speci%c values, not continuous; for example, a 
line spectrum is a discrete spectrum

dispersion relation the relationship between the 
frequency of a wave and its wavelength

eddy current a circular current induced in a 
conductor due to a changing magnetic %eld

electric #eld the %eld due to electric charges, 
which applies a force to electric charges

electric potential potential energy per unit 
charge in an electric %eld

electric potential energy the potential energy 
stored in an electric %eld; the potential energy of a 
charge in an electric %eld

electrical permittivity a physical property of a 
medium associated with electricity

electromagnetic #eld model a combination of 
the electric %eld model and the magnetic %eld 
model, including the interaction between the  
two %elds

electromagnetic force the combination of 
electric and magnetic forces acting on a charge, 
due to an electric and a magnetic %eld

electromagnetic induction the production of an 
emf due to a time-varying magnetic %eld

electromagnetic wave coupled oscillating 
electric and magnetic %elds, which in vacuum form 
a transverse wave that propagates at speed c

electron charge charge of an electron,  
21.6 3 10219 C

electron diffraction the interference of electrons 
due to the interaction of their probability waves

electron volt, eV a unit of energy equal to  
1.6 3 10219 J

electrostatic #eld model the model that assigns 
an electric %eld to stationary charges; it is this %eld 
that exerts forces on other charges

electrostatic force force due to and acting on 
stationary charges

electroweak theory theory combining 
electromagnetic and weak interactions

elementary particle a particle that does not 
have internal structure and cannot be broken into 
constituent particles. leptons are considered to be 
elementary particles; mesons and baryons are not

emission spectrum the spectrum of radiation 
emitted by an object, for example, black body 
radiation or atomic spectra from a discharge tube
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energy levels the allowed energies of a nucleus–
electron system; often referred to as electron 
energy levels, even though they are characteristic 
of the atom, not of individual electrons

epicycles circles on circles, as used to describe 
the orbits of the planets

equilibrium having a constant state of motion; 
acted on by no unbalanced forces or torques

exchange particles or ,eld particles particles 
that mediate interactions, such as photons, which 
are the 9eld particle of the electromagnetic 9eld; 
also called gauge bosons

exclusion principle the principle that no two 
electrons in an atom may have identical sets of 
quantum numbers; it was 9rst stated by Wolfgang 
pauli in 1925

explanation generalised account of why a body 
of data occurs

extrapolation extension beyond the measured 
range of data to read or construct new data that 
has not been measured

falsi,ability principle used to determine the 
experimental data that would disprove a model, 
law or theory; data from a critical test

falsi,able able to be disproved

fermion particle with half-integer spin, s5
1

2
,
3

2
, …, 

that obeys the exclusion principle; fermions include 
protons, neutrons and electrons

ferromagnetic having magnetic properties 
like iron; able to be magnetised and retain the 
magnetisation so that the material is magnetic

,eld the means by which action-at-a-distance 
forces are exerted

,eld particles see exchange particles

,eld theory the theory that describes forces as 
being mediated by 9elds and potential energy as 
being stored in 9elds

-avours (quarks) the six classi9cations of quark 
types: up, down, strange, charm, top and bottom

free fall falling with the acceleration g, the local 
gravitational 9eld strength

friction the component of the contact force 
between surfaces which is parallel to the surfaces, 
and resists relative motion of the surfaces

Galilean transformation equations relating 
coordinates in one inertial frame to those in 
another inertial frame; classical relativistic 
transformations

gauge bosons the 9eld or exchange particles 
predicted by gauge theory

generator a device that converts kinetic energy 
to electric potential energy and produces a current

geostationary orbit of period 24 h approx. directly 
above a single point on earth’s equator

geosynchronous orbit of period 24 h approx. 
above a great circle on earth

grand uni,ed theory (GUT) a theory that unites 
all four fundamental forces in a single model and 
explains the symmetry-breaking mechanism that 
caused them to separate into the four distinct 
forces we know of. there is as yet no widely 
accepted gut

gravitas aristotelian idea about the ‘heaviness’ of 
objects made of earth that allowed them to fall in 
straight lines towards earth

gravitational ,eld the 9eld that mediates the 
gravitational force between all objects with mass; 

the 9eld surrounding all objects with mass, 
2

5g
GM

r
gravitational potential energy the potential 
energy associated with the interaction of objects 
via the gravitational force. the potential energy is 
stored in the gravitational 9eld

ground level the lowest possible energy level of a 
nucleus–electron system

hadrons particles with large mass; the two types 
of hadrons are mesons and baryons

hypothesis a tentative prediction, usually based 
on an existing model or theory; also a tentative 
explanation of an observation based on an 
existing model or theory

independent variable a variable on which 
another variable depends; the controlled variable

indication value a single result of a 
measurement; the indication value gives a hint as 
to the ‘true value’

induced current a current created by a changing 
magnetic 9eld

induced emf an emf created by a changing 
magnetic 9eld

induction motor an ac motor in which the torque 
is due to a current induced by the changing 
magnetic 9eld created by an ac current in a coil

inertial frame of reference a non-accelerating 
frame of reference

interpolation to read or construct a new data 
point that has not been measured but is within the 
range of measured data

invariant same in all frames of reference

inverse-square law describes a relationship in 
which the dependent variable is proportional 
to the square of the inverse of the independent 
variable

length contraction length appears shorter in 
a reference frame that is moving relative to a 
stationary frame
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lepton number, L the quantum number 
associated with leptons, there is one for each 
lepton type: L

e
 5 11 for electrons and electron 

neutrinos, L m 5 11 for muons and muon neutrinos 
and L t 5 11 for the tau and tau neutrino; the 
corresponding antiparticles have lepton number 21

leptons a family of elementary particles: 
electrons, taus and muons and their neutrinos and 
all their antiparticles

lever arm the distance between the point of 
application of a force and a pivot point

limit of reading the minimum uncertainty in a 
measurement due to the precision with which the 
scale can be read

line of best ,t the line that most accurately 9ts the 
data, usually calculated using linear regression

line spectrum an emission or absorption 
spectrum consisting of discrete lines, characteristic 
of the energy levels of a particular atom or 
molecule

linear accelerator or linac a device in which 
electric and magnetic 9elds are used to accelerate 
charged particles to high speeds in a straight line

linearise to make linear; to convert into a form 
that can be described by a straight line

logbook the record of an experiment or 
investigation kept by the scientist performing the 
experiments; it is a legal record of the experiments 
and their results

lorentz factor g5

2
v

c

1

1
2

2

low Earth orbit an orbit between 250 km and 
1000 km above earth

magnetic braking braking due to the interaction 
of eddy currents and an external magnetic 9eld

magnetic ,eld the 9eld created by moving 
charges, including charges in magnetic materials, 
which exerts a force on moving charges and 
magnetic materials

magnetic -ux the magnetic 9eld passing through 
a given area, F = BA cos u

magnetic -ux density the magnitude of the 
magnetic 9eld, measured in t

magnetic force the force that a magnetic 9eld 
exerts on a moving charge or current

magnetic moment, m also called the dipole 
moment, it is a vector of magnitude proportional to 
the magnetic 9eld produced by a current loop,  
m 5 IA. the magnetic moment points in the direction 
of the 9eld at the centre of the current loop

magnetic permeability physical property of a 
medium associated with magnetism

magnetic pole magnetic north or south pole, a 
point from which 9eld lines come out or go in

magnetite an iron oxide, fe
3
o

4
, that is a natural 

magnetic material

mass defect difference between energy before 
and after a nuclear decay or reaction

mass spectrometer a device that uses a 
magnetic 9eld to characterise materials by the 
atoms and molecules they contain

mean lifetime statistical measure of the time 
after which a decaying sample is effectively 
extinguished; mean lifetime 5 1.44 3 half-life

measurand quantity being measured

measurement result best estimate of a ‘true 
value’; numerical value based on judgements 
about one or more attempts to measure the ‘true 
value’

meson a particle, generally (but not always) with 
mass between that of a lepton and a baryon

model a representation of a system or 
phenomenon that explains the system or 
phenomenon; a model may be mathematical 
equations, a computer simulation, a physical 
object, words or other form

modes of vibration characteristic patterns of 
oscillation, usually with a discrete set of allowed 
frequencies

moment see torque

motor a device that converts electric potential 
energy into kinetic energy, usually rotational kinetic 
energy

muon exotic particle formed by cosmic rays in the 
upper atmosphere

negligible any value or variation in a value that is 
too small to be taken into account

net force the resultant of all the forces acting on 
an object

normal force a reaction force perpendicular to 
the surface; a component of the contact force

outlier a data point that does not 9t the pattern 
shown by other measured data points

particle accelerator a device in which electric 
and magnetic 9elds are used to accelerate beams 
of particles to high speeds

percentage error proportional error expressed as 
a percentage; not de9ned by Bipm

percentage uncertainty proportional 
uncertainty, expressed as a percentage

permeability of free space, m0 the physical 
constant that determines the strength of the 
magnetic 9eld produced by a current in vacuum. it 
has the value 4p 3 1027 t m a21
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permittivity of free space, e0 the physical 
constant that determines how large an electric 
9eld is produced by a charge in vacuum. it has the 
value 8.9 3 10212 c2 n21 m22

photocurrent the current formed by electrons 
ejected from a surface by incident photons

photoelectric effect the ejection of electrons 
from a surface by incident photons of suf9cient 
energy

photoelectron an electron ejected from a 
metal surface following absorption of a photon of 
suf9cient energy

photon a particle or quanta of light, having 
energy E 5 hf

plagiarism presenting someone else’s work, 
including their words or ideas, as your own

Planck constant the constant of proportionality 
between energy and frequency for photons:  
h 5 6.626 3 10234 J s

polar having regions of positive and negative 
charge

positron the antiparticle of the electron, with 
charge 1e and mass m

e

potential difference the difference in potential 
between two points in an electric 9eld

potential energy energy stored in a system due 
to the interaction of components in the system via 
forces; energy stored in a 9eld. potential energy 
gives a system the ability to do work

precise the degree to which individual 
measurements cluster around the mean

precision the variation in repeated 
measurements, or the uncertainty of a measuring 
device

primary data data that you have measured or 
collected yourself

probabilistic not deterministic, unable to be 
predicted regardless of how much information is 
known

proper length length measured in an inertial 
frame of reference in which the object is stationary

proper time time measured between two events 
occurring at the same location in an inertial 
stationary frame of reference

proportional error difference between a 
measurement result and an accepted value, 
expressed as a fraction of the accepted value; not 
de9ned by Bipm

proportional uncertainty relative uncertainty

qualitative non-numerical data; descriptive 
information

qualitative measurements measurements with 
descriptive or non-numerical results

quantised existing in discrete amounts, not able 
to be divided into arbitrarily small amounts

quantitative numerical data; speci9c amount

quantitative measurements measurements with 
numerical values

quantum a discrete unit or amount of some 
physical property, such as energy, charge, mass or 
angular momentum

quark type of elementary particle (along with 
leptons and gauge bosons). Quarks come in six 
3avours and are fermions

radius of curvature the radius of a curve that is 
an arc (part of a circle in shape)

random error a variation that affects a 
measurement in a random way so that the 
measurement is as likely to change in any one 
direction as in any other

raw data original data taken directly from a 
measurement system

reaction diagram diagram showing the 
interaction of particles. particles are represented as 
lines with arrows, and interactions are represented 
as a circle; time is shown on the horizontal axis

recti,er a circuit, typically consisting of diodes, 
that converts ac to Dc

redshift the observed shift to longer wavelength 
of spectral lines in distant stars

reference the source of a speci9c piece of 
information or quotation; to state the source of 
information

relative uncertainty ratio of uncertainty to value

relativistic kinetic energy DE
k
 5 (Dm)c2 ⇒ DE

k
 5 

(g 2 1) m
0
c2 

relativistic mass, relativistically corrected mass  
mass measured in a reference frame that is moving 
relative to the reference frame in which the rest 
mass was measured

relativity principle the laws of physics are the 
same in all inertial frames of reference

reliable highly likely to be true; a trustworthy 
source of information or reproducible data

representation model of reality

reproducible giving the same result, within 
uncertainty, when repeated measurements  
are made

research question the speci9c question that a 
particular experiment or investigation is designed 
to answer

resolution the limit of reading of a measuring 
device

rest energy E 5 m
0
c2

rest mass mass measured in an inertial reference 
frame in which the object is at rest
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root mean square (rms) the average ac 
potential difference or current that produces the 
same power in a load as a Dc potential difference 
or current of the same magnitude

rotor the rotating part, typically coils, of a motor 
or generator

scatter graph a graph or plot showing data 
points, without a line joining the points, and used 
to demonstrate or determine a mathematical 
relationship between variables; the axes are 
de9ned by the variables

secondary data data or information that has 
been collected by someone else

signi,cant ,gure digit reported in a 
measurement result; the number of signi9cant 
9gures is the number of meaningful digits in a 
measurement result

simultaneity idea that the same event will 
be seen to occur at the same time in different 
reference frames

singularity a point in space and time at which 
the density of matter/energy is in9nite and the 
volume is in9nitesimally small

solenoid a coil of current-carrying wire that 
creates a large uniform 9eld within the coil

spectroscope a device that disperses radiation 
by energy (or wavelength or frequency) so that a 
spectrum may be observed and measured

spectrum the distributed components of light 
or another wave arranged by frequency (or 
wavelength)

spin in quantum theory, a property of particles, 
including electrons, that results in them having 
their own magnetic moment and hence magnetic 
9eld

standard Model the current most widely 
accepted model of particle physics that uses 
quarks and leptons to explain the nature of matter 
and exchange particles to explain the origins of 
three of the four fundamental forces: strong force, 
weak force and electromagnetic force; does not 
include a theory for gravity

stator the stationary or non-rotating coils of a 
motor or generator

stellar aberration position of star due to relative 
motion of earth

step-down transformer a transformer with a lower 
output potential difference than the input potential 
difference

step-up transformer a transformer with a higher 
output potential difference than the input potential 
difference

stopping voltage the reverse bias voltage 
required to stop the 3ow of photoelectrons in a 
photoelectric effect experiment

strong nuclear force or nuclear force the 
force that acts between nucleons (protons 
and neutrons) to hold the nucleus together; it is 
mediated by pions

symmetry the invariance of physical laws under 
transformations such as translation, re3ection and 
rotation in time and space

symmetry breaking a change in the behaviour of 
a physical system or the laws of physics that govern 
its behaviour when a symmetry operation such as 
a translation, re3ection or rotation in time or space 
takes place

synchrotron a machine that uses electric and 
magnetic 9elds to accelerate charged particles to 
large velocities while containing them in rings, to 
produce high-energy light

systematic error an error that acts to give a 
consistent offset in data; for example, a zero error

tension the pulling force applied to an object by 
a string or cable

tesla the unit of magnetic 9eld, 1 t 5 1 kg s21 c21; it 
is named after nikolai tesla

theory a collection of models and concepts that 
explain speci9c systems or phenomena; scienti9c 
theories allow predictions to be made and hence 
are falsi9able

time dilation a longer time is measured

time-reversal symmetry when an allowed 
reaction is written such that it runs in the opposite 
direction in time; the new reaction is also allowed 
in that it does not break any of the known 
conservation laws

torque the turning effect of a force; the product of 
force and distance from the axis of rotation or pivot 
to the point of application of the force; also called 
moment

transformer a device for changing the 
magnitude of an ac potential difference

true value the exact value of a measurand; the 
‘true value’ is an ideal that can never be known 
with certainty

unbalanced force when the resultant of two or 
more forces acting is not zero, i.e. SF Þ 0

uncertainty estimate of the range of values within 
which the ‘true value’ of a measurement or derived 
quantity lies; the extent to which the result of an 
experiment is unknown or unpredictable

uncertainty bars bars drawn above and below 
and/or to left and right of a data point on a graph 
to indicate the size of the uncertainty in that point

uni,ed theory any theory that demonstrates how 
fundamental forces can be united, and explains 
the mechanism by which they become distinct, for 
example, the electroweak theory
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uniform circular motion circular motion with 
constant speed

uniform ,eld a 9eld with a constant magnitude 
and direction over some region in space

valid results that are affected only by a single 
independent variable and hence are reproducible

van der Waals forces electrostatic forces due to 
charged regions of molecules, resulting in weak 
chemical bonds including hydrogen bonds

variable something that can change or be 
changed, as distinct from a constant, which 
cannot

vector a quantity that has magnitude and 
direction

vector cross product the vector cross product, 

C A B5 3
  

, gives a vector perpendicular to both A


 

andB


 with magnitude C 5 AB sin u, where u is the 

angle between A


 and B


. the right-hand rule gives 
the direction of C



vector dot product the scalar product of two 

vectors, C 5 A B?
 

5 AB cos u

volt, V unit of potential difference, 1 V 5 1 J c21

voltage more correctly called the potential 
difference, it is measured in volts

wave equation a differential equation that 
describes wave behaviour; its solutions are wave 
functions that are typically sinusoids

wave–particle duality the dual nature of matter 
and energy, requiring both wave and particle 
models to completely explain all observed 
behaviour of matter and energy

weak force the force necessary for b decay of 
nuclei. it is mediated by W and Z bosons. at very 
high energies it is uni9ed with the electromagnetic 
force as part of the electroweak force 

weight the gravitational force that acts on an 

object, w 5 mg 5
2

GmM

r
 

work energy transferred due to the action of a 
force, W 5 Fs

work function the energy required to eject an 
electron from a metal surface; effectively, it is the 
ionisation energy for the bulk material

zero error scale is not zero when measurements 
are taken; also called a calibration error
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Index

absolute zero 204, 235, 356

absorption spectrum 228–9,  
235, 252

AC see alternating current

acceleration due to gravity 5–6

accuracy and precision 317–18, 
326

action-at-a-distance 4, 42, 46–7, 
59, 68

aether 153, 175–9, 184, 199, 200

al-Battani, Muhammad 46

albedo 213, 224

alpha particle scattering 
experiment 228

Alpher, Ralph 301

alternating current 134, 138,  
141, 159

Ampère 124

ampere, unit of current 314–15, 352

Ampère–Maxwell law 152

analogue 351

Anderson, Carl 257

Anglo-Australian Telescope 303

antimatter 257, 280

antinode 205

antiparticle 258, 280

antiparticle, table of 264–5

antiquark 285–9, 293, 308

apparent weight 52–4, 69

apparent weightlessness 54, 69

Aristotle 46, 312

armature 134, 159

arti4cial satellites 67

astrobiology 157

ATLAS detector 305

atomic spectra 228–36, 251

aurora australis 116, 120

aurora borealis 116, 120

Australian international 
Gravitational Research Centre 
268

back emf 148, 159

Bacon, Francis 313

Bacon, Roger 312

Balmer series 230, 233–5

Balmer, Johann 230

banking 28

Barberio, elisabetta 304–5

baryon 265, 266–7, 280–1

number 271–2, 280

number conservation 271–2

quark composition of 287

best estimate 326

Big Bang theory 284, 296,  
298–303, 306, 308

Biot, Jean-Baptiste 105

black body radiation 204, 206–13, 
215, 223–4, 242, 251–2

black body spectrum 209,  
211–15, 223

black body spectrum of a star 211

Bloch, Felix 117

Bohr model of the atom 231–5

Bohr postulates 231–2

Bohr radius 253

Bohr, niels 83, 218, 231–2, 248–9

boson 264, 266, 280–1

boson, gauge 281, 291, 294–5, 309

Brackett series 230

Bradley, James 166

Brahe, Tycho 46, 64, 69

Brout, Robert 295, 296

BSSCO superconducting material 
115

Bunsen, Robert 228–9

candela, unit of luminous intensity 
314, 352

capacitor 79, 142

Cavendish, Henry 48, 55–6

centre of mass 4, 10, 41

centripetal acceleration 22–3, 
41–2, 102, 228

centripetal force 23, 27–30, 41–2, 
66, 69, 102, 262

CeRn 158, 187, 263, 294–6,  
304–6, 308

Chadwick, James 256

Chamberlain, Owen 264

climate change 213–15, 224

cloud chamber 257–8, 280

collider 263, 280

Colman, Robert 213

commutator 139–40, 147, 150, 159

complementary model 239

Compton, Arthur Holly 221

conductivity 233

conservation of baryon number 
271–2

conservation of lepton number 
272–3

contact and non-contact force 4, 
27, 42

continuous 224

Copernicus, nicolaus 46, 312

Cork, Bruce 264

cornering 27

cosmic microwave background 
radiation 298, 302, 306, 308

cosmological principle 306, 308

Coulomb constant 81, 92, 355

Coulomb force see electrostatic 
force

Coulomb, Charles-Augustin de 81

coulomb, unit of charge 72, 86, 
92, 353

Coulomb’s law 82–3, 91–2, 167

couple moment 39, 42, 80, 146

critical tests 312–13, 325–6

cross product 33, 98–9, 108,  
120, 146

Cunningham, Maria 157

current balance 111–12

cut-off frequency 216, 218, 224

dark energy 296, 302–5, 308

dark matter 296, 302, 305–6

data

derived 323, 326

operations on 324–5

primary 331–2, 351

qualitative 313, 326

quantitative 313, 326

raw 323, 326

secondary 331–2, 351

davisson, Clinton 243–4

davisson–Germer experiment 
243–4, 328
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dC see direct current

de Broglie wavelength 240–2, 
251–2

de Broglie, Louis 240

delta particle 265

democritus 256

deterministic behaviour 247–9, 252

diffraction grating 228

diffraction of light 153, 204, 206

diffraction of matter 243–5, 252

digital 351

dimensional analysis 325

diode 142, 159–60

dipole, electric 77, 80, 91–2

dipole, magnetic 113–14, 120, 141

dirac, Paul 257, 267

direct current 138, 142, 159

discrete 224

dispersion relation 152–3, 159

doppler shift 195, 298–300

dot product 98, 126, 160

double-slit experiment 204–6, 
239–40, 243, 246, 248

drag force 16, 28

eddy current 118, 131, 142, 159–60

einstein, Albert 46, 49, 124, 166, 
178–9, 181, 184, 191, 212, 217–18, 
228, 242, 248–9, 252

einstein’s equation E = mc2 191–4, 
261, 264, 270

electric 4eld

due to a point charge 81, 91

lines 75–7, 91

strength 72–4

in cell membranes 75

electric potential 86–8, 92

electric potential difference 86, 92

electric potential energy 86–8, 92, 
131, 146, 159

electromagnet 113, 147, 149,  
154, 263

electromagnetic

4eld 96, 102, 120, 281

4eld model 96, 102, 120

force 92, 281, 308–9

induction 124–7, 141, 149, 159

radiation 167–8, 209

spectrum 153, 168, 209, 230

wave 117, 124, 152–9, 167

wave production and detection 
155

electromagnetic wave, 
de4nition 152, 159

electromotive force 127–8, 131, 
159–60, 353

electron

charge 74, 92

de4nition 280–1

diffraction 243–5

interference 243–5

electron microscope 245

electron-volt 88, 92, 354, 356

electron-neutrino 264

electroreception in platypuses 74

electrostatic 4eld model 72, 92, 96

electrostatic force 60, 72, 92

electrostatic force see also 
Coulomb’s law

electroweak theory 281, 293–5, 
300–1, 304, 309

elementary charge see electron 
charge

elementary particle de4nition 
280–1, 308

elementary particles 256–68, 280–1

emf see electromotive force

emission spectrum 228–9, 235, 252

energy level 212, 232–5

englert, Francois 295, 296

epicycles 62–3, 68–9

equilibrium 38–9, 42

equipotential 85, 89

equivalence of mass and energy 
see einstein’s equation

errors, proportional 321, 351

errors, random 318, 326

errors, systematic 318

errors, zero 318, 316

eta particle 264

evolution of fundamental forces 
301

exchange particle model 50, 56, 
119, 268

exchange particle see 4eld 
particle

falsi4ability 313, 325–6

Faraday, Michael 72, 96, 105, 
124–5, 146, 152

Faraday’s law 127, 152, 159, 167

Fermilab 267

fermion 264, 281

ferromagnetic 114, 120, 141, 159

4ctitious force 23

4eld models compared 118

4eld particle 266–9, 281

4eld theory, de4nition 69

4eld, de4nition 69

Fitzgerald, G. 184

Fizeau, Armand Hippolyte 166

Duorescence 155, 238

force on charged particles see 
Coulomb’s law

force on particle in electric and 
magnetic 4eld 152

force vector 41

forces, addition of 10

forces, components of 11

Foucault, Leon 166, 333

frame of reference and circular 
motion 23

frame of reference and relativity 
169–71, 178, 200

free fall 8, 54, 65, 69

friction 12–13, 27, 42

Frisch, d.H. 186–7

fundamental forces 50, 55, 72, 
267–8, 291–2, 294

fundamental forces and the Big 
Bang 300, 306

fundamental forces and the 
Standard Model 296, 298, 308

Galilean transformation 170, 200

Galileo Galilei 46, 68, 169–71, 313

gamma rays 258

gas discharge tube 229

gauge theory 291, 295, 309

Gauss’s law 152

Geiger, Hans 228

Gell-Mann, Murray 285

generators AC 134–8

generators dC 139–40

generators 134–40, 159

geostationary satellite 67, 69

geosynchronous satellite 67, 69

Germer, Lester 243–4

Gilbert, William 96, 114

Glashow, Sheldon 293

GRAiL mission 26
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grand uni4ed theory 296, 309

graphical analysis 356

gravitas, Aristotelian concept  
46, 69

gravitation constant see universal 
gravitation constant

gravitational acceleration 5–6

gravitational 4eld 4–6, 10, 16, 41, 
46–8, 50–1, 58–60, 68–9

gravitational 4eld

and magnetic 4eld 101, 119

line 77

near earth 4–5, 41, 47, 51

Moon’s 26

gravitational force 5–7, 10, 16–17, 
21–4, 30, 41, 46–9, 52–3, 56, 69, 
300–2, 308

and circular motion 23–4,  
27–8, 30

and 4eld particles 267, 291–2

and motion on an inclined 
plane 12–13

and potential energy 58

and projectile motion 16–19

and Rutherford model 228, 256

and satellite motion 65

and the Standard Model 294, 
296

and vertical motion 7–8

and weight 52

vector 10, 46

graviton 268, 284, 292, 294,  
296, 308

gravity wave 49, 57, 268

ground level (ground state) 
233–5, 238, 252

Guralnik, Gerald 295, 296

GUT see grand uni4ed theory

hadron 264, 266–7, 280–1

Hagen, Carl 295, 296

half-life, muon 186

half-life, particles 261, 265

Halley, edmund 46

Heisenberg, Werner 239, 247, 249

Henry, Joseph 124

Herman, Robert 301

Hertz, Heinrich 124, 166, 168, 216

hertz, unit of frequency 21, 315, 353

Higgs boson 263, 294–6, 308

Higgs, Peter 294

Hobbs, George 57

Hooke, Robert 46

Hubble, edwin P. 300

Hubble’s law 300, 308

Huygens, Christian 204

hydrogen spectrum 229, 233, 251

impetus, Aristotelian concept 69

indication value 317–18, 326

induced current 128, 130–1, 137, 
150, 159

induced emf 127–8, 131, 137, 159

interference effects 153, 166, 
176–7, 204–6, 239, 245–8, 252

interference pattern 177, 205–6, 
239–51, 341–2

invariant 170, 200

inverse-square law of electric 4eld 
strength 81

inverse-square law of gravity 46–7, 
55, 69

ionisation energy 217–18, 224, 233

kaon particle 264

Kepler, Johannes 46, 63–4, 83

Kepler’s 4rst law 63, 69

Kepler’s second law 63, 69

Kepler’s third law 64, 69

Kibble, Tom 295, 296

Kirchhoff, Gustav 204, 228–9

Lagrangian points 56

lambda particle 265

Large electron Positron Collider 304

Large Hadron Collider (LHC) 263, 
295, 304, 306

law of periods see Kepler’s  
third law

length contraction 182–5, 199, 200

Lenz’s law 130–1, 159

lepton 264, 266, 280–1

lepton number 271–3, 280–1

lepton number conservation 272–3

lever 31, 33–7, 42

lever arm 33–4

Lewis, Gilbert 221

LHC see Large Hadron Collider

lightning 79

linac see linear accelerator

line spectrum 224, 228, 236,  
251, 252

linear accelerator (linac) 261–3, 
281

Lorentz contraction 184

Lorentz factor 184

Lorentz transformations 184

Lorentz, H. 184

Lyman series 230, 233–4

magnetic

braking 130–1, 160

4eld 92, 98–9

4eld lines 107, 109–10, 114

4eld strength 99, 125, 353

4eld strength equation 98, 105

4eld, earth’s 56, 96, 116–17

Dux 125, 160, 353

Dux density see 4eld strength

force on current-carrying wire 
96–7, 120

force on moving particle 97, 
100–1, 119–20

moment 113–14, 120, 257, 263

pole 113–14, 120, 152, 303

poles, earth 116–17

resonance imaging 117

magnetite 96

Marsden, ernest 228

mass defect 196–7, 200

mass spectrometer 102, 120

mass–energy equivalence see 
einstein’s equation

massless particle 291

Maxwell, James Clerk 72, 124, 166

Maxwell’s model and equations 
152–3, 166–8, 175, 178–9, 184, 206, 
274, 293

mean lifetime 186–7, 200, 265

measurand 316–17, 326

Meissner effect 115

Merli, Pier Giorgio 246

meson 264, 266–7, 280–1

meson, quark composition  
of 287

meters, digital vs analogue 317

Michelson, Alfred 166, 176

Michelson–Morley experiment 
175–7

Millikan, Robert 216, 218

Millikan’s experiments 218

models in science, discussion 
313–14
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models of the atom

Bohr 231–5

planetary 83, 228, 231–2, 251

‘plum pudding’ 228, 251, 256

quantum 232, 239, 248–9, 252

modes of vibration 211, 241

mole 315, 352

moment see torque

momentum

angular 63, 69, 224, 232, 251–2, 
270, 278, 280

conservation of 64, 69, 171, 232, 
275, 278, 280

relativistic 192–3, 195, 262–3

wave 153

monopole 114, 152, 303

Morley, edward 166

motion of particles in magnetic 
4elds see magnetic force on 
moving particle

motor

dC 146–7

electric 127, 147–151, 160

homopolar 147

induction 149, 149–50, 160

linear AC (in speaker) 151

MRi see magnetic resonance 
imaging

muon decay 186–7

muon particle 264

muon-neutrino particle 264

natural motion, Aristotelian 
concept 69

net force 10, 23, 28, 38, 42

neutrino 266–7, 280–1

neutron de4nition 280–1

neutron diffraction 245

newton, isaac 4, 22, 46–8, 55, 83, 
169–71, 204, 313

newton’s 4rst law 13, 21, 74, 169

newton’s law of universal 
gravitation see universal 
gravitation, law of

newton’s second law 5, 10, 23, 38, 74

newton’s third law 4–5, 27, 48

node 205

normal force 12, 53, 69

nuclear 4ssion 196–7

nuclear fusion 196–7

null result 176–7, 184

Oersted, Hans Christian 96

omega particle 265

Oort, Jan 303

orbit of particles 83, 101–2, 113–14, 
228, 231–3, 236, 238, 241, 248, 
250–2

orbit of satellites 4, 26, 46–8, 50, 
56, 63–7, 69
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