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How to use this book 

Pearson Physics 12 
New South Wales 
Pearson Physics 12 New South Wales 
has been written to be fully a ligned 

with the new Stage 6 syllabus for 
New South Wales Physics. The book 
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Revision box 
Revision boxes 

are used to 
remind students 
of vital concepts 
previously 
covered that 
a re required for 
current learning. 
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Physics Inquiry 
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Physics Inquiry features are inquiry
based activities that assist students 
to discover concepts before learning 
about them. They encourage students 
to think about what happens in the 
world and how science can provide 
explanations. 

Section 
Each chapter is clearly divided 
into manageable sections of 
work. Best-practice l iteracy and 

instructional design are combined 
with high-quality, relevant photos 
and illustrations to help students 
better understand the idea or 
concept being developed. 

PhysicsFile 
PhysicsFile 
boxes include 

a range of 
interesting 

and real-world 
examples to 
engage students . 

Physics in Action 
Physics in Action boxes place 

physics in an applied situation or a 
relevant context. They refer to the 

nature and practice of physics, its 
applications and associated issues, 
and the historical development of its 

concepts and ideas. 



Worked examples are set out in steps that show thinking and 
working. This format greatly enhances student understanding 
by clearly linking underlying logic to the relevant calculations. 

Each Worked example is followed by a Try yourself activity. 
This mirror problem allows students to immediately test their 
understanding. 

Additional content 
Additional content includes material 
that goes beyond the core content of the 
syllabus. They are intended for students 
who wish to expand their depth of 
understanding in a particular area. 
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summary to help 
students consolidate 

the key points and 
concepts. 
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How to use this book 

Chapter review 
Each chapter finishes with a list of key terms 
covered in the chapter and a set of questions 
to test students' ability to apply the knowledge 
gained from the chapter. 
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Icons 
The NSW Stage 6 syllabus ' Learning across the 
curriculum' and 'General capabilities' content are 
addressed throughout the series and are identified 
using the following icons. 

'Go to' icons are used to make important links to 
relevant content within the same Student Book. 

l ooTo ► ! 
This icon indicates when it is the best ~ 
time to engage with a worksheet (!NS), a ts 
practical activity (PA), a depth study (OS) 
or module review (MR) questions in 
Pearson Physics 12 New Soulh Wales 
Skills and Assessment book. 

This icon indicates the best t ime to 
engage with a practical activity on 
Pearson Physics 12 New Soulh 
Wales Reader+. 
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Module review 
Each module finishes with a set of questions, 
includ ing multiple choice and short answer. 
These assist students in drawing together 
their knowledge and understand ing, and 
applying it to these types of questions. 

. .. ·--
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Glossary 
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Key terms are shown in bold in sections and listed at the 
end of each chapter. A comprehensive glossary at the 
end of the book includes and defines all the key terms. 

Answers 
Numerical answers and key short response answers 
are included at the back of the book. Comprehensive 

answers and fully worked solutions for all section review 
questions, Worked example: Try yourself features, 
chapter review questions and module review q uestions 
are provided on Pearson Physics 12 New South Wales 
Reader+. 
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CHAPTER 

. , · Q .dl ' ~orking scientifically 

✓ ·' 

This chapter covers the skills needed to successfully plan and conduct primary and 

secondary·sourced investigations. 

1.1 Questioning and predicting describes how to develop, propose and evaluate 
inquiry 4u~lio11::i. c:tmJ llyµuU,~ When 1,;rei:.1li11g c:1 hypuU1~i::, c:1 wn::i.it .. hmiliuu or 

the variables must be included. 

1.2 Planning investigations will help you learn to identify risks in your investigation 
and to make sure all ethical ooncems are considered. It is important to choose 

appropriate materials and technology to carry out your investigation. You will a lso 
need to confirm that your choice of variables allows for a reliable collection of data. 

1.3 Conducting investigations is a guide to conducting scientific investigations. It 

describes methods for accurately collecting and recording data to reduce errors. 
Appropriate procedures need to be carried out when disposing of waste. 

1.4 Processing data and information describes how to process your data 
appropriately. From an array of visual representations, you will learn how best to 

represent your informattOn and how to identify trends and patterns in your data. 

1.5 Analysing data and information explains how to analyse your results. It explains 

error and uncertainty and how to construct mathematical models to better 

understand the scientific principles of your research. 

1.6 Problem solving will help you use critical thinking to demonstrate an 

understanding of the scientific principles underlying the ~ution to your inquiry 
question. 

1.7 Communicating explains how to communicate an investigation clearty and 
accurately using appropriate scientific language, nomenclature and scientific 

notation. 

Outcomes 
By the end of this chapter you will be able to: 

• develop and evaluate questions and hypotheses for scientific investigation PH l 2· l 
• design and evaluate investigations in order to obtain primary and secondary data 

and information PH12•2 

• conduct investigations to collect valid and reliable primary and secondary data 
and information PH12-3 

• select and process appropriate qualitative and quantitative data and information 
using a range of appropriate media PH 12-4 

• analyse and evaluate primary and secondary data and information PH 12•5 
• solve scientific problems using primary and secondary data, critical thinking skills 

and scientific processes PH12·6 
• communicate scientifte understanding using suitable language and terminology 

for a specific audience or purpose PH12•7. 



Content 
By the end of this chapter you will be able to: 

• develop and evaluate inquiry questions and hypotheses to identify a concept 
that can be investigated scientifical ty, involving primary and secondary 

data (ACSPHOOI , ACSPH061, ACSPH096) 

• modify questions and hypotheses to reflect new evidence 
• assess risks, consider ethical issues and select appropriate materials and 

technologies when designing and p lanning an investigation (ACSPH03 1, 

ACSPH097) 
• justify and evaluate the use of variables and experimental controls to ensure 

that a valid procedure is developed that allows for the reliable collection of 
data (ACSPH002) 

• evaluate and modify an investigation in response to new evidence 
• employ and evaluate safe work practices and manage 

risks (ACSPH03 l) 

• use appropriate technologies to ensure and evaluate accuracy 
• select and extract information from a wide range of reliable secondary sources 

and acknowledge them using an accepted referencing styfe 

• select qualitative and quantitatrve data and information and represent them 
using a range of formats, digital technologies and appropriate media (ACSPH004, 
ACSPH007, ACSPH064, ACSPHIOI) 

• apply quantitative processes where appropriate 
• evaluate and improve the quality of data 

• derive trends. patterns and relationships in data and information 
• assess error, uncertainty and limitations in data (ACSPH004, ACSPHOOS, 

ACSPH033, ACSPH099) 
• assess the relevance, accuracy, validity and reliabi lity of primary and secondary 

data and suggest improvements to investigations (ACSPHOOS) 
• use modelling (including mathematical examples) to explain phenomena, make 

predictions and solve problems using evidence from primary and secondary 
sources (ACSPH006, ACSPHOIO) 

• use scientific evidence and critical thinking ski lls to solve p roblems 
• select and use suitable forms of d igital, visual, written and/or oral communication 

• select and apply appropriate scientif ic notations, nomenclature and scientific 

language to communicate in a variety of contexts (ACSPH008, ACSPH036, 
ACSPH067, ACSPH 102) 

• construct evidence-based arguments and engage in peer feedback to evaluate an 
argument or conclusion (ACSPH034, ACSPH036). 

Ph)'s,a5taee 6 S)'labuS O NSW EducabonStlndan:bAu~ 
to, 11nd on behlllf of the Crown., nct,t of the Sate~ NSW. 2017. 



li!MMl·i:1 
In Year 11 you learnt that 
scientific investigations are broken 
down into primary investigations 
(such as experiments in a lab, field 
work or designing a model) and 
secondary-sourced investigations 
(such as a literature review). 

1.1 Questioning and predicting 
Before starting your investigation, you need to understand the working scientifically 
skills essential to completing a meaningful scientific im-estigation . \Vorking scientifically 
itwolves many dynamic and interrelated processes. 

~11,ese are: 

Questio ning and Predicting 

Planning lm·estigarions 

Conducting lnvestigations 

Processing Dara and Information 
Analysing Data and information 

Problem Solving 

Communicating. 

During this course you will choose and implem ent the processes appropriate to 
your investigation and u se your knowledge and u nderstanding of physics to draw 
and communicate conclusion s and suggest areas for future research . T his section 
is a guide to some of the key steps that should be taken when first d eveloping your 
inquir y q uestions and hypotheses. 

WHAT INITIATES AN INVESTIGATION? 
There are many starting points for an investigation. C uriosity can be triggered 
through observation and advances in technology. 

Observation 
Observatio n includes using all your senses and the instruments available to 
allow closer inspection o f things that the human eye cannot see. T hrough careful 
observatio n, you can learn a lot about the forces acting on an object, inclu ding 
support forces and resistive forces su ch as friction and air resistance. 

The idea for a primary investigation of a complex p roblem arises from prior 
learning and observatio ns that raise fur ther questions. 

How observations are interpreted d epends on past experiences and knowledge. 
But to enquiring minds, observations will usually provoke fur ther questio ns, such 
as those given below. 

\Vhat velocity must a satellite be moving at to travel in a geosynchronous orbit? 

How d oes the motion of charged particles in an electric field compare to the 
movement of an object with mass in a gravitational field? 

\Vhat causes interference in signals travelling through a wire? 

\Vhat modifications could be made to improve the efficien cy of a transformer? 

\Vhat applications are there for special relativity? 

\Vhat information does the spectrum from a star reveal? 

M :m y o f the:~e q 11~ rio n ~ can n o t he :m ~we rect hy oh~er v:uion alo ne , h ut they c:m 
be answered through scientific investigations. Lots o f great discoveries have been 
made when a scientist has been busy investigating another p roblem . Good scientists 
ha\'e acute powers of observatio n and enq uiring minds, and they make the most of 
these chance opportunities. 

4 CHAPTER l I WORKII\G SCENTFICALLY 



ADVANCES IN TECHNOLOGY 
Technology plays an important role in science. Atoms do not have sharply defined 
boundaries and so it is not possible to measure their radii directly. Developments in 
technology have allowed for the accumulation of evidence for scientific theories, laws 
and models, such as technology to measure the distance between nuclei of atoms 
in molecules. For example, in a hydrogen molecule (Hi) the two nuclei are 64 pm 
(picometres) apart. The radius of each hydrogen atom is assumed to be half of that 
distance, i.e. 32 pm. 

The opposite is also true, with the de,·elopment of new scientific theories, laws 
and models driving a need for new, improved technologies, such as the de,·elopment 
of neutrino detectors, UV- visible spectroscopy, infrared spectroscopy and nuclear 
magnetic resonance spectroscopy. 

l·J@Hl·WI I GO TO ► I Year 11 Section l.l 

Inquiry question, hypothesis and purpose 

The inquiry question, purpose (aim) and hypothesis are 

linked. Each of these can be refined during the planning of 
the investigation. 

An inquiry question defines what is being investigated. It 

is important that you can interpret what an inquiry question 

is asking you to do. Compile a l ist of topic ideas and start a 
literature review to formulate your inquiry question. Evaluate 
and refine your inquiry question once you have decided on 
a topic. Remember to consider the resources available to 

you when deciding on your inquiry question. 

A hypothesis is a prediction that is based on evidence 

and prior knowledge. A hypothesis often takes the form of 
a proposed relationship between two or more variables in 

a cause-and-effect relationship; in other words, 'If x is true 
and this is tested, then y will occur.' 

A good hypothesis should be a statement that contains 

the independent and dependent variables, be measurable 

PEER REVIEW 

and be falsifiable. You may need to adjust your hypothesis 

as you conduct further research into your chosen topic. 
A purpose is a statement describing in detail what will 

be investigated. It is also known as the aim of your 
investigation. The purpose includes the key steps required 

to test the hypothesis. Each purpose should directly relate 

to the variables in the hypothesis, and describe how 
each will be measured. An experiment or investigation 

determines the relationship between variables and 
measures the results. 

There are three categories of variables: independent, 

dependent and controlled. Variables are either qualitative 

( includes nominal and ordinal variables) or quantitative 
( includes discrete and continuous variables). 

Reliable primary and secondary sources should be used 

when researching your topic and during your investigation. 

Scientists often publish their findings in peer-rev iewed journals. Examples of 
peer-reviewed p hysics journals include : 

N ew Journal of Physics 

Revietl.l of Modern Physics 

J ournal of H i'gh fi1ergy Physics 

Jnsi'ghts in J\4edical Physics 

J ournal of Pure and Applied Physics 

Journal of A strophysics a11d A erospace cedmology. 
Peer-reviewed journals ha\"e an editorial board , comprising experts in a particular 

field, who read a draft article and ask questions of the author before agreeing to 
publish the article. 

CHAPTER 1 I WORl<r-lG SOENTFICAllY 5 



Your teacher may suggest that you partner with a student in your class, to 
provide each other with constructive feedback regarding your inquiry question and/ 
or hypothesis. There are many benefits resulting from collaborating with others, 
including building on ideas and considering alternatfre perspecth·es. Fo r example, 
the current understanding of light is the result of research conducted by several 
scientists in the 19th and 20th centuries. 

PHYSICSFILE 

Detecting gravitational waves 
In the early part of the twentieth century Einstein formulated the theory of general 
relativity. This theory µretJicled gravitational Wdves. Although hyJ)Ulhesisetl, scientists 
of the day were unsure how to detect them. Two American scientists, Kip Thorne from 
California Institute of Technology (Caltech) and Rainer Weiss from Massachusetts Institute 
of Technology (Mil], started to collaborate on detecting these waves. 

Weiss was an experimental physicist, and had already started designs on a detector, 
and researched possible sources of disturbance that would interfere with the readings. 
Thorne was a theoretical physicist, and came to the collaboration with an understanding 
of the implications of gravitational waves, and the theoretical events that would cause 
them. In 1984 Caltech and MIT set up a joint pr()fect called UGO (Laser Interferometer 
Gravitational-Wave Observatory). 

UGO has over 1000 scientists worlting in the team, led by Barry Barish, modifying and 
improving the detection equipment and the hypothesis, and interpreting the readings 
from the equipment. UGO is so complicated and sensitive that the project was broken 
into different stages; it took three decades to set up the project and turn it on with the 
required sensitivity. The UGO detector {Figure 1.1.1) uses long detector arms that are 
perpendicular, and a laser light that is sent down both arms, bouncing off mirrors at 
the end, and returning to the detector. Any change in length of the arms results in a 
changing interference pattern on the detector. 

The consequences of detecting gravitational waves are wide reaching for science, and 
open up new areas of investigation as well as providing more evidence that supports the 
general theory of relativity. This was recognised when Weiss, Thorne and Barish were 
awarded the Nobel Prize in Physics in 2017. 

FIGURE 1.1 .1 UGO CS used in the search for gravitational waves. 

\Vhen collaborating with others, consider the following: 
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Is the inquiry question clear? 
Can the inquiry q uestion be answered in the time available? 
Is the aim clear? 

Is a hypothesis written so that it can be disproved? 
Are the independent, dependent and controlled variables clearly defined ? 
\Vhat are the strengths of the inquiry question? 
\Vhat q uestions do you have about the inquiry question? 



1.1 Review 

f1'l:t:t\ii 
Before you begin your research, it is important to 
conduct a literature review. By utilising data from 

primary and/or secondary sources, you will better 
understand the context of your investigation to 

create an informed inquiry question. 
The purpose (aim) is a statement describing in 

detail what will be investigated. 

A hypothesis is a tentative explanation for an 
observation that is based on evidence and prior 
knowledge. A hypothesis must be testable and 
falsifiable and define a proposed relationship 
between two variables. 

■ :◄ 4i·l1i!iii·U~i 
Distinguish between the terms inquiry question, 
hypothesis and purpose of an investigation. 

2 Which of the following describes an inquiry question? 
A How does the diffraction pattern of light depend on 

the wavelength? 
B The diffraction of light increases with an increase in 

wavelength. 

C Diffraction and refraction have opposite trends with 
respect to wavelength. 

D Diffraction is the bending of waves at a corner. 

3 For each of the following hypotheses, select the 
independent and dependent variables. 
a If water at 9Q<>C is allowed to cool to room 

temperature in d ifferent shaped containers, the 
container with the largest surface area will reach 
room temperature in a shorter period of time. 

b If the launch angle of a projecti le is 45°, then the 
horizontal distance travelled will be a maximum. 

c If you increase the thickness of foam bumpers 
attached to the front of a cart travelling at 1 ms- 1, 

then the force experienced during a head-on 
collision will be reduced. 

d If the emf applied to a circuit consisting of ohmic 
resistors is increased, then the total current in the 
circuit will increase proportionally. 

Once an inquiry question has been chosen, stop 
to evaluate the question before progressing. The 

question may need further refinement or even 
further investigation before it is suitable as a basis 

for an achievable and worthwhile investigation. A 
major planning point is to not attempt something 
that is not possible to complete in the time 
available or with the resources on hand. 

There are three categories of variables: 
independent, dependent and controlled. 

4 In an experiment about friction a student records the 
surface material that a ball is rolled over. What type of 
variable is the surface material? 

5 Which of the following is the most specific inquiry 
question? 
A Do helmets make riding a bike safer? 
B Does the use of a foam helmet reduce the impact 

force when falling from a bike? 

6 Which of the following inquiry questions is objective 
and specific? 
A How does the angle of release affect the period of 

motion of a pendulum? 

B Does the motion of a pendulum change when it is 
released from higher up? 

C Pendulums make good metronomes. 

7 Select the best hypothesis from the three options 
below. Give reasons for your choice. 
A Hypothesis 1: If the mass on a spring is increased, 

then the length the spring is extended will increase 
proportional ly. 

B Hypothesis 2: Springs have a stiffness that is the 
force required to extended them 1 m. 

C Hypothesis 3: Spring extension is measured in 
millimetres. 
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1.2 Planning investigations 
After you have formulated your hypothesis, defined the purpose of your 
investigation and determined your variables, you w ill need to plan and design your 
im·estigation. Taking the time to carefully plan and design a practical inn~tigation 
before beginning will help you to maintain a dear and concise focus throughout. 
Preparation is essential. This section is a guide to some o f the key steps that should 
be taken when planning and designing a practical investigation. 

CHOOSING AN APPROPRIATE TYPE OF INVESTIGATION 
After you have drafted your inquiry question , purpose, hypothesis and variables, 
you will need to consider an appropriate type of investigation. Examples of various 
investigations are listed in Table 1.2.1. \Vhen selecting the type of investigation you 
will use, remember to consider how much time you have available, and whether )'OU 

will need to work in a group or individually. 

TABLE 1.2.1 Examples of different types of investigations. 

Wi&Mttiitt Example 
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Primary data Design and conduct 
experiments 

Measure and reliably compare the specific heat 
capacity for a range of metals. 

Secondary 
data 

Creating 

Field work 

Data 
analysis 

Test a claim 

Test a device 

Heavier obJects will go down a slide faster than 
hght objects. 

Test the efficiency of a solar panel. 

Make a documentary or Investigate the use of nuclear radiatton in 
media report Australia. 

Conduct a literature 
review 

Develop an evktence
based argument 

Write a journal article 

Write an essay
historical or theoretical 

Develop an 
environmental 
management plan 

Analyse a work of fiction 
or film for scientific 
relevance 

Crec1te c1 vi5uc1I 
presentation 

Investigate emerging 
technologies 

Design and invent 

Research applications of special relativity in 
everyday life. 

Create an argument to counter the claim that 
the Earth is flat 

look at the styfe of a peer-reviewed }oumal and 
write a literature review in that particular style. 

Write about a Nobel Prize winner for Physics 
or the history of the development of the atomic 
model. 

Create an environmental management plan for 
the safe handling of unstable nuclei based on 
your understanding of nuclear decay. 

Book: The Martian, Andy Weir (2011) and/or 
Film: The Martian, director Ridley Scott (2015) 

Create c1 5eientific po5ter. 

Investigate perovskite solar cells. 

Build your own hydro-generator. 

Create a working model Create a working model of a door bell. 

Create a portfolio Compile various resources to answer an 
inquiry question. 

May be a starting point This could be initiated by the following stimuli: 
for an investigaUon - an excursion 

- engagement with community experts. 

Primary and secondary- Use original data to construct and analyse 
sourced investigations graphs or tables. 

Analyse data from a variety of sources. 



Organising information 
It is importanl to be able to organise the information that you collect in your 
investigation. This is particularly important if your investigation is an in-depth 
literature review.Table 1.2.2 shows how you might be able to summarise information 
from primary and secondary sources. 

TABLE 1.2.2 Example of categories that help you to keep track of information as you conduct a 
literature review. 

-

~ The effective temperatures of O-type stars from UV spectroscopy 
Advances in Space Research Journal 
Vol. 53, Issue 6, 15 March 2014, pp. 973-81 

Author 

Sample size 

Luciana Bianchi, Miriam Garcia 

International 

2014 

UV spectroscopy spring 

Use of UV spectroscopy to determine the parameters of the 
photosphere (surface) and stellar wind (ejected gases). Data 
fills in a gap when comparing effective temperature and 
spectral type. The downward trend was confirmed. 

spectra, temperature, element formation 

WRITING THE PROCEDURE 
The procedure (also known as the method) o f your in\'estigation is a step-by-step 
description of how the hypothesis w ill be tested. Consider using a diagram of your FIGURE 1.2.1 An equipment set-up for 
equipment set-up such as the one shown in Figure 1.2.1. determining spring stiffness 

\Vhen detailing the procedure, make sure it has the following elements so that it 
is a valid, reliable and accurate investigation. 

l;JMHM:■ 
Methodology elements 

Validity refers to whether an experiment or investigation 
is in fact testing the set hypothesis and purpose. A valid 
investigation is designed so that only one variable is 
being changed at a time. To ensure validity, carefully 
determine the independent variable and how it will 
change, the dependent variable, and the controlled 
variables and how they will be maintained. 

Reliabi l ity refers to the notion that the experiment can 
be repeated many times and the average of the results 
from all the repeated experiments will be consistent 
This can be maintained by defining the control and 
ensuring there is sufficient replication of the experiment. 

Accuracy is the ability to obtain the correct 
measurement. To obtain accurate results, you must 
minimise systematic errors. 

Precision is the abi lity to consistently obtain the same 
measurement. To obtain precise results, you must 
minimise random errors. 

Build some testing into your investigation to confirm the 
accuracy and reliability of the equipment and your abi lity to 
read the information obtained. Reasonable steps to ensure 
the accuracy of the investigation include considering the 
unit in which the independent and dependent variables 
will be measured and the Instruments that will be used to 
measure the variables. 

Select and use appropriate equipment, materials and 
procedures. For example, select equipment that measures 
to smaller degrees to reduce uncertainty and repeat the 
measurements to confirm them. 

Describe the materials and procedure in appropriate 
detail. This should ensure that every measurement 
can be repeated and the same result obtained within 
reasonable margins of experimental error (less than 5% is 
reasonable). Percentage uncertainty, sometimes referred 
to as percentage error, is a way to quantify how accurate a 
measurement is. This will be discussed in Section 1.4-. 
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Recording numerical data 
\Vhen using measuring instruments, the number of significant figures (or digits) 
and decimal places you use is determined by how precise your measurements 
are. You will lear n more about how to identify and use an appropriate number of 
significant figures and decimal places in Section 1 .4. 

Data analysis 
Data analysis is pan of the procedure. Consider how the data will be presented 
and analysed, for example in tables, so that panerns c.an be seen . Graphs can show 
relationships and enable comparisons. Preparing an empty table showing the data 
that needs m be obtained will help in the planning of the investigation. 

The nature of the data being collected, such as whether the variables are 
qualitative or quantitati,·e, influences the type of method or tool that you can use 
to analyse the data. T he aims and the hypothesis will also influence the choice of 
analysis tool. 

It is a good idea to draft a table of results before you commence an experiment. 
A sample results table is shown in Table 1.2.3. Table 1.2.4 shows how you might 
analyse the different types of rnriables in an in,·estigation. 

TABLE 1.2.3 Results table for investigating the specific heat capacity of copper using a calorimetEJ. 

Voltage Current Starting Fmal Time taken 
applied to through temperature temperature (s) 
calorimeter calorimeter (°C) (eC) 
(V) (A) 

±0.1 ±0.1 ±0.1 ±0. 1 

TABLE 1.2.4 Types of var~bles and the W<f'/S in which they could be measured and used within an 
investigation. 

State the mqu1ry quest ion 

Ust the independent variable. 
Is the variable quantitative or qualitative? 

list the dependent variable(s). 
What equipment will you use to measure 
these? 

List the variables that you will control 
What will you do to control these variables? 

What ,s the specific heat capacity of 
copper' 

The independent variable is the electrical 
energy being supplied to the calorimeter 
(quantitative). 

The dependent variable is the time taken to 
increase the temperature of the calorimeter 
contents by a given amount 

All mineral waters will be stored at room 
temperature until analysed. The tem perature 
of each will be measured with an ethanol
filled glass thermometer. The uncertainty of 
the thermometer tS ±0. l °C. 

Sourcing appropriate materials and technology 
\Vhen designing your investigation, you ,,~II need to decide on the materials, 
technology and instrumentation that ,,~II be used to carry out your research. It is 
important to find the right balance between items that are easily accessible and 
those which will give you accurate results. You will also need to consider any costs 
or risks associated with using the technology, how familiar you are with using it, and 
any limitations the technology has that will impact your investigation. As you mo,,e 
on to conducting your investigation, it will be important to take note of the precision 
of your chosen instrumentation and how this affects the accuracy and validity of 
your results. This will be discussed in greater detail in Section 1.3. 
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Data logging 

Ask your teacher whether data-logging equipment might be available. Some schools 
have access to equipment such as motion sensors (Figure 1.2.2), temperature 
sensors and force sensors. 

rlGURE 1.2.2 Determining the veloaty of an obtect can be done with different ~els of accuracy 
and precision. (a) Ticker tape can have an effect on the motion, changing the accuracy of the 
measurement. as well as the J)(ea51on. (b) A motion sensor can measure the velocity wrth greater 
accuracy and preaseon. 

Modifying the procedure 
The procedure may need modifying as the investigation is carr ied out. The 
following actions will help to determine any issues in the procedure and how to 
modify them. 

Record everything. 
Be prepared to make changes to the approach. 
Note any difficulties encountered and the ways they were m·ercome. \Vhat 
were the failures and successes? Every test carried out can contribute to the 
understanding of the investigation as a whole, no matter how much of a disaster 
it may first appear. 

Do no t panic. Go over the theory again, and talk to the teacher and other 
students. A different perspective can lead to a solution. 
ff the expected data is not obtained_, don't worry. As long as it can be critica lly 

nnrl nhjrctiw·ly rvnlunterl, thr limimtinm. nf the im0estigntinn ~ n hf- irlenf'ilirrl nnrl 
further investigations proposed, the work is worthwhile. 

COMPLYING WITH ETHICAL AND SAFETY GUIDELINES 

Ethical considerations 
Some im·cstigations require an ethics apprO\-al; consult ,,;th the teacher. \Xfhen you 
arc planning an im·estigation, identify all parts of the procedure that might invoh·e 
ethical considerations, and evaluate their necessity. You may be able to change the 
methodology to reduce or eliminate any possible ethical issues. 
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ld@Hi·l:1 
Risk assessments 

Risk assessments are performed 

to identity, assess and control 

hazards. A risk assessment should 
be performed for any situation. 

in the laboratory or outside in the 
field. Always ident ify the risks and 

control them to keep everyone as 
safe as ix>ssible. 

Ways to reduce risk are, in 
order from most effective to least 

effective, elimination, substitution, 
engineering (modifying equipment), 

administrative control and personal 

protective equipment. Special 
care. such as wearing sunscreen, 

insect repellent, appropriate 
clothing and gloves as necessary, 

must be taken to m inimise the 
risks that come with working 

outdoors. Someone with first-aid 

training should always be present. 
and any injuries or accidents 

must be immed iately reported to 
your teacher or lab technician. 

I GO TO ► I Year 11 Section 1.2 

PHYSICSFILE 

Ethics and radiation 
There are many different types of radiation, including waves from the electromagnetic 
spectrum and alpha and beta particles released during the decay of radioactive nuclei. 
Some radiation occurs naturally, including cosmic radiation and the decay of unstable 
radioisotopes. Alpha particles are the nuclei of helium atoms, ~ He, beta particles are 
electrons, and gamma rWfS are very-hig~energy electromagnetic waves. Figure 1.2.3 
shows that skin can stop the penetration of alpha particles. However, alpha partides are 
damaging to living tis.sues if ingested or inhaled, or if they enter a wound. 

The decay of radioisotopes to produce different types of radiation can be represented by 
equations of balanced nuclear reactions. For example, the decay of naturally occurring 
uranium-238 produces thorium-234, an alpha particle and gamma radiation. This decay 
is represented by the following equation: 

~ u ➔ 2~ Th +~He+ y 

The Greek letter y is used to represent gamma radiation. Notice that when the decay 
produces alpha or beta particles, a new element is also formed. Carbon--14 is a radioisotope 
that decays to produce beta particles, represented by the following equation: 

1:c ➔ 1;N + -~e 
The following applications of radiation can be useful to society: 

• the use of nuclear magnetic resonance, infrared, atomic absorption and UV-visible 
spectroscopy in chemical analysis 

• radiotherapy as a cancer treatment 

use of X-rays to diagnose broken 
bones and dental decay 

the production of energy from 
nuclear fission reactions in 
power plants. 

However, radiation can also be 
harmful to society: 

• if nuclear weapons are used 
in war 

• if nuclear waste contaminates 
water and food 

• if medical practitioners and 
dentists are exposed to X-rays 
when imaging patients for 
medical purposes. 

PEER REVIEW 

aluminium lead 
nGURE 1.2.3 Skin can stop the penetration 
of alpha particles. 

Your teacher may suggest that you partner with a student in your class, to provide 
each olher with constructi\"e feedback regarding your planning. 

Consider the following: 

Is the type of im·estigation appropriate and relevant to the inquiry question? 
Is the procedure written in easy-to-understand logical steps? 
Is the p rocedure valid and reliable? 
Has a thorough and complete risk assessment been undertaken before starting 
the investigation? 
\Vhat are the strengths of the type of in,·estigation and procedure? 
\'(/hat q uestions do you have abom the type o f in\"estigation and procedure? 
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1.2 Review 

fi11:t:t\ii 
The procedure of your investigation is a step♦by♦ 

step plan. When detailing the procedure, ensure 

it complies as a valid, reliable and accurate 
investigation. 

It is also important to determine how many times 
the experiment needs to be repllcated. Many 
scientific investigations lack sufficient repetition to 

ensure that the results can be considered reliable. 

l:◄#i·l'ii1ii·i:ti 
1 Give the correct term (accurate, reliable or valid} that 

describes an experiment with each of the following 
conditions. 

a The experiment addresses the hypothesis and aims. 

b The experiment is repeated and consistent results 
are obtained. 

c Appropriate equipment is chosen for the desired 
measurements. 

2 A student wants to measure the range of a projectile 
on the school oval. They intend to be there for an hour 
in summer. Which of the following PPE should be 
included in the r isk assessment for the activity on the 
oval? More than one response may be correct. 

A use of a fume cupboard 

B sunhat and sunscreen 

C gloves 

D eye goggles 

Risk assessments must be carried out before 

conducting an investigation to make sure that 

when you carry out your procedure, you and 
others are kept safe. If you have elements of your 

investigation which are too high-risk you will need 
to re-evaluate your design. 

It is important to choose appropriate equipment 

for your experiment- not just personal protective 

equipment (PPE) that will help keep you safe, but 
atso instrumentation that will give you accurate 

results. 

3 A journal article reported the materials and procedure 
used to conduct an experiment The experiment was 
repeated three times. and all values were reported in 
the results section of the article. 

Repeating an experiment and rei:x>rting results supports: 

A precision 

B reliability 

C accuracy 

D systematic errors 

4 You are conducting an experiment to determine the 
effect of bumper foam density on the impact force 
during a collision. 

Identify: 
a the independent variable 

b the dependent variable 

c at least one controlled variable. 

5 A student included a diagram of the experimental set
up in her procedure. Use the diagram to write clear 
instructions for the procedure. 

ramp ball 

/ 20cm 

10-30" projeaile path 

d 

carbon paper 

' ' ~ -- - - -- -- - - -- -- - - - - -- -- - - -- -- - - -- -- - - - - -- -- - - -- -- - - - - ---- - - - - -- -- - - -- - -- - - -- -- - - - - --- - - -- . 
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ld@HH:■ 
Collecting and 
recording data 
For an investigation to be 

scientific, it must be objective 
and systematic. Always record 
all quantitative and qualitative 
data collected and the methods 

used to collect the data in your 

logbook. Also record any incident. 
feature or unexpected event that 

m ight have affected the quality or 
validity of the data. The recorded 

data is known as raw data. Usually 

this data needs to be processed 
in some manner before it can be 

presented. 

Safe work 
practices 
Remember to always employ 

safe work practices whi le 
conducting your experiment. See 

Section 1.2 for how to conduct 
r isk assessments. 

You will also need to keep in 

m ind safe procedures to follow 

when disposing of waste-consult 
your teacher or education 

and government websites for 
information. 

I GO TO ► I Year 11 Section 1.2 

1.3 Conducting investigations 
Once the planning and design of a practical investigation is complete, the next 
step is to undertake the investigation and record the results. As with the planning 
stages, there arc key steps and skills to keep in mind to maintain high standards and 
minimise potentia1 errors throughout the investigation (Figure 1.3.1) . 

This section will focus o n the best methods of conducting a practical investigation, 
and of systematically generating, recording and processing data. 

4.8cm 

4.9cm ~ 4.7 cm 

(, 
· .. [' ,' '\ ',, : ,,-

3 4 ••••• :s __ ,,- 6 

11!11111 1111 L11 dir:11111 ii 111,111 
FIGURE 1.3.1 When reading analog devices, it is important to observe the meter or ruler straight on 
to avoid parallax errors. 

l·ie'iHl·UI 
Identifying errors 
Errors can occur for a variety of 

reasons. Being aware of potential 

errors helps you to avoid or minimise 
them. As shown in Figure 1.3.2, there 

are three types of errors that can 
occur in an experiment. 

Mistakes are avoidable errors. A 

measurement that involves a mistake 

must be rejected and not included 
in any calculations, or averaged with 

other measurements of the same 
quantity. 

I GO TO ► I Year 11 Section 1.3 

A systematic error is an error that 

is consistent and will occur again 

if the investigation is repeated in 
the same way. Systematic errors 

are usually a result of instruments 
that are not calibrated correctly or 

methods that are flawed. Whatever 

the cause, resulting errors are 
in the same direction for every 

measurement and the average will be 

either too high or too low as a result. 
The~ le~c1 to h i~~- h~mplP.~ of hi~!. 

are shown in Figure 1.3.3. 

Errors 

Mistakes 
(avoidable errors) 

Systematic errors 
{including bias) Random erro rs 

n GuRE 1.3.2 Types of errors that can be made in an experiment. 
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Poor definitions of concepts and 
variables, e.g. classifying qualitative 

light intensity of diodes without 
defining 'bright' or 'dim' 

Incorrect assumptions, e.g. 
assuming ohmic conditions for 

non-ohmic devices 

Frrnr<; in invP<;tie;:itinn riP'-ien ;:inci 
procedure, e.g. using a voltmeter 
when a multimeter should have 

been used 

FIGURE 1.3.3 Types and examples or bias in an electric circuit analysis. 

Random errors occur in an unpredictable manner and 
therefore follow no regular pattern. The measurement 
is sometimes too large and sometimes too small. The 
effects of random errors can be reduced by taking multiple 
measurements of the same quantity, then calculating 
an average. 

Techniques to reduce error 
Use appropriate equipment 
Use the equipment that is best suited to the data that needs 
to be collected to validate the hypothesis. Determining the 
units of the data being collected and at what scale will help 
to select the correct equipment. Using the r ight units and 
scale will ensure that measurements are more accurate and 
precise (with smaller systematic errors). 

To m inimise errors, check the precision of the equipment 
that you intend to use. Voltmeters and ammeters often 
have different scales that can be used depending on the 
expected reading (Figure 13.4). It is always best to start 
with the largest scale, and adjust it until the measurement 
is in the smallest range that contains it. 

<•) DC Microammet r 

Use calibrated equipment 
Before carrying out the investigation, make sure the 

instruments or measuring devices are properly calibrated 
and are, in general, functioning correctly. 

Use equipment correctly 
Use the equipment properly. Ensure any necessary training 

has been done to use the equipment and that you have 
had an opportunity to practise using the equipment before 
beginning the investigation. Improper use of equipment can 
result in inaccurate, imprecise data with large errors, and 

the val id ity of the data can be compromised. 

Incorrect reading of measurements is a common mistake. 
Make sure all of the equipment needed in the investigalion 
can be used correctly and record the instructions in detail 
so they can be referred back to if the data doesn't appear 
correct. 

Increase sampling size 
In general, the larger the sample taken for analysis, the 
more precise the measured values will be. However, there 
are practical limits to this. For example, you will be l im ited 
by the size of the container and number of containers 
you can transport back to school, if collecting samples in 
the field. 

Repeat the investigation 
As discussed in Section 1.2, reliability is ensured by 
repeating your experiment. Modifications to your procedure 
may be needed before repeating the investigation to ensure 
all variables are being tested under the same conditions. 

Reference secondary-sourced information 
As you conduct your investigation, it is important to make 
note of any secondary-sourced information that you use. 
This will then be included in your written report. This is 
discussed in further detail in Section 1.7. 

(b) 

000.0 

FIGURE 1.3.4 a) An analog ammeter with two ditfE!fent scales, and b) a digital multimeter with multiple scales to record 
ament and voltage. 
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PEER REVIEW 
Your teacher may suggest that you parmer with a srudem in your class, to provide 
each other with constructive feedback regarding your data collection. 

Consider the following: 
Is the data presented clearly in tables and/or graphs? 
Are all entries in the logbook dated? 
Are appropriate headings and units included? 

If anything unexpected occurred during data collection, was this recorded? 
\Xlhat are the strengths of the data collected? 
\Xlhat questions do you have about the data collected? 

1.3 Review 

l11i:l#\N 
It is essential that during the investigation you 
record the following in your logbook: 

all quantitative and qualitative data collected 

the methods used to collect the data 

any incident. feature or unexpected event that 
might have affected the quality or validity of 

the data. 

Mistakes are avoidable errors, and measurements 

affected by mistakes should be d iscarded. 

ltli·i'iiiii·i:ti 
1 Where should observations and measurements be 

recorded? 

2 Identify the type of error that is described in each 
scenario below, and how it could be avoided. 

a the electronic scale was not zeroed/tared before 
samples were weighed 

b 50 g masses were used rather than 5 g masses 

c one result is significantly lower than all the rest 

d one student judged a water sample as 'cloudy', 
while another student recorded it as 'very cloudy' 

3 The velocity of a cart after rolling down a ramp is being 
measured by timing the cart as it travels between two 
markers known to be 20cm apart. A student doing 
this investigation recorded the following times with the 
same initial conditions: 0.25s, 0.28s, 0.02s, 0.20s, 
0.22s, 0.72s. Identify the measurements that were a 
mistake. Find the average time. 
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A systematic error is an error that is consistent 
and will occur again if the investigation is repeated 

in the same way. Systematic errors are usually 

a result of instruments that are not calibrated 
correctly or methods that are flawed. 

Random errors occur in an unpredictable manner 

and are generally small. A random error could be, 
for example, the result of a researcher reading 

the same result correctly one time and incorrectly 

another time. 

4 Identify whether each error is a mistake, a systematic 
error or a random error. 

a A weigh scale that should have measured a mass of 
25.00 ± 0.03g actually measured 24.92 ± 0.03g. 

b A student misread the value on the slotted mass for 
a Hooke's law investigation. 

c A ball was weighed three times with the following 
results: 147.93g. 147.94g and 147.92g. 



1.4 Processing data and information 
Once you have conducted your investigation and collected data, you will need to 
find the best way of collating this. This section is a guide to the different forms of 
representation that will help you to better understand your data. 

RECORDING AND PRESENTING QUANTITATIVE DATA 
Raw data is unlikely to be used directly to test the hypothesis. Howe\·er, raw data is 
essential to the investigation and plans for collecting the raw data should be made 
carefully. Consider the formulae or graphs that will be used to analyse the data at the 
end of the investigation. This will help to determine the type of raw data that needs 
to be collected in order to test the hypothesis. 

Once you have determined the data that needs to be collected, prepare a table in 
which to record the data. 

l;J@Ht·i:1 
Significant figures 
Signif icant figures are the numbers that convey meaning 

and precision. The number of significant f igures used 
depends on the scale of the instrument A significant figure 

is an integer or a zero that follows an integer. A zero that 
comes before any integers is not significant. 

When you record raw data and report processed data, 
use the number of significant figures available from your 

equipment or observation. Using either a greater or smaller 
number of significant figures can be misleading. For 

example, Table 1.4.1 shows measurements of five samples 
taken using an electronic balance accurate to two decimal 

places. The data was entered into a spreadsheet to calculate 

the mean, which was displayed with four decimal places. 
You would record the mean as 5.69g, not 5.6940g. because 

two decimal places is the precision limit of the instrument. 
Recording 5.6940g would be an example of false precision. 

TABLE 1.4.1 All example of false precision in a data calculation. 

-- 1 3 Mean 

- 5.67 5.75 5.62 5.71 5.72 5.6940 

Multiplying or dividing 
When multiplying or d ividing measurements, report the final 
value to the least number of significant figures used within 

that calculation. For example, to calculate the resistance, in 
ohms. of a component using the potential difference and 

current. the formula is V = IR. If V = 5.62V (three significant 

figures), and the current (f) is 1.465A (four signif icant figures), 
the resistance, in ohms, should be reported to the least 

number of significant figures, i.e. to three significant figures 
(V= IR; 5.62 = 1.465 x R; R= 31l4n to three significant figures). 

Although digital scales can measure to many more than 
two figures and calculators can give 12 figures, be sensible 

and follow the significant figure rules. 

Adding or subtracting 
When adding or subtracting measurements, report the 
calculated value to the least number of decimal places. 

For example, when calculat ing the net force on an object, 

the following measurements were recorded. 

Weight of tennis ball: 0 .5733N 

Air resistance (frictional force): 0 .93 N 

Net force = 0.93 - 0.5733 = 0.3567 = 036 N. The original 

answer of 0 .3567 N is an example of false precision as one 
value in the data was not measured to f ive decimal places. 

The final answer must be stated to the smallest number of 

decimal p laces seen in the data, i.e. 0.36 N. 

Decimal places 

As with significant figures. you must be careful to 

record your measurements to the precision of the 
equipment used. If a weighing balance can report a mass 

measurement to two decimal places, you should record 

your value to two decimal places. 

When adding or subtracting measurements, report the 
calculated value to the least number of decimal places 

used in the calculation. For example, in an investigation the 
following measurements were recorded: 

Sample A 4.93 

Sample B 5.54 

Sample C 4.82 

The average of these results is 
4-93+ 5f + 4.82 - 5.0966666667 

As the sample results are all to two decimal places, this 

average also needs to be rounded to two decimal places, 
i.e. 5.10. It would be misleading to report the average to a 

greater number of decimal places. 
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ANALYSING AND PRESENTING DATA 
The raw data that has been obtained needs to be presented in a way that is clear, 
concise and accurate. 

There are a number of ways of presenting data, including tables, graphs, flow
charts and diagrams. l'be best way of ,isualising the data depends on its narure. 
Try several formats before making a final decision, to create the best possible 
presentation. 

l;JMHH:■ 
Presenting raw and processed 
data in tables 

Tables organise data into rows and columns and can vary 
in complexity according to the nature of the data. Tables 
can be used to organise raw data and processed data or to 

summarise results. 

The simplest form of a table is a two-column format. 
In a two-column table, the f irst column should contain 

the independent variable and the second column should 

contain the dependent variable. 

Tables should have a descriptive title, column headings 
(including the unit) and numbers aligned to the decimal 

point 

A tab~ of processed data usually presents the average 
values of data, the mean. However, the mean on its own 

does not provide an accurate picture of the results. 

To report processed data more accurately, the 

uncertainty should be presented as well. 

Uncertainty 
When there is a range of measurements of a particular 
value, the mean must be accompanied by the uncertainty 

for your results to be presented as a mean in an 

accurate way. 

Uncertainty is calculated as: 

uncertainty•± maximum variance from the mean 

Graphs 

I GO TO ► I Year 11 Section 1.4 

Percentage uncertainty 
Percentage uncertainty (also known as percentage error) 
is a way to quantify how accurate a measurement is. To 

calculate the percentage uncertainty of your data you take 
the uncertainty and divide it by the measurement. then 

multiply by 100. 

Other descriptive statistical measures 
Other statistical measures that can be used, depending on 

the data obtained. are: 

mode: the mode is the value that appears most often in 
a data sel This measure is useful to describe qualitative 

or discrete data. 

median: the median is the 'mkidle' value of an ordered 

l ist of values. The median is used when the data range 
is spread, for example, due to the presence of unusual 

results. making the mean unreliable. 

Table 1.4.2 is a guide to choosing the most appropriate 

measure of central tendency for a data sel 

TABLE 1..4.2 The most appropnate measure of central tendency to use 
in descnplJ,e slallslJcs depends on the type ol data. 

Type of data Mode Medi.an Me.an 

nominal (quahtat1ve) 

ordinal (qualltahve) 

discrete or continuous 
(quantitative) 

✓ 

✓ 

✓ 

, 
✓ 

✓ 

, 
maybe 

✓ 

h is imponant lhat you choose an appropriate graph type lo suit lhe data lhat rou 
ha,·e collected. Table 1.4.3 summarises suitable graphs for discrete or continuous 
quantitati,·e data. 
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TABLE 1.4.3 Suitable graph types fO< quantitative data. 

Type of data I Appropnate type of I Examples 
graph 

d iscrete 

continuous 

bar graph, histogram 
or pie diagram 

line graph or scatter 
plot, including a trend 
li ne 1f appropriate 

oxygen (0). - 219li 

nitrogen (N), -78% 

minute traces of neon (Ne), 
helium (He), methane (CH, ), 
krypton (Kr), hydrogen (H), 
xenon (Xe) and ozone (OJ 
carbon dioxide (CO

2
) , 0.0496 

water vapour 
(H

2
O), 0.4% 

~----► argon (Ar), - 1% 

FIGURE 1.4.1 Pie chart showing distribution of e~ments from a sample analysis. 

600 X 

500 

\400 
;,: 
i300 
i 200 

100 

X 

X 

X 
X 

X 
X 

X 
X 

0+--- -~-- ~~--
0 5 10 15 20 25 30 35 

Thickness (mm ) 

rlGURE 1.4.2 Sc.alter plot of the radiation intensity through different thickness material. 

A 

4 6 8 JO 12 
Potential difference across 

primary coil (V) 

FIGURE 1.4.3 Graph, including trend line, showing results of an investigation into two 
different transformers to see which is better lo use with a m<Kfel motor. 
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l·JMHi·l:1 
Outliers 

Sometimes when the data is 

collected, there may be one point 

that does not fit with the trend 

and is clearly an error. This is 

called an outlier. An outlier is 

often caused by a mistake made 

in measuring or recording data, 

or from a random error in the 

measuring equipment. If there 

is an outlier, include it on the 

graph, but ignore it when adding a 

trend line. 

In general, tables provide more detailed data than graphs, but it is easier to obsen·e 
trends and patterns in data in graphical form than in tabular form. 

Graphs are used when two variables are being considered and one variable is 
dependent on the other. The graph shows the relationship between the ,miables. 

~Jnere are several types of graphs that can be used, including line graphs, bar 
graphs and p ie diagrams. The best one to use will depend on the nature of the data. 

General rules to follow when making a graph (Figure 1.4.4) include the follo,,~ng: 
Keep the graph sim ple and uncluttered. 
Use a descriptive title. 
Represent the independent variable on the x-axis and the dependent variable on 
tht":y--axi~ 

1\<lake axes proportionate to the data. 

Clearly label axes with both the n1riable and the unit in which it is measured. 

40 

30 

20 

10 

Graph 1: 'Graph of velocity of glider with time as 
it travels down an inclined air track' 

AJwa'fS give a descriptive title 
to the graph or diagram. 

Nways mark where axis value is. 

Always write 
values clearly. 

Draw line of best fiL 
Use a ruler for straight 
lines and a practised 
sweep for curves. 

If you have an outlier go 
back to your workings 
and check it again to see 
if you can explain why. 

Origin does not have to be (0, 0). 

1.0 1.5 2.0 2.5 3.0 Time(s) 

Different scales 
may be used. 

Give the quantity name in 
full with units in brackets. 

FIGURE 1.4.4 A graph is a better way to observe trends and patterns in data compared to a table. 

Distorting the truth 

Poorly constructed graphs can alter your perception of the data. For example, in 
Figure 1.4.5 you can see two graphs that show the same data- the measurement 
of the period of oscillation o f a pendulum with different masses. 
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One graph exaggerates the difference in the period of the pendulum by using 
only a scale of 1.49 to 1.59 s on the y-axis. It is important to make sure the graphs 
you create do not misrepresent your data in this way. You should also be wary o f 
distorted data when interpreting graphs in other publications. 

00 00 
Pendulum motion 

1.59 

1.58 

1.57 

1.56 

1.55 

Pendulum motion 

l! 1.54 
·c 
~ 1.53 

1.52 

1.51 

1.5 

1.49 

1.8 

1.6 

1.4 

1.2 

I I 

Q. 0.8 

0.6 

0.4 

0.2 

15 20 25 30 35 40 45 50 
Mass (g) 

15 20 25 30 35 40 45 50 
Mass(g) 

rlGURE u.s la) The graph shows the difference ,n osollallon period limes w;u, different masses, 
with a scale on the y-3XJS lhal h,ghloghts the difference in measurements. lb) The graph shows the 
same measurements using a different y-axis scale. 

---------------

PEER REVIEW 
Your teacher may suggest that you parmer with a student in your class, to pro,•idc 
each other with constructive feedback regarding the processing of your data. 

Consider the following: 

Is the processed data presented clearly in tables and/or graphs? 
Ha,·e any outliers been identified? 

Has the appropriate type of graph been selected to display the processed data? 
Arc appropriate headings and units included? 

\'(fhat are the strengths of the processed data collected? 
\'(fhat questions do you ha,·e about the processed data collected? 
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1.4 Review 

f1'i:i:t\ii 
The number of significant figures and/or 

decimal places used depends on the scale of the 
instrument used. It is important to record data to 
the number of significant figures or decimal places 

available from the equipment or observation. 

Consider how the data will be presented and 

analysed. A wide range of analysis tools could be 
used. For example, tables organise data so that 
patterns can be established, and graphs can show 
relationships and comparisons. 

The simplest form of a table is a two.column 

format in which the first column contains the 
independent variable and the second column 
contains the dependent variable. 

■ :◄ Ji·Jiiflil·l:~i 
1 For the data set 21, 27, 19, 21, 24, 26, 22, determine: 

a the mean 

b the mode 

c the median. 

2 a How many significant f igures are in the value 
22.06ml? 

b When multiply ing or divid ing, how many significant 
f igures should be reported for the calculation? 

c When adding or subtracting, how many decimal 
places should be reported for the calculation? 

3 Which axis should be used to represent the: 

a dependent variable 

b independent variable? 

4 A graph of the radioactive decay of two different 
elements is shown. How many un-decayed nuclei are 
there in each source after 20s? 

Radioactive decay 

120 

. ·· ... .. 
··• ... 

··················•····· 
.. 
··············· o+-~-~~~,...:..:~,...-....... 

0 10 15 20 25 30 35 40 
Time(s) 
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5 

When there is a range of measurements of a 
particular value, the mean must be accompanied 
by the uncertainty for your results to be presented 
as a mean in an accurate way. 

General rules to follow when making a graph 
include the following: 

Keep the graph simple and uncluttered. 

Use a descriptive title. 

Represent the independent variable on the 

x-axis and the dependent variable on the y-axis. 

Make the axes proportionate to the data. 

Clearly label axes with both the variable and the 

unit in which it is measured. 

The following graph describes both the amount of 
carbon dioxide present in the atmosphere over time as 
well as the average temperature. 

u 
400 2.oE 

8 350 ~ ~ ~ 300 1.5 e 
~ 250 Carbon dioxide l 
[ 200 

(parts per million} 
1.0 § 

i 150 ~ 
~ 100 0.5 ~ 
" Average temperature (0 C) 
~ 50 E 
5 

compared to 1805 
~ 

0 0 . 
!!' 

- 50 i 1805 1830 1855 1880 1905 1930 1955 1980 2005 
Year 

a Describe the trend of carbon dioxide in the 
atmosphere, and the average global temperature 
from 1805 to 2005 . 

b What conclusions can be d rawn from this data? 



6 An investigation was done into the temperature 
increase caused by a known energy increase. The 
fO,lowing data was obtained. 

Ene,cy added (kJ) I Increase ,n 
temperature ( 0 C) 

'------- 0 0 

250 4 

500 9 
750 15 - 1000 20 

~ 
1250 30 

1500 31 

~ 
1750 35 

'-
2000 39 

2250 46 

,_ 2500 51 

unknown 26 

a Plot the data on a scatter plot. using graph paper or 
a spreadsheet program. 

b Define the term outlier. 

c Identify any outliers in this set of data. 
d Draw a trend line. 
e Use the graph to determine the unknown amount 

of energy that resulted in the 26°C temperature 
increase. 

7 Describe at ~ast four ways the graph below could be 
improved. 

0 10 IS 25 30 35 40 SO 
Temperature 

8 You are measuring the range of a projectile on the 
school oval. Discuss the accuracy and precision of your 
results if you are: 
a using a large stride that you initially test against a 

metre ruler 

b using a trundle wheel 
c using a long tape measure that anchors to the 

ground where the projectile launched. 
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nGURE 1.s.1 To discuss and conclude your 
investigation, analyse the raw and processed 
data. 

1.5 Analysing data and information 
Now that t:he chosen topic has been thoroughly researched, the investigation 
has been conducted and data collected, it is time to draw it all together. You will 
now need to analyse your results (Figure 1.5.1) to better understand the physical 
processes behind them. 

FACTORS THAT CAN AFFECT THE INTERPRETATION, 
ANALYSIS AND UNDERSTANDING OF DATA 

Correlation and causation 
You need to be careful to distinguish between a correlation between two variables and 
a cause-and-effect relationship. For example, Figure 1.5.2 shows a direct correlation 
between the amount of cheese consumed in the USA per person and the number 
of people who died in the USA by becoming tangled in their bedsheets. Howe\·er, 
we cannot assume that consumption of cheese increases the risk of d eath from 
entanglement in bedsheets. In other words, two sets of data might be correlated but 
ha\·e no relationship to each other (there is no causation). 

Per capita cheese consumption 
corre lates with 

number of people who died by becoming tangled in their bedsheets 

Correlation: 94.71 % (r = 0.947091) 

33 
-.-Bedsheet tanglings 

...-cheese consumed 

131.5 

~ 

~ 30 

800 deaths 

f_ 600 deaths :: 

.; 
€ 

400 deaths ~-

28.5 e---~--~--~--~--~--~--~-~~-~~----,200deaths 
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

nGUAE 1.s.2 Corret3tion does not always mean causation. 

It is important to consider whether the relationship between data can be due to 
other factors. For example, reports of sales of both ice-cream and sunscreen being 
greater in Sydney in February compared to in July could be a consequence of the 
hotter weather, instead of any relationship between the sales of each p roduct. 

Evaluating the data 
Some useful q uestions to consider when interpreting data include: 
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Has the original question been answered? 

Do the results meet expectations? Do they make sense? 
\Vhat are the main conclusio ns? Are there other interpretations? 
Is the supporting data of sufficient quality? How current is it? How was it 
collected? 
Can the results be supported statistically, i.e. are they statistically significant? 
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ldMHUJ:■ 
Explaining results in the 
discussion 
The key sections of the discussion are: 

analysing and evaluating data 

evaluating the investigative method 

expla ining the link between the investigation findings 

and the relevant physics concepts. 

Consider the message to be conveyed to the audience 
when writing the discussion. At the conclusion of the 
discussion, the audience must have a clear idea of the 
context. results and implications of the investigation. 

Describing more complex trends 

I GO TO► I Year 11 Section 1.5 

Analysing and evaluating data 
In the discussion, the findings of the investigation need to 
be analysed and interpreted. 

State whether a pattern, trend or relationship was 

observed between the independent and dependent 
var iables. Describe what kind of pattern it was and 
5pecify under what condition5 it wa5 ob:;erved. 

Were there discrepancies, deviations or anomalies in the 
data? If so, these should be acknowledged and explained. 

Identify any limitations in the data you have collected. 
Perhaps a larger sample or further variations in the 
independent variable would lead to a stronger conclusion. 

Remember that the results may be unexpected. This 
does not make the investigation a failure. However. 
the findings must be discussed and linked back to the 
hypothesis, aims and method. 

You may find that you need to describe a more complex trend in data than a simple 
line or exponential relationship. Figure 1.5.3 shows a current-temperarure cur,·e of a 
thennistor.1llis trend shows a slow increase in current when the temperature increases 
up to 35°C. Then a rapid increase in current occurs when the temperature is increased 
m 50°C. After 50°C, the current slowly increases as the tem perarure increases. ~ 

0.5 

0.4 

Characterist ics of a thermistor 

Reading information from a graph 
An important skill is being able to extract information from a graph. Figure 1.5.4 
shows the current- \'oltage relationships at different light le\'els (lux) for an electrical 
component called a photodiode. 

Photodiodes react to the environment, allowing different Je,·els of current through 
depending on the potentiaJ difference across them, and the light intensity landing 
on them. ~lnese graphs can be used to design a circuit, or to gain information about 
the light landing o n the diode. \'(forked example 1.5. 1 shows the steps 10 use this 
information to find the current in a circuit. 

dark current 

Photocurrent 
(XIO"Al 

100 

Voltage M -6.0 - 5.0 -4.0 - 3.0 - 2.0 - 1.0 0 1.0 

1000 lux 

1500 lux 

2000 lux 

2500 lux 
J_ 

- 500 

FIGURE 1.s.4 Line graph showing continuous quantitative data. 

c 0.3 

~ 0.2 

0. 1 ~----
0 +--,--,--,---,--,--,---,--

0 10203040506070 
Temperature (°C) 

FIGURE 1.s.1 Current- temperature gra;,h 
showing how current Howing through 
a thermtStor describes a more complex 
relationship to temperature than simply linear 
or exponential. 
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Worked example 1.5.l 

READING INFORMATION FROM A GRAPH 

Using the graph in Figure 1.5.4, determine the current at lOOOlux in a circuit 
with a potential difference of -3.0V. 

Thinking 

Locate the appropriate lux 
line. 

Draw a vertical line from 
the voltage on the x-axi~ to 
intersect with the curve of 
the appropriate lux. 

Draw a horizontal l ine from 
the intersection point of the 
curve to the y-axis. 

The point on the y-axis 
represents the current after 
the photodiode. 

Working 

Photocurrent 
(XIO"A) 

dark currem 
100 

-6.0 - 5.0 -4.0 -3.0 -2.0 -1.0 

1000 lux 

1500 lux 

2000 lux 

2500 lux 

-400 

,::c---+-+- - 500 

1.0 

Photocurrem 
(xl()l>A) 

dark current 
100 

Voltage M -6.0 - 5.0 -4.0 -3.0 - 2.0 - 1.0 0 

1000 lux 

1500 lux + 

2000 lux 

2500 lux - 500 

1.0 

Read the current, taking note The horizontal line intersects the y-axis at 
of the units on the axis. -100 x I 0-6 A. Therefore -1 x 1 o-4 A will flow 

through the wire after the photodiode. 

Worked example: Try yourself 1.5.1 

READING INFORMATION FROM A GRAPH 
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Using the graph in Figure 1.5.4, determine the current at 20001ux in a circuit 
with a potential difference of -2.0V. 



ld,?Hl·UI 
Mathematical models 
After analysing your data using tables and graphs. it might 
be possible to find a mathematical relationship to describe 

your results. For example, your graph may produce a 
straight line so that there is some sort of linear relationship 

between the two variables. 

Graphing a linear relationship 
When analysing data from a linear relattanship, it is first 

necessary to obtain a graph of the data and an equation 
for the line that best fits the data. The entire process can 

be done on paper but most people will use a computer 

spreadsheet. a scientific or a graphics calculator, or some 
other computer-based process. In what follows, it is not 

assumed that you are using any particular technology. 

If you are plotting your graph on paper, then proceed as 

follows: 

1 Plot each data point on clearly labelled, unbroken axes. 

2 Identify and label, but otherwise ignore, any suspect 
data points. 

3 Draw. by eye, the ' line of best fit' for the points. The 
points should be evenly scattered either side of the line. 

4 Locate the vertk:al axis intercept and record its value 

as 'c'. 

5 Choose two points on the line of best fit to calculate the 
gradient Do not use two of the original data points as 

this wi ll not give you the gradient of the line of best fit 

6 Write the equation for a straight line y = mx + c, 

replacing x and y with appropriate symbols. and use this 

equation for any further analysis. 

If you are using a computer or a graphics calculator, then 

proceed as follows: 

1 Plot each data point on clearly labelled, unbroken axes. 

2 Identify suspect data points and create another data 

table without the suspect data. 

3 Plot a new graph without the suspect data. Keep both 
graphs as you don't actually discard the suspect data 
but you do eliminate it from the analysis. 
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4 Plot the l ine of best fit How you do this depends on the 

model of calculator or the software being used. 

5 Compute the equation of the line of best fit that will give 

you values for gradient. m, and vertical axis intercept, c. 

6 Write y = mx + c. replacing x and y with appropriate 
symbols, and use this equation tor any further analysis. 

Manipulating non-linear data 
Suppose you were examining the relationship between two 

quantit ies, 8 and d, and had good reason to believe that the 

relationship between them is: 

B•~ 

where k is some constant value. Clearly, this relationship is 
non-linear and a graph of 8 against d will not be a straight 

line. By thinking about the relationship, it can be seen that 

in 'linear form': 

B• k¼ 
i ii 
ysmx+c 

A graph of 8 (on the vertical axis) against¼ (on the 

horizontal axis) will be linear. The gradient of the line will be 
k and the vertk:al intercept. c, w ill be zero. The line of best 

fit would be expected to go through the origin because, in 
this case, there is no constant added and soc is zero. 

In the above example, a graph of the raw data would just 

show that 8 is larger as d is smaller. It would be impossible 
to determine the mathematical relationship just by looking 

at a graph of the raw data. 

By choosing a possible relationship based on the 

shape of the initial graph and your knowledge of various 
mathematical forms, it is possible to work out how the 

data must be manipulated to give a linear graph. Then, 

by following the same steps above for graphing a linear 
relationship. it is possible to f ind a mathematical model 
for non-l inear data. It may be necessary to try several 

mathematical forms to find one that seems to fi t the data. 
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l·IMHt·i:1 
Evaluating the method 
It is important to discuss the limitations of the investigation 
method. Evaluate the method and identify any issues that 
could have affected the validity, accuracy, precision or 
reliability of the data. Sources of errors and uncertainty 
must also be stated in the discussion. 

Once any !Imitations or problems In tne procedure nave 
been identified, recommend improvements on how the 
investigation could be conducted if repeated. 

Bias 
Bias may occur in any part of the investigation method, 
including sampling and measurements. Bias is a form 
of systematic error resulting from the researcher's 
personal preferences or motivations. There are many 
types of bias, including poor definitions of both concepts 
and variables, incorrect assumptions and errors in the 
investigation design and procedure. Some biases cannot 
be eliminated, but should at least be addressed in the 
discussion. 

Accuracy 
In the discussion, evaluate the degree of accuracy and 
precision of the measurements for each variable of the 
hypothesis. Comment on the uncertainties obtained. 

When relevanl compare the chosen method with any 
other methods that might have been selected, evaluating 
the advantages and disadvantages of the selected method 
and the effect on the results. 
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Validity 
Validity refers to whether an experiment or investigation 
actually tests the set hypathesis and aims. factors 
influencing valtdity include: 

1 whether your experiment measures what it claims 
to measure (i.e. your experiment should test your 
hypothesis) 

2 whether the independent variable influenced the 
dependent variable in the way you thought it would (i.e. 
the certainty that something observed in your experiment 

was the result of your experimental conditions, and not 
some other cause that you did not consider) 

3 the degree to which your findings can be generalised. 

Reliability 
When discussing the results, indicate the range of the data 
obtained from replicates. Explain how the sample size was 
selected. Larger samples are usually more reliable, but time 
and resources might have been scarce. Discuss whether 
the results of the investigattOn have been limited by the 
sample size. 

The control group is important to the reliability of the 
investigatton. as it helps determine if a variable that should 
have been control led has been overtooked and may explain 

any unexpected results. 

Error 
Discuss any source of systematic or random error. When 
limitations of the method and results have been identified, 

suggest ways of improving the investigation. 

CRITICALLY EVALUATING RESOURCES 
Not all sources are credible. It is essential to critically evaluate the content and its 
o rigin. Q uestions you should always ask when evaluating a source include: 
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\'Viau cn:a lc<l th is 1m:~~gd \Vlial a1c the q ualifo.:aliu11~, cxpcrlisc , rcpuLa.lion 
and affiliation o f the authors? 

\Xfhy was it written? 
\Xfhere was the information published? 

\Xfhen was the information published? 
How often is the information referred to by other researchers? 
Arc the conclusions supported by data or evidence? 
\Vhat is implied? 
\Vhat is omitted? 
Arc any opinions or \'alues being presented in the piece? 

ls the \\Tiring objecti\·ely and accurately describing a scientific concept or 
phenomenon? 
How might other people understand or interpret this message differently 
from me? 



\Vhen evaluating the validity or bias of websites consider its domain extension: 
.gov stands for government 

.edu stands for education 

.org stands for non-profit organisations 

.com stands for commercial/business. 
\Vhen conducting a literature review, it can be useful to summarise your findings 

in a table, such as that shown in Table 1.5.1. 

TABLE 1.s.1 A table can be used to help summarise information while researching_ This example 
centres around the type of insulation used to inuease temperature stability in domestic housing 

Type of I Notes I Reference 
insulation 

Wool batts 

Reeds 

Cattails 

Recycled 
denim 

Tradittonal insulation around the 
wortd. Wool and woo~emp have 
varying properties due to the differing 
densities. They absorb water which 
also affects their performance. A 
renewable source that has been used 
for decades. 

Thermal conductivity of 0.045-
0.0SGWmK-1, hollow centres create 
air gaps that are great insulators. 
Great acoustic insulation, although 
potentially a fire hazard without 
proper treatment 

Mould resistant, can deal with water 
without rotting. Very stable with soft 
sponge structure that creates low 
thermal conductivity. This is a high
yield plant that has a very low carbon 
footprint 

Although marketed in a mainstream 
way, the testing does not back 
up claims that this product is as 
thermally efficient as standard glass
fibre batts. 
Additionally, cotton is a high-resource 
crop, and insulation being sold as 
recycled are only partially recycled 
and partially pre-consumer. 

PEER REVIEW 

Ye, Z., Wells, C. M., Carrington, C. G. 
and Hewitt, N. J. (2006). Thermal 
conductivity of wool and woot-hemp 
insulation. Int J. Energy Res., 30: 
37-49. doi:10.1002/er.1123 

Francesco Asdrubali, Francesco 
D'Alessandro, Samuele Schiavoni, 
(2015). A review of unconventional 
sustainable building insulation 
materials, Sustainable Materials and 
Technologies, Vol. 4, pp. 1- 17. 

Ayre, J. (2013). 'Cattails as Building 
Insulation-New Research Brings to 
Light the Great Advantages of the 
Material'. 
https://cleantechnica.com/ 
2013/06/ 14/cattails-as-building
insulation-new-research-brings-to
light-the-great-advantages-of-the
material/ 

Simi Hoque (2010). Net Zero Energy 
Homes: An Evaluation of Two Homes 
in the Northeastern United States. 
Journal of Green Building: Spring 
2010, Vol. 5, No. 2, pp. 7~90. 

Your teacher may suggest that you partner with a student in your class, to provide 
each other with co nstructive feedback regard ing the analysis of your data. 

Co nsider the following: 
ls the data accurately discussed? 

Have any limitations o f the method or data collection been identified? 
Have any recommendations been made to im prove the im·estigation if time 
pennined repeating the study? 
\Vhat are the strengths of the data analysis? 
\Vhar q uestions do you have about the data analysis? 

Reh;:ib1hty of source 

Credibk! primary source of data in 
peer-reviewed journal-research 
sponsored by New Wool Products. 

Credible-peer-reviewed journal with 
primary sources. 

Journal article, secondary source. 
Opinion piece in Clean Technka 
magazine. 

Credible. Peer-reviewed journal with 
primary data. 

FIGURE 1.s.s Honest evaluation and ,e,ection 
play important roles in analysing the procedure. 
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1.5 Review 

ii'iM:t\11 
After completing your investigation you will need 
to analyse and interpret your data. A discussion of 
your results is required where the findings of the 
investigation need to be analysed and interpreted. 

State whether a pattern, trend or relationship 
was observed between the independent and 

dependent variables. Describe what kind 
of pattern it was and specify under what 
conditions it was observed. 

If possible, create a mathematical model to 
descr ibe your data. 

Were there discrepancies, deviations or 

anomalies in the data? If so. these should be 
acknowledged and explained. 

Identify any limitations in the data collected. 
Perhaps a larger sample or further variations 
in the independent variable would lead to a 
stronger conclusion. 

l:◄ Si·i'iflil·i:ti 

It is important to discuss the limitations of the 
investigation method. Evaluate the method and 
identify any issues that could have affected the 
validity, accuracy, precision or rel iability of the 
data. Sources of errors and uncertainty must also 
be stated in the discussion. 

When discussing the results, indicate the range 
of the data obtained from replicates. Explain how 
the sample size was selected. Larger samples are 
usually more reliable, but time and resources are 
likely to have been scarce. Discuss whether the 
results of the investigation have been limited by 
the sample size. 

1 What types of graphs would be suitable for displaying 4 Which of the following graphs shows a constant 
discrete data? (non-zero) acceleration for the first !Os and then the 

2 List five important features to put on a line graph when object continuing at a constant (non-zero) velocity? 
displaying results. A 

3 Describe the trend in the following graph: 

-50~ I: - -
j 20 

f---r-~--r-~--r-~--r-~--r-r-
0 I 2 3 4 5 6 7 8 9 10 

Time (minutes) 10 15 
Time(s) 

10 15 
Time(sl 
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10 IS 
Time (s) 

D 

10 IS 
nme(s) 

10 IS 
nme(s) 

5 List features of a credible primary or secondary source. 
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Source 

NASA feature artk le. 
World of Change: Global 
Temperatu res 
https:/ / earthobservatory. nasa.gov/ 
Features/WorldOfChange/ 
decadaltemp.php 

Climate Science Needs Effective 
Images. Journal of Earth Science and 
Climate Change, 2017, 8 : p. 410. 
DOI: 10.4172/2157-7617.1000410 

Changes in the Flow of Energy 
through the Earth's Climate System, 
American Physical Society, 
https://www.aps.org/units/fps/ 
newsletters/200904/trenberth.dm 

latitudinal temperature gradients 
and climate change. 
DOI: 10.1029/97JD03649 

http://www.bom.gov.au/climate 

1.6 Problem solving 
H aving analysed your results, you can then apply them to physics concepts in 
order to evaluate your conclusions. Ln this section you will learn how analysing your 
im·estigation leads to a better understanding of the underlying scientific principles 
of your research. 

MODELLING 
' fable 1.6 .1 lists examples of investigations that could be used to explain phenomena, 
make predictions and solve problem s. 

TABLE 1.6.1 Examples of rnodets that can be used in investigations. 

Type of mvest1gat1on 

using mathematical 
modelling to make 
predictions 

using computer modelling 

critiquing claims made by 
the media 

Apphcallon Example 

using formulae Calculate the period of a 
pendulum swinging with a 
string length of 10cm, moving 
through an angle of 30'". 

computer simulations Calculate the distance travelled 
used in numerical in a lift from the accelerometer 
analysis data on your phone. 

compare emotive Evaluate the effect of human 
fear-based articles with CO2 levels on the climate of the 
evidence-based claims Earth using thermodynamics. 

LITERATURE REVIEW 
Table 1.6.2 shows an example of how summarising in formation in a table can help 
you identify panerns in a literature review. 

TABLE 1.6.2 All irrprogress summary of information obtained through a literature review regarding 
the thermal equilibrium of the Earth. 

e1:1·1eaw■•--
M. USA 2010 review Global temperature author is a 
Carlowicz change is different to qualified scientist, 

local weather. credible science 
Temperature has been organisation 
increasing faster since 
1980 than previously. 

J. E. 2017 article Using effective recent article, no 
Thompson images to simplify critical data 

and communicate 
science could increase 
c1ccept.,mo:= of the 
science. 

Kevin E. article qualified author, 
Trenberth not peer reviewed 

0 . Rind 1998 article Gradient of temperature qualified authors, 
from equator to pole peer reviewed 
becoming steeper. 

data Australian/global qualified authors, 
climate data. Includes credible science 
trends and mapping of organisation 
extreme weather events. 
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DISCUSSING RELEVANT PHYSICS CONCEPTS 
To make the im·estigation more meaningful, it should be explained within the right 
contex1, meaning the related physics ideas, concepts, theories and modc:ls. \\;lithin 
this context, explain the basis for the hypothesis. 

Relating your findings to a physics concept 
During the analysing stage of your im·estigation (Section 1.5), you were able to find 
trends, panerns and mathematical models of your results. Tiris is the framework 
needed in which to discuss whether the data supported or refuted the hypothesis. 
Ask questions such as: 

\Vas the hypcthesis supported ? 
Has the hypothesis been fully answered? (If not, gi,·e an explanation of why 
this is so and suggest what could be do ne to either impro,·e or complement the 
im·estigation.) 

Do the results contr:1dic1 the hypothesis? If so, why? (fhe explanatio n must be 
plausible and must be based on the results and previous evidence.) 
Pro\riding a theoretical context also enables comparison of the results with 

existing relevant research and knowledge. Afler identifying the major findings o f 
the investigation, ask ques tions such as: 

How does the data fi t with the literature? 
Does the data contradict the literature? 
Do the findings fill a gap in the literature? 
Do the findings lead to further questions? 

Can the findings be extended to another situation? 
Be sure to discuss the broader implications of the findings. Implications arc 

the bigger picture. Outlining them for the audience is an important part of the 
im·estigation. Ask questions such as: 

Do the findings contribute to o r impact on the existing literature and knowledge 
of the topic? 

Arc there any practical applications for the findings? 

DRAWING EVIDENCE-BASED CONCLUSIONS 
A conclusio n is usually a paragraph that linb the collected e\;dencc to the hypothesis 
and pro\ridcs a justified response to the research q uestion. Indicate whether the 
hypothesis was supported or refuted and the e\;dence on which this is based (that 
is, the results). Do not pro\ride irrele\'ant information. Only refer to the specifics of 
the hypothesis and the research question and do not make generalisations. 

What type of evidence is needed to draw valid 
conclusions? 
A valid conclusion can be drawn if: 

the method was designed to obtain data to answer the aim and hypmht.-sis 
only one independent \lariable was changed 

the dependent variable was measured or obser\'ed 
all other \'ariables were controlled 

the experiment was replicated 
the method could be followed by another person 
the data obtained was accurate and p recise 
there were no significant limitations with the method and data obtained 

any links were made between the data obtained and chemical theory. 
Read the examples of weak and strong condusions in tables 1.6 .3 and 1.6 .4 for 

the hypothesis and research q uestion sho\,n. 
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TABLE 1.6.3 Examples of weak and strong condusklns to the hypothesis. 

Hypothesis: If the launch angle of a pro1ecllle 1s mcreased, then the flight range will also 
increase 

Weak conclusion 

The increase in launch angle increased 
range, and then the range decreased. 

Strong conclusion 

An increase in launch angle from 10° to 
46° resulted in an increase in projectile 
range from 30cm to 150cm. Increasing the 
launch angle from 46° to 700 decreased the 
range from 150cm to 35cm. 

TABLE 1.6.4 Examples of strong and weak cond usions in response to the inquiry question. 

Inquiry question: Does the temperature of a wire affect its electncal resistance' 

Weak conclus1on Strong conclusion 

The results show that temperature does 
affect the resistance. 

ld@Hl·UI 

Analysis of the results on the effect of an 
increase in the temperature of wire from 
5•c to 4o•c showed an inverse relationship 
in which the electrical resistance of 2mm 
diameter copper wire decreased from 
1.7 x 10--6n to 1.1 x 10--6n. These results 
support the current knowledge that an 
increase in the temperature of copper 
results in a decrease in its resistance. 

I GO TO ► I Year 11 Section 1.6 

Interpreting scientific and media texts 
Sometimes you may be required to investigate claims and conclusions made by 

other sources, such as scientific and media texts. As discussed in Section 1.4, 

some sources are more credib le than others. Once you have analysed the 

valid ity of the primary or secondary text, you will be able to follow the same 

steps described above in evaluating their conclusions in order to solve scientific 

problem s. 

PEER REVIEW 
Your teacher may suggest that you partner with a student in your class, to provid e 
each o ther with constructive feedback regarding the anaJysis of your data. 
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Consider the followmg: 
Are the findings accurately discussed in relation to relevant physics concepts? 
Is the conclusio n strong? 
Is the conclusio n directed to the aim, hypothesis and inquir y question? 

\Xlhat are the strengths of the conclusio n? 
\Xlhat q uestions do you ha,·e about the co nclusion? 



1.6 Review 

fi11:t:t\ii 
To make the investigation more meaningful, it 
should be explained within the r ight context. 

outlining the related physics ideas, concepts, 
theories and models. Within this context. explain 

the basis for the hypothesis. 

1341·11i!iil·l:ti 
The following results were obtained in an experiment 
testing a spring to determine the spring constant. 

0.5 1.0 1.5 2.0 2.5 
Weight(N) 

k=~=h= 5cmN·• 

What sentence is the best concluding statement? Give 
a reason why the other options are not appropriate. 

A All springs have a stiffness of ScmN- 1 when a force 
is applied between ON and 1.6N. 

B The spring stiffness is always measured in cm N- 1
. 

C The stiffness of the spring tested was 5cmN- 1 for 
forces between ON and 2.5N. 

D For forces between ON and 1.6N, the spring tested 
had a stiffness of 5cm~1• 

Indicate whether the hypothesis was supported 
or refuted and on what evidence this is based 
(that is, the results). Do not provide irrelevant 
information. Only refer to the specifics of the 
hypothesis and the research question and do not 
make general isations. 

2 A student determined that the experimental 
relationship between the range (in m) of a 
projectile and the initial velocity (in m s- 1) was 
R = 7.2 x 10-2 x v2. They found th is by measuring the 
distance travelled at a range of velocities between 
l.3ms- 1 and 5.8ms- 1. 

a Is it appropriate to use this equation to make a 
prediction of the range for a velocity of 4.0 ms- 1 for 
the same ball and launch mechanism? If it is, what 
does the equation predict? 

b Is it appropriate to use this equation to make a 
prediction of the range for a velocity of 14.0ms·1 

for the same ball and launch mechanism? Give 
a reason for your answer. If it is, what does the 
equation predict? 

c Is it appropriate to use this equation to make a 
prediction of the range for a velocity of 4.0ms·1 for 
a heavier ball using the same launch mechanism? If 
it is, what does the equation predict? 

3 A useful mathematical relationship used by physicists 
is f net = ma, where F net is the net force on an object 
(in N), m is the mass of an object (in kg) and a is the 
acceleration of the object (in ms-2

). Transpose this 
equation to make: 
a a the subject 

b m the subject 

4 A procedure was repeated five times. How should the 

following statement be rewritten? 
We conducted many repeats of the procedure. 
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1.7 Communicating 
The way you approach co mmunicating your results will depend on the audience 
you want to reach. If you are commu nicating with a general audience, you may want 
to discuss your investigation in the style of a news article or blog post. These types o f 
communication d on't use too much scientific language as you need to assume that 
your audience does not have a science backgro und. 

~lll.roughout this course you will need to present your research u sing appropriate 
scientific language and notation. There are many different presentation formats 
that are used, such as posters, o ral presentations and reports. 1'bis section covers 
the main char.icteris tics o f effective science co mmunicatio n and report w riting, 
including objectivity, clarity, conc iseness and coherence. 

PRESENTING YOUR WORK 
Your teacher will specify how you shou ld present your work. Two common formats 
are a scientific rep ort and a scientific poster. 

First identify your audience. This might be your teacher, you r peers or the 
general p ublic. 

Second, consider how you could use figures such as labelled d iagrams, graphs 
or flowcharts to aid co mmunication; for example, to show how equipment was set 
up, or to summarise a process. 

Scientific report 
Scientific reports can be written to d escribe the findings o f an experiment or a 
literature review. 
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A scientific report usually has the following components o r sulrheadings: 
Name (and lab-partner name) 

Date 

Title 

Introduction 

summary of relevant background information 

purpose 

hypothesis 

definition of independent, dependent and controlled variables 

Materials 

- equipment 

Procedure 

step-by-step instructions that the reader can follow to replicate the experiment 
if required 

can include two-dimensional scientific d iagrams 

R~ 11hi:. 

- summary data presented in tables and/or figures 

- all tables and figures numbered, with an appropriate title 

Discussion 

brief exp lanation o f the sig nificance of the results 

direct reference to data in tables and/or figures 

lin ks to relevant physics theory 

limitations o f the research and proposed avenues for further research 

Conclusion 

- summary of the research findings u sing evidence 

- relates to the aim and the hypothesis 

References 

formatted in a consistent style; for example, Amercian Psychological 
Association (APA) referenc ing style. 



Scientific poster 
Scientists often present their research at conferences in the form of a scientific 
poster. This is a summary of their research that includes visual support such as 
tables, diag rams, graphs and flowcharts (Figure I. 7. I). 

Is the period of a pendulum affected by the mass or length of the pendulum? 

___ .,.,. __ _ ..,."""._,..,.... ....... ____ _ 
-· ·-· _ • .,..;::::;:-=. -·---------~·--... ~- ........ ... ___ ,.-.... ·-·----------........ __ - .... 
_::-:_====·-·---· 
· ... -...... · ........ · ... ----~···----· 
,_ .. ______ .,_ .. __ ,,_ .. __ ·-· ... _ ... _ ... __ ___ ... ___ _ 

q .,. .... ui,uo. .. 

-- ·-=::.---
- ·--·- ' ·-ii'-:-::.:::.:-.::::. 

·-·--- -- -·--·-

rtGUAE 1.1.1 An example of a scientific poster_ 

~•>,CT ...... 
........... ,,1'1-yur<(,... 

Ut-U""-</'N1 

·---· -----___ ,_,_..._..,,_,.,_,..,. 

--·------------·-··---·--.. --·---·-

.. _____ ~;_.. _________ .. _ 

-···= :·~···-·:-::· .. 
:=:":~~-=-: .......... - ..... -----·-•--·-·-·-·----·------... -.. -~ ... -----·------·-----... ---.. ---

Regardless of the style of your presentation, it is a good idea 10 help the reader 
navigate the work by nu mbering tables and figures and referring to these in the body 
of the report. 

Historical or theoretical essay 
An essay contains the following elements/characteristics: 

It has a formal structure, including introduction, body paragraphs and conclusion . 
T he introduction states the focus of the essay. 

Each paragraph m akes a new point supported by evidence. 
Each paragraph has a link back to the p revious paragraph. 

T he concluding paragraph draws all of the in formation together b ut does not 
introduce any new information. 
Any visuals are included at the end of the essay in an appendix. 

Oral presentation 
Consider the foUO\ving elements when you prepare an oral presen tation . 

T ry to make your presentation engaging . 
Use cue cards but do not read d irectly from them. 
Look at the aud ience as you speak. 
Smile and appear confident (Figure 1.7.2). 

Try not to fidget. 

FIGURE 1.1.2 When giving an oral presentation 
use your body language to engage the audience. 
Make eye contact, look around the audience 
and smile. 
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Structuring a 
report 
Your report should have a clear, 
logical structure. 

Introduction 
The first paragraph should 
introduce your research topic 
and define key terms. 

Body paragraphs 
Each paragraph should cover 
one main idea. 

The first sentence of each 
paragraph should summarise 
the content of the paragraph. 

Use evidence to support 
statements. 

Avoid very long or very short 
paragraphs. 

Conclusion 
The final section should 
summarise the main findings. 

It should relate to the title of 
the investigation. 

It should include a discussion 
of the limitations of the 
investigation. 

It should d iscuss implications 
and applications of the 
research and potential future 
research. 

IGOTO ► I Year 11 Section 1.7 

Other types of presentation 
There are many other ways to present your findings, such as: 

making a documentary or media report 

developing an evidence-based argument 
de,·eloping an environmental management plan 

analysing a work of fiction or film for scientific relevance 
creating a visual presentation. 

Analysing relevant information 
Scientific research should always be objecti,·e and neutral. Any premise presented 
must be supported with facts and evidence to allow the audience to make its own 
decision. Identify the evidence supporting or contradicting each point you want to 
make. It is also important to explain connections between ideas, concepts, theories 
and models. Figure 1. 7 .3 shows the questions you need to consider when writing 
your investigation report. 

Once you have analysed your sources, annotate your outline, indicating where 
you will use evidence and what the source o f that evidence is. Try to introduce only 
one idea per sentence and one theme per paragraph. 

For example, for a report on 'E.xperimental research into biodegradability of 
plastics' , the third paragraph might contain information from: 

Selke et al. (201 S), who reported no significant degradation 
Chiellini et al. (2007), who reported a significant degradation. 

Do the sources 
agree? What is 
similar? What 
is different? 

Summarise main 
ideas from sources. 

IS the evidence 
valid and rehable? 

Have you ident1f1ed 
social, economic. 

environmental and 
ethical factors 

relevant to your 
research question? 

Can you use a 
labelled diagram 
to help explain 

physics concepts 
or present 
evidence? 

What are the 
l1rn1tat1ons of the 

1nformat1on 
you are 

presenting' 

What quest1ors 
do you have' 
What are the 

1mplicat1ons fer 
further research' 

FIGURE 1.7 .3 Discuss relevant information, ideas, concepts and implications, and make sure your 
disrussion is relevant to the question under investigation. 

A report sho uld include an analysis and synthesis of your sources. ~Inc information 
from different sources needs to be explicitly connected, and it should be clear where 
sources agree and disagree. ln this example, the final sentences could be: 

Selke et al. (2015) repor ted that tests of plastic polymers treated with 
biodegradation additives resulted in no significant b iodegradation after 
three years. This finding contrasts with that of Chiellini et al. (2007), who 
reported significant biodegradability o f additive-treated polymers. 

The different results can be explained by differences in the studies. The 
2007 study tested degradation in natural river water, whereas the 201S 
study tested degradation under u ltraviolet light, aerobic soil burial and 
anaerobic aqueous conditions (Chiellini et al. 2007; Selke et al. 201 5). As 
well as using different additives and different experimental techniques, 
Selke et al. (201 S) used additive rates of 1- S% and tested polyethylene 
terephthalate (PET) as well as polyethylene, whereas Chiellini et al. ( 2007) 
used additive rates of 10-1S% and tested only polyethylene. 

Both studies were conducted under laboratory conditions, so they may 
not reflect what happens in the natural environment. 
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Writing for science 

Scientific reports are usually written in an objective or unbiased style. This is 
in contrast with English writing that most often uses the subjective techniques 
of rhetoric or persuasion. 

Scientific writing can be written either in first-person or in third-person 
narrative. Your teacher may advise you on which to select In either case, 
ensure that you keep the narrative point of vtew consistent 

Be careful of words that are absolute, such as always, never, shall, will and 
proven. Sometimes it may be more accurate and appropriate to use qualifying 
words, such as may, might. possible, probably, likely, suggests, indicates, appears, 

tends, can and could. 

It is important to write concisely, particularly if you want to engage and 
maintain the interest of your audience. Use shorter sentences that are less 
verbose (i.e. do not contain too many words). 

Identify concepts that can be explained using visual models and information 
that can be presented in graphs or diagrams. This will not only reduce the word 
count of your work but will also make it more accessible for your audience. 

DITING YOUR REPORT 
Editing your report is an important part of the process. After editing your report, sa,·c 
new drafts \\ith a different file name and always back up your files in another location. 

Pretend you arc reading your report for the first time when editing. Once you 
ha,·e completed a draft, it is a good idea to p ut it aside and return to it \\ith ' fresh 
eyes' a day later. T his will he.Ip you find areas that need further work and gi\-e you 
the opportunity to impro,·e them. Look for content that is: 

ambiguous or unclear 

repetiti\-e 

awkwardly phrased 

too lengthy 

not rele,-ant to your research question 

poorly structured 

lacking evidence 

lacking a reference (if it is another researcher's work). 

Use a spcllcheckcr tool to help you identify typographical errors, bul first check 
that your spellchccker is set to Australian English. Also be wary o f words that are 
commonly misused, for example: 

where/were 
their/they're/there 

affect/effect 
its/it's 

which/that. 
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References and acknowledgements 

All the quotations, documents, publications and ideas used in the investigation 
need to be acknowledged in the 'references and acknowledgements' section 
in order to avoid plagiarism and to ensure authors are credited for their work. 
References and acknowledgements also give credibility to the study and allow 
the audience to locate information sources should they wish to study them 
further. The standard referencing style used is the Amercian Psychological 

Association (APA) academic referencing style. 

For example, a book would be referenced as: Rickard, G., et al. (2016), 
Pearson Science 9 Student Book (2nd ed.), Pearson Education, Melbourne, 
Australia. An example of a website reference is: Adamson, 0. H. (2017). 
'Plastics' in World Book Advanced, accessed 26 February 2018, from 
http://www.worldbookonline.com/advanced/article?id=ar434080. 

In-text citations 
Each time you write about the findings of other people or organisations, you need 
to p rovide an in-text citation and provide full derails of the source in a reference 
list. In the A PA style, in-text citations include the first author's last name and date in 
brackets (author, date). List the full details in your list o f references. 

The following examples show the use of in-text citation. 

Or 

It was proposed that the Los AJamos model of fission be modified to separate the 
neutron contribution for binary fission (.Madland & Kahler 2017). 

MadJand & Kahler (2017) proposed a modification 10 the Los Alamos model to 

better align with cun ent experimental results, including a modification 10 binaq· 
fission neutron contributions. 

The bibliographic details of the example abo\•e would be: 

MadJand, D.G. & Kahler, A.C. (2017). Refinements in the Los Alamos model of 
the prompt fission neutron spectrum. Nudear Physics A , Vol. 957, pp. 289-3 11, 
ISSN 0375-9474. 

~lflere are many online guides to help you format your reference list and in-text 
citations. Some websites and journals suggest how to quote a source in a particular 
referencing style, such as APA. 

PEER REVIEW 
Your teacher may suggest that you show your work to a peer in order to seek 
constructi\'e feedback. Part of the skill o f a working scientist is to be open to receiving 
feedback, and to gi\'e constructi\'e feedback to others. 
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Consider the following: 
Is the purpose clear? 
Is the format organised logically? 
Could you repeat the im·estigation without any additional information? 

Are tables and figures numbered? 
Is the reader guided when to refer to tables and figures from the body oft.he text? 
Are in-text citations used to acknowledge all sourced images and content? 
Are chemical conventions/nomenclarure consistentJy followed? 

\Vhat are the strengths of the work? 
\Vhat q uestions do you ha\'e about the work? 



MEASUREMENT AND UNITS 
In every area of physics, scientists attempt to quantify the phenomena thal were 
srudied. In practical demonstrations and im·estigations, measurements are made, 
and those measurements are processed so that conclusions can be drawn. Scientists 
have a number of conventional ways o f interpreting and analysing data from their 
investigations. There are also conventiona1 ways of writing numerical measurements 
and their units. 

liltlHl·i:1 ! GOTO ► I Year 11 Section 1.7 

Prefixes and conversion factors 
Conversion factors should be used carefully. You should be familiar with the 
prefixes and conversion factors in Table 1.7.1. The most common m istake 
made with conversion factors is multiplying rather than dividing. Note that the 
table gives all conversions as a multiplying factor. 

TABLE 1.1.1 Prefixes and conversk>n factors. 

Mul1iply1ng factor --1 000000000000 1012 tera T 

1000000000 10• giga G 

1000000 10• mega M 

1000 lo' kilo 

0.01 10-2 centi 

0.001 10-3 milli m 

0.000001 10-,; micro 

0.000000001 10-" nano 

0.000000000001 10-12 pko p 

Do not put spaces between prefixes and unit symbols; so, for example, for 
kilometres write km not km. 

It is important to give the symbol the correct case (upper or lower case). 
There is a big difference between 1 mm and 1 Mm. 

PEER REVIEW 
Your teacher may suggest that you partner with a student in your class, to provide each 
other with constructive feedback regarding the presencation of your investigation. 

Consider the following: 
Are the findings accurately communicated using physics-specific language? 
Is the presentation written for the appropriate audience? 
Are tables, images, diagrams, graphs and flowcharts referenced in the text? 

Are appropriate in-text citations included for theoretical concepts and images 
not created by the student? 

Are all in-text citations and references listed in a consistent style, such as APA 
referencing style? 

\Vhat are the strengths of the presentation? 
\Vhat q uestions do you have about the presentation? 

lil&JHl·i:1 
Correct use of 
unit symbols 
The correct use of unit symbols 
removes ambiguity, as symbols 
are recognised internationally. 
The symbols for units are not 
abbreviations and should not be 
followed by a full stop unless they 
are at the end of a sentence. 

The product of a number of 
units is shown by separating the 
symbol for each unit with a dot 
or a space. The division or ratio of 
two or more units can be shown 
in fraction form, using a slash (for 
example, mis), or using negative 
indices (for example, m s- 1

) . 

Prefixes should not be separated 
by a space. 

Numbers and symbols should 
not be mixed with words for 
units and numbers. For example, 
thirty grams and 30 g are correct, 
while 30 grams and thirty g are 
incorrect 

Scientific notation 
To overcome confusion or 
ambiguity, measurements are 
often written in scientific notation. 
Quantities are written as a 
number between one and ten and 
then mult iplied by an appropriate 
power of ten. 

You should be routinely using 
scientific notation to express 
numbers. 

IGOTO ► I Year 11 Sectio n 1.7 
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1.7 Review 

l1'i:i:tlii 
A scientific report must include an introduction, 

body paragraphs and conclusion. 

The conclusion should include a summary of the 
main findings, a conclusion related to the issue 
being investigated, l imitations of the research, 
lmpllcatlons and applications of the research, 
and potential future research. 

l:iii·i'iilll·i:~i 
1 Which of the following statements is written in 

scientific style? 
A The results were fantastic ... 

B The data in Table 3 indicates .. 

C The researchers felt.. 

D The smell was awful... 

2 Which of the following statements is written in third
person narrative? (More than one response may be 
correct.) 
A The researchers reported ... 

B Samples were analysed using .. 

C The experiment was repeated three times ... 

D I reported .. 

42 CHAPTER l I WORKII\G SCENTFICALLY 

Scientific writing uses unbiased, objective, 

accurate, formal language. Scientific writing 

should also be concise and qualified. 

Visual support can assist in conveying scientific 
concepts and processes efficiently. 

!:.nsure you edit your tmal report 

Scientific notation needs to be used when 

communicating your results. 

3 A student wishes to confirm the theoretical relationship 
for a pendulum, T = 2rr..jf where Tis the period and L 
is the length of the pendulum. 

a Find the following: 

the independent variable 

the dependent variable 

iii the variables that must be held constant 

b Draw an experimental set-up, and write an 
accompanying method that would allow this 
relationship to be tested. 

4 a Write 255000 in scientif ic notation. 

b Write 0.000000 432 in scientific notation. 

c Explain why scientific notation is used. 



Chapter review 

I KEYTERMSI 

accuracy 
affiliation 
bar graph 
bias 
continuous variable 
controlled variable 

credible 
data analysis 
dependent variable 
discrete variable 
expertise 
hypothesis 
independent variable 
inquiry question 

I REVIEW QUESTIONS I 

literature review 

mean 
median 
mistake 
mode 
model 
nominal variable 
ordinal variable 
outlier 
percentage uncertainty 
personal protective 

equipment (PPE) 
persuasion 

phenomenon 

1 Create an appropriate graph for the following data: 

Voltage difference (V) Current (mA) 

2 65 

4 121 

6 200 

8 268 

10 330 

12 401 

2 Which one of the following would not support a strong 
conclusion to a report? 
A The concluding paragraphs are relevant and provide 

supporting evidence. 

B The concluding paragraphs are written in emotive 
language. 

C The concluding paragraphs include a reference to 
limitations of the research. 

D The concluding paragraphs include suggestions 
for further avenues of research. 

3 Which of the following consists only of secondary 
sources of information? 

A a periodic table, an article published in a science 
magazine, a science documentary, a practical report 
written by a Year 12 student 

B an article published in a peer-reviewed science 

journal, an article publ ished in a science magazine, 
a science documentary 

C a periodic table, an article published in a science 
magazine, a science documentary, this Year 12 
textbook 

pie diagram 

precision 
primary source 
purpose 
qualitative 
quantitative 
random error 
raw data 
reliability 
reputation 
rhetoric 
scatter plot 
secondary source 

significant figures 

systematic error 
trend 
trend line 
uncertainty 

valid ity 
variable 

D a science article publ ished in a newspaper, an 
article published in a science magazine, a science 
documentary, a practical report written by a Year 12 
student 

4 What is the correct way to cite in text the following 
source in APA style? 

Selke, $., Auras, R, Nguyen, T. A, Aguirre, E. C., 
Cheruvathur, R, & Liu, Y. (2015). Evaluation of 
biodegradation--promoting additives for plastics. 
Environmental Science & Technology, 49(6), 3796-3777. 

A However, Selke et al. (2015) did nol find any 
significant difference in biodegradeability. 

B However, Selke et al. did not find any significant 
difference in biodegradeability1. 

C However, Selke et al. did not find any significant 
difference in biodegradeability (Selke, S., Auras, R., 
Nguyen, T. A, Aguirre, E. C., Cheruvathur, R., & Liu, 
Y. (2015). Evaluation of biodegradation--promo1ing 
additives for plastics. Environmental Science & 
Technology, 49(6), 3769-3777). 

D However, Selke et al. (2015) did not find any 
significant difference in biodegradeability 
(Evaluation of biodegredation-promoting additives 
for plastics. Environmental Science & Technology). 

S Explain the meaning of the terms aim, hypothesis and 
variables in an investigation. 

6 Consider the following research question: 

' Is the radial acceleration experienced on the Luna 
Park roller-coaster proportional to the radius of 
curvature of the track?' 

Which of the following is the independent, dependent 
and controlled variables? 

a radial acceleration b track cart 

c radius of track curvature 

CHAPTER 1 I WORl<r-lG SOENTFICAllY 43 



7 Consider the following hypothesis: 

'The use of higher density foam in hockey goalie shin 
pads reduces the force on the ball as 1t comes to a stop.' 
Name the independent. dependent and controlled 

variables for an experiment with this hypothesis. 

8 List the independent and dependent variables in the 
following investigations. 

a To determine the spr ing coefficient for springs with 
a variety of material thicknesses. 

b To compare the thermal expansion of different 
metals with a temperature increase of SOOC. 

c To investigate the effect of mass on the motion of 

a toboggan, and explain the variatton in terms of 
friction. 

9 Convert 2Wmm-2K"'t into wm-2 1<"'1• 

10 Convert 30.00ml into L 

11 Define the following terms: 

a mean 

b mode 

c median. 

12 The measurements of mass (in g) of a metal were 
7.02, 6.47, 6.92, 7 21, 6.53, 6.53. What IS the 

uncertainty of the average of these values? 

13 Which of the statistical measurements of mean, mode 
and median is most affected by an outher? 

14 Identify whether the following are m istakes, systematic 
errors or random errors. 

a A student spills some water from the container 

while measuring the temperature increase. 

b The reported measurements are above and below 
the true value. 

c A 25.00g mass measures 25.Sg on the scale. 

15 A student is confused about rules for significant 

figures. Summarise the following for the student 
a Give examples of values with two, three, four and 

five signif icant figures. 

b Summarise the rules for reporting a calculated 

value that invotved mult iplication or division. 

c Summarise the rules for reporting a calculated 
value that involved addition or subtraction. 

16 a Explain the terms 'accuracy' and 'precision'. 

b When might an investigation be invalkl? 

c All investigations have limitations. Use an example 
to explain the meaning of 'hm1tabons' of an 
investigation method. 
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17 A scientist designed and completed an experiment to 
test the following hypothesis: ' Increasing the 

temperature of the w ire would result m a decrease 
in the resistance of the wire.' 

The discussion section of the scientist's report 
included comments on the reliabi lity, validity, accuracy 
and precision of the investigation. 

Determine which of the following sentences comment 
on the rehability, validity, accuracy or precision. 

a Five different wires of the same length from the 
same source were tested at each temperature. The 
resistance was measured three t imes and averaged. 

b The temperature and resistance of the wire were 

recorded using data♦logging equipment The 
resistance of some of the wires was measured using 
an analog voltmeter and ammeter. 

c The data-logging equipment was calibrated for 
temperature before use. The equipment was 

calibrated before measurements were taken. 
d The voltage/ current sensor (data logger) measured 

voltage to the nearest 0 .1 V and the current to the 
nearest 0.1 mA. An analog voltmeter measured the 
voltage to the nearest IV, and the ammeter to the 
nearest J0mA. 

18 What 1s the purpose of referencing and acknowledging 
documents, ideas, images and quotations m your 
investigahon? 

19 A scientist designed and completed an experiment to 
test the following hypothesis: 

'Increasing the temperature of a wire would result in a 
decrease in resistance.' 

a Write a possible aim for this scientist's experiment 

b What would be the independent. dependent and 
controlled vanables in this investigation? 

c Whal lond of data would be collected? Would it be 
quahtabve or quantitative? 

d List the equipment that could be used and the type 
of precision expected for each item. 

e What would you expect the graph of the results to 
look like if the scientist's hypothesis was correct? 



20 Determine the experimental equation from the 
following graph. 

Extension of material when weighted 

120 

100 

E 
80 

g 
~ 

C 

~ 60 

!!! 
Jj 

40 

20 

Massm (kg) 

21 a Determine the experimental equation from the 
following graph. 

Velocity vs time 

20 

0+---+-~----~--
10 

Time(s) 

- 10 

b Interpret the gradient and intercept in a physics 
context 

22 Identify the errors in the following graph. 

.01 .02 .03 .04 .05 .06 .07 
Mass of sample {kg) 

23 a Draw a graph for the following data obtained from a 
spring-extension practical. 

Force (N) Length (mm) 

0 250 

10 305 

20 375 

30 435 

40 500 

50 560 

b Fmd the experimental equation, and write a 
sentence interpreting the gradient and y-intercepl 

24 A student wishes to design an experiment to determine 
the time it takes for a cup of coffee to cool to room 
temperature from different starting temperatures. 
a What are the independent. dependent and 

controlled variables? 

b What is the inquiry question and the hypothesis? 
c Design a method that could be followed by the 

student to get repeatable results. 
d Create a table that could be used to collect data 

from the experiment 

25 Compare the crash-test data for three different cars 
using the Australasian New Car Assessment Program 
(ANCAP) ratings. 
a Which car had the highest minimum frontal offset 

score? 

b Which car had the highest side impact score? 
c Which car had the highest total score? 
d Present your findings in a table. 

26 Research the use of international collaboration in 
particle accelerators, and the major advances that have 
been made possible. Ensure that you include a l ist of 
references and acknowledgements for your sources. 
Present your research in digital form. 

CHAPTER 1 I WORK"1G SCIENTFICAllY 45 





MODULE @ Advanced mechanics 

Motion in one dimension at constant velocity or constant acceleration can be 
explained and analysed relatively simply. However, motion is frequently more 

complicated because the net force on objects can vary in size and direction, 
causing objects to move in two or three dimensions. 

In this module, you will develop an understanding that all forms of complex 

motion can be understood by analysing the forces acting on a system, including 
the energy transformations taking place within and around the system. By 
applying new mathematical techniques, you will model and predict the motion 
of objects within systems. You will examine two-dimensional motion, including 
projectile motion and uniform circular motion, along with the orbital motion 

of ~anets and satellites, which are modelled as an approximation to uniform 

circular motion. 

Outcomes 
By the end of this module you will be able to: 

• select and process appropriate qualitative and quantitatrve data and 

information using a range of appropriate media PH 12-4 
• analyse and evaluate primary and secondary data and information PH12·5 

• solve scientific problems using primary and secondary data, critical thinking 
skil ls and scientific processes PH12-6 

• communicate scientific understanding using suitable language and 
terminology for a specific audience or purpose PH12-7 

• describe and analyse qualitatively and quantitatively circular motion and 

motion in a gravitational fietd; in particular, the projectile motion of partides 

PH12-12 

Throughout this book vectors will be represented either in italics, for example F, 
or with an arrow above the variable, for example f. Regardless of the way a 
vector is represented, it is important for you to understand that the same rules 

apply when completing any calculation involving vectors. A vector is a variable 
which has both a magnitude and a direction. Being able to understand when a 

variable is described by a vector is an important skill for a physicist to develop. 
See the revision box on page 50 for further detail regarding the treatment of 

vectors in the study of motion. 

It is recommended that you check the online formulae sheet for the most 

up-to-date notation used for the New South Wales Stage 6 Physics COU™>. 





Projectile motion was one of the earliest examples in which mathematics was used 
to describe the physical world. A projectile is an object on which gravity is the only 
force that acts. Newton's laws, dating from the 17th century, describe and predict 
the motion of projectiles. While relativity, introduced in the 20th century, refined 
the predictions in certain contexts, Newton's descriptions of grevitotion ond motion 

are applicable for most practical purposes. 

In this chapter the equations of motion for uniform accelerattOn will be used to 
analyse the motion of projectiles. The analysis considers the motion vertically, 
affected by gravitational attraction, and horizontally, unaffected by gravity. 

Content 

·i1lfiiH:+ 
How can models that are used to explain projectile motion be 
used to analyse and make predictions? 
By the end of this chapter you will be able to: 

• analyse the motion of projectiles by resolving the motion into horizontal and 
vertical components, making the foUowing assumptions: 
• a constant vertical acceleration due to gravity 
• zero air resistance 

• apply the modelling of projectile motion to quantitatively derive the relationships 
between the following variables: 
• initial velocity 
- launch angle 
- maximum height 
- time of flight 
- final velocity 
- launch height 
- horizontal range of the projectile (ACSPH099) 

• conduct a practical investigation to collect primary data in order to validate the 
relationships derived above 

• solve problems, create mcx:tels and make quant itative predictions by applying 
the equations of motion relationships for uniformly accelerated and constant 
recti linear motion. 

Phys.cs suee 6 Syllabus O NSW Eduation Stlndatdl Aulhority 
for and on beNtf of the Crorwn in filht ot the State of NSW, 2017. 



2.1 Projectiles launched horizontally 

ld@Hi·l:I 
Kinematics 

A scalar quantity requires a magnitude and a unit-3m, 5s, 
9.80ms-2. 

before turning back and swimming 10m wesl To calculate 
their displacement from their initial position, using the 

d irection conventions outlined in Figure 2.1.1 on page 51, 
the d isplacement will be: 

S =S1 +S2 = 25 +-10 

=+15 
A vector Quantity is a scalar Quantity with a direction. 

The magnitude (or size) of a vector describes the scalar 

equivalent. For example, the magnitude of an object's 
velocity will be equal to its speed. 

= 15 m east 

The equations of motion can be used in situations 
where there is a constant acceleration a (in ms~. These 
allow you to model the motion of objects and predict 
values for the initial velocity u (inms-1), fina l velocity 

Vectors can be represented using a variety of d ifferent 
notations. Throughout this book you will see some vectors 
written with an arrow above the variable, i.e. ; or P. This is 

known as vector notation. There are different sorts of vector 
notation, for example the same vector can be represented 
as S, s ors. Table 2.1.l on page 51 outlines the different 
scalars and vectors related to kinematics and dynamics 
that appear throughout this book and the symbol used to 
represent each variable. 

v (in m s- 1), displacements (in m) and time t (ins). A 
direction convention is always required when using the 
equations of motion. The equations of motion for uniform 
acceleration are: 

v =u+at 
s = ½(u+v)t 

s=ut+½at2 

v2 = u2+2as 
If a variable is a vector then you need to apply a 

direction convention. For example, a swimmer is 
completing laps of a pool. They first swim 25 m east 

0 A projectile: 

• is macroscopic (that is, not 
microscopic) 

• does not travel too fast (that is, 
not at a substantial fraction of 
the speed of light). 

Newton's treatment of projectile 
motion is fine for balls, rockets 
and even planets. 

Particles smaller than about 1 mm 
diameter, or moving so fast that 
relativity plays an effect, need 
more sophisticated theories. 

50 MOOULE S I ADVANCED MECHANICS 

A projectile is any object that is thrown or projected into the air and is moving 
freely- that is, it has no power source (such as a rocket engine or propeller) 
driving it. A netball as it is passed, a cricket ball that is hit for six and an aerial 
skier flying through the air are all examples o f projectiles. 'lltis type of flight is 
known as ballistic flight. People have long argued about the path that projectiles 
follow; some thought they were circular o r had straight sections. It is now known 
that projectiles move in smooth parabolic paths, like that shown in Figure 2.1.2 
on page 51. This section analyses projectile motion using Ne,,1.on's laws and the 
equations of motion. 

FREE·FALLING PROJECTILES 
h ii. a very common misconceprion th:u w hen a projecrile t r.n-els fnnvards 1hro11gh 

the air, it has a forward force acting on it, but this is incorrect. There might ha,·e 
been some forward force acting as the projectile is launched, but once the projectile 
is released, this forward force is no longer acting. T his causes the projectile to 
continually deviate from a straight-line path 10 follow a parabolic path. 

The only force acting on a p rojectile during its flight is its weight, which is the 
force due 10 gravity, Fg = mg. This force is constant and always directed vertically 
downwards. This motion is known as free fall. Given that the o nly force acting 
on a projectile is the force due to gravity, it follows that a projectile near the 
surface of the Earth must have a vertical acceleration o f 9 .8 ms- 2 downwards 
thro ughout its motion. The mass of the projectile does not affect its acceleration 
due to gravity. 



Worked example 2. 1. 1 

PROJECTILE UNDER FREE FALL 

A ba11 is allowed to free fall from a height of 40m. Take the acceleration due to 
gravity to beg = 9.8m s-2 and ignore air resistance. 

a Calculate the time that the ball takes to land. 

Thinking Working 

Let the downward direction be positive. Down is posi tive. 
Write out the information relevant to Vertically: 
the vertical component of the motion. 

s • 140m Note that at the instant the ball is 
u = Oms- 1 

released it is not moving, so its initial 
vertical velocity is zero. a= +9.8ms-2 

t = ? 

In the vertical direction, the ball s =ut+½at2 

has constant acceleration, so use 
equations for uniform acceleration. 
Select the equation that best fits the 
information you have. 

Substitute values, rearrange and solve 40 = Q + ½ X 9.8 X f 
fort. 

t2=~ 
4.9 

t=m 
= 2.857s 
= 2.9s (to two significant figures) 

b Calculate the velocity of the ball at the point of impact 

Thinking 

Let the downward direction be positive. 
Write out the information relevant to 
the vertical component of the motion. 

To find the final vertical speed, use the 
equation for uniform acceleration that 
best fits the information you have. 

Substitute values, rearrange and solve 
for V. 

Give the velocity with a magnitude and 
a d irection. 

Worked example: Try yourself 2.1.1 

PROJECTILE UNDER FREE FALL 

Working 

Vertically, with down as posi tive: 

s = +40m 

u = Oms-1 

V=? 
a = +9.8ms-2 

t = 2.9s 

V = U +at 

Vertically: 

V = Q + 9.8 X 2.9 

= 28ms- 1 down 

The final velocity of the ball is 28 ms-1 

down. 

A ball is allowed to free fall from a height of 30m on Mars. Take the acceleration 
due to gravity to beg = 3.8ms-2 and ignore air resistance. 

a calculate the time that the ball takes to land. 

b Calculate the velocity of the ball at the point of impact 

up+ 

down -

backwards -- forwards 
+ 

len-- righc 

+ 

N+ 

S -

w--E 
+ 

FIGURE 2.1.1 Common sign and directiln 
conventions 

TABLE 2.1.1 The scalarS and ved.orS used 
in kinematics and dynamics 

Scalar I Vector 

distance travelled d 

speed" 

acceleration a 

timet 

displacements 

velocity " 

acceleration a 

FIGURE 2.1.2 A multi-flash photograph of a golf 
ball bouncing on a hard surface and moving 
to the right. The parabolic shape of the path is 
dearly seen. Each peak is a little lower as some 
energy is lost after each bounce. 

CHAPTER 2 I PRO.ECTILE i'KJTION 51 



52 MOOULE 5 I AfNN-UD MECHAl'ICS 

Projectiles can be launched at any angle. The launch wlocity needs to be resolved 
into vertical and horizontal components using trigonometry in order to complete 
most problems. 1-<0r projectiles launched horizontally, the horizontal velocity is 
constant and is equal to the horizontal launch velocity. Assuming there is no air 
resistance, the only force that is acting on a projectile is gravity. Gravity acts as a 
vertical acceleration so it has no effect on the horizontal motion of a projectile. 

Tips for solving projectile motion problems 
In solving a projectile motion problem, construct a diagram showing the projectile's 
motion to set the p roblem out clearly. \~rite out the information supplied for the 
horizontal and vertical components separately. 

In the horizontal direction, the velocity t;.J of the projectile is constant, so the 
following formula can be applied: va,• ;;;{-

In the \'ertical direction, the projectile is affected by a constant acceleration due 
to gravity, g:;;:; 9.80ms- 2 downwards, so the equations o f motion for uniform 
acceleration are used. It is important to clearly specify whether up or down is the 
positive or negath·e direction. Either choice will work just as effecti\·ely, as long 
as the same convention is used consistently throughout each problem. 

The speed of the projectile at any point can be calculated using Pythagoras' 
theorem by considering the horizontal and vertical components. lf the velocity 
of the p rojectile is required, it is necessary to provide a direction with respect to 
the horizontal plane as well as the speed of the projectile. 

Understanding vector components 
When vectors lie in one d imension, it is relatively simple to understand their 
motion. However, in projectile motion, the object moves in a two-dimensional 
plane, so it is important to understand how to break vectors down into their 
components. 

These types of vector problems in physics (and other applications) often 
involve using tr igonometric relationships to find the unknown side of a 
right-angled triangle. 

You will recall that: 
sinB= 0PP()Slte cosB = ~ tanB= ~ 

hypotenuse hypotenuse ad~ 

In the triangle shown below, the vector v represents the velocity of a 
projectile launched at some angle 8 from the ground. The velocity can be 
broken down into its horizontal (v.J and vertical (vv) components using the 
trigonometric relationships outl ined above. 

sinB - ~te cosB- ~ 
hypotenuse hypoleouse 

= !!. = !!!. 

Vv = vsinB 

L) 
vcos O 

Breaking a vector into its horizontal and vertical (orthogonal) components is a 
commonly used tool in physics. As the components are perpendicular they form 
a right-angled triangle. The original vector can then be found from the horizontal 
and vertical components using Pythagoras' theorem, so that v2 = vi +v/. 



Worked example 2.1.2 

PROJECTILE LAUNCHED HORIZONTALLY 

A ball is hit horizontally from the top of a 40.0m high cliff with a velocity of 
25.0ms-1 to the right Using an acceleration due to gravity of g = 9.80ms-2 and 
ignoring air resistance, calculate the following values: 

a the time that the ball takes to land 
-----------

Thinking 

Let the downward d irection be positive. 
Write out the information relevant to 
the vertical component of the motion. 
Note that the instant the ball is hit, it is 
travelling only horizontally. so its initial 
vertical velocity is zero. 

In the vertical direction, the ball 
has constant acceleration. so use 
equations for uniform acceleration. 
Select the equation that best fits the 
information you have. 

Substitute values. rearrange and solve 

1 

fort. 

Working 

Down is positive. 

Vertically: 

s =+40.0m 
u=0ms- 1 

a= +9.80ms-2 

t=? 

40.0 = 0 + ½ x9.8Q X f 

t=m 
= 2.86s (to three significant figures) 

b the distance that the ball travels from the base of the cliff; that is, the total 
horizontal distance travelled 

~ ing Working 

Write out the information relevant to the Horizontally: 
horizontal component of the motion. u = 25.0ms- 1 

As the ball is hit horizontally, the initial t = 2.86s from part (a) speed gives the honzontat component of 
the velocity throughout the flight. S:? 

Never round off a value until the 
final calculation, otherwise you will 
introduce a rounding error. Use the 
calculated value of t. 

Select the equation that best fits the As horizontal speed is constant. you 
information you have. can use v.., =.!. 

The distance travelled will be equal to 2s.o=,.:. 
the magnitude of the displacement. 
Substitute values. rearrange and solve S = 25.0 X 2.86 
for s. 

I 
=71.4m I The d istance !ravelled is a scalar 

quantity so no direction is required. 

I 
I 

I 
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c the velocity of the ball as it lands. 

Thinking 

Find the horizontal and vertical 
components of the ball's speed as 
it lands. Write out the information 
relevant to both the vertical and 
horizontal components. 

To find the final vertical speed, use the 
equation for uniform acceleration that 
best fits the information you have. 

Substitute values, rearrange and solve 
for the variable you are looking for, in 
this case v. 

Add the components as vectors. 

Use Pythagoras' theorem to work out 
the actual speed, v, of the ball. 

Use trigonometry to solve for the 
angle, 9. 

Indicate the velocity with a magnitude 
and direction relative to the horizontal. 

Worked example: Try yourself 2.1.2 

PROJECTILE LAUNCHED HORIZONTALLY 

Working 

Horizontally: u = vH = 25.0 m s- 1 

Vertically, with down as positive: 

u = 0ms- 1 

a= +9.80ms-2 

s = t40.0m 
I= 2.86s 

v=? -
v =u+at 

Vertically: 
Vy =U+at 

= Q + 9.80 X 2.86 
= 28.0ms- 1 down 

25.0m s-• 

~ =., 

v = JvH2 +v/ 

= J 2s.a2 + 28.02 

= Ji409 
= 37.Sms-1 

9= tan- 1
(~~) 

= 48.2° 

The final velocity of the ball is 37.Sms- 1 

at 48.2° below the horizontal. 

A ball of mass 100g is hit horizontally from the top of a 30.0m high cliff with a 
speed of 20.0ms- 1• Using acceleration due to gravity of g = 9.BOms-2 and ignoring 
air resistance, calculate the following values: 

! g =9.80m ,~ 

r f JO.Om 

i 
I a the time that the ball takes to land 

b the distance that the ball travels from the base of the cliff, i.e. the range of the ball 

I c the velocity of the ball as it lands. 



I PHYSICS IN ACTION I 
The effect of drag 

The interaction between a pr01ectile and the air can 

have a significant effect on the motion of the projectile 

(Figure 2.13). parbcularty 1f it has a large surface area and 
relatively low mass. If you try to throw an inflated party 
balloon, it will not travel very far compared to throwing a 
marble at the same initial speed. 

The size of the air resistance (or drag force) that acts on 
an object as it moves depends on several factors. 

The speed, v, of the object The faster an object moves, 
the greater the drag force becomes. 

The cross-sectional area of the object in its direction of 
motion. Greater area means greater drag. 

The aerodynamic shape of the object A more 
streamlined shape experiences less drag. 

The density of the air. Higher air density means 

greater drag. 
Drag forces are proportional to the square of the velocity, 

and there will be a characteristic vertical velocity, called 
the terminal velocity, in whteh the drag forces balance 
the gravi tational forces. With no net force acting on the 

projectile, it no longer accelerates. The projectile has 
reached its maximum rate of descent 

l•l 

If there is less air. there IS less drag due to air resistance 

and the body may free fall at a much faster rate. In 

October 2012 Felix Baumgartner undertook a free fall 
from a weather balloon k>cated 39 km above the surface 

of the Earth (nearty at the top of the stratosphere and 
over four times higher than Mt Everest) and reached a top 

speed of over 1300kmh- 1 during the fall (Figure 2.1.4). 

As he descended closer to the surface of the Earth, the 
atmosphere thickened, drag forces increased, and his 

velocity slowed. A parachute for the last kilometre of fall 
meant he survived the stunt 

FIGURE 2., .• Fehx Baumgartner begins h~ 39km fall. 

(b) 

without air resistance 

i ~ 
with air resis~~ce y 

F, 

F 
nGURE 2.1.1 (a) The two paths of a pro;ectile with and without air resistance (FJ. When air resistance is included, the 
horizontal drstanc:e travelled is shorter. (b) When air resistance is actJng, the net force actJng on the ob,ect is no longer 
vertx:ally down. 
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2.1 Review 

l11t:l#·i41 
If air resistance is ignored, the only force acting on 
a projectile is its weight. i.e. the force of gravity, F, 

As a projectile is acting only under the force 
of gravi ty, the equations of motion for uniform 
acceleration can be used: 

li441·11i!11t·l:~i 

v - u+at 

s=½(u+v)t 

s = ut + ½•12 

v2 = u2 +2as 

For the following questions use an acceleration due to 
gravity of g = 9.8ms-2 and ignore air resistance. 

1 A 300g projecti le is dropped from 200m. How long 
does it take to touch the ground? 

2 A projectile is launched straight upwards at 5.0ms- 1 

from 50m above the ground. What is its velocity as it 
hits the ground? 

3 A projecti le is thrown upwards at 20ms- 1
. What is its 

maximum height? 

4 In 1971, astronaut Alan Shepard took a golf club to 
the Moon and hit a couple of bal ls. Which one or more 
of the following is correct? 

A The balls travelled in straight l ines because there is 
no gravity. 

B The balls travelled in parabolic arcs. 
C The balls travelled much further than i f they had 

been hi t in an identical manner on Earth. 

D The balls went into orbit 
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Projectiles move in parabolic paths that can 
be analysed by considering the horizontal and 
vertical components of the motion. 

The horizontal velocity of a projectile remains 
constant throughout its flight if air resistance is 
ienorP.rl_ ThP.rP.forP., thP. followine P.qu;ition for 

average velocity can be used for this component 
of the motion: 

Va,,= t 

5 A golfer practising on a range with an elevated tee 
4.9m above the ground strikes a ball so that it leaves 
the club with a horizontal veloci ty of 20ms- 1. 

a How long after the ball leaves the club will it land 
on the ground? 

b What horizontal distance wlll the ball travel before 
landing on the ground? 

c What is the acceleration of the ball 0.50s after 
being hit with the golf club? 

d Calculate the speed of the ball 0.80s after i t leaves 
the golf club. 

e With what speed wil1 the ball hit the ground? 



2.2 Projectiles launched obliquely 

141141tiil:t•l1lli\l 
Projectile variables 
How can models that are used to explain 
projectile motion be used to analyse motion 
and make predictions? 

COLLECT THIS ... 

four different projectiles such as marshmallows, 
marbles, balls of aluminium foil , cubes of metal 

popsicle sticks, large 

elastic bands 

bottle container lid or equivalent 

glue 

wedge 
ruler 

DO THIS ... 

1 Using the elastic bands, popsicle sticks, lids and glue to 

create a catapult similar to that shown below. 

2 Record the properties of the different projectiles 

you have chosen: mass (quantitative), estimated air 
resistance based on shape and surface (qualitative). 

Place projectiles in the lids on the catapult. Pull the 

central stick down to a known position and let go. 

Record the distance the different projectiles travel. If you 
have chosen objects which can bounce or roll, how can 

you increase the precision of this measurement? 

4 Repeat. changing one variable at a time: 

launch height-place the catapult on a stack of 

books to change the height 

launch angle-place a wedge under the catapult to 
change the angle but keep the launch height the 

same 
launch energy-pull the central stick down to a 

d ifferent position to change the potential energy 
stored in the catapult 

RECORD THIS ... 

Describe how the d ifferent variables affected the motion of 
the different projectiles. 

Present a table of your results. 

REFLECT ON THIS ... 

How can models that are used to explain projectile motion 

be used to analyse and make predictions? 

Where have you seen projectile motion before? 

The previous section looked at p rojectiles thal were launched horizontally. A more 
common siruation is projectiles thal are launched obliquely (at an angle), by being 
thrown forwards and upwards at the same time. An example of an oblique launch is 
shooting for a goal in basketball, such as in Figure 2.2.1. Once the baU is released, 
the only forces acting are gravity pulling it down to Earth and air resistance, a drag 
force which slows the ball's motio n slightly. 

rlGURE 2.2.1 The basketbal was thrown upwards tow.Yds the ring, travelling in a smooth parabolic path. 
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PROJECTILES LAUNCHED AT AN ANGLE 
As \\~th projectiles launched horizontally, if air resistance is ignored, the only force that 
is acting on a projectile is gravity. Gravity acts ,·ertically downwards, so it has no effect 
on the horizontal motion of a projectile. The \'erticaJ and horizontal components of 
the motion are independent of each other and once again must be treated separatdy. 

In the vertical direction, a projectile acceler:ues due 10 the force of gravity. The 
effect of the force due to gravity is that the ,·ertical component of the projectile's 
velocity decreases as the projectile rises. It is momentarily zero at the Yery top of the 
flight, and then it increases again as the projectile descends. 

In the horizontal direction, a projectile has a uniform velocity since there are no 
fore~ ncting in this rtirectinn (if nir re!.istnnce i!. ignored) 

Tips for solving problems involving projectiles launched 
at an angle 
General rules for solving problems im·olving projectile motion were gi,·en in the 
previous section-see page 52 for a reminder. 

For a projectile launched at an angle to the horizontal, trigonometry can be used 
to find the initial horizontal and \"ertical components of itS \"elocity. Pythagoras' 
theorem can be used to determine the actual ,·elocity of the projectile at any point, 
as well as its direction with respect to the horizontal plane. 

Worked example 2.2.1 

LAUNCH AT AN ANGLE 

An athlete in a long+jump event leaps with a velocity of 7.S0ms- 1 at an angle of 
30.0" to the horizontal. 

r ! g =-9.SOms~ 

For the following questions, treat the athlete as a point mass, ignore air resistance 
and use g = 9.80ms-2

. 

a What is the athlete's velocity at the highest point? 

Thinking 

Fir$t f ind the hor izontal and vertical 
components of the initial speed. 
Remember, speed is a scalar quantity 
equal to the magnitude of the velocity. 

Working 

7.50m S-1 

___ 3_0,'!' ____________________ .I] 
"• 

Using trigonometry: 

uH = 7.50 cos30 

= 6.50ms- 1 

uv = 7.50 sin30 

= 3.75ms-1 



At maxim um height: Projectiles that are launched at an 
angle move only horizontally at the 
highest point of their motion. The 
vertical component of the velocity at 
this point is therefore zero. The actual 
velocity is given by the horizontal 

v = 6.50ms- 1 horizontally to the right. 

J component of the velocity at the 
highest point of their motion. I 

- -
b What is the maximum height gained by the athlete during the jump? 

Thinking Working 

To find the maximum height gained by Vertically, taking up as positive: 
the athlete, you must use the vertical u = +3.75ms- 1 

component. Recall that the vertical 
a= -9.SOms-2 

component of velocity at the highest 
point is zero. v=O 

s =? 

Substitute these values into an v2 =u2 +2as 
appropriate equation for uniform 0 = (3.75)' + 2 X (-9.80) XS 
acceleration. 

Rearrange and solve for s. Distance s=Ef... 
travelled is a scalar quantity. 2K9.80 

= 71.7cm 

-
c Assuming the athlete returns to their original height, what is the total time 

they are in the air? 

Thinking Working 

As the motion is symmetrical, the time I Vertically, taking up as positive: 
required to complete the motion will u = +3.75ms-1 

be double the time taken to reach the a= _9.80ms-2 
maximum height. First, the time it 

V=O takes to reach the highest point must 
be found. t =? 

Insert these values into an appropriate v =u+at 
equation for uniform acceleration. 0 = 3.75 + (-9.80)1 

Rearrange the formula and solve fort. t = 3.75 
9.80 

=0.383s 

The time to complete the motion is Total time = 2 x 0.383 
double the time it takes to reach the 

~ ximum height. 
= 0.765s 
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Worked example: Try yourself 2.2.1 

LAUNCH AT AN ANGLE 

An athlete in a long•jump event leaps with a velocity of 6.50ms-• at 20.0° to the 
horizontal. ! s=-9.80ms-' 

[ 
.. ,~ .. ~·.:· .................... ~ 

For the following questions, treat the athlete as a point mass, ignore air resistance 
and use g = 9.80ms-2. 

a What is the athlete's velocity at the highest point? 

b What is the maximum height gained by the athlete during the jump? 

c Assuming a return to the original height. what is the total time the athlete is in 
the air? 

INITIAL CONDITIONS 
\Vhen creating a model, the initial conditions are important . ~fbe initial speed and 
the launch angle both play a part in h ow high and h ow far a projectile will travel. 
In Figure 2.2.2a, the speed of a projectile is kept the same, but the launch angle is 
changed, while in Figure 2.2.2b, the launch angle is kept constant but the initial 
velocity is changed. 

Changing launch angte 

(b) Changing ini tial velocity 

6 8 10 12 14 6 8 10 12 14 
Distance (m) Distance (m) 

ncuRE 2.2.2 The initial conditions dictate the motion of the projectile. (a) The launch angle is increased while keeping 
the initial velocity constant. (b) The initial velocity is increased while keeping the launch angle constant 
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Analysing the effects of drag 

Ship, aircraft and car designers look to minimise the effects 
of drag to allow their vehicles to travel as quickly and as 
economically as possible. These experts use computational 
fluid dynamics to make their calculations, but it is possible 
to make quite reasonable drag calculations for projectile 
motion with a simple spreadsheet calculator. 

When ignoring drag, the only force acting on a projectile 
with mass m is that of gravity. The horizontal (H) and 

vertical M components of the projectile's acceleration 

are c\i = 0 and~= -g = -9.8ms·2 (where upwards is 
positive). 

The drag force, Fo, is approximately proportional to 
the square of the velocity, v, and D is a constant of 
proportionality related to the projectile's shape and the 
medium through which it travels, so Fo = Ov2

. The direction 

of the force opposes the direction of velocity, so FH = -Dvi 
andfv =-Dv/. 

Using Newton's second law to transform a force into an 

acceleration, the components of the acceleration (including 
both gravity and drag) are: 

q.,. =- ~v/ 

av =-g- ~v./ 
Clearly, the acceleration for both q.,. and av change as the 

velocity changes, which means the simpler equations of 

motion can't be used. However, a numerical method can 
be used. 

PHYSICSFILE 

Cannons 
Cannons are useful, but difficult to use. Measuring angles and 
ranges are not precise, and the calculations can be slow. The force 
imparted on the projectile from the packed powder is imprectse 
and complicates making accurate repeated shots. 

During World War I, the Western (French) and Italian fronts were 
the domain of artillery. In mid-1915 the Australian-born scientist 
William Bragg (Figure 2.2.4a) moved from his crystallography 
work to develop an accurate measurement of projectile ranging 
using acoustic locators. Acoustic locators (Figure 2.2.4b) work 
by using moveable microphones to find the angle that maximises 
the amplitude of sound received, which is also the bearing 
angle to the target. Two acoustic locators at different positions 
will generate two different bearings, which allows the use of 
triangulation to determine accurately where a projectile lande~ 
or where the enemy launched one. 

A numerical method repeats the velocity calculations 
after a short period-say every O.ls of the flight At O.l s 

after the launch, the horizontal and vertical velocities can be 
recalculated. This gives a new position, a new acceleration 

and new velocity. Another 0.1 slater the calculation is 
repeated, and so the entire fl ight can be simulated. 

For the example in Flgure 2.2.3, a 900g projectile was 
given an initial velocity of lOms-1 and launched at 35° above 

the x-axis, with each point representing 0.016s of time. The 

figure shows that the maximum height and total distance 
travelled were substantially reduced with drag included. In 

real-world examples, for example in sports or vehicle design, 
a calculation without drag witl give unrealistic results. 

2.0 

'? i.s 

i 1.0 

f 0.5 

The effect of drag on projectile motion 

~ ::hout drag 

/ with dra";• •• ••·•••••·• 

.. ···••• ......... ·•·· .... . 
6 9 IO 

Distance travelled (m) 

FIGURE 2.2.3 The calculated drag effect for a flight Each dot 
represents a new numerical calculation. From here, it is simple to 
adjust the launch angle and launch velocity to explore the effects of 
drag, or to change the drag parameters to represent the shapes ci 
different projectiles. 

nGURE 2.2.4 (a) William Lawrence Bragg, winner of the Nobel Prize for 
Physics 1915 and developer of sound<anging methods. (b) An acoustic 
locator. The large horns amplified distant sounds, monitored throogh 
headphones worn by a crew member. 
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2.2 Review 

l1'i:i#\ii 
For objects launched at an angle to the horizontal, 
the initial horizontal and vertical velocities can be 

calculated using trigonometry. 

l:◄ii·l1i4iiMiti 
For the following questions use an acceleration due to 
gravity of g = 9 .8ms- 2 and ignore air resistance. 

1 A javelin thrower launches her javelin at 40° above 
the horizontal. Select the correct statement about the 
javelin at the highest point of its path. 
A It has zero acceleration. 
B It is at its slowest speed. 
C There are forward and downward forces acting on it 

D There are no forces acting on it since it is in free fall. 

2 A basketballer shoots for a goal by launching the ball 
at 15 m s-1 at 25° to the horizontal. 

a Calculate the initial horizontal speed of the ball. 

b What is the ini tial vertical speed of the ball? 
c What are the magnitude and direction of the 

acceleration of the ball when it is at its maximum 
height? 

d What is the velocity of the ball when it is at its 
maximum height? 
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At its highest point the projectile is moving 
horizontally. Its velocity at this point is given by 

the horizontal component of its launch velocity. 
The vertical component of the velocity is zero at 
this point 

3 In a shot-put event a 2.0kg shot is launched from a 
height of l.Sm, with an initial velocity of 8.0ms· 1

. 

The launch angle is 6Q<> to the horizontal. 

8.0m s-1 

6()• .. t ........ . 

Lr 
a What is the initial hor izontal speed of the shot? 
b What is the initial vertical speed of the shot? 
c How long does it take the shot to reach its 

maximum height? 
d What is the maximum height from the ground that 

is reached by the shot? 
e What is the speed of the shot when it reaches its 

maximum height? 

4 A projectile is launched at 60° from the horizontal 
and lands 50m from the launch point What was the 
projectile's speed at launch? (Hint: At the peak of the 
projectile's flight the projectile is halfway to landing.) 



Chapter review 

I KEY TERMS I 
air resistance 
ballistic 
free fall 
magnitude 

I REVIEW QUESTIONS I 

proJectile 
terminal velocity 
vector notation 
weight 

For the following questions, assume that the acceleration 
due to gravity Is 9.8 ms-2 and ignore the effects of air 
resistance unless otherwise stated. 

1 A projectile is launched straight up. What is the initial 
velocity needed so that the projectile will reach 15 m 
above the ground? 

2 A projectile is thrown upwards on Mars where 
g = 3.SOms-2. What is the initial velocity needed to 

reach a point 20m above the ground? 

3 A squirrel is 9.0m up in a tree and tosses a nut 
straight up with an initial velocity of L5ms· 1_ The 
squirrel cltmbs down the tree to the ground in 2.0s. 
Does the squirrel reach the ground before the nut? 

4 A stone 1s thrown horizontally at 5 ms· 1. Ignoring air 
resistance. whteh statement best describes the motion 
of the stone as ,t falls? More than one option can 
be correct 
A The stone travels In a circular path. 

B The onty force actmg on the stone is gravity. 

C There Is a dnv,ng fOfce acting on the stone. 

D The stone's speed increases. 

5 A skateboard travelling at 4.0ms- 1 rolls off a horizontal 
bench that is 1.2 m high. 

a How long does the board take to hit the ground? 

b How far does the board land from the base of the 
bench? 

c What is the magnitude and direction of the 
acceleration of the board just before it lands? 

6 A marble travelling at 2.0ms- 1 rolls off a horizontal 
bench and takes 0.75s to reach the floor. 
a How far does the marble travel horizontally 

before landing? 

b What is the vertical component of the marble's 

speed as it lands? 
c What Is the speed of the marble as it lands? 

7 A tourist stands on top of a sea cliff that is 100m high. 
The tourist throws a rock horizontally at 25.0 ms-1 into 
the sea. 

25.0mr' 

lg=+9.80m!r2 

a What is the vertical component of the final speed? 

b At what angle Is the rock travelling relative to the 
horizontal as It reaches the water? 

c What is the velocity of the rock as it reaches 
the water? 

d A buoy Is located 120m from shore. How much 

faster or slower would the tourist need to throw the 
rock for it to land near the buoy? 

8 Two identical tennis balls A and Bare hit horizontalty 
from a point 2.0m above the ground with different 
initial speeds: ball A has an initial speed of S.0ms-1, 

while ball B has an initial speed of l0ms- 1. 

a Calculate the time it takes for ball A to strike 
the ground. 

b Calculate the time it takes for ball B to strike 
the ground. 

c How much further than ball A does ball B travel in 
the horizontal direction before bouncing? 

9 Joe throws a hockey ball horizontally at Sms- 1
. He 

then throws a polystyrene ball of identical dimensions 

at the same speed horizontally. If air resistance is 
taken into accounl which of the balls will travel 
further? Why? 
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10 An archer stands on top of a platform that is 20m 
high and fires an arrow horizontally at 50ms-1

. 

a What is the speed of the arrow as it reaches 
the ground? 

b At what angle relative to the horizontal is the arrow 
travelling as i t reaches the ground? 

11 A bowling ball of mass 7.5kg travelling at lOms- 1 rolls 
off a horizontal table 1.0 m high. 

toms-• 

I.Om 9.80ms·'I 

a Galculate the ball's horizontal and vertical velocity 
just as it strikes the floor. 

b Galculate the velocity of the ball as it reaches 
the floor. 

c What time interval has elapsed between the ball 
leaving the table and striking the floor? 

d Galculate the horizontal distance travelled by the 
ball as it falls. 

12 A toy car is moving at 2.5 m s- 1 as it rolls off a 
horizontal platform. The car takes l.Os to reach 
the floor. 

a How far does the car land from the foot of the table? 
b What are the magnitude and direction of 

acceleration when the car is halfway to the floor? 
c How long does the car take to reach a point halfway 

to the floor? 

d What is the car's speed when it is halfway to the floor? 

13 A rocket made from a plastic bottle is designed so that 
it is launched with a velocity of l8ms-1 at an angle of 
30" to the horizontal. It is fired towards a target 25m 
away. If the target has a l.Om radius, does the rocket 
hit the target? 

14 In a tennis match, a tennis ball is hit from a height of 
1.2m with an initial velocity of l6ms- 1 at an angle of 
50" to the horizontal. 
a What is the initial horizontal speed of the ball? 

b What is the initial vertical speed of the ball? 
c What is the maximum height that the ball reaches 

above the court surface? 
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15 A rugby player kicks for a goal by taking a place kick 
with the ball at rest on the ground. The ball is kicked 
at an angle of 3Q<> to the horizontal at 20ms-1

. At its 
highest point, what is the speed of the ball? 

16 A ball is launched at an angle of 20° to the horizontal 
with an initial speed of 5.0ms- 1

• If the effects of air 
resistance are taken into account, which one of the 
following statements would be correct? 
A The ball would have travelled a greater horizontal 

d istance before striking the ground. 
B The ball would have reached a greater maximum 

height. 
C The ball's horizontal velocity would have been 

continually decreasing. 
D The ball's vertical acceleration would have increased. 

17 A child is hold ing a garden hose at ground level and 
the water stream from the hose is travelling at 15ms-1. 

a Galculate how far away the water hits the ground 
when the angle the child holds the hose is equal to: 

i 45° 
ii 55° 

iii 35°. 
b A student is conducting an investigation into what 

effect the launch angle has on the d isplacement of a 
projecti le and constructs the following hypothesis: If 
the launch angle of a projectile is 45° and the initial 
speed is kept constant, then the final displacement 
will be at a maximum. 

Do the results from part a seem to agree with 
this hypothesis? 

ii Write a short description of an investigation 
which could test this hypothesis. 

18 A computer game is designed in which the player 
has to launch d ifferent projectiles in order to knock 
down a castle. The game designer needs to calculate 
the distances travelled by changing the initial launch 
angle. A heavy red cannon ball is launched at 30° to 
the horizontal, and a lighter blue one is launched at 
60°. Both cannon balls' initial speeds are the same. 
Which cannon travels further? 



19 A senior physics class conducting a research project 
on projectile motion constructs a device that can 
launch a cricket ball. The launching device is designed 
so that the ball can be launched at ground level with 
an initial velocity of 28.0ms- 1 at an angle of 30.0° to 
the horizontal. 

-· 
ground level ~•~ 

a Calculate the horizontal component of the velocity 
of the ball: 
i initially 

i i after l.0s 
i ii after 2.0s. 

b Calculate the vertical component of the velocity of 
the ball: 
i initially 
i after l.0s 
i ii after 2.0s. 

c What is the speed of the cricket ball after 2.00s? 

d What is the speed of the ball as it lands? 
e What horizontal distance does the ball travel before 

landing; that is, what is its range? 

20 A ball is launched at 18ms- 1 from the ground. The 
ball lands 20m away. 
a Derive a relationship between the time t and the 

angle 8 by first calculating the initial horizontal 
velocity. 

b Derive a relationship between the time t and the 
angle 8 by first calculating the initial vertical velocity. 

c At what angle was the ball launched? You will need 
to use the formula 2sin8cos6= sin26(known as 
the double-angle formula). 

21 After completing the activity on page 57, reflect on the 
inquiry question: How can models that are used to 
explain projectile motion be used to analyse and make 
predictions? 
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An understanding of forces and fields has allowed humans to land on the Moon and 

to explore the outer reaches of the solar system. Satellttes in orbit around the Earth 
have changed the way people live. 

Th~ cK.lvcuK.:~ l1c:tv~ ~11 c:11..:l1it:VOO using Nt:Wlou':,. l<1~ ur molk.m, wllid1 m:r~ 
published in the I 7th century. Newton suggested that it should be possible to 

put satellites in orbtt around the Earth almost 300 years before ii was technically 
possible to do so. In this chapter Newton's laws will be used to analyse circular 
motion. 

Content 

IW·Hll·ii·l11!111·1~1 
Why do objects move in circles? 
By the end of the chapter you will be able to: 

• conduct investigations to explain and evaluate, for objects executing uniform 
circular motion, the relationships that exist between: 
- centripetal force 

- mass 
• speed 

- radius 
• analyse the forces acting on an object executing uniform circular motion in a 

variety of situations; for example: 
- cars moving around horizontal circular bends 
• a mass on a string 
- objects on banked tracks (ACS PH I 00) 

• sotve problems. model and make quantitative predictions about objects executing 
uniform circular motion in a variety of situations., using the following retationships: 

,., 
- V= 

T 

- al= ~ 
I 

• investigate the relationship between the total energy and work done on an object 
executing uniform circular motion 

• investigate the relationship between the rotation of mechanical systems and the 
applied torque ( r = r,F = rF sin9} 

Physcs Stace 6 Sylatan O NSW Edue.bOn Standard$ Authonly 
for and on behalf of the Clown in "lf'ltol the ~le ol NSW, 2017. 
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lil@Hl·WI 
The force of 
Newton 

Newton's laws describe how 
forces can be used to explam the 

motion of bodies. 

Newton's f irst law states that 

every object continues to be at 
rest or continues with constant 

velocity unless it experiences an 
unbalanced force. This is also 

called the law of inertia. 

Newton' s second law states 

that the acceleration of a body 
experiencing an unbalanced 
force is directly proportional to 
the net force acting on it and 
inversely proportional to the 
mass of the body: F net = ma. 
Newton' s thi rd law states that 
when one body exerts a force on 

another body (an action force), 
the second body exerts an equal 

force in the opposite direction 
on the first (a reaction force). 
Action-reaction pairs must act 

on d ifferent bodies. This can be 

written as FAB = -FBA. 
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3.1 Circular motion 

■a:,&114i l :i•l 1i l;\I 
The force behind circular motion 
Why do objects move in circles? 

COLLECT THIS ... 

tenms ball 

metre ruler 

hula hoop or other circular edge 

soft toy with string attached 

DO THIS ... 

straw 

water bottle 

stopwatch 

Safety: Make sure the soft toy doesn't have any small objects attached, 

e.g. plastic or metal beads. Wear safety glasses. 

Part I 
1 Place the hula hoop on a flat surface. Move the tennis ball around the 

inside edges of the hula hoop. Once the ball is moving in a circle, lift the 
hula hoop to remove the force that is keeping the ball moving in a circle. 

Record the d irection the ball moves in. 

2 Repeat three times to confirm the d irection. 

Part 2 
3 Start the tennis ball rolling. Your task is to use the metre ruler to h it the ball 

to get it to travel in a circle. Record the direction of the force-towards the 

centre, away from the centre, tangent to the circle, or in another direction. 

Part 3 
4 Tie the string around the soft toy. Thread the string through the straw and 

tie it to a water bottle. Fill the bottle half full with water. 

S Record the mass of the toy and the mass of the water bottle. 

6 Holding the straw vertically, spin the toy in a cirde. When the water bottle stops 
moving. record the radius of the circle and the time to travel 10 revolutions. 

7 Calculate the velocity of the stuffed toy using the t ime for one revolution, 

and the circumference of the circle. 

8 Using the centripetal force equation, and the force of gravity on the water 

bottle, calculate the velocity of the stuffed toy. 

RECORD THIS ... 

Describe the direction of the net force in each part. 

Present a free-body diagram of the forces. 

REFLECT ON THIS ... 

What forces create circular motion? 

Where have you seen circular motion before, and what forces were in action 

that added to create a net centripetal force? 
' ' . - - -- - -- - - - -- - -- - - - -- - - - -- - -- - -- -- - -- - -- --- --- -- --- --- ---- - . 
Circular motion is common throughout the universe. On a small scale, this could 
involve children moving in a circular path on a fair ride (Figure 3.1 . 1) or passengers 
in a car as it travels around a roundabout. In athletics, hammer throwers swing the 
hammer in a circular path before releasing it at high speed. On a much larger scale, 
the planets o rbit the Sun in roughly circular paths; and on an e\·en grander scale, 



stars can trm·el in circular paths around the centres of their galaxies. This section 
explains the nature of circular motion in a horizontal plane, and applies Newton's 
first a nd second laws to different circular-motion p roblems. 

UNIFORM CIRCULAR MOTION 
Figure 3.1.2 shows an athlete in a hammer-throw e\"cnt, swinging a steel ball in 
a horizontal circle with a constant speed of 2Sms- 1

• As the hammer tra\'els in its 
circular path, its speed is constant, but its velocity is continually changing. 

Remember that velocity is a vector. Since the direction of the hammer is 
changing, so too is its velocity, even though its speed is not changing . 

.. 11te velocity of the hammer at any instant is t a n gential (at a tangent) to its 
path. At one instant, the hammer is travelling at 25m s- 1 north, then an instant later 
at 25 m s-1 west, then 25m s-1 south, and so on. 

PERIOD AND FREQUENCY 
Imagine that an object is moving in a circular path with a constant speed, v, and 
a radius of r metres, and it takes T seconds to complete one re,·olution. 11te time 
required to travel once around the circle is called the per iod , T, of the motion. The 
number of rotations each second is the freque ncy,/ 

O t=i andT=f 

where 

f is the frequency (Hz} 

T is the period (s) 

SPEED 
An object that tra\·els in a circle will travel a distance equal to the circumference of 
the circle, C = 2nr, with each revolution (Figure 3.1.3). Given that the time for each 
revolution is the period, 1~ the average speed of the object is: 

speed= dis;; =~~ 

1-~ r '"·~· 
' :0 ' ·· ',c_ -. - ·. ..-. Ii· --- -· 

25ms-1 B 

N W+E 
s 

25 m S-1 

._, ____ c._ ___ < .. J A 

25 m s-1 

FIGURE 3.1.2 The velocity of the hammer (steel 
balij at any instant is tangential to its path and 
is continually changing even though it has 
constant speed. This changing velocity means 
that the hammer is accelerating 

distance =2~: •• -- · / · ------ ,, 
, , , , .. , -----

! \ 
,' r •, 
' ' ' ' . . . . . : 

FIGURE 3.1.3 The average speed of an object 
moving in a circular path tS given by the distance 
travelled in one revolution (the cirrumference) 
divided by the time taken (the period, n. 
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Converting units 
The usual unit in physics for 
velocity is ms- 1, but kmh- 1 is 
often used in everyday l ife. So it 
is important to understand how 

to convert between them. 

You should be familiar with 
lOOkmh-1 because it is the 

speed limit for most freeways 
and country roads in Australia. 
Since there are 1000 metres in 
1 km and 3600s in 1 hour 
(60 x 60min), this is the same as 
travelling 100000m in 3600s. 

lOOkmh- 1 = 100 x l0OOmh- 1 

= lOOOOOmh- 1 

= 1c;1: ms-1 
=27.8ms- 1 

Therefore km h-1 can be 
converted to ms-1 by multiplying 
by ~~ (or d ividing by 3.6). 

The d iagram below 
summarises the conversion 
between kmh-1 and ms- 1. 

.;-J.6 

~ 
m s· 1 

~ 
x3.6 
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In circular motion , this equation is represented as follows. 

0 The average speed of an object moving in a circular path is: ,., 
V=J 

where 

vis the speed (m s- 1
) 

r is the radius of the circle {m) 

T is the period of motion (s) 

Worked example 3.1.l 

CALCU LATING SPEED 

A wind turbine has blades 55.0m in length that rotate at a frequency of 
20 revolutions per minute. At what speed do the tips of the blades travel? 
Express your answer in km h- 1

• 

Thinking Working 

Galculate the period, T. Remember 20 revolutions per minute = ~ = 0.333Hz 
to express frequency in the correct 

T=! 
units. I 

Alternatively, recognise that =___!_ 
0333 

20 revolutions in 60s means that = 3.0s 
each revolution takes 3 s. 

Substitute rand Tinto the formula V= ~ 
for speed and solve for v. T 

_2x •x55.0 -~ 
= 115.2ms- 1 

Convert ms- 1 into km h- 1 by 115.2 x 3.6 = 415kmh-1 

multiplying by 3.6. 

Worked example: Try yourself 3.1.1 

CALCU LATING SPEED 

A water wheel has blades 2.0m in length that rotate at a frequency of 
10 revolutions per minute. At what speed do the tips of the blades travel? 
Express your answer in km h-1

• 

ANGULAR VELOCITY 
\Vhen objects travel in circular paths it can be convenient to measure the angle of 
rotation in a gh·en time. The angular velocity, m (Greek symbol om ega), o f an 
object travelling through an angle 8 in a period of time, i, can be calculated using 
the following equation . 

0 ro=¥ 
where 

mis the angular velocity (0 s- 1 or rads-1) 

118 is the angle travelled {° or rad) 

t is the time (s) 



. - -- - - -- - - - -- - -- - -- . ----- -- · -· --· -. -- - -. -- ---- -- --- . -- --· -- . 
f1:JIO:J 
Radians and degrees 
Radians are another unit of measurement for angles. The unit symbol for 
radians is c, although often it is written as rad, as has been done in this 
chapter, to avoid confusion with the degrees symbol. 

Radians are proportional to the radius of a unit circle. An angle of 1 radian is 

defined as the angle at the centre of a unit circle that marks out an arc length 
of 1 unit circle radius length, as shown 
in the diagram. 

Using the circumference formula: 

C =21'T 
= 21fx 1 (when t= 1) 

=2.lf 

In a unit circle, the circumference 
is 2rc units. Because of this, angles 
(in degrees) can be related to the arc 

arc length = I 

length (in radians) on a unit circle. In a complete circle, the angle 360° is 
equal to 21f rad. 

Therefore degrees can be converted to radians by multiplying by iijo. 
Radians can be converted to degrees by multiplying by ~-

x..L.. 
180 

~ 
degrees radians 

~ 
180 

' x ---:i'"" ' . -- - -- -- - - - -- - -- - -- -- - -- - -- --- ----- --- -- --- -- - --- - - --- --- - - . 
Worked example 3.1.2 

CALCULATING ANGULAR VELOCITY 

A wind turbine has b lades 55.0m in length that rotate so the tips of the blade 
travel a distance of 150m in 2s. At what angular velocity does the turbine 
rotate? Express your answer in ° s- 1. 

Thinking Working 

calculate the angle l!i.6 in radians. 66= f 
150 

= ss 

= 2.7 rad 

Convert the angle to degrees. l!i.6 = 2.7 x~ 

= 156.3° 

Substitute 118 and t into the m = ~ 
formula for angular velocity and I 

solve form. = 15;3 
= 78.2°s-1 

Angles in circles 
In circular motion, in order to 
calculate the angular velocity you 
may need to first find the angle 
118 (also known as the angular 
displacement) the object travels 
through. Say you are given the 
radius of mot ion rand the object 
travels through a length / (the 
length around AB in the diagram 
below). The angle can be found 
using the following formula: 

116=; 

where 

116 is the angular displacement 
(rad) 

I is the arc length (m) 

r is the radius (m) 

For example, say you want to 
find the angle of a tennis ball 
travelling around a Totem Tennis 
pole. The radius of the string 
connecting the ball to the pole is 
1.5m, and the ball travels around 
a 40cm arc (between points A and 
B in the diagram below). The angle 
the ball travels in this time is: 

6 6=f = IT =0.27 rad 

' ' . -- -- - - - -- -- - - -- - - - - -- -- - - - - . 

CHAPTER 3 I CllCU.AR "'3TION 71 



N 

W+E 
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' ·t 
ncuRE 3.1.4 A body moving in a circular 
path has an acceleration towards the centre 
of the cirde. This is known as a centripetal 
acceleration. 

I GO TO ► I Section 4.2 page 115 
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Worked example: Try yourself 3.1.2 

CALCULATING ANGULAR VELOCITY 

A truck wheel of diameter 1 m travels over 8m of ground in 3s. What is the 
angular velocity of the wheels? Express your answer in ° s-1

. 

CENTRIPETAL ACCELERATION 
\Vhen objects tra\"el in circular paths, they can ha\"e a constant speed, yet at the same 
time ha\·e a ,·elocity that is changing. This seeming contradiction arises because 
speed is a scalar quantity, whereas velocity is a vector. 

Since the ,·elocity of the object is changing, it is accelerating e,·en though its 
speed is not changing. The object is continually deviating inwards from its straight
line direction and so has an acceleration towards the centre of its motion. This 
acceleration is known as centripetal acceleration, a(. .. In Figure 3.1 .4, the velocity 
vector of an object travelling in a circular path is shown with an arrow labelled v. 
Notice how it is at a tangent to the circular path. The acceleration is alwa ys towards 
the centre of the circular path. 

However, as Figure 3.1.4 shows, e,·en though the object is accelerating towards 
the centre of the circle, it never gets any closer to the centre. This is the same 
principle that applies to satellites in orbit, which will be studied in Chapter 4. 

~llte centripetal acceleration ac of an object moving in a circular path of rad ius r 
with a ,·elocity v can be found from the relationship: 

v' 
ac=--;-

A substitution can be made for the speed o f the object in this equation: 

V=~ 
T 

~llten the centripetal acceleration is g i,·en by: 

ac =~ 

0 Centripetal acceleration is always directed towards the centre of the circular 
path and is given by 

ac = f 

where 

ac is the centripetal acceleration (m s-2) 

vis the magnitude of the velocity (ms- 1
) 

r is the radius of the ci rcle {m) 

where 

ac is the centripetal acceleration (m s- ~ 

v is the speed (ms-1) 

r is the radius of the ci rcle (m) 

T is the period of motion (s) 



FORCES THAT CAUSE CIRCULAR MOTION 
As ,,ith all forms of motion, an analysis of the forces that are acting is needed 
to understand why circuJar motion occurs. In the hammer-throw event described 
earlier in this section, the hammer ball is continually accelerating. It follows fro m 
Newton's second law that there must be a net unbalanced force continuously acting 
on it. The net unbalanced force that gh·es the hammer ball its acceleration towards 
the centre of the circle is known as a centripetal force. 

In c,·ery case of circular motion, a real force is necessary to provide the 
centripetal force. T his for~ acts in the same direction as the acceleration, that 
is, towards the centre of the circle. 'Ibis centripetal force can be provided in a 
number of ways. For the hammer in Figure 3. l .5a, the centripetal force is the 
tension force in the cable. Other examples of centripetal force are also shown in 
Figure 3. 1.S. 

(a ) (bl 

.----- --~ ·-----·-1···= (.·@·~) 
FIGURE 3.1.S (a) In a hammer throw, tension 1n the cable provides the centripetal force. 
(b) For planets and satellites, the gravrtatJonal attraction to the central body provides the centripetal 
force. (c) For a car on a O.Jrved road, the tr;cUon between the tyres and the road pcovides the 
centripetal force. (d) FOf a person in the Gravrtron ride, the normal force from the wall provides the 
centripetal force. 

Now, consider the consequences if the unbalanced force ceases to act. In the 
example of the hammer thrower, if the tension in the wire becomes zero because 
the thrower releases the ball, there is no longer a force causing the ball to change 
direction. The rcsuh is that the ball then mO\·es in a straight line tangential to its 
circular path, as would be expected from Newton's first law. 

~Ille ccntri,xtal force can then be found using Newton's second law, F Dfl = mo, 
and substituting in the centripetal acceleration. 

0 Centripetal force is given by: 

fc= ma =~ 

Fe=* 
where 

f c is the net or centripetal force on the object (N) 

m is the mass (kg) 

a is the acceleration (m s-2) 

v is the velocity (m s-1) 

, is the radius of the circ~ (m) 

T is the period of motion (s) 
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PHYSICSFILE 

Centripetal force or centrifugal force? 
When going around a corner in a car you feel as if you are being 
pushed outwards. This force is called a centrifugal force, and 
comes from the Latin words centrum (meaning centre) and fugere 
(meaning to flee). If you were able to observe this from above, you 
would see something different. The passenger's body has inertia 
travelling forwards. As the car turns, the body initially continues 
in a straight line as shown in Figure 3.1.6. From the passenger's 
point of view, it would feel l ike they were being pushed outwards 
as they slid along the seat. When they reach the car door, the 
normal reaction force pushes the person towards the centre of 
the car. This is the net force that creates circular motion, and is 
called the centripetal force. The word centripetal comes from the 
Latin centrum (meaning centre) and petere (meaning to seek). 

The centrifugal force is an apparent force, it does not really exist, 
and should not be used in calculations or explanations. Instead, 
the centripetal force is the force causing the circular motion. 

FIGURE 3.1.6 From an accelerating reference frame inside the car, it feels 
as if there is a force pushing outwards. When the same situation is viewed 
from above, the force that produces cirrular motion is seen to be inward 
and the inertia of the body creates the ttlusion of a centrifugal force. 
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Worked example 3.1.3 

CENTRIPETAL FORCES 

An athlete in a hammer-throw event is swinging the ball of mass 7.0kg in a 
horizontal circular path. The ball is moving at 20ms- 1 in a circle of radius 1.6m. 

a Calculate the magnitude of the acceleration of the ball. 

Thinking Working 

As the object is moving in a ci rcular path, the v=20ms- 1 

centripetal acceleration is towards the centre r = 1.6m 
of the circle. Write down the other variables 

ac=? 
that are given. 

Find the equation for centripetal acceleration a=~ 
that fits the information you have, and ' ' 
substitute the values. = ~ 

1.6 

= 250ms-2 

The magnitude is required, so no direction is The acceleration of the ball is 
needed in the answer. 250ms-2. 

b calculate the magnitude of the tensile (tension) force acting in the wire. 

Thinking Working 

Identify the unbalanced force that is causing m = 7.0kg 
the object to move in a circular path. Write a = 250ms-2 
down the information that you are given. 

Foet.=? 

Select the equation for centripeta l force. and Equation for centripetal force: 
substitute the variables you have. Fc=Frw:t = ma 

=7.0 x250 

=i.8 x 103 N 

The magnitude is required, so no direction is The force of tension in the wire 
needed in the answer. is the unbalanced force that is 

causing the ball to accelerate. 

Tensile force Fr = 1.8 x 103 N 



Worked example: Try yourself 3.1.3 

CENTRIPETAL FORCES 

An athlete in a hammer-throw event is swinging the ball of mass 7.0kg in a 
horizontal circular path. The ball is moving at 25ms- 1 in a circle of radius 1.2m. 

a Calculate the magnitude of the acceleration of the ball. 

b Calculate the magnitude of the tensile force acting in the wire. 

I PHYSICS IN ACTION I 
The Gravitron 

The Gravitron (also known as the Vortex or Rotor) can 
rotate at 24 rpm and has a radius of 7 m. The centripetal 
acceleration can be over 40ms-2. This is caused by a very 
large centripetal force from the waU--i.e. the normal force, 
F,... which is greater than the weight force, F.,. Since the wall 
exerts such a large force, the patrons are pinned firmly to 

the wall as an upward frictional force, Ffncbotl, acts to hold 
them up. The floor then drops away. It is important to note 
that there is no outward force acting. In fact. as you can 
see in Figure 3.1.7, these forces are unbalanced and the 
net force is equal in size and direction to the normal force 
towards the centre of the circle. 

nGURE 3.1.7 The fOfces act.mg on the person are unbalanced. Theie is an unbalanced focce from the wall g1vmg the person 
a centripetal acceleration. 
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3.1 Review 

f1'i:t:tlii 
Frequency, f, 1s the number of revolutions each 
second and 1s measured in hertz (Hz). 

Penod, T, is the time for one revolution and is 
measured in seconds. 

The relationship between T and f is: 

t•'f andr=t 
An object moving with a uniform speed in a 

circular path of radius rand with a period T 
has an average speed. v. that is given by: 

V=~ 

The velocity of an object moving (with a constant 

speed) in a circular path is continually changing. 
The velocity vector is always directed at a tangent 

to the circular path. 

The angular velocity of an object moving in a 

circular path can be calculated by: 

wzT 

l:◄:ii·l1Jiiil·Wti 
Phil is standing inside a tram when it starts off 
suddenly. Len. who was sitting down, commented 
that Phil was ' thrown backwards' as the tram started 
moving. Is this a correct statement? Explain in terms 
of Newton's laws. 

2 Explain why the normal force FN and the weight force 

F1 are not an action-reaction pair for Newton' s third 
law. State the th frd law pairs for a mug sitting on a 
table for both FN and Fr 

3 A car is travelling with a constant speed around a 
roundabout. What is the centripetal force that is 
causing this circular motion? 

A gravity 
B friction 

C drag 
D tension 

4 A boy is swinging a yo.yo in a horizontal circle five 
times each second. What is the period of the yo-yo? 

5 A car o f mass 1200kg is travel ling on a roundabout 
in a circular path of radius 9 .2m. The car moves with 
a constant speed of 8 .0ms-1. The direction of the car 
is anticlockwise around the roundabout when viewed 
from above as shown. 
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An object moving in a circular path (with a 

constant speed) has an accelerabon due to its 
circular motion. This acceleration is directed 

towards the centre of the circular path and is 

called centripetal acceleratton ac: 

ac= ~ ondac-~ 
Centripetal acceleration 1s a consequence of a 

centripetal force acting to make an object move 
in a circular path. 

Centripetal forces are directed towards the 

centre of the circle and their magnitude can be 
calculated by using Newton's second law: 

mr ••'rm 
Fe•--, and Fe ""-,,-

Centripetal force is always supplied by a real force, 

the nature of which depends on the situation. 
The real force is commonly friction, gravitation 

or the tension in a string or cable. 

a Which two of the following statements correctly 
describe the motion of the car as it travels around 
the roundabout? 

A It has a constant speed. 

B It has a constant velocity. 

C It has zero accelerabon. 

D It has an acceleration that is directed towards the 
centre of the roundabout 

b When the car is in the position shown in the 
diagram, what is the: 

I speed of the car 
i i velocity of the car 

i ii magnitude and d irection of the acceleration of 
the car? 



c Calculate the magnitude and direction of the net 
force acting on the car at the position shown. 

d Some time tater, the car has travelled halfway 
around the roundabout What is the: 

velocity of the car at this point 
ii magnitude and direction of its acceleration at this 

point? 
e If the driver of the car kept speeding up, what would 

eventualty happen to the car as it travelled around 
the roundabout? Explain your answer. 

6 An ice skater of mass 50 kg is skating in a horizontal 
circle of radius l.Sm at a constant speed of 2.0ms-1

. 

a Determine the magnitude of the skater's 
acceleration. 

b Are the forces acting on the skater balanced or 
unbalanced? Explain your answer. 

c Calculate the magnitude of the centripetal force 
acting on the skater. 

7 Jack and Jill are playing on a merry-go-round at the 
playground. The merry-go-round has a radius of 
1.2 m. Jill pushes the outside of the merry-go-round a 
distance of 5.0 m. 

a What angle of rotation does the merry-go-round 
travel through? Give your answer in degrees. 

b What is the angular velocity if it takes Jill 0.50s to 
travel the 5.0m? 

c Jack helps Jill push and they travel at an angular 
velocity of so•s- 1. How long does it take to do five 
revolutions? 
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FIGURE 3.2.2 This ball is travelling in a 
horizontal circular path of radius r. The centre 
of its cirrular motion is at C. 

I GO TO ► I SkillBuilder page 52 
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3.2 Circular motion on banked tracks 
T h e previous sectio n focused o n relati,·ely simple situations involving uniform 
circular motio n in a horizontal plane or vertical plane. However, there are more 
complex situations involving this type of motion. On many road bends, the road 
is not horizontal, but is at a small angle to the horizontal. This enables vehicles to 
travel at higher speeds without skidding. A more dramatic example of this effect is 
at a cycling velodrome like that shown in Figure 3.2. l .The Dunc GrayVelodrome 
used for the Sydney Olympics has banked o r inclined com ers that peak at 42°. 
T his enables the cyclists to travel at much higher speeds than if the track were flat. 
T his sectio n examines the physics of conical pendulums and banked cornering, 
and applies Newton's laws to solving problems im·olving circular motion on 
banked tracks. 

FIGURE 3.2.1 The Australian women's pursuit track cyd ing team in action on a banked velodrome 
track during the London Olympics in 2012. 

BALL ON A STRING 
You might ha\·e played Totem Tennis at one time. ~lltis is a game where a ball is 
attached lO a pole by a string and can tra\"el in a horizontal circle, although the string 
itself is not horizontal. T his kind of motion is shown in Figure 3.2.2 . 

If the baU at the end of the string was swinging slowly, the string would swing 
down at an angle closer to the pole. lf the ball was swung faster, the string would 
become closer to being horizontal. In fact, it is not possible for the string to be 
absolutely horizontal, although as the speed increases, the closer to horizontal it 
becomes. This system is known as a conical pendulum. 

If the angle of the conical pendulum is known, trigonometry can be used to find 
the radius o f the circle and the forces involved. 

See the SkillBuilder o n vector components for some useful trigo nometric 
functions, and remember tan B = =. 



Worked example 3.2.1 

OBJECT ON THE ENO OF A STRING 

During a game of Totem Tennis. the ball of mass 150g is swinging freely in a 
horizontal circular path. The cord is 1.50 m long and is at an angle of 60.00 to 
the vertical. as shown in the diagram. 

·····-"-g 
····· ·· 

a Galculate the radius of the ball's circular path. 

Thinking Working 

The centre of the circular path is not r = l.50sin 60.0 
the top end of the cord, but is where = 1.30m 
the pole is level with the ball. Use 
trigonometry to find the radius. 

b Draw and identify the forces that are acting on the ball at the instant shown in 
~ diagram. 

Thinking Working 

There are two forces acting-the 
tension in the cord. ~- and gravity. 
F,- These forces are unbalanced. 1 F, 

-

c Determine the net force that is acting on the ball at this time. 

Thinking Working 

First calculate the weight force F1. F1 =m& 

= 0.}50 X 9.80 

= 1.4 7 N downwards 

The ball has an acceleration 

F,= 1.47N ~ 
that is towards the centre of its 
circular path. This is horizontal 
and towards the left at this instant. 
The net force will also lie in this 
direction at this instant A force 

. 

triang1e and trigonometry can be . 
used here. 

F.,. = 1.47 tan 60.0 

= 2.55 N towards the left 
~ -

d Calculate the size of the tensile force in the cord. -
Thinking Working 

Use trigonometry to find F1. The lF,=~ 
size of the force is a scalar and =60-0 

doesn't require a direcUon. 1 
= 2.94N 

J 

-
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F 

Top view 

nGuRE 3.2.3 The car is travelling in a circular 
path on a horizontal track. 
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Worked example: Try yourself 3.2.1 

OBJECT ON THE END OF A STRING 

During a game of Totem Tennis, the ball of mass 200g is swinging freely in a 
horizontal circular path. The cord is 2.00m long and is at an angle of 50.0° to 
the vertica l, as shown in the diagram. 

···-_-_·_·.Q 
---· · ······· ·· 

a Calculate the radius of the ball's circular path. 

b Draw and identify the forces that are acting on the ball at the instant shown in 
the diagram. 

c Determine the net force that is acting on the ball at this time. 

d Calculate the size of the tensile force in the cord. 

BANKED CORNERS 
Cars and bikes can travel much faster around corners when the road or track 
surface is inclined or banked at some angle to the horizontal. Banked tracks are 
most obviously used at cycling velodromes or motor sport events such as NASCAR 
races. Road engineers also design roads to be banked in places where there are 
sharp comers such as exit ramps on freeways. 

\Vhen cars travel in circular paths on horizontal roads, they are relying on the 
force of friction between the tyres and the road to provide the sideways force that 
keeps the car turning in the circular path. 

Consider a car travelling clod..·wise around a horizontal roundabout with a 
constant speed, v. As can be seen in Figure 3.2.3, the car has an acceleration towards 
the centre of the circle, C, and so the net force is also sideways on the car towards C. 

~Ifie forces acting on the car are shown in Figure 3.2.4. As you can see, the 
vertical forces (gravity and the normal reaction force) are balanced. The only 
horizontal force is the sideways force that the road exerts o n the car tyres. 1ll.is is 
a force o f friction, 1-;riction , and is unbalanced, so this is equal to the net force, l';.c:1.. 

Rear view 

FIGURE 3.2.4 The vertical forces balance, and it is friction between the tyres and the road that 
enables the car to turn the corner. 



If the car dro,·e o,·er an icy patch, there would be no friction and the car would 
not be able to turn. It would skid in a straight line at a tangent to the circular path. 

Banking the: road reduces the need for a sideways frictional force and allows 
cars to tra,·el faster without skidding off the road and away from the circular path. 
Consider the same car tra,·elling around a circular, banked road with con.slant 
speed, v, as shown in Figure 3.2.5. It is possible for the car to traYel at a speed so 
that there is no sideways frictional force. This is called the design speed and it 
is dependent on the angle, 8, at which the track is banked. At this speed, the car 
exhibits no tendency to drift higher or lower on the track. 

(a) (b ) 

"j • n 

C • ~• ~ !• rtlf- . 
~-F--~ ~ e C 

Top view Rear view F_ 

FIGURE 3.2.S (a) The car is travelling in a circular path on a banked track. (b) The acceleration and net 
fOfce are towards C. The banked track means that the normal force (F'") has an inward component. 
This is what enables the car to turn the corner. (c) Vector addition gives the net force (F' ne1.l as acting 
horizontally towards the centre of the arcle of mohon. 

The car stiU has an acceleration towards the centre of the circle, C, and so there 
must be an unbalanced force in this direction. Due to the banking, there arc now 
only two forces acting on the car : its weight, f:,, and the normal force, ~ , from the 
track. 

As can be seen in Figure 3.2.Sc, these forces are unbalanced. They add together 
to gi,·c a nel force that is horizontal and directed towards C. 

0 At the design speed, the angle o( bank, 9, of the road or track can be found 
by using: 

tan8 = ~ 

'· where 

F net is the force acting towards the centre of the circle {N) 

F1 is the force due to gravity on the object (N) 

Extending this equation by substituting 1: "'- = /~ =-: and F1 = mg gives: 

0 tan9 =; and hence 9 = tarrl(~) 
where 

v is the speed of the vehicle (m s-1) 

r is the radius of the track (m) 

9 is the angle of bank (°) 

g is the magnitude of the acceleration due to gravity (9.80ms-2 near the 
surface of the Earth) 
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FIGURE 3.2.6 Australian cydist Anna Meares 
on this banked velcxlrome track is cornering at 
speeds far higher than she could use on a flat 
track. Cydists on a velcxlrome do not need to 
rely on friction to tum because they experience 
a larger normal force than usual. 
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If the angle and weight are known, trigonometry can be used to calculate the net 
force (Figure 3.2.Sc) and therefore the design speed. 

0 Rearranging tan6 = t to make the design speed, v. the subject gives: 

" v2 = rg tan6 

It is worth noting that the no rmal force will be larger here than on a flat track. 
ln the case of a cyclist, the rider and bike would feel a larger force acting from the 
road when they are on a banked track compared to when they are c ycling on a Hat 
track (Figure 3.2.6) . 

PHYSICSFILE 

Forces on a banking aeroplane 
The main forces acting on an aeroplane as it is flying are weight, lift, drag and thrust. In 
Figure 3.2. 7 the aeroplane is seen front-on-the thrust force would be pushing it out 
of the page and the drag force would be pulling it into the page. When the aeroplane 
is travelling in a straight level line (Figure 3.2.7a) the lift force is equal in magnitude 
but opposite in direction to the weight force. The net force acting on the plane is ON. 
When an aeroplane turns a corner, which is called banking, the aeroplane tilts one 
wing down and one wing up. This changes the orientation of the lift force as shown in 
Figure 3.2.7b, providing an unbalanced force radially inward. The angle the aeroplane 
tilts at is called the bank angle. At the same speed, different bank angles will result in 
different turning radii. 

(a) (b) 
lift 

!weigh< ♦ weight 

FIGURE 3.2.7 (a) Forces on an aeroJ>'ane travelling in a straight level line. The net force is ON. 
(b) fOfces on an aeroplane banking, or turning a corner. The net force is radially inwards. 



Worked example 3.2.2 

BANKED CORNERS 

A curved section of track on an Olympic velodrome has a radius of 50m and is 
banked at an angle of 42° to the horizontal. A cyclist of mass 75 kg is riding on this 
section of track at the design speed. 

a Galculate the net force acting on a cyclist at this instant if they are riding at 
~ design speed. 

Thinking 

Draw a force diagram and 
include all forces acting on the 
cyclist 

calculate the weight force. f1. 

Use the force triangle and 
trigonometry to work out the 
net force, Fne1-

Working 

The forces acting on the cyclist are gravity 
and the normal force from the track, and 
these are unbalanced. The net force is 
horizontal and towards the centre of the 
circular track as shown in diagram a and the 
force triangle of diagram b. 

(a) 

~ 
,.h 

C • F, 2 Fs . 
. ;;_ 

F1 =mg 

= 75 X 9.80 

= 735N downwards 

tan8=?,' 

tan42=~ 

-
F,.. =0.90x 735 

=661.8 

= 660N horizontally towards the centre of 
the circle 

b Calculate the design speed for this section of the track. 

Thinking Working 

List the known values. m = 75kg 

r= 50m 
o- 42° 

F1 = 735 N down 

F net = 660 N towards the centre of the circle 

V=? 

Use the design speed formula. V = Jrg tan8 

I 
= Jsox9.80xtan42 

= 2lms-1 

I 
I 
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Worked example: Try yourself 3.2.2 

BANKED CORNERS 

A curved section of track on an Olympic velodrome has a radius of 40 m and is 
banked at an angle of 37° to the horizontal. A cyclist of mass 80kg is riding on this 
section of track at the design speed. 

a Calculate the net force acting on a cyclist at this instant as they are riding at 
the design speed. 

b Calculate the design speed for this section of the track. 

3.2 Review 

f111:l#lii 
A conical pendulum is a mass that travels in a 

horizontal circle on a string. The tension in the 

string supplies the force to counter the force of 
gravity and the centripetal force. 

A banked track is one where the track is inclined 
at some angle to the horizontal. This enables 
vehicles to travel at higher speeds when cornering, 
compared with around a horizontal curved path. 

Banking a track eliminates the need for a sideways 
frictional force to turn. When the speed and angle 
are such that there is no sideways frictional force, 
the speed is known as the design speed. 

l:◄ii·l1iiiit·i:ti 
1 A child of mass 30kg is playing on a maypole swing 

in a playground. The rope is 2.4 m long and at an 
angle of 60° to the horizontal as she swings freely in 
a ci rcular path. Ignore the mass of the rope in your 
calculations. 

A 

a Calculate the radius of her circular path. 
b Identify the forces that are acting on her as she 

swings freely. 

c What is the direction of her acceleration when she 
is at the position shown in the diagram? 

d Calculate the net force acting on the girl. 
e What is her speed as she swings? 
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The forces acting on a vehicle travelling at the 
design speed on a banked track are gravity and 
the normal force from the track. These forces are 
unbalanced and add to give a net force directed 
towards the centre of the circular motion. 

At the design speed, the bank angle of the track, 

9 == tarr1
(~} 

For a given bank angle and curve radius, the 
design speed is given by v = Jrgtan6. 

2 A cyclist is riding along a circular section of a 
velodrome where the radius is 30m and the track 
is inclined at 30° to the horizontal. The cyclist is 
riding at the design speed and maintains a constant 
speed. Describe the direction of the acceleration 
on the cyclist. 

3 An architect is designing a velodrome and the original 
plans have semicircular sections of radius 15 m and 
a bank angle of 30°. The architect is asked to make 

changes to the plans that will increase the design 
speed for the velodrome. What two design elements 
could the architect change in order to meet this 
requirement? 

4 A racing car is travelling around a circular banked 
track which has a design speed of 100 km h- 1

. On 
one lap, the car travels at 150 km h- 1. At this h igher 
speed, the car would tend to travel in a d ifferent 
position along the banked surface. Would the car 
travel higher or lower up the banked track? Explain 
your answer. 



5 A racing car travels at high speed along a horizontal 
track and tries to turn a corner. The car skids and loses 
control. The racing car then travels along a banked 
track and is able to travel much faster around the 
comers without skidding at all. Complete the sentences 
below by choosing the correct term from those given 
in bold. 

On the horizontal track. the car is depending on the 
force of friction/ weight to tum the corner. The size 
of the fridion/ normal force is equal to the weighV 
friction of the car, so these vertical forces are 
balanced/unbalanced. When driving on the banked 
track. the normal/weight force is not vertical and so 

is not balanced by the weighVnormal force. In both 
cases, the forces acting on the car are unbalanced. 

6 Copy and complete the following diagram by drawing 
and labelling the normal force, weight force and net 
force acting on the bicycle. 

_y 
7 A car racing track is banked so that when the cars 

COf'"ner at 40ms-1• they experience no sideways 
frictional forces. The track is circular with a radius of 
150m. Calculate the angle to the horizontal at which 
the track Is banked. 

8 A section of track at a NASCAR raceway is banked 
to the horizontal. The track section is circular with a 
radius of 80m and it has a design speed of l8ms-1

. 

A car of mass 1200kg is being driven around the track 
at lSms- 1• 

a i Calculate the magnitude of the net force acting 
on the car (in kN). 

Calculate the angle to the horizontal at which the 
track is banked. 

b The driver now d rives around the track at 30ms- 1. 

What would the driver have to do to maintain their 
circular path around the track? 
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m = 50kg 

i , = 490N 

nGURE 3.3.1 The vertical forces are in balance 
in this situation. i .e. FH "" F1. 

,:=490N 

nGuRE 3.3.2 The person has a centripetal 
acceleration that CS directed upwards towards 
the cenlre of the cirde, and so the net force is 
also upwards. In this case, the magnitude of the 
normal force, FH, is greater than the weight, 
f,, and produces a situation where the rider 
feels heavier than usual. 

8 6 MOOULE 5 I ADVANCED MEO<ANICS 

3.3 Work and energy 
ln previous sections, the m orion of objects tra\'elling in circular paths was discussed. 
It was explained that a body moving with constant speed in a ho rizontal circular 
path has an acceleration that is directed towards the centre of the circle. l lte same 
applies for vertical circular paths. 

\Vhen you travel on a roller-coaster, you can experience quite strong forces 
pushing you down into the seat as you fly through the dips. On the other hand, 
as you travel O\'er the humps, you tend to lift off the seat. These forces relating to 
circular motion in a \'Crtical plane will be discussed in this section. As in the previous 
sections, Newton's laws are used to solve problems involving Lhis type of circular 
motion . 

UNIFORM HORIZONTAL MOTION 
~lneme park rides make you appreciate that the forces you experience throughoUl 
a ride can vary greatJy. First, consider the case of a person in a roller-coaster cart, 
like that shown in Figure 3.3.1, tra,·elling horizontally at 4.0ms-1

• If the person's 
mass is 50 kg and the g ravitational field strength is 9.Sms-2

, the forces acting on the 

person can be calculated. These forces are the weight, 1\, and the normal reaction 
force, ~, from the seat. 

The person is moving in a straight line with a constant speed, so there is no 
unbalanced force acting. The weight force balances the normal reaction force fro m 
the seat. T he normal force is therefore 490 N up, which is what usually acts upwards 
on this perso n when moving horizontally and they would feel the same as their usual 
weighl. 

Circular motion: travelling through dips 
Now consider the forces that act on the person after the cart has reached the bonom 
of a circular dip of radius 2.Sm and is moving at 8.0ms- 1

• Figure 3.3.2 illustrates 
these forces. 

The person will have a centripetal acceleration due to the circular path. 'Tbis 
centripetal acceleration is directed towards the centre, C, of the circular path- in 
this case, vertically upwards. The person's centripetal acceleration, ac, is: 

ac=~ 

= 8.o-1 
2.S 

= 26 m s- 2 towards C , or upwards 
The net (centripetal) force acting on the person is given by: 

f:nf'f.=mii 

= 50 X 26 
= 1300 N upwa rds 

~l1te normal force and the weight force are not in balance anymore. 'l1tey add 
together to give an upward force of 1300N. This indicates that the normal force 
must be greater than the weight force by 1300 N. ln other words, the normal force is 
i~ = Fnf'f. - F, = 1300- (-490) = 1790N up. This is over three times larger than the 
no rmal force of 490 N that usually acts. That is the reason why, when in a ride, )'OU 

feel the seat pushing up against you much more strongly at this point. The normal 
force of 1790 N in this instance is equal to the apparen t weigh t of the person and 
indicates they would feel much heavier than usual. 



CIRCULAR MOTION: TRAVELLING OVER HUMPS 
Now consider the situation as the cart moves over the top of a hump of radius 2.5 m 
with a lower speed of2.0ms- 1

, as illustrated in Figure 3.3.3. 

rlGURE 3.3.3 The centripetal acceleration is downwards towards the centre of the cirde, and so the 
net force is also in that direction. At this point, the magnitude of the normal force, fN, is less than the 

weight, f1. of the person. 

The person now has a centripetal acceleration that is directed vertically 
downwards towards the centre, C, of the circle. Therefore, the net force acting at 
this point is directed vertically downwards. The centripetal acceleration is: 

_ 2.01 

-2.S 
= 1.6ms- 2 towards C, o r downwards 

The net (centripetal) force is: 

l~::::mii 

; 50 x 1.6 

= 80 N downwards 
As in the dip, the weight force and the normal force are not in balance. They add 

to give a net force of 80 N down. The weight force must therefore be 80 N greater 
than the normal force. This tells us that the normal force is: 

F,,; f:= - f:, = - 80 - (-490); 410N up. 

How the normal force varies during the ride 
It is interesting to compare the normal forces that act on the person in these three 
situatio ns. 

'Ibe no rmal force when travelling ho rizontally is 490 N upwards. 

At the bottom of the dip, the normal force is 1790N upwards. ln other words, 
in the dip, the seat pushes into the person with a greater force than usual. This 
gives the person an apparent weight of 1790 N and makes the person feel much 
heavier than normal. If the person had been sitting o n weighing scales at this 
t ime, i, wn u kl have !!.hnwn :i hie h er 1h:1n 11!1.11:11 re:iciine. 

At the top of the hump, the normal force is 410 N upwards. In other words, over 
the hump, the seat pushes into the person with a smaller force than usual. This 
gives the person an apparent weight of 410N and gives them the sensation of 
feeling lighter. 
The weight of the person has not changed. /1 is 490N throughout the duration 

of the ride; it is the normal force acting on them that varies. The normal force is 
equal to the person's apparent weight, and this makes the person •feel' heavier and 
lighter as they travel through the dips and humps respectively. 

li!MHl·UI 
Energy 

Kinetic energy is energy 

associated with motion. Any 
moving object will have kinetic 

energy. It is a scalar variable 
and can be calculated with the 

formula: 

K= ½mv' 
where 

K is the kinetic energy (J) 

m is the mass (kg) 

vis the speed (ms-1) 

The potent ial energy of an 
object is associated with its 

position relative to another object 
or within a field. For example, 

an object suspended by a crane 
has gravitational potential energy 

because of its position in the 

Earth's gravitational f ield. The 
gravitational potential energy can 

be calculated with the formula: 

t.U=mgtJ.h 

where 

!J.U is the change in gravitational 

potential energy (J) 

m is the mass (kg) 

g is the acceleration due to 
gravity (m s-2) 

!J.h is the change in height of the 
object (m) 

CHAPTER 3 I CllCU.AR "'3TION 8 7 



88 MODULE 5 I ADVANCED MEO<ANICS 

CONSERVATION OF MECHANICAL ENERGY 
T h e sum of the potential and kinetic energy o f an object is its mechanical energy, 
and this is consrant unless work is done by an external force. The total mechanical 
energy is said to be conserved if the final energy is equal to the initial energy. 
T here is frequently a transformatio n of energy between potential and kinetic energy. 
A child dropping from the branch o f a tree onto a trampoline loses gravitational 
potential energy, but gains kinetic energy. On striking the trampoline, kinetic energy 
is transformed to strain potential energy in the springs, and in an ideal case would 
be returned as kinetic energy o n the rebound. 

Sometimes energy is dissipated, or transformed into heat, light and/or sound, 
and thus the energy remaining in the system is reduced, although the conservation 
of energy still applies in these situations . Spacecraft ha,·e to dissipate huge amounts 
of kinetic and gravitational potential energy as they re-enter the Earth's atmosphere 
and slow down to make a landing. Meteors, or so-called shooting stars, burn u p in 
the upper atmosphere becau se o f the heat generated by friction . 

0 Principle of conservation of mechanical energy 

Given that, in a system of bodies, there are no other forms of energy except 
kinetic energy and potential energy, t hen the total mechanical energy of the 
system is constant. 

(E.,J,...., = (E.,J,M, 

Knitia1+ Uirmiil= Kliruil+ Ufin.iil 

During vertical circular motion, energy is transformed from kinetic energy to 
gravita tional potential as the object goes up, and from gravitational potential to 
kinetic energy as it goes down. The principle of conservation of energy must always 
hold. 

Worked example 3.3.1 

VERTICAL CIRCULAR MOTION 

A student arranges a toy car track with a vertical loop of radius 20.0cm, as shown. 

A toy car of mass 150g is released from rest at a height of 1.00m at point X. The 
car rolls down the track and travels inside the loop. Assume g is 9.BOms-2

• and 
ignore friction. 

mass = 150g 



a Calculate the speed of the car as it reaches the bottom of the loop, point Y. 

Thinking 

Note all the variables given to 
you in the question. 

Working 

AtX: 

m = 150g = 0.150kg 
h= 1.00m 

v=O 
g = 9.80ms-2 

Use an energy approach to 
calculate the speed. Calculate 
the total mechanical energy first. 

The initial speed is zero, so Kat X is zero. 
The total mechanical enereY, Em. at X is: 

Use conservation of energy 
(Em= K + U) to determine the 
velocity at point Y. As the car 
rolls down the track. it loses its 
gravitational potential energy 
and gains kinetic energy. At the 
bottom of the loop (Y). the car 
has zero potential energy, 

Em=K + U 

=½mv2+mgtJJ 

= 0 + (0.150 X 9.80 X J.00) 

I 

= l.47J 

AtY: 

fm= l.47J 
h=O 
U

1
=0 

Em=K+U 

E'" = ½mv2 + mgtJJ 

J.47 = 0.5 X 0.150 ,i' + 0 
v2=~ 

00750 

• = ,/f9.6 

= 4.43ms- 1 

b Calculate the normal reaction force from the track at point Y. 

Thinking ._w_o_rk_in_;g:_ ______ _ 

To solve for ;Ht start by working I F net. = Fe=~ 
out the net. or centripetal. force. o.iso 

4
~ 

At Y, the car has a centripetal = 0~ 
acceleration towards C (i.e. 
upwards), so the net (centripetal) 
force must also be vertically 
upwards at this point 

Calculate the weight force, 11, 

and add It to a rorce diagram. 

= 14.7N up 

F1 =mg 
= 0.1 50 X 9.80 

= 1.47N down 

f
1
= 1.47N 

7 
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Work out the normal force using 
vectors. Note up as positive 
and down as negative for your 
calculations. 

The forces acting are 
unbalanced, as the car has a 
centripetal acceleration upwards 
(towards C). The upward 
(normal) force must be larger 
than the downward force. 

Fnet =Fa +FN 
+14.7 = -1.47 + ii, 

'•=+14.7 + 1.47 
= 16.2N up 

Note that the force the track exerts on the 
car is much greater (by about ten times) 
than the weight force. If the car were 
travelling horizontally, the normal force 
would be just 1.47 N up. 

c What is the speed of the car as it reaches point Z? 

Thinking I Working 

Calculate the speed from the I AtZ: 
values you have, using m = 0.150kg 
Em=K + U. 

flh = 2 X 0.200 = 0.40Qm 

Mechanical energy is conserved, 
so Em= l.47J 

Em = K+ U 

=}mv2+mgM> 

J.47= ½ X 0.150 X V2 +0.150 X 9.80 X 0.400 

1.47 = 0.075v' + 0.588 
0.075v' = 1.47 - 0.588 

v'= 11.76 

I 
v =JiT.76 

= 3.43ms-1 

d What is the normal force acting on the car at point Z? 

Thinking I Working 

To find i,., start by working out IF =F =,,.,, net C r 
the net, or centripetal, force. 

= 0.150x 3.4l2 
At Z, the car has a centripetal 0,00 

acceleration towards C (i.e. = 8.82N down 
downwards), so the net 
(centripetal) force must also 

I 
be vertically downwards at 
this poinl 



~out the normal force using I v~~s. Note up as positive 
and down as negative for your 
calculations.. ~ 

I i\=? !f-=8.82N 
F..,=F, +F,. 
..g_g2 = -1.47 + FN 

fr.= ..g_g2 + 1.47 

= -7.35 

= 7.35N down 

Note that there is still strong contact 
between the car and the track from the 
normal force, but that is only around half the 
size compared to at the bottom of the track. 

If the car had p rogressively lower speeds, 
the normal force at Z would decrease and 
would eventually drop to zero. At this point. 
the car would lose contact with the track and 
would fall with its acceleration equal tog. 

Worked example: Try yourself 3.3.1 

VERTICAL CIRCULAR MOTION 

A student arranges a toy car track with a vertical loop of radius 25.0cm, as shown. 

A toy car of mass 150g is released from rest at a height of 1.20m at point X. 
The car rolls down the track and travels around the loop. Assume g is 9.SOms-2, 
and ignore friction for the following questions. 

X m3SS= 150g 

t 
1.20m 

! ! g=9.80ms-' ·········~------- - ~'--

a Calculate the speed of the car as it reaches the bottom of the loop, point Y. 

b Colculate the normal reaction force from the tmck at point Y. 

c What is the speed of the car as it reaches point Z? 

d What is the normal force acting on the car at point Z? 
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O The symbol II signifies that the 
direction of the force is parallel to 
the displacement. 

--

! ..f... C 

nGURE 3.3.4 A body moving in a circular path 
has a force directed towards the centre. The 
drsplaeement 1s 1n the d1rect1on of the vetoc1ty. 
There rs therefore no force in the direction of the 
displacement 
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WORK 
\Vork is the transfer of energy from one object to another and/or the transformation 
of energy from o ne form to another. A force does work on an object when it acts 
on a body causing a displacement in the direction of the force. \'(There the force is 

constant, the work done by the force is lf/ = l)s . 
If the force is applied at an angle to the d isplacement, only the component of the 

force in the direction of the displacement contributes to the work done. T hat is, if 
the force and displacem ent vectors are at an angle 6,\~th respect to each other, then 
F cos 8 is the component of force that does work. 

O W= fis =Fscos8 
where 

W is the work done by the force (J) 

f is the magnitude of the constant force (N) 

s is the displacement (m) 

9 is the angle between the force vector and the displacement vector 

\Xlhile both force and displacement are vectors, work and energy are scilar 
quantities that are measured in joules 0). 

~lo find the wo rk done on an object, use the net force. For example, if a man 
pushes a heavy couch across a carpeted floor, the work done on the couch depends 
on the force applied by the man, less the frictional force which opposes the motion: 

II" = t,£ = Fs cos6 

~llte energy, l11:."', gained by the couch depends on the net force acting on it. 

When a force performs no work 
It is important to remember that work is only done when a force, or a component 
of force, is applied in the direction of displacement. Hence it is possible to exert a 
force and feel very tired without doing work. ~In.is would mean no energy has been 
transferred. For example, if you hold a heavy object with your arms out in fro nt of 
you, you will get tired ,·ery quickly bUl you are not doing any work on the object. 

Similarly, an object moving in a circular path in a horizontal plane is constantly 
accelerated by the centripetal force. Because this force is perpendicular to the 
displacement at each instant, the force does no work, and no energy is transferred 
to the object. It d oes not get faster or slower, it only changes direction as shown in 
Figure 3.3.4. 

Kinetic energy, K, is dependent on the magnitude of the velocity (or the speed) 
of an object. During uniform circular motion, the ,·elocity is constantly changing 
but the mag nitude of the velocity is constant. 'T"herefore, as an object undergoes 
uniform circular m otion , its kinetic energy is constant. Mechanical work is defined 
as the change in kinetic energy of an object. Objects undergoing uniform circular 
motion, with a constant kinetic energy, have no work being done to them despite the 
application o f a force that produces movement. 



3.3 Review 

l1'1:t:t\ii 
Kinetic energy is the energy of motion of a 
body: K = ½ mv2. 

The sum of the kinetic and potential energy (total 
mechanical energy) of an isolated system is 
always conserved. 

Close to the suriace of the Earth, where the force 

of gravity can be assumed to be constant, the 

l:iiii·i'ifiil·t:ti 
A horse pulls a carriage of mass 100kg around a 
horizontal circular track at a constant speed of 4ms- 1. 

The circular track has a radius of 15m. What is the 
work done on the carriage as it moves from one side 
of the circular track to the other? 

2 A ball of mass 0.20 kg rolls over the top of a crest at 
a velocity of l.5ms- 1. The crest has a radius of 2.0m. 
What is the normal reaction force on the ball? 

3 Ayo-yo has a mass of 80g and travels in a vertical 
circle with radius of 0.50m. At the top of the circle the 
speed is 4.0ms-1

. 

a Calculate the tension in the string at the top of 
the circle. 

b Calculate the speed of the yo-yo at the bottom of 
the circle. 

c Calculate the tension in the string at the bottom of 
the circle. 

4 A popular amusement park ride is the 'loop-the
loop', in which a cart descends a steep incline at 
point X, enters a circular loop at point Y, and makes 
one complete revolution of the circular loop. The car, 
whose total mass is 500kg, carries the passengers 
with a speed of 2.00 m s-1 when it begins its descent 
at point X from a vertical height of 50.0m. 

a Calculate the speed of the car at point Y. 

b What is the speed of the car at point Z? 

change in gravitational potential energy of an 
object of mass m is /1U = mgA/1. 

Work, W, is a scalar and is measured in joules (J). 

A centripetal force does no work on an orbiting 
object, as the force and displacement are 
perpendicular. 

c Calculate the normal force acting on the car at Z 
d What is the minimum speed that the car can have 

at point Z and still stay in contact with the track? 

5 A skateboarder of mass 55 kg is practising on a 
half-pipe of radius 2.0m. At the lowest point of 
the half-pipe, the speed of the skater is 6.0ms- 1. 

Ignore air resistance and friction. 
a What is the acceleration of the skater at this point? 

Indicate both magnitude and d irection. 

b Calculate the normal force acting on the skater 
at this point. 

6 A ball bearing of mass 25g is rolled along a smooth 
track in the shape of a loop-the-loop. The ball bearing 
is given a launch speed at A so that it just maintains 
contact with the track as it passes through point C. 
Ignore air resistance and friction. 

A 

a Determine the magnitude of the acceleration of the 

ball bearing as it passes point C. 
b How fast is the ball bearing travelling at point C? 

7 A bucket of mass 1 kg is on a 0.8m long rope being 
swung in a vert ical circle. What is the m inimum speed 
to keep the bucket travelling on the circular path? 

8 A pendulum with a mass of 0.15kg on a string of 
length 0.4 m is held so the string is parallel to the 
ground. The pendulum is let go. 

a What is the speed of the mass at the bottom of the 
swing? 

b What is the maximum tension in the string? 
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3.4 Torque 
Many situatio ns invoh·e objects that rotate about a pivot point, such as closing a 
door, using a spanner or turning a steering wheel. ln these situations, a force acts to 
provide a turning effect or a torque (r). Torque is a \"Cctor so it has a magnirude and 
a direction. Ne,,1on's laws use the concept of a force to help understand changes in 
the linear (straight line) motion of an object. The concept of torque is used in exactly 
the same way to exp lain a change in the rotational (nrrning) motion of an object 

TORQUE 
Consider the steering wheel in Figure 3.4.1. \'Vhen a turning effect is applied to 
the steering wheel there are a number of factors that must work together, causing it 
to tum. For all turning objects, there must be a pi,·ot point around which the object 
will rotate. There must be a force applied to the object in such a way as to cause the 
object to rotate. ~fbis means that the force applied must not be aligned \\~th the pivot 
point. There must be some distance between the line of a ction of the force (an 
imaginary line through the force vector) and the p ivot point. 

FIGURE 3.4.1 Applying a torque to a steering wheel will cause it to turn. 

Force and the pivot point 
\Xfhen analysing a rotating system, the position o f the pivot point or axis of 

fore~ rotation is nn important considemtion. A wheel, for exnmple, m oves in n c ircular 

90° path around its axle. An imaginary line along the length o f the axle is called the axis 
a icrs·or rotation of rotation and is shown in Figure 3.4.2a. 

line of action 

nGURE 3A .2 (a) The axis of rotation. (b) The 
pivot point. (c) When the line of action of the 
force passes through the pivot point. the wheel 
will not turn. (d) When the line of action of the 
force is at 90° to a line drawn from the pivot 
point to the point of application. the torque is at 
a maximum. 
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The pivot point is the point on a two-dimensional representation of the object 
through which the a.xis of rotation passes. As an example, the p ivot point of a wheel 
is shown in Figure 3.4.2b. 

A force applied directly towards or directly away from the pi,·ot point of the wheel 
will not create a turning effect on the wheel. So, for the example in Figure 3.4.2c, 
if the force acted alo ng the line labelled ' line of action', the wheel would not tum. 

10rque can be achieved by applying a force on the wheel where the line of 
action of the force does not pass through the axis o f rotation or the pivot point. The 
maximum effect is achie,,ed when the force applied is at 90° to a line drawn from 
the pivot point to the point of application (the point at which the force is applied). 
~fbis is shown in Figure 3.4.2d. 



Magnitude of the force and torque 
The torque (represented by t , the G reek symbol tau) on an object is directly 
proportional lo the magnitude of the force. lf all other things are equal, a larger 
force ,,;u result in a larger torque. ~In.is is illustrated in Figure 3.4.3. 

(a) Larger torque (b ) Smaller torque 

larger smaUer 
force force 
90° 90° 

line of line of 
action action 

FIGURE 3.4.3 The magnitude of the force affects the torque on an object The wheel in (a} will 
experience a larger torque than the wheel in (b). 

Distance from the pivot point and torque 
The amount of torque on an object is directly proportionaJ to the perpendicular 
distance between the pi\'Ot point and the line o f action of the force.This perpendicular 
distance is called the force arm. The force arm is gi,·en the symbol rand is shown 
in Figure 3.4.4. Assuming that e,·erything else is constant, then the larger the force 
arm (r), the larger the torque (r ). 

(a} Larger torque (b) Smaller torque 

FIGURE 3.4.4 The perpenchcular dlSlanc:e from the pivot point to the line of acttOf'I of the force affects 
the torque on an obted. The wheel in (a) will experience a larger torque than the wheel in (b). 

It was stated previously that maximum torque occurs when the line of action 
of the force is perpendicular to a line drawn from the pi\'Ot point to the point of 
application. You can now use the concept of a force arm to understand this. The 
force arm is maximised when the line of action is perpendicular to the line between 
the pi\·ot point and the point of application, and therefore the to rque is maximised 
(Figure 3.4.5). 
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(a) Larger corque lb) Smaller torque 

nGURE 3.4.S The direction of the applied force affects the size of the force arm, and therefore the 
torque on the object. The wheel in (a) will experience a larger torque than the wheel in (b). 

The torque equation 
The magnitude of the torque increases or decreases as the force increases or 
decreases. The magnitude of the torque also increases or decreases as the force arm 
or the perpendicular distance from the pi\'Ot to the line of action of the force (r.J 
increases or decreases. 

The formula for calculating torque is: 

0 r ; r, F 

where 

r is the torque (N m) 

'.1 is the force arm perpendicular to the force (m) 

F is the force (N} 

Torque is a vector quantity. This enables us to d istinguish its unit from the joule, 
the scalar unit for work and energy, which can also be written with the unit N m. A 
rotating body rotates either clockwise o r anticlod,.·wise. \Vhen more than one torque 
is acting on a body and the net to rque needs to be found, you will need to specify a 
direction convection. \Vhile this is often chosen to describe a clod ... wise rotation as 
negati\"e and an anticlockwise rotation as positi\·e, this is an arbitrary choice. As with 
any direction convention it is o nly important to be consistent with your approach. 

Worked example 3.4.1 

CALCULATING TORQUE 

A bus driver applies a force of 45.0 N on the steering wheel of a bus as it turns 
a r ight-hand corner. The radius of the steering wheel is 30.0cm. If the force is 
appl ied at 900 to the radius, calculate the torque on the steering wheel. 

Thinking Working 

Identify the variables involved and r=? 
state them in their standard form. rJ. = 0.300m 

F = 45.0N 

Apply the equation for torque. r = 11 F 

State the answer with the = 0.3()() X 45.0 
appropriate direction. = 13.5 Nm clockwise 



Worked example: Try yourself 3.4.1 

CALCULATING TORQUE 

A force of 255 N is required to apply a torque on a sports car steering wheel as it 
turns left The force is applied at 90° to the 15.5cm radius of the steering wheel. 
Calculate the torque on the steering wheel. 

Torque on different objects 
Torque doesn 't only act on circular objects. Any object can rotate about a point if a 
force is applied where the Line o f action of the force is not acting through the pi,·ot 
point . 

Spanners, like the one in Figure 3.4.6, apply a torque to a nut or bolt: the pivot 
point is the bolt and a force is applied at right angles to the spanner. 

The reason a spanner is an effective hand tool is because it increases the force 
arm when turning a nut. If you try unscrewing a nut with your hands you will 
probably find that you are unable to provide enough force to create the torque 
required to tum the bolt. Longer spanners can apply a greater torque on a nut 
than shor ter spanners. Some wheel-nut spanners, like the o ne in Figure 3.4.7, have 
handles which can extend so the force arm can be increased. This provides e.xtra 
torque for loosening very right nuts or for tightening the nuts with the correct torque. 

Doors are also good examples of torque in action, with the hinges forming the 
a.xis of rotation. lf force is applied to the handle and the line of action of the force 
is perpendicular to the door, then the distance between the hinge and the hand le 
represents the force arm. This is shown in Figure 3.4.8. 

_jrce 

90" 

hinge O 

:uneof 
:action 

rtGURE 3.4.8 A door can have a torque applied to it, as long as the line of action of the force is not 
through the axis of rotation. 

NON-PERPENDICULAR CALCULATIONS OF TORQUE 
\Vhen the force causing a mrque acts along a line that is at an angle other than 
90° to an object (such as the door in Figure 3.4. 9), then the torque is reduced. ln 
these circumstances, we can calculate the torque by two approaches: either finding 
the component of the force acting perpendicular to the door, or by finding the 
perpendicular distance from the pivot point to the line of action o f the force. 

Recall that the formula for torque ( t) on an object is: 

r=r1.F 

T his equation calculates the torque ( r) when the force (F ) and the distance 
from the pivot to the line o f action of the force ( r) are perpendicular 10 each other. 
It really doesn' t matter whether the radius is perpendicular to the line of action of 
the force, or if the force is perpendicular to the radius. The result is the same either 

way. That is, r = r1. F and also r = rF1. . 

', force 

,' : 1ineof 
,,·' '.action 

FIGURE 3.4.6 Although the adjustable spanner is 
not a wheel or cirde, tOfque can still be applied 
to the nut. 

n GURE 3.4.7 Using an extended-handle spanner 
will increase the torque on the nut of 0-S wheel. 

'"" '"'ce 

hinge~ ',, 

',, line of 
action 

FIGURE 3.4.9 When the force causing a torque 
is not perpendio.Jlar to a door, the torqLie is 
reduced 
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Calculating torque using perpendicular force 
The components of any force can be calculated using trigonometry. To find 
the component of the force that is perpendicular to a door, for example, use the 
magnitude of the force and the angle between the door and the line of action of 

the force. This is shown in FiSl!~ -~::~ 10 . 

•• co >l;:_ 
',, line of 

action 

FIGURE lA.10 Anding the component of the force that is perpendicular to a door using the 
magnitude of the force and the angle between the door and the line of action of the force. 

In this case, -r = rF1. and F1. = F sin 8. 
This combines to give: 

0 r=rFsinO 

where 

-r is the torque (N m) 

r is the force arm (m) 

Fis the applied force (N) 

8 is the angle between the applied force and the force arm 

Your strategy for solving questions of this type may be to calculate the 
perpendicular component of the force and then apply the torque equation, or to 
use the combined equation. To begin with, it is recommended that you calculate the 
perpendicular component and then use the torque equation. \'<1hen you have gained 
confidence with that strategy, try using the combined equation. 

Worked example 3.4.2 

CALCULATING TORQUE FROM THE PERPENDICULAR COMPONENT or FORCE 

A student uses a 42.0cm long adjustable spanner to loosen a nut on her bike. 
She applies a force of 65.0 N at an angle of 68.0° to the spanner. 

<\•: ················· '"\ ()" · ··· · · · --

65.0N 

Galcutate the anticlockwise torque that the student applies to the nut 



~ ing Working 

[ Use the trigonometric relationship I F, = Fsin9 
FJ. = F sin8 to determine the force = 65.0 sin 68.0 
perpendicular to the spanner. 

= 60.3 N perpendicular to the 

L---
force arm -

Convert the variables to their standard r=42.0cm 
units. =0.420m 

Apply the equation for torque: r = rF1. 
r - ri F • rFi = 0 .420 X 60.J 

State the answer with the appropriate = 25.3 Nm anticlockwise 
units and direction. 

Worked example: Try yourself 3.4.2 

CALCULATING TORQUE FROM THE PERPENDICULAR COMPONENT OF FORCE 

A mechanic uses a 17.0cm long spanner to tighten a nut on a winch. He applies 
a force of 104 N at an angle of 75.00 to the spanner. 

calculate the magnitude of the torque that the mechanic applies to the nut 

Calculating torque using perpendicular radius 
Fine components of any distance can be calculated using either Pythagoras' theorem 
or trigonometry. To find the component of a length that is perpendicular to the line 
of action of the force acting o n a door, construct a line from the p i\"Ol point lo the 
line of action of the force so that it intersects the line of action at right angles. An 
example is shown in Figure 3.4.11. 

In this case, r = r..1.F and r.1 = rsinO. 
This combines to give: 

r=n,i118 P 

-~L \ 
r ', 

rlGURE 3.4.11 Detenmning the components of a distance. 

··,.1ineof 
aetJOn 
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The equation r = rFsin8 is identicaJ to r= rsinBF, so either method would be 
appropriate for calculating the torque o n an object when the force is not at right angles 
to the object. In either method, the component of the distance or the component of 
the force is always going to be less than the total d istance or the total force itself ... lnis 
will result in a smaller torque being applied to the object. The ma.ximum torque will 
always be when the line of action of the force is perpendicular to the distance from 
the pivot point to the point of application. 

I PHYSICS IN ACTION I 
The torque wrench 
The extent to which a nut or bolt is tightened can be critical (a) 
to the safe operation of machinery or motors. If a nut or 
bolt is too loose then it could fall oul If it is too tight then it 
could either distort the part or the bolt could break off. Both 
of these situations could require expensive repairs. To avoid 
nuts and bolts being too loose or too tight. manufacturers 
use different tools and methods to estimate the amount 
of torque required to tighten a nut or bolt to the correct 
tightness. Some examples of these tools are shown in 
Figure 3.4.12. 

The beam wrench is the simplest type of torque wrench. It 
has a flexible lever arm with a bar and scale, separating the 
wrench head and handle. When torque is applied, a pointer 
on the scale moves to indicate the amount of torque being 
applied in newton metres (N m). 

The click-type torque wrench can be set to apply a fixed 
amount of torque. When the required amount of torque 
has been achieved, the wrench 'clicks' and releases itself, 
preventing any further tightening from being applied. 

More recently, electronic torque wrenches have been 
developed. The signal generated is converted to a torque 
reading (in Nm) and is shown on the digital readout screen. 
Measurements can also be stored within the instrument's 
memory and transferred to a computer. 
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(b) <I'-,' 

(c) 

FIGURE 3.4.12 Three types of wrenches commonly used to measure 
the torque applied to a nut or bolt: (a) beam torque wrench, 
(b) dick-type torque wrench, and (c) digital torque wrench. 



3.4 Review 

f1'l:t:t\ii 
Torque is a measurement of the tendency of a 
force to cause an object to rotate around an axis. 

The formula for calculating torque is r = ri F. 

Torque occurs when the acting force is not applied 
directly through the pivot point of the object 
Maximum torque occur!> when the acting force 

applied is perpendicular to the force arm (r). 

The larger the force acting on the object the 
larger the torque will be. 

The longer the force arm, the greater the torque 
will be. 

l:!#1·11i¾iii·i:~i 
Use g = 9.80ms- 2 to answer these questions. 

1 Use the concept of torque to explain the following. 

a It is easier to open a heavy door by pushing it at 
the handle rather than in the m iddle of the door. 

b It is possible to move very heavy rocks in the 
garden by using a long crowbar. 

2 Galculate the torque exerted on the roundabouts 
shown. Include the direction where appropriate. 

If torque is generated by an acting force that is 
not perpendicular to the force arm of the object. 

then either: 

the component force perpendicular to the 
length of the object is used to calculate torque: 

r-rFi. 

or 
the distance from the pivot point perpendicular 
to the line of action of the force is used to 
calculate torque: r = r.1F-

Both strategies for determining torque from non
perpendicular situations equate to r = rF sine. 

3 The magnitude of the torque required to tighten 
a bicycle wheel is 15Nm. Calculate the force arm 
required if a 30N force is applied perpendicularly. 

4 A student pushes a heavy door at a point that is 50cm 
from the hinges such that it creates a torque of 9Nm. 
With what magnitude of force does the student push? 
Assume the student pushes perpendicular to the 
surface of the door. 

5 A spanner with a length of 40cm is used to tighten 
a nut on a car wheel. If the magnitude of the 
perpendicular force applied is 225 N, calculate 
the maximum torque that can be created on this 
wheel nul 
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3.4 Review cont inued 

6 Nikki is investigating torque using a metre ruler 
and a 1.0kg mass. She uses a rubber band to 
attach the mass to the ruler at the 50cm mark. 
Nikki first holds the ruler at one end so that it is 
horizontal. 

a What is the size of the torque that is acting? 
b ShP. now movP.~ thP. m;i~.-. ~n th;it it i~ rieht ;it 

the far end of the ruler. How much torque is 
acting now? 

c Finally, she lifts the ruler so that it makes an 
angle of 60° to the horizontal. What is the size 
of the torque now? 

30• 

ruler= 1 m 

60. 

7 A mechanic uses a spanner of length 30cm to 
tighten a bolt head. The mechanic applies a force 
of 300 N at an angle of 30" to the length of the 
spanner. Calculate the magnitude of the torque 
created. 
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8 A crane is being used to lift a skip of concrete with 
a total mass of 3.5 tonnes (3500kg}. The lever 
arm of the crane is 25 m long and makes an angle 

of 37° with the vertical, as shown in the diagram. 
Ignore the mass of the cable when answering these 
questions. 

pivot 

3.5 l 

a What is the total weight of the skip? 

b The skip is winched up so that it is near the 
top of the crane. Does the torque around the 
pivot created by this load increase, decrease or 
remain the same as the load is lifted? 

c Calculate the magnitude and direction of the 
torque about the pivot that the skip exerts on 
the crane when the skip is at the highest point 



Chapter review 

I KEYTERMSI 

angular velocity 
apparent weight 
axis of rotation 
banked track 
centripetal acceleration 
centripetal force 

conserved 

I REVIEW QUESTIONS I 

design speed 

force arm 
frequency 
kinetic energy 
line of action of the 

force 

mechanical energy 

The following information applies to questions 1 and 2. 

During a high•school physics experiment, a copper ball 
of mass 25.0g was attached to a very light piece of steel 
wire 0.920 m long and was whirled in a circle at 30.C>° to 
the horizontal, as shown in diagram (a). The ball moves in 
a circular path of radius 0.800m with a period of I.36s. 
The top view of the resulting motion of the ball is shown 
in diagram (b). 

(a) 

h 0.800 m 25.0 g 

(bl 

a Calculate the orbital speed of the ball. 

b What is the centripetal acceleration of the ball? 

c What is the magnitude of the centripetal force 
acting on the ball? 

2 a Draw a d iagram similar to diagram (a) that shows 
all the forces acting on the ball at this time. 

b What is the magnitude of the tension in the wire? 

3 A radio-controlled car is travellinR in a circular path 
of radius 10m at a constant speed of 5.0ms- 1. 

a What is the acceleration of the toy car? 

b What force is creating the circular motion of the car? 

4 The tip of a propeller on an airplane has a radius of 
0.90 m and experiences a centripetal acceleration 
of 8.88 x la4ms-2. What is the frequency of rotation of 

the propeller? 

5 A cycling track has a turn that is banked at 4Q<> to the 
horizontal. The radius of the track at this point is 30 m. 
Determine the speed at which a cyclist of mass 60kg 
would experience no sideways force on their bike as 
they rode this section of track. 

Newton's first law 
Newton's second law 
Newton's third law 
normal reaction force 
period 
pi vot point 

potential energy 

radian 
tangential 
torque 

work 

6 A cycling velodrome has a turn that is banked at 33° 
to the horizontal. The radius of the track at this point 

is28m. 
a Determine the speed ( in km h- 1

) at which a cyclist of 
mass 55 kg would experience no sideways force on 
their bike as they rode this section of track. 

b Calculate the size of the normal force that is acting 
on the cyclist 

c How does this compare with the normal force that 
would act on the cyclist if they were riding on a flat 
track? 

7 A Totem Tennis ball has been hit and is travelling in a 
horizontal circle of radius 0.80m. The ball has a speed 
of 5.0 ms-1

. What is the angular velocity of the ball! 

8 An object that moves in uniform circular motion on 
a horizontal plane has a centripetal acceleration of 
13ms-2. If the radius of motion is 0.020m, what is the 
frequency of motion? 

9 Fiona and Mark are flying their remote-controlled 
model plane. It has a mass of 1.6kg and travels in a 
horizontal circular path of radius 62m with a speed 
of 50km h-1

. A radio transmitter controls the plane so 
there are no strings attached. Answer the following 
questions about the plane's motion. 

a Calculate the per iod of the model plane. 
b Determine the magnitude of the centripetal force 

that is acting on the plane. 

10 An athlete competing at a junior sports meet swings a 
2.5 kg hammer in a horizontal circle of radius 0.80m 
at 2.0 revolutions per second. Assume that the wire is 
horizontal at all times. 

a What is the period of rotation of the ball? 

b What is the orbital speed of the ball? 

c What is the magnitude of the acceleration of 
the ball? 

d What is the magnitude of the net force act ing on 
the ball? 
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11 For an object in unifonn circular motH>n, what is the 
effect on the magnitude of the centripetal acceleration if: 

a the speed doubles 
b the radius triples 

c the mass halves? 

12 A geostationary communications satellite is at an 
altitude of 3.60 x 104 m. The Earth has an average 
radius 6.37 x 106 m and a period of rotation of 
23 hours, 56minutes and 5seconds. Calculate the 
centripetal acceleration of the satellite. 

13 A car of mass 1500kg is driven at a constant speed 
of lOms- 1 around a level. circular roundabout 
The centre of mass of the car 1s always 20m from 
the centre of the road. 

N W+E y 

s 

z 

a What is the velocity of the car at point X? 

b What is the speed of the car at point Y? 

c What is the period of revolution for this car? 

d What is the acceleration of the car at point X? 

e Determine the size and direction of the unbalanced 
frictional force acting on the tyres at point X. 

14 A proton moves into a region of uniform magnetic 
field 0.250T directed perpendicular to the velocity 
vector. If it travels into the field at 3.50 x I06ms- 1

, 

calculate the radius of curvature of its path. Note 
that m. = 1.67 x 10~ 7 kg. q = 1.60 x 10· 1•c and 
F• qvB. 
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15 A track cyclist is riding at high speed on the steeply 
banked section of a vefodrome (6 • 37°}. Whteh 
statement describes the size of the normal force acting 
on the cyclist at this point? 

A greater than the weight of the cycl ist 

B zero 
C less than the weight of the cyclist 

D equal to the weight of the cyclist 

16 The Moon orbits the Earth once in 27.3 days in a 
circular orbit of radius 3.84 x 108m. 
a Calculate the orbital speed of the Moon. 

b Calculate the angular velocity of the Moon. 

c Calculate the net force keepmg the Moon 1n orbit 
tf the mass of the Moon is 7 .36 x I 022 kg. 

17 A bicep muscle is able to produce SOON of force. 
Given that the muscle attaches 4.0cm from the elbow 
and the hand is 35cm from the elbow, how heavy an 

object can be held? 

35 cm 

18 A 50kg student sits 1.25m from the centre of a 
seesaw and a box is placed at the opposite end 1.5m 
from the centre. What is the mass and weight of the 
box in order for this system to be in equihbnum? 

19 A bolt requires 15 Nm of torque to tighten il If you are 
capable of producing 40N of force, how long does the 
torque wrench need to be to provide the necessary 
torque to the bolt to t ighten it? 

20 After completing the activity on page 68, reflect on the 
inquiry question: Why do objects move in circles? 
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CHAPTER @~];" Motion in gravitational fields 

Gravity is, quite literally, the force that drives the universe. It was gravity that first 

caused particles to coalesce into atoms, and atoms to congregate into nebulas, 
planets and stars. An understanding of gravity is fundamental to understanding 

the universe. 

This chapter centres on Newton's law of universal gravitation. This will be used to 
predict the size of the force experienced by an object at vartOus locations on the 

Earth and other planets. It will also be used to develop the idea of a gravitational 
field. Since the field concept is also used to describe other basic forces such as 

electromagnetism and the strong and weak nuclear forces, this will provide an 
important foundation for further study in physics. 

Content 

W·Hll·ii·i'ifiil•l:■ 
How does the force of gravity determine the motion of planets 
and satellites? 
By the end of this chapter you will be able to: 

• apply qualitatively and quantitatively Newton's law of universal gravitation to: 

- determine the force of gravity between two objects F = T 
- invesbgate the factors that affect the gravitational field strength g s 7 
• predict the gravitational f ield strength at any point in a gravitational f ield, 

including at the surface of a planet (ACSPH094, ACSPH095, ACSPH097) 
• investigate the orbital motion of planets and artificial satellites when applying the 

relationships between the following quantities: 
• gravitational force • orbital radius 

- centripetal force • orbital velocity 
- centripetal acceleration - orbital period 

- mass 
• predict quantitatively the orbital properties of planets and satellites in a variety of 

situations, including near the Earth and geostationary orbits, and relate these to 
their uses (ACS PH I O I) 

• investigate the relationship of Kepler's laws of planetary motion to the forces 
acting on, and the total energy of, planets in circular and non-circular orbits using: 

(ACSPHIOI) 

- V=~ 

,, GM 

- rr· 4r 
• derive quantitatively and apply the concepts of gravitational force and gravitational 

potential energy in radial gravitational fields to a vanety of situations, including but 

not limited to: 

- the concept of escape velocity v_:: \~ 

• total potential energy of a planet or satelltte in tts orbit U = - """' 
- total energy of a planet or satellite in its orbit U + K == -~ ' 
- energy changes that occur when satellites move between orbits (ACSPH096) 
- Kepler's laws of planetary motion (ACSPHIOI). 

Phys,cs Stqe 6 S)ila,bvs O NSW Educnon Standards Authonty 
for and on behMfoftheCrown in "lhtof the State of NSW, 2017 . 



FIGURE 4.1.1 Sir Isaac Newton was one of the 
most influential physicists who ever l ived. 
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4.1 Gravity 
In 1687, Sir Isaac Newton (Figure 4. 1.1) published a book that changed the world. 
Entitled PJ,i/osoplud! Namra/is Principia Ma1hema1iCQ (1\llathematical Principles of 
Natural Philosophy), Newton's book (shown in Figure 4. 1.2) used a new form of 
mathematics now known as calculus and outlined. his famous laws of motion. 

The Principia also introduced Newton's law of universal gra,itation. This was 
particularly significant because, for the first time in hismry, it scientifically explained 
the motion of the planets. This led to a change in humanity's understanding of its 
place in the uni\·erse. 

PHILOSOPHI,£ 
NATUR.ALI S 

PRINCIPI 

~-~ -
f ,.,,~.,, 

..... ,,,, ,,,, .... . ,. 

l~~~~ 
·~~~ 
~~~;.:_:-~~: 
~Jg 

flGURE 4.1.2 The Principia is one of the most influential books in the history of science. 

NEWTON'S LAW OF UNIVERSAL GRAVITATION 
Newton~s law of univer sal gravitation states that any two bodies in the uni,·erse 
attract each other with a force that is directly proportional to the product of their 
masses and inversely proportional to the square of the distance between them. 

0 Mathematically, Newton's law of universal gravitation can be expressed as: 

f;7 
where 

F is the gravitational force (N) 

M is the mass of object 1 (kg) 

m is the mass of object 2 (kg) 

r is the distance between the centres of objects 1 and 2 (m) 
G is the gravitaUonal constant, 6.67 x 10- 11 N m2 kg-2 

The gravitational force is always an attracti\'e force.The gravitational consta nt, 
G, was first accurately measured by the British scientist Henry Ca,·endish in 1798, 
o,·er a cenrury after Newton's death. As its name suggests, the law of uni,·ersal 
gravitation predicts that any two objects that ha,·e mass will a ttract each other. 
However, because the value of G is so small, the gravita tional force between two 
everyday objects is too small to be noticed. 

The fact that r appears in the denominator of Newton's law o f universal 
gravitation indicates an in\'erse relationship. S ince r is also squared, this relationship 
is known as an inverse square la w. The implication is that as r increases, F 
will decrease dramatically. This law will reappear again later in the chapter when 
gravitational fields are examined in detail . 



Worked example 4.1.1 

GRAVITATIONAL ATTRACTION BETWEEN SMALL OBJECTS 

A man with a mass of 90kg and a woman with a mass of 75kg have a distance 
of 80cm between their centres. Calculate the force of gravitational attraction 
between them. 

~ ing Working 

Recall the formula for Newton's law of F = ~ 
~ rsal gravitation. 

Identify the information required, and G = 6.67 x 10- 11 N m2kg'"2 

convert values into appropnate units M=90kg 
when necessary. 

m = 75 kg 

r = 80 cm = 0.80 m between the man 
and the woman 

Substitute the values into the equation. F = 6.67 x 10--11 x ~;;s 
'---

Solve the equation. F = 7.0 x 10-7 N towards one another. 

Worked example: Try yourself 4.1.1 

GRAVITATIONAL ATTRACTION BETWEEN SMALL OBJECTS 

Two bowhng balls are sitting next to each other on a shelf so that the centres of 
the balls are 60cm apart. Ball 1 has a mass of 7.0kg and ball 2 has a mass of 
5.5 kg. Galculate the force of gravitational attraction between them. 

For the gra,itational for~ to become significant, at least one of the objects must 
ha,·e a ,·ery large mass-for example, a planet (Figure 4.1.3). 

rlGUAE 4.1.3 Gravitabooal fOfces become srgnrficant when at least one of the ot>tects has a large 
mass, fo, example, the Earth and the Moon. ____________ _ 
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Multi-body systems 

Worked example 4.1.2 

GRAVITATIONAL ATTRACTION BETWEEN MASSIVE OBJECTS 

Calculate the force of gravitational attraction between the Sun and the Earth 
given the following data: 

msun = 2.0 x 1030kg 

mEarth = 6.Q X 1024 kg 

fSun-£arth = 1.5 X }Q11 m 

Thinking Working 

Recall the formula for Newton's law of F=7 universal gravitation. 

Identify the information required. G=6.67x 10- 11 Nm2 kg"2 

M= 2.0 X 1030kg 

m = 6.0 X io''kg 
r = 1.5 x 1011 m between the Sun and 
the Earth 

Substitute the values into the equation. F = 6.67x}O--ll x 
2.0xlo>O x 6Dxl02• 

0.5 x 1011f 

Solve the equation. F = 3.6 x 1022 N between the Sun and 
the Earth. 

Worked example: Try yourself 4.1.2 

GRAVITATIONAL ATTRACTION BETWEEN MASSIVE OBJECTS 

Calculate the force of gravitational attraction between the Earth and the Moon, 
given the following data: 

mEarth = 6.0 x l 0 24 
kg 

mMoon = 7.3 X 1022kg 

fMoon-£.arth = 3.8 X }Q
8 m 

The forces in \X'orked example 4. 1.2 are much greater than those in \X'orked 
example 4.1.1, illustrating the d ifference in the gravitational force when at least 
one of the objects has a ,·ery large mass. 

m, m, 

So far, only gravitational systems involving two objects have been 

considered, such as the Moon and the Earth. In reality, objects 

experience gravitational force from every other object around them. 

Usually, most of these forces are negligible and only the gravitational 

effect of the largest object nearby (i.e. the Earth) needs to be 

considered. 
m, 

When there is more than one significant gravitational force acting on 

a body, the gravitational forces must be added together as vectors to 

determine the net gravitational force (Figure 4.1.4). The d irection and 

relative magnitude of the net gravitational force in a multi-body system 

depends entirely on the masses and positions of the attracting objects 

(i.e. m 1, m2 and m3 in Figure 4.1.4). 
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FIGURE 4.1.4 For the three masses m1 = m2 = m3, the 
gravitational forces acting on the cenlfal red ball are shown 
by the green arrows. The vector sum of the green arrows 
is shown by the bfue arrow. This will be the direction of the 
net (or resultant) gravitational force on the red ball due to 
the other three masses. 



EFFECT OF GRAVITY 
According to Ne,,1on's third law of motion, forces occur in action-reaction pairs. An 
example of such a pair is sho,,n in Figure 4. 1.5. ~l"be Earth exerts a gra,;tational force 

on the Moon and, com'ersely, the Moon exerts an equal and opposite force on the Earth. 
Using Ne\\1on's second law of motion, you can see thal the effect o f the gra,;tationa1 
force of the 1\1.oon on the F.anh will be much smaller than the corresponding effect of 
the Earth on the Moon. This is because of the Earth's larger mass. 

Worked example 4.1.3 

ACCELERATION CAUSED BY A GRAVITATIONAL FORCE 

The force of gravitational attraction between the Moon and the Earth is 
approximately 2.0 x ta20N. Calculate the accelerations of the Earth and the Moon 
caused by this attraction. Compare these accelerations by calculating the ratio~ 

Use the following data: 

mEarth = 6.Q X 10
24 kg 

mMoon = 7.3 x 1022kg 

Thinking Working 

Recall the formula for Newton's second Fne1: =ma 
law of motion. 

Transpose the equation to make a the a=~ 
subject. 

Substitute values into this equation 2.0,cla2° - 5 - l 
to find the accelerations of the Moon clrarth = 6.(),cI(r" = 3.3 x 10 Nkg 

and the Earth. The ratio uses the scalar 
= 2 .0 ,c l0

20 
= 2.7 X 10-JNkg- l acceleration so no direction is needed. °Moot'I 73 ,c J022 

Compare the two accelerations. ~ = 2.7,cJo-3 = 82 
~ ~ 

The acceleration of the Moon is 
82 times greater than the acceleration 
of the Earth. 

Worked example: Try yourself 4.1.3 

ACCELERATION CAUSED BY A GRAVITATIONAL FORCE 

The force of gravitational attraction between the Sun and the Earth is 
approximately 3.6 x 1022N. Calculate the accelerations of the Earth and the Sun 
caused by this attraction. Compare these accelerations by calculating the ratio~· 

Use the following data: 

mf.ann - 6 .0 x 1024 kg 

mSun = 2.0 x 1030kg 

Gravity in the solar system 
Although the accelerations caused by gravitational forces in \X'orked example 4.1.3 
are small, over billions of years they created the motion of the solar system. 

ln the Earth- Moon system, the acceleration of the M oon is many times greater 
than that of the Earth, which is why the Moon orbits the Earth. Although the M oon's 
gravitational force causes a much smaller acceleration of the Earth, it does have 
other significant effects, such as the tides. 

Similarly, the Earth and o ther p lanets orbit the Sun because their masses are 
much smaller than the Sun's mass. However, the combined gravitational effect of 
the planets of the solar system (and Jupiter in particular) causes the Sun to wobble 
slighdy as the planets o rbit it. 

FIGURE 4.1.5 The Earth and Moon exert 
gravitattonal forces on each other. 

0 Remember that the gravitational 
field strength (units N kg- 1

) is 
equivalent to the acceleration 
due to gravity, which has units of 
m s-2

. This is explained in further 
detail on page no. 

PHYSICSFILE 

Extrasolar planets 
In recent years, scientists have 
been interested in discovering whether 
other stars have planets like those in 
our own solar system. One of the ways 
in which these 'extrasolar planets' (or 
'exoplanets') can be detected is from 
their gravitational effect. 

When a large planet (i.e. Jupiter-sized 
or larger) orbits a star, it causes the 
star to wobble. This causes variations 
in the star's appearance, which Ciln 
be detected on Earth. Hundreds of 
exoplanets have been discovered using 
this technique. 
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FIGURE 4.1.6 The solar system is a complex 
gravitational system. 

• ·- --- ------► ◄-------- -- · 

, ' 
, ' , ' , ' , ' , ' , ' , ' , ' , ' . . 

FIGURE 4.1.7 The arrows in this gravitational 
field diagram indicate that objects will be 
attracted towards the mass in the centre; the 
spacing of the lines shows that force will be 
strongest at the surface of the central mass and 
weaker further awa>f from it. 

PHYSICSFILE 

Nkg-1 = ms-2 

It is a simple matter to show that N kg- 1 

and ms-2 are equivalent units. 

From Newton's second law, f net :a ma, 
you will remember that: 

lN=lkgms-2 

IN kg-1 = I kgms-2 x kg-1 

= lms-2 
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GRAVITATIONAL FIELDS 
ln the 18th century, to simplify the process o f calculating the effect of simultaneous 
gravitational forces, scientists developed a mental construct known as the 
gravitational field. In the following centuries, the idea of a field was also applied to 
other forces and has become a very important concept in physics. 

A gravitational field is a region in which a gravitational force is exened 
o n all matter ,,~thin that region. Complex systems like the solar system im·olve a 
number of objects (i.e. the Sun and planets shown in Figure 4.1.6) that are all 
exerting attractive forces on each other at the same time. Every physical oh;ect 
has an accompanying gravitational field. For example, the space around your body 
contains a gravitational field because any other object that comes into this region 
will experience a (small) force of gravitational attraction towards your body. 

The gra,~tational field around a large object like a planet is much more significant 
than that around a small object. The Earth's gra,~tational field exerts a significant 
influence on objects o n its surface and even up to thousands of kilometres into space. 

Representing gravitational fields 
Over time, scientists have developed a commonly understood method of representing 
fields using a series o f arrows known as field lines (Figure 4.1.7). For gravitational 
fields, these are constructed as follows: 

the direction of the arrowhead indicates the direction of the gravitational force 
the space between the arrows indicates the relative magnitude of the field: 

closely spaced arrows indicate a strong field 
- widely spaced arrows indicate a weaker field 
- parallel field lines indicate constant or uniform field strength. 
An infinite number of field lines could be drawn, so only a few are chosen to 

represent the rest. ~lltc size of the gravitational force acting on a mass in the region 
of a gravitational field is determined by the strength of the field, and the force acts 
in the direction o f the field. 

GRAVITATIONAL FIELD STRENGTH 
In theory, gra,;tational fields extend infinitely out into space. H owever, since the 
magnitude of the gravitational force decreases with the square of distance, eventually 
these fields become so weak as to become negligible. 

The constant for the accele ration due to g ravity g can be derived directly 
from the dimensions of the Earth. An object ,vith mass m sitting on the surface of 
the Earth is a distance of6.4 x 106 m from the centre of the Earth. 

Given that the Earth has a mass of 6.0 x 1024kg, then: 
weight = g ravitational force 

G"'-• 
mg= (r--.) 

-mG~ (,_y 

g=Gib-
=6.67x 10-llx 6 .0x10~~1 

(6.4Xl0) 

= 9.Sms- 2 towards the centre of the Earth 
So, the rate o f acceleration of objects near the surface of the Earth is a resuh of 

the Earth's mass and radius. A planet ,vith a different mass and/or different radius 
will therefore have a different value for g. 

The variable g can also be used as a measure of the strength of the gravitational 
field. \'Vhen understood in this way, it is written ,,1th the equivalent units of N kg- 1 

rather thanms-2
. This means &Earth== 9.SN kg- 1

. 



These units indicate that an object on the surface of the Earth experiences 9.8N 
of gravitational force for e,·ery kilogram of its mass. 

Accordingly, the familiar equation F
8 
= mg can be transposed so that the 

gravitational field strength g can be calculated: g = 1 = ~ x ..!.. 
M , M 

6 g ="; 

where 

g is gravitational field strength (Nkg- 1) 

M is the mass of an object in the field (kg) 

G is the gravitational constant, 6.67 x 10- 11 N m2 kg-2 

r is the distance from the centre of M (m) 

lf the surface of the Earth is considered a flat surface as it appears in everyday 
life, then the gravitational field lines are approximately parallel, indicating a uniform 
field (Figure 4.1.8). 

g I i i I 
t 

d b 
rtGURE 4 .1.8 The uniform gravitational field, g, is represented by evenly spaced parallel lines in the 
direction of the force. 

However, when the Earth is viewed fro m a distance as a sphere, it becomes clear 
that the Earth's gravitational field is not uniform at all (Figure 4.1 . 9). ·11te increasing 
distance between the field lines indicates that the field becomes progressively weaker 
out into space. 

g 

·, ,,· 

-~0 ~-
,, ~ .. 

rtGURE 4 .1.9 The Earth's gravitational field becomes progressively weaker out into space. 

11tis is because gravitational field strength, like gra,;tational force, is governed 
by the im·erse square law gi,·en abO\·e. 

The gravitational field strength at different altitudes can be calculated by 
adding the altitude to the radius of the Earth to calculate the distance of the object 
from the Earth's centre (Figure 4. 1.10) . 

0 The gravitational field strength 
represents a vector quantity where 
its direction is always pointing 
towards the centre of the mass, 
i.e. downwards on Earth. Once you 
have chosen a specific direction 
convention, g may be represented 
as either negative or positive. 

36000km ..I:( g = 0.22N kg"' 

6400 km g = 2.5 N kg-1 

1000km g=7.3Nkg-1 

400km g=8.7N J..g·1 

surlace g = 9.8 N kg-1 

rtGURE 4.1.10 The Earth's gravitational field 
strength is weaker at higher altitudes. 

t) The strength of the Earth's 
gravitational field at a particular 
altitude is given by: 

g = ( ... ~t 
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I PHYSICS IN ACTION I 
Variations in gravitational field strength of the Earth 
The gravitational field strength of the Earth g is usually assigned 
a value of 9 .81 N kg-1• However, the field strength experienced 

by objects on the surface of the Earth can actually vary between 
9.76N kg-1 and 9.83Nkg-1, depending on the location. 

The Earth's gravitational field strength is not the same at every 
pomt on the t.arth's surface. As the t.arth 1s not a perfect sphere 

(figure 4.1.11), objects near the equator are slightly further from 
the centre of the Earth than objects at the poles. This means that 

the Earth's gravitational field is slightly stronger at the poles than 
at the equator. 

Geological formations can also create differences in 
gravitational field strength, depending on their composition. 
Geologists use a sensitive instrument known as a gravimeter 
that detects small local variations in gravitational field strength to 
indicate underground features. Rocks with above-average density, 
such as those containing mineral ores. create slightly stronger 
gravitational fields, whereas less-dense sedimentary rocks 
produce weaker fields. 

Worked example 4.1.4 

North Pole 

South Pole 

equatorial diameter 

12756km 
FIGURE 4.1.11 The Earth is a flattened sphere, 
which means its gravitational field is slightly 
stronger at the poles. 

CALCULATING GRAVITATIONAL FIELD STRENGTH AT DIFFERENT ALTITUDES 
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Calculate the strength of the Earth's gravitational f ield at the top of Mt Everest 
using the following data: 

rEarth = 6.38 x 106 m 
murth = 5.97 x 1024 kg 

height of Mt Everest= 8850m 

Thinking Working 

Recall the formula for 
& = 7 gravitational field strength. 

Add the height of Mt Everest r = 6.38 x 106 + 8850 m 
to the radius of the Earth. =6.389 X J06 m 

Substitute the values into the 8=7 formula. 
= 6.67 X }Q- ll X 5.97 x 102• 

(6.389 X 10
6

)
2 

= 9.76Nkg-1 towards the centre of the Earth 

Worked example: Try yourself 4.1.4 

CALCULATING GRAVITATIONAL FIELD STRENGTH AT DIFFERENT ALTITUDES 

Commercial airlines typically fly at an altitude of 11 OOOm. Calculate the 
gravitational field strength of the Earth at this height using the following data: 

' u rth = 6.38 x 106
m 

mEattti = 5.97 x 1024kg 



GRAVITATIONAL FIELD STRENGTHS OF OTHER PLANETS 
The grmritational field strength on the surface of the J\ ioon is much less than on 
Earth, at approximately 1.6 Nkg- 1.lrus is because the 1\1oon's mass is smaller than 
the Earth's (Figure 4.1.12). 

The formula g = G.\I can be used to calculate lhe gra,;r.ational field strength on 
the surface of any astfunomical object. 

rlGURE 4.1.12 The gravrtabonal fiekj strength on the surtace of the Moon is different to the gravitational 
field strength on the surface of the Earth. 

Worked example 4.1.5 

GRAVITATIONAL FIELD STRENGTH ON ANOTHER PLANET OR MOON 

calculate the strength of the gravitational field on the surface of the Moon given 
that the Moon's mass ,s 7.35 x 1022 kg and its radius is 1740km. 

Give your answer correct to three significant figures. 

Thinking Working 

Recall the formula for 
gravitational field strength. 

8=7 

Convert the Moon's radius to m. r= l 740km 

= 1740 x IOOOm 

= 1.74 X 106m 

Substitute values into the 8=7 
formula. 

=6.67x 10- 11 X 73Sxlo» 
(l.74 x 10•)1 

I = l.62Nkg-1 towards the centre of the Moon I 

Worked example: Try yourself 4.1.5 

GRAVITATIONAL FIELD STRENGTH ON ANOTHER PLANET OR MOON 

calculate the strength of the gravitational field on the surface of Mars. 

m_, = 6.42 X 1023 kg 

,...,, = 3390km 

Give your answer correct to three significant figures. 
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4.1 Review 

l111:t:t\ii 
All ObJects with mass attract one another with a 

gravitational force. 

The gravitational force acts equally on each of 

the masses. 
The magnitude of the gravItatIonal force is given 
by Newton's law of universal R.ravitabon: 

F=7 
Gravitational forces are usually negligible unless 

one of the obiects is massive, e.g. a planet 

The weight of an obIect on the Earth's sur1ace is 

due to the gravitational attraction of the Earth. 

A gravitational field 1s a region in which a 
gravitational force is exerted on all matter within 
that region. 

A gravitational field can be represented by a 
grav1tat1onal field diagram: 

The arrowheads indicate the d1rection of the 
gravitational force. 

13b·\1ifiil·Uti 
What are the proport,onahlles m Newton's law of 
universal gravitation? 

2 Calculate the force of gravitational attraction between 
the Sun and Mars given the following data: 

m5un = 2.0 x 1 o"' kg 
m...,. = 6.4 X 1023kg 
rSl,n-MM-$ = 2 .2 X 1011 m 

3 The force of gravitational attraction between the Sun 
and Mars Is 1.8 x 1 a21 N. Calculate the acceleration 

of Mars given that mM•rs = 6.4 x 1 a23 kg. 
4 On 14 April 2014, Mars came within 93 million km 

of Earth. Its gravitational effect on the Earth was 
l hA ~trnneA~t it h:.c1 hP.An fnr nvAr fi yA;irs. lJ~ thP. 

following data to answer the questions below. 

ffl5un = 2 .0 X 1030kg 
mr.nh = 6.0 x 1024kg 
m...,, = 6.4 X 1023 kg 

a Cak:ulate the gravitabonal force between the Earth 
and Mars on 14 April 2014. 

b Cak:ulate the force of the Sun on the Earth if the 

d istance between them was 153 million km. 
c Compare your answers to parts (a) and (b) above 

by expressmg the Mars-Earth force as a percentage 
of the Sull-Earth force. 
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The spacing of the Imes indicates the relative 

strength of the fiekt. The closer the hne spacing, 
the stronger the f1ekt. 

The strength of a gravitational field can be 
calculated using the followmg formulae: 

g=:org=Y 
The acceleration due to gravity of an obJect near 

the Earth's surface can be cak:ulated using the 
dimensions of the Earth: 

g = ~ = 9.8ms4 towards the centre of 
('.--) 

the Earth 

The gravitational field strength on the Earth's 
surface is approximately 9.8Nkg-1. This varies 

from location to location and with altitude. 

The gravitational field strength on the surface of 

any other planet depends on the mass and rad ius 

of the planet 

5 The gravitational field strength. g. Is measured as 
5.SNkg-1 at a distance of 400km from the centre of 
a planet The distance from the centre of the planet 
is then increased to 1200km. What would the ratio 
of the magnitude of the grav,tatlonal field strength 
be at this new distance compared to the original 
measurement? 

6 On 12 November 2014, the Rosetta spacecraft landed 
a probe on the comet 67P/Churyumov-Gerasimenko. 
Assuming this comet is a roughly spherical object 
with a mass of 1 x 1013 kg and a diameter of 1.8km, 
calculate the gravitational field strength on its surface. 

7 The masses and radii of three planets are given in the 
following table. 

2.44 X 106 

6.03 X 107 

7.15 X 107 

Calculate the magnitude of the gravitational field 
strength, g , at the surface of each planet. 



4.2 Satellite motion 

14h4114iifl·l1ii41 
Satellite motion 
How does the force of gravity determine the motion of 
planets and satellites? 

COLLECT THIS.-

string 

washer 

retort stand or tape to attach string to ceiling 

ball 

support for ball (beaker, roll of tape or rolled paper) 

DO THIS ... 

1 Place the ball on the support. Tie the string to the washer, and fix the string 
so that it is directly above the centre of the ball as shown below, and falls 
on the centre line or equator of the ball. 

2 Starting with the washer against the ball, tap the washer. Try different directions 
and strengths of the tap to try to get the washer to orM around the ball for the 
longest time. 

RECORD THIS .•. 

Describe your observabons of the orbit for different initial forces. 

Present a free-body diagram of the washer orbiting the ball. Refer back to 
the coverage of conical pendulums in Chapter 3 on page 78 for additional 
assistance 1f required. 

REFLECT ON THIS .•. 

How does the force of gravity determine the motion of planets and satellites? 

What do your observations tell you about how satellites are launched into 
orbit? 

washer 
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nGURE 4.2.2 Newton realised that the 
gravitational attraction of the Earth was 
determining the motions of both the Moon 
andtheapP'e. 

(al 

(bl 

FIGURE 4.2.3 These diagrams show (a} how a 
p,ojedile that was fired fast enough from a very 
high mountain (b} would fall all the way around 
the Earth and become an Earth satellite. 
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Isaac Ne"1on's development of the law of uni,·ersal gravitation built on work 
previously done by Nicolaus Copernicus, Johannes Kepler and Galileo Galilei. 
Copernicus had p roposed a Sun-centred (heliocentric) solar system. Galileo had 
developed laws relating to motion near the Earth's surface and Kepler had devised 
rules concerned with the motion of the planets. Kepler's laws on the motion o f planets 
were published 80 years before Newton published his law of universal gravitation. 

In this section, you will look at how Newton synthesised the work of Galileo and 
Kepler and proposed that the force that was causing an apple to fall to the Earth 
was the same force that was keeping the M oon in its orbit. Newton was the first 
to propose that satellites could be placed in o rbit around Earth, almost 300 years 
before it was technically possible to d o this. Now, thousands of artificial satellites are 
in orbit around Earth and are an essential part o f modem life (Figure 4.2. l ) . 

nGuRE 4.2.1 Astronauts on a repair mtSSion to the Hubble Space Telescope in 1994. The satellite 
initially malfunctioned. but the repair was successful and the telescope is still going strongly. 

NEWTON'S THOUGHT EXPERIMENT 
A satellite is an object in a stable orbit around another object. Isaac NC\,ton 
de,·eloped the notion of satellite motion while working on his theory of gravitation. 
He was comparing the motion of the J\1oon with the motion of a falling apple 
and realised that it was the gravitational force of attractio n towards the Earth that 
determined the mo tion of both objects ( Figure 4.2.2). He reasoned that if this force 
of gravity was not acting on the Moon, the 1\<loon would move at constant speed in 
a straight line at a tangent to its orbit. 

Newton proposed that the M.oon, like the apple, was also falling. It was 
continuously falling to the Earth \\~thout actually getting any closer to the Earth. 
H e devised a thought experiment in which he compared the motion of the M oon 
with the motion o f a cannonball fired horizontally fro m the top of a high mountain. 

Newton's thought experiment is illustrated in Figure 4.2.3. In this thought 
experiment, if the cannonball was fired at a low speed, it would not tra,·el a great 
distance before gravity pulled it to the ground (see the shortest dashed line in 
Figure 4.2.3b) . If it was fired with a g reater ,·elocity, it would follow a less cun·ed 
path and land a g reater distance from the mountain (see the next two dashed 
lines in Figure 4.2.3b). Ne\\10n reasoned that, if air resistance was ignored and if 
the cannonball was fired fast enough, it could tra,·el around the Earth and reach 
the place from where it had been launched (shown by the solid circular line in 
F igure 4 .2.3b) . At this speed, it would continue to circle the Earth indefinitely e,·en 
though the cannonball has no propulsio n system. 

In reality, satellites could not orbit the Earth at low altitudes, because o f air 
resistance. Ne,·ertheless, Newton had proposed the notion of an artificial satdlite 
hundreds of years before o ne was actually launched. Any object placed at the right 
altitude with enough speed would simply continue in its orbit. 



I PHYSICS IN ACTION I 
Apparent weightlessness 

Your apparent weight is a contact reaction force that acts 

upwards on you from a surface because gravity is pulling 
you down on that surface. So if you are not standing on 

a surface, then you will experience zero apparent weight 
or apparent weightlessness. This means that you will 
experience apparent weightlessness the moment you step 

off the top platform of a diving pool or as you skydive from 
a plane. 

Astronauts also experience apparent weightlessness in 
the International Space Station, which orbits about 370km 
above the surface of the Earth (about the horizontal 
distance from Sydney to the town of Gundagai). 

Whenever you are in free fall, you experience apparent 
weightlessness. It follows then that whenever you 
experience apparent weightlessness, you must be in free 
fall. When astronauts experience apparent weightlessness, 
they are not floating in space as they orbit the Earth. They 
are actually in free fall. Astronauts and their spacecraft 
are both falling, but not directly towards the Earth. The 
astronauts are actually moving horizontally, as shown in 
Flgure 4.2.4. Astronauts are moving at a velocity relative to 
the Earth so they are moving across the sky at the same 
rate as they are falling. The combined effect is that they fall 
in a curved path that exactly mirrors the curve of the Earth. 
So they fall, but continually miss the Earth as the surface 
of the Earth curves away from their path. 

NATURAL SATELLITES 

Importantly there is a significant difference between 
apparent weightlessness and true weightlessness. True 
weightlessness only occurs when the gravitational field 
strength is zero. This only occurs in deep space, far 
enough away from any planets that their gravitational 
effect is zero. Apparent weightlessness, however, can occur 
when still under the influence of a gravitational field. 

path of 
astronaut 

FIGURE 4.2.4 Astronauts are in free fall while orbiting the Earth. 

Natural sate llites ha,·e existed throughout the universe for billions of years. The 
planets and asteroids of the solar system are natural satellites of the Sun (Figure 4.2.5). 

10.e Earth has one natural satellite: the Moon. The largest planets- Jupiter and 
Saturn-have more than 60 natural satellites each in o rbit around them. Most of the 
stars in the Milky \Vay galaxy ha,·e planets and more o f these exoplanets are being 
discm·ered each year. 

FIGURE 4.2.5 The planets are natural satellites of the Sun. 
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FIGURE 4.2.7 The only force acting on these 
artificial and natural satellites is the gravitational 
attraction of the Earth. Both orbit with a 
centripetal acceleration equal to the gravitational 
field strength at their locations. 

I GO TO ► I Section 3.1 page 72 
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ARTIFICIAL SATELLITES 
Since the Space Age began in 1957 with the launch of Spumik, about 6000 artificial 
satellites have been launched into orbit around the Earth. Today there are around 
4000 still in orbit, although only around 1200 of these are operational. 

Satellites in o rbit around the Earth are classified as low, medium or high o rbit. 
Low orbit: 180km to 2000km altitude. Most satellites orbit in this range (an 
example is shown in Figure 4.2.6). These include the Hubble S pace Telescope, 
which is used by astronom ers to view objects right at the edge of the uni,·erse. 

Medium orb it: 2000km to 36000km altitude. The most commo n satellites 
in this region are the Global Positioning System (G PS) satellites used to run 
n:1vig::1tion systems. 

High o rbit: 36000km altitude o r greater. Australia uses the Optus satellites for 
communications, and deep-space weather pictures come from the Japanese 
MT'SAT-lR satellite. The satellites that sit at an altitude of about 36000km 
and orbit with a period of 24 hours are known as geostationary satellites (or 
geosynchronous satellites). Most communications satellites are geostationary. 

FIGURE 4.2.6 A low-orbit satellite called the Soil Moisture and Ocean Salinity (SMOS) probe was 
launched in August 2014. Its rote is to measure water movements and salinity levefs on Earth as a 
way of monitoring dimate change. It was launched from northern Russia by the European Space 
Agency (ESA) 

Earth satellites can have different orbital paths depending on their function: 
equatorial orbits, where the satellite always tra,·els abO\·e the equator 
polar or near-polar o rbits, where the satellite tra,·els over or close to the North 
and South poles as it orbits 
inclined orb its, which lie between equatorial and polar orbits. 
Satellites are used for a multitude of different purposes, with 60 per cent used 

for communications. 
As discussed in Chapter 3, all objects travelling in circular motion require a 

centripetal force. Artificial and natural satellites are not propelled by rockets or 
engines. They orbit in free fall and the only force acting on them is the gravitational 
attraction between themseh·es and the body about which they o rbit. This means 
the gravitational attraction is equivalent to the centripetal force of the satellite's 
motion . The satellites therefore ha,·e a centripetal acceleration that is equal to the 
gravita tio nal field strength at their location (Figure 4 .2 .7). Centripetal acceleration 
is co,·ered in more detail in Chapter 3. 

Artificial satellites are o ften equipped with tanks of propellant that are squirted 
in the appropriate direction when the orbit of the satellite needs to be adjusted. 



PHYSICSFJLE 

Space junk 
Today there are around 1200 satellites that are still in operation. There are also around 
2800 satellites that have reached the end of their operational life or have malfunctioned 
but are still in orbit. 

In 2007, a Chinese satellite was deliberately destroyed by a missile, creating thousands 
of pieces of debris. In 2009, a collision between the defunct Russian Cosmos 2251 
and operational US Iridium 33 created even more debris. This debris and the defunct 
satellites are classified as space junk (Figure 4.2.8). 
The presence of this fast-moving 
space junk puts the other satellites 
and the International Space Station 
at risk from collision. Currently 
around 22000 pieces of space junk 
are being tracked and monitored. 
There have been a number of 
occasions where satellites have 
been moved to avoid collisions with 
space junk. 

The UN has passed a resolution 
to remove defunct satellites from 
low-Earth orbits by placing them 
in much higher orbits, or bringing 
them back to Earth and allowing 
them to bum up in the atmosphere. 

KEPLER'S LAWS 

FIGURE 4.2.8 An exaggerated map showing the 
location of space debftS and abandoned satellites in 
near-Earth orbits. 

Johannes Kepler, a German astronomer (depicted in Figure 4.2 .9), published his 
three laws regarding the motion of planets in 1609. This was about 80 years before 
Newto n's law of uni,·ersal gravitation was published. Kepler analysed the motion of 
the planets in orbit around the Sun, but Kepler's laws can be used for any satellite 
in orbit around any central mass. 

Kepler's laws are as follows: 
The planets mo\"e in elliptical orbits ,vith the Sun at one focus. 

10e line connecting a planet to the Sun sweeps out equal areas in equal intervals 
of time (Figure 4.2.10). 
For e,·ery planet, the ratio of the cube of the a\"erage orbital radius, r, to the 

square of the period, T, of rC\·olution is the same, i.e.~= a constant, k. 

planet 

:~==========B~M 'sun L 

FIGURE 4.2.10 The planets. which are natural satellites of the Sun, orbit in eliptical paths with the Sun 
at one focus. Their speeds vary oontinually, and they are fastest when dosest to the Sun. A line joining 
a planet to the Sun will sweep out equal areas in equal times. So, for example, the tme it takes to move 
from R to S is equal to the tme it takes to move from L to M, and so area A is the same as area 8. 

PHYSICS FILE 

See the International Space 
Station (ISS) and other 
satellites 
It is easy to see low-orbit satellites if 
you are away from city lights. The best 
time to look is just after sunset. If you 
can, go outside and look for any slow
moving objects passing across the star 
background. 

There are also many websites that will 
allow you to track and predict the real
time paths of satellites. You can use the 
NASA 'Spot the Station' website to see 
when the ISS is passing over your part of 
the planet. The ISS is so bright that tt is 
easy to see from most locations. 

l""'"',_,.--- --, 

_I'. :tll ,. 
r:,, 

. . ,t ,·, . . ,-,. . " 
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b .· , . . . 
nGURE 4.2.9 Johannes Kepler was the first to 
work out that the P',3nets do not travel in circular 
paths. but rather in elliptical paths. 
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Kepler's first two laws proposed that planets mo\·e in elliptical paths and that 
they move faster when they are closer to the Sun. It took Kepler many months of 
laborious calculations to arri\·e at his third law. Newton used Kepler's laws to justify 
the im·erse square relationship that he used in his law of universal gravitation. 

CALCULATING THE ORBITAL PROPERTIES OF SATELLITES 
~Ifie speed, v, of a satellite can be calculated from its motion for one revolution. For 
simplicity, we will assume that the orbital paths are approximately circular. This 
means that a satellite will tra\·el a distance equal to the circumference of the orbit, 
2nr, in the time of one period, T. 

0 The speed, v, of a satellite in a circular orbit is given by: 

dimrw;,e 2•r 
V= --.;;;-=r 

where 

r is the radius of the orbit (m) 

Tis the time for one revolution. or the period (s) 

~lne centripetal acceleration of a satellite can be determined from the gra\·itational 
field strength at its location. Satellites are in free fall; therefore, the only force 
acting is gravity, F

1
• For example, the lmemational Space Station (ISS) is in orbit 

at a distance from Earth where g is 8.8Nkg- 1
, and so it orbits with a centripetal 

acceleration of8.8ms- 2
• 

~lfle centripetal acceleration, ac, of the satellite can also be calculated by 
considering its circular motion. The equation for speed gi\·en abo\·e can be 
substituted into the centripetal acceleration formula: 

•' a=-, ' 
Sincev=7°then ~=~. 

Since the centripetal acceleration of the satellite is equal to the gravitational 
field strength at the location of its orbit, and using the gravitational field strength 
equation from earlier, we can gl\·e the following expression. 

@ The centripetal acceleration, ac, of a satellite in circular orbit is given by: 

v
1 ••Jr GM 

ac=r=7=7=g 

where 

vis the speed of the satellite (ms- 1
) 

r is the radius of the orbit (m) 

T is the period of orbit (s) 

Mis the central mass (kg) 

g is the gravitational field strength at r (N kg-1) 

G is the gravitational constant, 6.67 x 10-11 N m2 kg-2 

Remember, acceleration can be a \·ector or a scalar quantity. From Chapter 3, 
if you are to write the centripetal acceleration as a vector, the d irection will always 
be towards the centre of the circular motion-the same direction as the net force. 

~lll.ese relationships can be manipulated to determine any feature of a satellite's 
motion: its speed, radius of orbit or period of orbit. ~lflcy can also be used to find 
the mass, A1, of the central body around which the satellite orbits. 

In the same way as with freely falling objects at the Earth's surface, the mass of 
the satellite itself has no effect on any of these orbital properties. 



Worked example 4.2.1 

WORKING WITH KEPLER'S LAWS 

Determine the orbital speed of the Moon, assuming it is in a circular orbit 
of radius 384000km around the Earth. Take the mass of the Earth to be 
5.97 x 1024 kg and use G = 6.67 x Hr11 N m2 kg-2. 

Thinking 

Ensure that the var iables are in their 
standard units. 

Choose the appropriate relationship between 
the orbital speed, v, and the data that has 
been provided. 

Make v, the orbital speed, the subject of the 
equation. 

Substitute in values and solve for the orbital 
speed, v. 

Worked example: Try yourself 4.2.1 

WORKING WITH KEPLER'S LAWS 

Working 

r=384000km=3.84x 108m 

ac =g =7 =~ 
GM ., 
--;r=r 
~ = v2 

• = ~ 

• = ~ 

_ ](6_67 X 1()'"11) X (5_97 X 1()2•) 

V 3..84 x l0-

= 1.02 x 103ms- 1 

Determine the orbital speed of a satellite, assuming it is in a circular orbit 
of radius of 42100km around the Earth. Take the mass of the Earth to be 
5.97 x 1024 kg and use G = 6.67 x 10- 11 N m2 kg--2. 

HOW NEWTON DERIVED KEPLER'S THIRD LAW 
USING ALGEBRA 
It took Kepler many months of trial-and-error calculations to arri\·e at his third law: 

t= constant 

Newton was able to use some cle\·er algebra to deri\·e this from his law of 
universal gravitation. Using Newton's law for the magnitude of the gravitational 
force: 

For any central mass, J\1, the term~ is constant and the ratio fi is equal to this 

constant value for all of its satellites (Figure 4.2.11). 
So, for example, if you know the orbital radius, r, and period, T, of one of the moons 

of Saturn, you could cala.tlate ~ and use this as a constant ,-alue for all of Saturn's 
moons. If you knew the period, T, of a different satellite of Saturn, it wouJd then be 
straightforward to calrulate its orbital radius, r. 

-,, 
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FlGURE 4.2.11 These three satellites are at 
different distances rrom Earth and hence 
according to Kepler's third law will have different 
orbital periods. For all three. the ratio of .C. will 
equal the same constant value. t' 
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Worked example 4.2.2 

SATELLITES IN ORBIT 

Ganymede is the largest of Jupiter's moons. It has a mass of 1.66 x 1023kg. an 
orbital radius of 1.07 x 106km and an orbital period of 7.15 days (6.18 x 105s). 

a Use Kepler's third law to calculate the orbital radius (in km) of Europa, another 
moon of Jupiter, which has an orbital period of 3.55 days. 

Thinking Working 

Note down the values for the known Ganymede: 
satellite. You can work in days and km r = 1.07 x 106km 
as this question involves a ratio. T ~ 7.15 days 

For all satellites of a central mass, t =constant 
; = constant- Work out this ratio 

0 .07xlcf)l 
for the known satellite. = ~ 

= 2.40x 10 16 

Use this constant value with the ratio Europa: 
tor the satellite in question. Make T = 3.55 days, r = ? 
sure Tis in days to match the ratio 

t =constant calculated in the previous step. 

'
1 

= 2.40 X 1016 
,:..,-

Make ,3 the subject of the equation. ,3 = 2.40 X 1016 
X 3.552 

= 3.02 X 1017 

Solve for r. The unit for r is km as the 
r = ~3.02 x 1017 

original ratio was calculated using km. 
= 6.71 x 105 km 

I 
Note: Europa has a shorter period than 
Ganymede so you should expect Europa 
to have a smaller orbit than Ganymede. 

b Use the orbital data for Ganymede to calculate the mass of Jupiter. 

Thinking Working 

Note down the values for the known Ganymede/Jupiter: 
satellite. You must work in SI units to r = l.07 x I09m 
find the mass value in kg. T = 6.18 x 105 s 

m = l.66x 1023kg 
G = 6.67x 10- 11Nm2 kg"2 

M = ? 

Select the expressions from the Use the 3rd and 4th terms of the 
equation for centripetal acceleration expression. 
that best suit your data. .,,, GM 

ac = ~ = ~ = 7 = g 
7 = 7 

These two expressions use the given 
variables rand T, and the constant G, 
so that a solution may be found for M. 

Transpose the equation to make M the 
M=~ subject 

Substitute values and solve. M _ 4t'(1D7 x 10")1 

- 6.67 x 10·11 x (6.18 x 1(})2 

= 1.90 X 1027 kg 



c Calculate the orb1tal speed of Ganymede in km s- 1• 

Thinking 

Note values you will need to use in the 

equation v a¥· 

Substitute values and solve. The 
answer will be in kms-1 1f r Is 
expressed m km. 

Worked example: Try yourself 4.2.2 

SATELLITES IN ORBIT 

Working 

Ganymede: 

r= 1.07 x 106 km 

T=6.18x 105s 

v=? 

v=T 
2•x1.07xlo' 
=~ 

= I0.9kms-1 

Callisto is the second largest of Jupiter's moons. It is about the same size 
as the planet Mercury. Callisto has a mass of 1.08 x l 023 kg, an orbital radius 
of 1.88 x 106 km and an orbital period ol 1.44 x 106 s (16.7 days). 

a Use Kepler's third law to calculate the orbital radius (in km) of Europa, another 
moon of Jupiter, which has an orbital period of 3.55 days. 

b Use the orbital data for Callisto to calculate the mass of Jupiter. 

c Calculate the orbital speed of Galhsto mkms- 1. 

PHYSICSFILE 

SuitSatl 
One of the more unusual satellrtes was 
launched from the lntemat,onal Space 
Stat1011 on 3 February 2006. It was an 
obsolete Russoo spacesurt into wt.ch the 
astronauts had placed a rad,o transmitter, 
batteries and some sensors. Its launch 
involved s,mply being pushed off by one 
of the astronauts while on a spacewalk. 
SunSatl (Figure 4.2.12) was meant to 
transmit signals that would be picked up 
by ham radio operators on Earth for a few 
weeks, but transmissions ceased after just 
a few hours. The spacesurt burned up in 
the atmosphere over Western Austraha in 
September 2006. 

SultSal2 was launched m August 2011 and 
contained expenments created by school 
students. It re-entered Earth's atmosphere 
in January 2012 after 5 months m orbit. 

FIGURE 4.2.12 ThiS photograph does not 
show an astronaut drifting off to certain 
death in space. ThiS iS SuitSat I , one of the 
strangest satellites ever launched, at the start 
of its misston. 
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Three satellites 

Geostationary Meteorological 
Satellite MTSAT-lR 
The Japanese MTSAT- 1 R satellite was launched in February 

2005, and orbits at approximately 35800km directly over 
thP. P.qwdor_ At it~ dMP.~t point to thP. F;trth. known ;t!;. 

the perigee, its altitude is 35 776km. At its furthest point 
from the Earth, known as the apogee, it is at 35 798 km. 
MTSAT- lR orbits at a longitude of 1400 E, so it is just 
to the north of Cape York and ideally located for use by 
Australia's weather forecasters. It has a period of 24 hours, 
so is in a geostationary orbit 

Signals from MTSAT-1 R are transmitted every 2 hours and 
are received by a satellite dish on the roof of the head 
office at the Bureau of Meteorology in Perth. Infrared 
images show the temperature variations in the atmosphere 
and are invaluable in weather forecasting. MTSAT-lR is 
box-like and measures about 2.6m along each side. It has 
a mass of 1250kg and is powered by solar panels that 
when deployed, take its overall length to over 30m. 

Hubble Space Telescope (HST) 
This cooperative venture between NASA and the 
European Space Agency (ESA) was launched by the crew 
of the space shuttle Discovery on 25 April 1990. Hubble 
is a permanent unoccupied space-based observatory with 
a 2.4m diameter reflecting telescope, spectrographs and a 
faint-object camera. It orbits above the Earth's atmosphere, 
producing images of distant stars and galaxies far 
clearer than those from ground-based observatories 
(Figure 4.2 .13). The HST is in a low-Earth orbit inclined 
at 28° to the equator. Its expected life span was originally 
around 15 years, but service and repair missions have 
extended its life and it is still in use today. 

FIGURE 4.2.13 The Hubble Space Telescope has produced spectacular 
images of stars that are dearer than from any ground-based telescope. 
This is an image of the spiral galaxy known as NGC 3344. 

National Oceanic and Atmospheric 
Administration Satellite (NOAA-19) 
Many of the US-owned and operated NOAA satellites are 
located in low-altitude near-polar orbits. This means that 
they pass close to the poles of the Earth as they orbit 
NOAA-19 was launched in February 2009 and orbits at 
an inclination of 99° to the equator. Its low altitude means 
that it captures high-resolution pictures of small bands of 
the Earth. The data is used in local weather forecasting as 
well as to provide enormous amounts of information for 
monitoring global warming and climate change. 

The properties of these satellites are summarised in 
Table 4.2.1. 

TABLE 4.2.1 Ammp.lrMn of thP thrPf! 'vlfPllilP"-clMK"i,P<I in thk~ctinn 

if &Mi· 1-6@ IMl!H: 
MTSAT-IR 

Hubble 

N0AA-19 

equatonal 

mclmed 

near polar 
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Cl" 

28° 

990 

Perigee (km) I Apogee (km) 

35776 

591 

846 

35 798 

599 

866 

FM 
1 day 

96.6 mm 

102min 



4.2 Review 

(111:l#iii 
A satellite is an object that is in a stable orbit 
around a larger central mass. 

The only force acting on a satellite is the 

gravitational attraction between it and the 
central body. 

Satellites are in continual free fall. They move 

with a centripetal acceleration that is equal to 
the gravitational field strength at the location of 
their orbit 

The speed of a satellite, v, is given by: 

v=3;-

l:◄41·\il!iii·l:ti 
1 Which of the following is correct? 

A Earth is a satellite of Mars. 
B The Moon is a satellite of the Sun. 
C Earth is a satellite of the Sun. 
D The Sun is a satellite of Earth. 

2 A geostationary satellite orbits above Singapore, which 
is on the equator. Which of the following statements 
about the satellite is correct? 
A It is in a low orbit 
B It is in a high orbit. 
C It passes over the north pole. 

D It is not moving. 

3 The gravitational field strength at the location where 
the Optus 01 satellite is in stable orbit around the 
Earth is equal to 0 .22 N kg-1. The mass of this satellite 
is 23 X 103 kg. 
a Using only the information given, calculate the 

magnitude of the acceleration of this satellite as 
it orbits. 

b Calculate the net force acting on this satellite as 
it orbits. 

For a satellite in a circular orbit: 

ac=~= 
4
;:' =°7=g 

The magnitude of the gravitational force acting on 
a satellite in a circular orbit is given by: 

Fe='"; = 4~:m =~=mg 

For any central body of mass, M: 

t = "i? = constant, so knowing another satellite's 

orbital radius, r, enables its period, T, to be 

determined. 

4 One of Saturn's moons is Atlas, which has an orbital 
radius of 1.37 x 105km and a period of 0.60 days. The 
largest of Saturn's moons is Titan. It has an orbital 
radius of 1.20 x 106 km. What is the orbital period of 
Titan in days? 

5 Different types of satellite have different types of orbit. 
as shown in the table below. Calculate the strength of 
the Earth's gravitational field in each orbit. Give all of 
your answers to three significant figures. 

'r.arth = 6380 km 

m....,., = 5.97 x 1024kg 

low Earth orbit 2000 

medium Earth orbit 10000 

semi-synchronous orbit 20200 

geosynchronous orbit 35786 
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FIGURE 4.3.1 Satellites in orbit have 
gravitational potential energy. 

I GO TO ► I Revisio n page 87 
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4.3 Gravitational potential energy 
The concept of g ravitational potential energy should be familiar to you from Year 11 
Physics. However, the nature of a gravitational field means that a more sophisticated 
understanding of gravitational potential energy is needed when considering the 
motion of objects like rockets or satellites (Figure 4.3.1) . 

ENERGY IN A CONSTANT GRAVITATIONAL FIELD 
Up until now (see Chapter 3), our consideration of energy in gravitationaJ fields 
has been simplified by the assumption that the Earth's gravitational field is constant. 
Under this assumption , the gravitational potential energy of an obiect, U, is 
direct1y proportional to the mass of the object, m, its height abo,·e the surface of the 
planet, h, and the strength of the gra\ritational field, g. 

@ U: mgh 

where 

U is the gravitational potential energy of an object (J) 

m is the mass of the object (kg} 

g is the magnitude of the gravitational field strength 
(N kg- 1; 9.80 N kg- 1 near the surface of the Earth} 

h is the height of the object above a reference point (m) 

0 K=½mv2 
where 

K is the kinetic energy of an object (J) 

m is the mass of the object (kg) 

vis the speed of the object (ms-1
) 

ENERGY IN A NON-CONSTANT GRAVITATIONAL FIELD 
Newton's law of universal gravitation indicates that the strength of the Earth's 
gra,;ta tional field changes with altitude: the field is stronger close to the ground and 
weaker at high altitudes (Figure 4.3.2) . 
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F1GURE 4.3.2 As the distance from the surface of the Earth is inaeased from Oto 40000km, the 
value for g decreases rapidly from 9.8 N kg- 1

, according to the inverse square law. The blue line oo 
the graph gives the value of g at various altitudes (h). 



Clearly it is not sufficient to assume a constant value for the Earth's gravitational 
field when considering objects like satellites or moons that orbit at high altitudes. 
ln section 4.1 , we saw that the magnitude of the grmitational field strength is 

gi,·en by the formula g = 7'. Substituting this into the fonnula for gravitational 
potential energy: 

U=mgh=m G~\1 r 
r' 

@ U=-~ 

where 

U is the gravitat ional potential energy of an object (J} 

m is the mass of the object (kg) 

Mis the mass of the Earth (or, more generally, the central body; kg) 

G is the gravitational constant. 6.67 x 10- 11 Nm2 kg-2 

r is the radius of the orbit of t he object (the sum of t he radius of the 
central body and the altitude of the orbit: in m) 

Note that this formula contains a negatfre sign. Gravitational potential energy 
is measured against a reference le,·el and a negath·e value means that it has mo,·ed 
below this le,·el. By con\"cntion, the gravitational potential energy of a sate.llite 
is considered to be zero when it has escaped the gravitational field of the Earth. 
This only occurs when the satellite is a ,·cry large distance away (in theory, an 
infinite distance). As the satellite mo,·cs closer to the Earth, its distance from the 
Earth becomes less than the reference level and the potential energy of the satellite 
becomes a ncgath·c ,-aluc. 

Worked example 4.3.1 

GRAVITATIONAL POTENTIAL ENERGY IN A NON-CONSTANT FIELD 

A communicattons satellite with a mass of 800kg is orbiting the Earth at an 
altitude of 35800km. calculate the gravitational potential energy of the satellite. 

(Use ,E.vth = 6.38 x 106 m and m....., = 5.97 x 1Cl24 kg.) 

Thinking Working 

Determine the radius of the satellite·s f = 3.58 X 107 + 6.38 X 106 

orbil = 4.22 X J07 m -
Recall the formula for the gravitational U=-~ 

~tial energy of a satellite. 

Substitute the values into the fo1 mula. 
U= 

6.67xl0"" x 5.97 ,c JOU x 800 

422x 16' 

=-7.55x 109J 
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Worked example: Try yourself 4.3.1 

GRAVITATIONAL POTENTIAL ENERGY IN A NON-CONSTANT FIELD 

A 500kg lump of space junk is plummetinf towards the Moon (see the figure 
below). The Moon has a radius of 1.7 x 10 m and a mass of 7.3 x 1022kg. 
Calculate the gravitational potential energy of the space junk when it is 
2.7 x I06 m away from the surface of the Moon. 

Q 
\ "-. 

2.7x IO"m \ • . 

l.7x IO"m 

TOTAL ENERGY IN A NON-CONSTANT 
GRAVITATIONAL FIELD 
A satellite has two important forms of energy: gravitational potential energy, U, and 
kinetic energy, K. As you saw in Chapter 3, it is often useful to consider the sum of 
these two energies (sometimes known as total mechanical energy), i.e. E; U + K. 

T he centripetal force of a satellite is equal to the force due to g ravity. Combining 
this with the m agnitude of the force from Newton's second law, and remembering 
the formula for the centripetal acceleration: 

P=T=-:1 

:. mvl = G.:tm 

Using the equation K = ½mv2, the kinetic energy is then equal to: 

K=..!.mif = G.\f• 
2 ,, 

C ombining ~is with the gravitational potential energy of a satellite, U =- G.:r,,,. 
the total energy ts then 

0 E ; K+LJ; - ";' 

where 

Eis the total energy of an object (J) 

K is the kinetic energy of the object (J) 

U is the potential energy of the object (J) 

m is the mass of the object (kg) 

M is the mass of the Earth {or, more generally, the central body; kg) 

G is the gravitational constant, 6.67 x 10- 11 Nm2 kg-2 

r is the radius of the orbit of the object (the sum of the radius of the 
central body and the altitude of the orbit; in m) 



Worked example 4.3.2 

TOTAL ENERGY or A SATELLITE 

A communications satelhte with a mass of 1390 kg is orbiting the Earth at an 
altitude of 357km. (Use,..,,,= 6.38 x 106 m and m...., = 5.97 x 1024 kg.) 

a Calculate the total mechanical energy of this satellite. 

Thi nking Working 
-

Determine the radius of the f = 357 X 10 3 + 6.38 X 106 

satellite's orbit. =6737000 
-= 6.74 X 106 m 

~ -
Use the definition for total energy: E= --

2, 

E-=- ~ 
6.67 x Hr'' x 5.97 x IOZ' • 1390 = -

2 x 6.74 x to' 

= -4.11 X lQlO J 
~ 

b Calculate the speed of the satellite. 

1
_Thinking Working 

Recall the equation for the kinetic 
energy of a satelhte. 

K-= GMm 

" 
Substitute the known values and K=GMm 
solve for K. 2, 

- 6.67 x l0-n x5.97xt01' x 1390 
2x6..74xlo' 

L--
= 4.11 X 10 10 J 

IK=½mv2 Remember that the kmebc energy of 
an obJect can also be calculated with 
the equatt0n. 

K=½mv2 

Use this to solve for the speed v. 

Worked example: Try yourself 4.3.2 

TOTAL ENERGY or A SATELLITE 

4.11 X }QlO = ½ X 139() X v2 

,l = 5.91 X 107 

v= 7690ms- 1 

--

Sputnik 1 was the first artificial satellite to be put into orbit It had a mass of 
84.0kg and orbited the Earth at an altitude of 577km. (Use 'urtti = 6.38 x 106 m 
and m,.,.. = 5.97 x 1024kg.) 

a Calculate the total mechanteal energy or thi!, satellite. 

I b Calculate the speed of the satellite. 

I 
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It is important to note that the total energy of a satellite remains constant 
throughout its orbit, even though its distance from the attracting object may \'ary. 
For example, Kepler's first law states that planets tra,·el in elliptical o rbits around 
the Sun (Figure 4.3.3) . 

planet 

perihelion 0 
Sun 

aphelion 

FIGURE 4.3.l The total energy of a planet remains constant throughout its orbit, even though its 
distance from the Sun changes. 

A planet's gravitational potential energy is greatest when it is at its aphelion, i.e. 
the point on its o rbit when it is furthest from the Sun. As the planet mO\·es towards 
its perihelion (i.e. point of closest approach to the Sun), its gravitational potential 
energy will decrease. Howe,·er, according to Kepler's seco nd law, the velocity of the 
planet will increase as it approaches the Sun. This means that the kinetic energy of 
the planet will increase in a way that exactly balances the decrease in gravitational 
potential energy, keeping the total energy of the planet constant. 'This pattern holds 
true for all satellites. 

ENERGY CHANGES IN A NON-CONSTANT 
GRAVITATIONAL FIELD 
The familiar formula for change in gravitational potential energy 1!!.U = mgl!!.h 
is de\'eloped assuming that work is done against a co nstant force of gra,;ty: 
1!!.U = lt7 = F1 s. \~hile this assumption holds true for objects close to the surface of a 
planet, it is not adequate for objects like satellites that mo\'e to altitudes at which the 
gravitational field of the planet becomes significantly diminished. 

Consider the example of a 10 kg meteor falling towards the Earth from deep 
space as shown in Figure 4.3.4. As the meteor gets closer to the Earth, it moves 
through regions of increasing gravitational field strength. So the gravitational 
force,];, o n the meteor increases as it approaches Earth. Since the force is not 
constant, this means that the work done on the meteor (which corresponds to its 
change in gravitational potential energy) cannot be found by sim ply multiplying the 
gravitational force by the distance travelled; it must be calculated directly from the 

formula U = - G.u,., . 

F, ·- F, •- - F, •- -

FIGURE 4.3 .4 As a meteor approaches Earth, it moves through an increasingty stronger gravitational 
field and so is acted upon by a greater gravitational force. 



Note that the energy change or the meteor will be the same regardless or whether 
the meteor falls directly towards the planet (Figure 4.3.Sa) or follows a more indirect 
pallt (Figure 4.3.Sb). 

(a) (b ) 

FIGURE 4.3.5 The change 1n grav1tat10na1 potential energy will be the same whetha the satellite takes 
(a) a direct path or (b) a curved path. 

Worked example 4.3.3 

CHANGES IN GRAVITATIONAL POTENTIAL ENERGY 

A meteor with a mass of 10kg is orbiting the Earth with an orbital radius of 
2 x 107 m. It moves into a lower orbit with a radius of l x 107 m. Calculate the 
change in gravitational potential energy of the satellite. 

(Use m,.,,. • 5.97 x 1024...ckg::c.):_ _______________ __, 

Thinking Working 

Use the formula for grav,tat,onal l U, = -"':" 
potential energy to calculate the m,hal 6.67 111 11

,-11 111597111 to"' 111 10 
gravitational potential energy, Ur = - 21111(y' 

=-2.0 x 108J ,___ 
Use the formula for gravitational U,=-~ 
potential energy to calculate the final 
gravitational potential energy, U1• = 

6..67 X }0-11 X 5.97 X 102' X )Q 

l x 10 

=-4.0 x 108J 

Calculate the change in gravitational AU=U,-4 
potential energy. = - 4 .0 X 108 - (-2.0 X 108 ) 

=-2x lo"J 

Worked example: Try yourself 4.3.3 

CHANGES IN GRAVITATIONAL POTENTIAL ENERGY 

A satellite with a mass of 500kg is orbiting the Earth with an orbital radius of 
7100km. It moves into a lower orbit at an altitude of 6800km. Calculate the 
change in gravitational potential energy of the satellite. 
(Use m,.,,. = 5.97 x !o''kg.) 

-

-
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Using the force-distance graph 100 

98N 

When a free-falling body is acted upon by a varying gravitational 
force, the energy changes of the body can also be analysed by using 
a gravitational force-distance graph. As with other force-distance 
graphs, the area under the graph is equal to the work done, i.e. the 
energy change of the body. The area under the graph has units of 
newton metres (Nm), which are equivalent to joules (J). 

~ 80 .. 
.Lo 
~ 
N 40 
·5 
:? 

The shaded area in Figure 4.3.6 represents the decrease in 
gravitational potential energy of the 10kg meteor as it falls from a 
distance of 2.0 x 107 m to 1.0 x 107 m from the centre of the Earth. 
This area also represents the amount of kinetic energy that the 
meteor gains as it approaches Earth. 

<!) 20 

1.0 2.0 3.0 4.0 
Distance from centre of Earth (x 101 m) 

FIGURE 4.3.6 The gravitational force acting on a 10 kg 
meteor at different distances from the Earth. The shaded 
region represents the wOfk done by the gravitational field 
as the body moves between 2.0 x 107 m and 1.0 x 107 m 
from the centre of the Earth. 
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According to the law of conservation of mechanical energy, when an object loses 
gravitational potential energy, its kinetic energy must increase. 'l1tis is also true for 
satellites. 

Consider the IO kg meteor discussed abm·e. When it mo,·es from a higher o rbit to 
a lower orbit, it loses 200 MJ of gravitational potential energy. It will correspondingly 
gain 200 MJ of kinetic energy and therefore orbit at a higher speed. 

Escape velocity 
\Vhen an object like a rocket has enough kinetic energy to escape the Earth's 
gravitational field, it is said to have reached escape velocity. 

Since an object that has escaped a gravitational field has a potential energy of 
U = 0, due to the conservation of mechanical energy the escape ,·elocity occurs "hen 
the kinetic energy of the object is equal in magnitude to its gravitational potential 
energy. in other words, when K = U 

I 2 G.HHt 
2"rvcsc =---;--

v!c = 2~.H 

Vcsc=~ 
0 The escape velocity is given by the equation: 

V~=F 
where 

M is the mass of the Earth (or, more generally, the central body; in kg) 

G is the gravitational constant, 6.67 x 10- 11 N m2 kg-2 

r is t he radius of the orbit of the object (the sum of the radius of the 
central body and the altitude of the orbit; in m) 

Note that escape velocity is independent of the mass of the object; i.e. regardless 
of how heavy the o bject is, its escape velocity will be the same. 



Worked example 4.3.4 

ESCAPE VELOCITY 

Calculate the escape velocity for a 500 kg rocket being launched from the 
surface of the Earth. (Note: the Earth has a radius of 6.38 x I06 m and a mass of 
5.97 X }024 kg.) 

~ ing 

Recall the definition of the escape 
velocity. 

Identify the information required, and 
convert values into appropriate units 
where necessary. 

~ 

Substitute the values into the equation 
and solve for v nc· 

Worked example: Try yourself 4.3.4 

ESCAPE VELOCITY 

Working 

•-=~ 

G = 6.67 x 10"11 Nm2kg""" 

M = 5.97 x 1024kg 

r = 6.38 x 106m 

/2116.67xur11 ,c5.97xtofi 
•-=1 6..38x to' 

= 1.12 x 104 ms- 1 

Calculate the escape velocity for an 11900kg spacecraft being launched from 
the surface of the Moon. (Note: the Moon has a radius of 1.74 x 106m and a 
mass of 7.32 x !02'kg.) 

I PHYSICS IN ACTION I 
Voyager space probes 
Two of the earliest human
made ob1ects to achieve escape 
velocity are the Voyager space 
probes (Figure 4.3.7). These 
were launched in 1977 to 
explore the outer planets of 
the solar system. These probes 
have not only escaped the 
Earth's gravitational held, but 
are also now escaping the Sun's 

gravitational field as they travel 
out beyond the orbits of the 
most distant planets. 

nGURE 4.l.7 The Voyager probes have adueved 
escape velooly from the Sun's gravrtabonal foeld 

1 

I 
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4.3 Review 

l111M#\ii 
The gravitational potential energy formula 
U = mgh assumes that the Earth's gravitational 
field is constant. This is approximately true for 
objects that are within a few kilometres of the 
Earth's suriace. 

The strength of the Earth's gravitational field 
decreases as altitude increases. 

The gravitational potential energy of an object 
in a non-constant gravitational field is given by 

U = -~-

13ii·l1Jfiit-iiti 
Where necessary, assume that the Earth has a radius of 
6.38 x 106 m and a mass of 5.97 x 1024 kg. 

1 Which one of the following statements is correct? 
A satellite in a circular orbit around the Earth will 
have: 
A varying potential energy as it orbits 
B varying kinetic energy as it orbits 
C constant kinetic energy and constant potential 

energy 

2 The path of a meteor plunging towards the Earth is 
as shown. Ignore air resistance when answering these 
questions. 

i 

A 

The total energy of an object in a non-constant 

gravitational field is given by E -= K + U = - G:". 
The total energy of a satellite remains constant 
throughout its orbit 

Escape velocity is the velocity required for an 
object to escape a gravitational field: v_, - F. 

a How does the gravitational field strength of the 
Earth change from point A to point D? 

b How will the acceleration of the meteor change as it 
travels along the path shown? 

c Which one or more of the following statements is 
correct? 
A The kinetic energy of the meteor increases as it 

travels from A to D. 

B The gravitational potential energy of the meteor 
decreases as it travels from A to D. 

C The total energy of the meteor remains constant. 
D The total energy of the meteor increases. 

3 The Saturn V rocket that took the first astronauts to the 
Moon had a mass of 3000 tonnes. Its Stage I rockets 
fi red for 6 minutes and took the rocket to an alt itude 
of 67 km. Calculate the gravitational potential energy 
of the rocket at its final altitude. 

4 A communications satellite of mass 240 kg is launched 
from a space shuttle that is in orbit 600km above 
the Earth's surface. The satellite travels directly away 
from the Earth and reaches a maximum distance of 
8000 km from the centre of the Earth before stopping 
due to the influence of the Earth's gravitational f ield. 
Calculate the change in gravitational potential energy 
of this satellite as it was launched. 

5 Calculate the escape velocity (in kms- 1) for a 
spacecraft leaving Mars which has a radius of 
3390 km and a mass of 6.42 x l 023 kg. 

' ' . - - ----- - - ---- -- - - -- -- - - -- -- - - - - -- -- - - -- -- - - -- -- - - - - -- -- - - - - -- - - - - -- - - - - - - -- - - - - - -- -- --- -. 
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Chapter review 

I KEY TERMS I 
acceleration due to gravity 
altitude 
aphelion 
apogee 
apparent weightlessness 
artificial satellite 
escape velocity 

I REVIEW QUESTIONS I 

field 
geostationary satellite 
gravimeter 
gravitational constant 
gravitational field 
gravitational field strength 
gravitational force 

Where necessary, assume that the Earth has a radius of 
6.4 x 106 m and a mass of 6.0 x le>24 kg. 

1 Use Newton's law of universal gravitation to calculate the 
gravitational force acting on a person with a mass of 75kg. 

2 The gravitational force of attraction between 
Saturn and Dione, a moon of Saturn, is equal to 
2.79 x 1020N. Calculate the orbital radius of Dione. 
Use the following data: 

mass of Dione = 1.05 x 1 <>21 kg 
mass of Saturn= 5.69 x 1026kg 

3 Of all the planets in the solar system, Jupiter exerts the 
largest force on the Sun: 4.2 x 1023N. Calculate the 
scalar acceleration of the Sun due to this force, using 
the following data: m5or, = 2.0 x lol<lkg. 

4 The acceleration of the Moon caused by the 
gravitational force of the Earth is much larger than 
the acceleration of the Earth due to the gravitational 
force of the Moon. What is the reason for this? 

5 Calculate the acceleration due to gravity on the 
su rlace of Mars if it has a mass of 6.4 x 1 a23 kg 
and a radius of 3400km. 

6 A comet of mass 1000kg is plummeting towards 
Jupiter. Jupiter has a mass of 1.90 x 1027 kg and a 
planetary radius of 7.15 x 107 m. If the comet is about 
to crash into Jupiter, calculate the: 
a magnitude of the gravitational force that Jupiter 

exerts on the comet 
b magnitude of the gravitational force that the comet 

exerts on Jupiter 
c acceleration of the comet towards Jupiter 
d acceleration of Jupiter towards the comet. 

7 A person standing on the surface of the Earth 
experiences a gravitational force of 900N. What 
gravitational force will this person experience at a 
height of two Earth radii above the Earth's surface? 
A 900N 
B 450N 
C IOON 
D zero 

gravitational potential energy 
inverse square law 
natural satellite 
Newton's law of universal 

gravitation 
perigee satellite 
perihelion uniform 

8 Calculate the weight of a 65 kg cosmonaut standing on 
the surface of Mars, given that the planet has a mass 
of 6.4 x 1023kg and a radius of 3.4 x 10 6 m. 

9 During a space mission, an astronaut of mass 80kg 
initially accelerates at 30ms-2 upwards, then travels 
in a stable circular orbit at an altitude where the 
gravitational field strength is 8.2 N ~ 1. 

a What is the total force acting on the astronaut 
during lift-off? 

A zero 
B 660N 
C 780N 
D 3200N 

b During the lift-off phase, the astronaut will feel: 

A lighter than usual 
B heavier than usual 
C the same as usual 

c During the orbit phase, the gravitational force acting 
on the astronaut is: 
A zero 
B 660N 

C 780N 
D 3200N 

10 What are the main steps to follow when drawing 
gravitational field lines? 

11 /\ group of 5tudcnt5 u5c a 5pring balance to mca5urc 

the weight of a 150g set of slotted masses to be 
1.4N. According to this measurement. what is the 
gravitational field strength in their classroom? 

12 The Earth is a flattened sphere. Its radius at the poles 
is 6357km compared to 6378km at the equator. 
The Earth's mass is 5.97 x 1024 kg. 
a Calculate the Earth's gravitational field strength at 

the equator. 
b Using the information in part (a), calculate how 

much stronger the gravitational field would be at 
the North Pole compared with the equator. Give 
your answer as a percentage of the strength at 
the equator. 
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13 Two stars of masses Mand mare m orbit around 
each other. As shown m the following d.agram, they 
are a distance R apart. A spacecraft located at point X 
experiences zero net gravItabonal force from these 
stars. cak:ulate the value of the ratio~ 

R 

-----1---------~-◊m 0.8R 0.2R 

14 Give the most appropriate units for measuring 
gravitational field strength. 

15 There are boches outside our solar system, such as 
neutron stars, that produce very large gravitational fields. 
A typical neutron star can have a mass of 3.0 x !olOkg 
and a radius of Just 10km. Calculate the gravitational 
field strength at the surface of such a star. 

16 A newly discovered sohd planet located in a distant 
solar system Is found to be distinctly non•spherical in 
shape. Its polar radius Is 5000km, and its equatorial 
radius Is 6000 km. 
The gravItabonal field strength at the poles is 
8.0 N 1<€'1. How would the gravItallonal field strength at 
the poles compare with the strength at the equator? 

17 An astronaut travels away from Earth to a region in 
space where the gravItabonal force due to Earth is only 
1.0% of that at Earth's surtace. What distance, in Earth 
radu. Is the astronaut from the centre of the Earth? 

18 Wh1Ch of the foUowmg are properties of a geostationary 
satellite? 
A It Is ma low orb1l 
B It orbits the Earth once every 24 hours. 
C It passes over the North Pole. 

D It IS weightless. 

19 Complete the table below, which contains information 
about the four largest moons of Jupiter: 

Name I Radius of orbit(>< 103km) Period of orbit (h) 

lo 422 42.5 
Europa 671 

~ ym~ 1----
1070 

Calhsto 1883 
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20 calculate the gravItattonal field strength experienced 
by a satellite orb1tmg at an altitude of 19000km. 

21 Titan Is the largest Moon of Saturn. It orbits Saturn 
once every 15.9 days at an average distance of 
l.22 x 106km. 

a Gak:ulate the orbital speed of Titan. 
b Use this data to calculate the mass of Saturn. 

22 a Determine the grav,tabonal potential energy of a 
1.0kg mass 100km above the Earth's surface. 

b Determme the total energy of a 1.0kg masc; 100km 

above the Earth's surface. 
c Determme the height above the Earth's surface at 

which a 1.0 kg mass would have a total energy 
of-I x 107J. 

23 A 20 tonne remote-sensing satelhte Is in a circular 
orbit around the Earth at an altitude of 600km. The 
satellite is moved to a new stable orbit with an altitude 
of 2600km. Determine the increase in the gravitational 
JX)tential energy of the satellite as It moved from its 
lower orbit to ,ts higher orbit 

24 A 20kg rock Is speedmg towards Mercury. The radius 
of Mercury Is 2.4 x 106 m and its mass Is 3.3 x 1023kg. 
Galculate the: 
a gravitational field strength at 3.0 x 106 m from 

the centre of Mercury 
b grav1tat1onal potential energy of the rock at 

3.0 x Icfm from the centre of Mercury 
c decrease In grav,tabonal energy of the rock as It 

moves to a pomt that Is Iust 2.5 x I 06 m from the 
centre of Mercury. 

25 A wayward satellite of mass 1000kg Is drifting towards 
the Earth. How much k1net1C energy does the satellite 
gain as It travels from an altitude of 600km to an 
altitude of 200km? 

26 Galculate the escape veloci ty (1n km s-1) for a 
spacecraft leaving Mercury wh1Ch has a radius of 
2440km and a mass of 3.30 x 1023 kg. 

27 After completing the act,v1ty on page 115, reflect on 
the inquiry question: How does the force of gravity 
determine the motion of planets and satellites? 



REVIEW QUESTIONS 

Advanced mechanics 
Multiple choice 

1 A netball is dropped vertically from a height of 1.5 m 
onto a horizontal floor. The diagrams below relate to the 
instant that the ball reaches the floor and is stationary 
for a short period of time before rebounding. Which of 
the following correctly represents the action-reaction 
forces acting between the ball and the floor at this 
instant? (More than one answer may be correct). 

A 

i., 0 

i ., 

2 Two friends. Elvis and Kurt, are having a game of catch. 
Elvis throws a baseball to Kurt, who is standing 8.0m 

away. Kurt catches the ball at the same heighl 2.0s after 
it is thrown. The mass of the baseball is 250 g. Ignore 
the effects of air resistance. 

Which of the following diagrams best shows the forces 
acting on the ball just after it has left Elvis's hand? 

.. B 

C 0 

The following information relates to questions 3-6. 
Consider an astronaut inside a spacecraft from launch 

to a stable orbit Choose your answers to questions 3 to 6 
from the following options: 

A apparent weightlessness 
B weightlessness 

C apparent weight 

D gravitational force 

E none of the above 

3 As the astronaut and spacecraft are launched, which of 
the above will be greater than normal? 

4 As the astronaut and spacecraft are launched, which of 
the above will remain constant? 

5 As the astronaut and spacecraft are in a stable orbit 
above the Earth, whtCh of the above will apply to the 
astronaut? 

6 If the astronaut and spacecraft ventured into deep 
space, which of the above would apply to the astronaut? 

7 Diana rolls a bowting ball down a smooth, straight ramp. 
Choose the option below that best describes the way the 
ball will travel. 

A with constant speed 

B wi th constant acceleration 
C with decreasing speed 

D with increasing acceleration 

8 After travelling on a Ferr is wheel. a boy remarks to a 
friend that he felt lighter than usual at the top of the 
ride. Which oplton explains why he might feel lighter at 
the top of the r ide? 

A He lost weight during the ride. 

8 The strength of the gravitational field was weaker at 
the top of the ride. 

C The normal force there was larger than the 
gravitational force. 

D The normal force there was smaller than the 
gravitational force . 

9 Which of the following is the correct description of the 
maximum torque on a door? 

A The maximum torque will be achieved when the force 
is at a 45° angle to the door. 

B The maximum torque will be achieved when the force 
is parallel to the door. 

C The maximum torque will be achieved when the force 

is at a 900 angle to the door. 
D The maximum torque wlll be achieved when the force 

is at a 100° angle to the door. 

10 Which of the following options would provide you with 
the greatest torque when opening a 1 metre-wide door? 

A pushing with a force of 33 N at right angles to the 

door, in the middle of the door 
B pushing with a force of 25N at right angles to the 

door, 25cm from the handle edge of the door 

C pushing with a force of 50 N at right angles to the 
door, 25cm from the hinges of the door 

D pushing with a force of 25 N at right angles to the 
door, at the handle edge of the door 

I~-
I 
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11 Which of the following descriptions of calculating torque 
is correct? 

A Torque can be calculated using either the 
perpendicular force or the perpendicular force arm. 

B Torque can only be calculated using the 
perpendicular force. 

C Torque can only be calculated using the 
perpendicular force arm. 

D Torque can only be calculated using both the 
perpendicular force and the perpendicular force 
arm together. 

12 Which of the following correctly describes rotational 
equilibrium? 

A A net torque acts about the reference point and 
rotation does not occur. 

B A net torque acts about the reference point and 
rotation occurs. 

C No net torque acts about the reference point and 
rotation does not occur. 

D No net torque acts about the reference point and 
rotation occurs. 

13 When an object is in static equilibrium, it experiences: 

A rotattOnal equilibrium, but not translational equilibrium 
B rotational equilibrium and translational equilibrium 
C neither rotational equilibrium nor translational 

equilibrium 
D transraUonal equilibrium, but not rotational equilibrium 

14 The International Space Station orbits the Earth with a 
pert<>d T. A research satellite orbits Neptune, which is 
approximately 16 times the mass of Earth. What is the 
pert<>d of the research satellite if it has the same orbital 
radius , as the ISS? 

A ST 

C 4T 

15 A 45 kg cannon ball is launched at 45° from the 
horizontal with a launch velocity of l Oms- 1. Which of 
the following best describes its motion? 

A 

e 

3.S 

3.0 

2.5 

~ 2.0 
~ 

:1! LS 

LO 

0.5 

6 8 10 12 14 
l);sianee(m) 
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B 
3.5 

3.0 

2.5 
e 
~ 2.0 
~ 

£ LS 

1 0 

0.5 

C 
3.5 

3.0 

2.5 
e i 2.0 

:1! L5 

LO 

0.5 

D 
3.5 

3.0 

2.S 

i 2.0 

:1! L5 

LO 

0.5 

10 12 14 
Orstance (m) 

6 8 10 12 14 
OQance (m) 

6 10 12 14 
Distance (m) 

16 A golf ball is hit and travels 100m before h itting the 
ground in 4.0s. What was the launch angle to two 
significant figures? 

A 30-
B 40-
C 50-
D 60° 



17 A wind turbine has blades 60.0m in length that rotate 
so the tips of the blade travel a distance of 130m in 
2.50seconds. At what angular velocity does the turbine 
rotate at? 
A 62.l•s•I 
8 l.lS°s•I 

C 62.1 rad s-1 

D l.lBrads-1 

18 A group of students use a spring balance to measure 
the weight of a 150g set of slotted masses to be 1.4N. 
According to this measurement, what is the gravitational 
field strength in their classroom? 

A 9.BNkg-1 

B 9.5Nkg""1 

C 9.3Nkg"1 

0 9.1 Nkg-1 

19 During a game of Totem Tennis, the ball of mass 100g 
is swinging freely in a horizontal circular path shown 
below. Determine the net force that is acting on the ball 
at this time. 

A 1.4 N towards the right 
B 1.4 N towards the left 
C 140 N towards the left 
D 140 N towards the right 

_______________ -_·g 

20 The design speed of a 40m radius velodrome track is 
20m s·1• What angle is the track banked to? 
A 35• 
B 40" 
C 45• 

D SO" 

Short answer 
21 Use Newton's law of universal gravitation to calculate 

the size of the force between two masses of 24 kg and 
81 kg, with a distance of 0.72m between their centres. 

22 Three children are playing on a seesaw. Susan has 
a mass of 35 kg and is sitting 3.0 m from the pivot 
poinl Her younger brother James has a mass of 25 kg 
and is sitting 3.5m from the pivot on the same side 
as Susan. Where shouki their older brother Thomas 
(mass 42kg) l)OSition himself in order to balance his two 
younger siblings? 

23 An astronaut travels away from Earth to a region in 
space where the gravitational force due to Earth is only 
1.0% of that at Earth's surface. What distance, in Earth 
radii, is the astronaut from the centre of the Earth? 

24 Calculate the acceleration of an object dropped near the 
surface of Mercury if this planet has a mass of 
3.3 x lo"kg and a radius of 2500km. Assume that the 
gravitatK>nal acceleration on Mercury can be calculated 
similarly to that on Earth. 

25 A newly discovered solid planet located in a distant solar 
system is found to be distinctly non•spherical in shape. 
Its polar radius is 5000km, and its equatorial radius is 
6000km. 
The gravitational field strength at the poles is 8.0 N kg91. 

How would the gravitational f ield strength at the (X)les 
compare with the strength at the equator? 

26 Astronaut Alan Shepherd is the only person to have 
played golf on the moon. The acceleration due to gra\'ity 
on the moon is approximately l.Gms-2, a lot less than 
it is on Earth. Assuming the ball travelled a distanced 
200m in 15s. what was the initial velocity of the golf ball? 

27 The ATV2 satellite was launched by the European Space 
Agency in February 2011 to deliver supplies to the 
International Space Station. The ATV2 satellite is in a 
circular orbit of radius 6.73 x la6m. 
The foUowing information may be required to answer 
these questK>ns. 
Mass of ATV2 satellite and cargo = 1.2 x 1 cf kg 
Mass of Earth = 5.98 x lo''kg 
Radius of Earth= 6.37 x 106m 

a What is the weight of the ATV2 and cargo when it is in 
its orbit? 

b Calculate the orbital period of the ATV2 satellite. 
c The satellite delivers its cargo to the ISS and now 

orbits with a mass of just 6.0 tonnes. How does this 
reduced mass affect the orbital period of the ATV2? 

28 Two friends. Julianne and Bryonie, are having a game 
of catch. Julianne throws a baseball to Bryonie, who is 
standing 8.0m away. Bryonie catches the ball at the 
same height, 2.0s efter it is thrown. The mass of the 

baseball is 250g. Ignore the effects of air resistance. 
a Determine the value of the maximum height gained 

by the ball during its flighl 
b What was the acceleration of the ball at its maximum 

height? 
c Calculate the speed at whtCh the ball was thrown. 
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29 A skateboarder of mass 55 kg is practising on a half-pipe 
of radius 2.0m. At the lowest point of the half-pipe, the 
speed of the skater is 6.0ms- 1• 

a What is the acceleration of the skater at this point? 

b Calculate the size of the normal force acting on the 
skater at this point 

c Describe the apparent weight of the skater as they 
travel through the lowest point in the pipe. 

30 A car racing track is banked so that when the cars 
corner at 4Ums· 1

• they experience no sideways tnct1ona1 
forces. The track is circular with a radius of 150m. 

a In the diagram below, the car is travelling at 40ms· 1
. 

Draw and identify the forces that are acting on the car 

in the vertical plane at this instant. 

150m 
C 

• 
b Calculate the angle to the horizontal at which the 

track is banked. 

31 In the Gravitron ride. the patrons enter a cylindrical 

chamber which rotates rapidly, causing them to be 
pinned to the vertical walls as the floor drops away. A 
particular Grav1tron ride has a radius of 5.00 m and 
rotates with a period of 2.50s. Jodie, of mass 60.0kg. is 

on the nde. 

a Choose the correct responses in the following 
statement from the options given in bold: 

As the Grav1tron spins at a uniform rate and Jodie is 
pinned to the wall, the horizontal forces acting on her 
are balanced/unbalanced and the vertical forces are 
balanced/ unbalanced. 

b Calculate the speed of Jodie as she revolves on 
the ride. 

c What is the magnitude of her centripetal acceleration? 

d Calculate the magnitude of the normal force that acts 
on Jodie from the wall of the Gravitron. 

c The rnte of rotation of the r ide i~ increa~d !:,() that 
Jodie completes six revolutions every 10.0s. What is 
the frequency of Jodie's motion now? 

32 A ball bearing of mass 25g is rolled along a smooth 
track in the shape of a loop-the-loop. The ball bearing 
is given a launch speed at A so that it just maintains 
contact with the track as it passes through point C. 
Ignore drag forces when answering these questions. 
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11111; ___ 
A 

a Determine the magnitude of the acceleration of the 

ball bearing as i t passes point C. 

b How fast is the ball bearing travelling at point C? 
c What is the apparent weight of the ball bearing at 

point C? 
d How fast is the ball bearing travelling at point B? 

e Descr ibe the transformations of energy as the ball 
bearing travels through the system. 
Create a graph of the gravitational potential energy 

over time if point A is 1.5m off the ground. You can 
use arbitrary units tor the t ime scale. Make note of 
where the ball passes through points A. Band C. 

33 A 10000kg spacecraft is drifting directty towards the 
Earth. When ,t is at an altitude of 600 km, its speed 
is l.Skms- 1• The radius of the Earth is 6400km. The 

following graph shows the force on the spacecraft 
against distance from the Earth. 

IO 

z 
~ 6 

0 +-- - ~ ~--~--- ~ ---.---
6.0 7.0 8.0 9.0 IO.O 

Distance from centre of the Earth(• lrl' m) 



a How much gravitattOnal potential energy would the 
spacecraft k,se as it falls to a distance of 6500km? 

b Determine the speed of the spacecraft at a distance 
of 6500km. 

c What is the weight of the spacecraft when it is at an 
altitude of: 

i 3600km 
jj 6.Q X }Q5m? 

d How does the acceleration of the spacecraft change 
as. it moves. from an altitude of 600km to an alti tude 
of lOOkm? Include numerical data in your answer. 

e There is a point between the Earth and the Moon 
where the total gravitational field is zero. The 
significance of this is that returning lunar missions 
are able to return to Earth under the influence of the 
Earth's gravitational field once they pass this point. 
Given that the mass of Earth is 6.0 x 1024 kg, the 
mass of the Moon is 7.3 x 1022 kg and the radius of 
the Moon's orbit is 3.8 x 108m, calculate the distance 
of this point from the centre of the EDrth. 

34 A small asteroid has just smashed into the surlace of 
Mars and a lump of Martian rock of mass 20kg has 
been thrown into space with 40MJ of kinetic energy. A 
graph of gravitational field-distance from the surlace of 
Mars is shown below. 

4.0 

3.0 

~ 
~ 2.0 

1.0 

Altitude (11 1 OS m) 

a What is the gravitational force acting on the Martian 
rock when it is at an altitude of 300km? 

b How much kinetic energy (in MJ) does the rock lose 
as it travels from the surface of Mars to an altitude of 
6 .Q X }Q5m? 

c The rock eventually comes to a stop and starts to fall 
back towards Mars. Explain how you would determine 
the altitude at which the rock stopped. 

d In your own words. explain the difference between the 
terms weight and apparent weight, giving an example 
of a situattOn where the magnitudes of these two 
forces woukl be different 

35 A ball is kicked towards goal posts a distance of 26m 
away. The vertteal velocity of the ball is given as a function 
of the horizontal distance travelled in the figure below. 

a What is the horizontal distance when the ball reaches 
maximum height? 

b The ball is in the air for 3.0s. What is its horizontal 
velocity? 

c What is the ball's launch angle? 

d What is the maximum height of the projectile? 
e The ball is kicked a second time. The magnitude of 

the launch velocity is kept the same, but now the 
launch angle is decreased to 500. Create a graph of 
vertical velocity as a function of horizontal distance. 
Does the ball reach the goal posts? 
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Discoveries about the interactions that take place between charged particles and 
electric and magnetic fields not only produced significant advances in physics, 

but also led to significant technological developments. These developments 
indude the generation and distribution of electricity, and the invention of 
numerous devices that convert electrical energy into other forms of energy. 

Understanding the similarities and differences in the interacUons of singte 

charges in electric and magnetic fields provtdes you with a conceptual 
foundation for this module. Phenomena that include the force produced on a 
current-carrying wire in a magnetic field, the force between current-carrying 
wires, Faraday's law of electromagnetic induction, the principles of transformers, 
and the workings of motors and generators can all be understood as instances of 

forces acting on moving charged particles in magnetic fields. 

The law of conservation of energy underpins all of these interactions. The 
conversion of energy into forms other than the intended form is a problem that 

constantly drives engineers to improve designs of electromagnetic devices. 

Outcomes 
By the end of this module you will be able to: 

• develop and evaluate questions and hypotheses for scientific investigation 

PH12·1 
• design and evaluate investigations in order to obtain primary and secondary 

data and information PH12-2 

• conduct investigations to collect valid and reliable primary and secondary data 

and information PH12-3 
• select and process appropriate qualitative and quantitative data and 

information using a range of appropriate media PH12-4 
• analyse and evaluate primary and secondary data and information PH12-5 

• explain and analyse the electric and magnetic interactions due to charged 
particles and currents, and evaluate their effect both qualitatively and 

quantitatively PH12-13 

Physics Stage 6 S)'tlabul O NSW Education Standards Authonty 
for- and on behaff of the Crown in rillhl of the State o l NSW, 2017. 





CHAPTER 

Charged particle~, conductors, 
and electric and magnetic fields 

Studying the interaction between charged particles, conductors, and electric 

and magnetic fields has led to significant advances in technology, including the 
discovery and commercial realisation of electric power generation and distribution. 

These discoveries have transformed society. 

Content 
PHYSICS INQUIRY 

What happens to stationary and moving charged particles 
when they interact with an electric or magnetic field? 
By the end of this chapter you will be able to: 

• investigate and quantitatively derive and analyse the interaction between charged 
particles and uniform electric fields, including the: (ACSPH083) 

- electric field between parallel charged plates ( E = ~) 

- acceleration of charged particles by the electric field (1'.,.. = ma, I'= qt) 

- workdoneonthecharge(W= qV, W=qEd, K=½mv2) 

- model qualitatively and quantitatively the trajectories of charged particles 

in electric fields and compare them with the trajectories of projectiles in a 
gravitational field 

- analyse the interaction between charged particles and uniform magrietic fields, 
including: (ACSPH083) 

- acceleration, perpendicular to the field, of charged particles 

- the force on the charge (F = qv,B = qv8sin8) 

• compare the interaction of charged particles moving in magnetic fields to: 

- the interaction of charged particles w ith electric fields 
- other examples of uniform circular motion (ACSPH108). 



l;i@Hi·UI 
Electric fields 
Any charged object has a 

region of space around it-an 
el ectric field-where another 
charged object will experience a 

force. This is one aspect of the 

electromagnetic force. Unlike 
gravity, which only exerts an 
attractive force, electric fields 

can exert forces of attraction or 
repulsion. 

An electric field surrounds 
positive and negat ive charges, 

and exerts a force on other 
charges within the field. The 

charge produced by electrons and 
protons is listed in Table 5.1.1. 

The electric f ield around charged 

objects can be represented by 
f ield lines. 

TABLE s.1.1 Charge and mass of protons 
and neutrons 

1111111111-Wii 
proton +l.602 x 10-19 1.675 x 10-21 

electron - l.602 x 10-19 9.109x 10-31 
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5.1 Particles in electric fields 

■Yiifil¼il:i•l1il;\I 
Charged interactions 
What happens to stationary and moving charged particles 
when they interact with an electric or magnetic field? 

COLLECT THIS ... 

aluminium pie d ish 

Styrofoam cup (or other handle made from insulating material) 

tinsel, tied in a loop 

wool fabric 

piece of Styrofoam with a flat side as large as the pie d ish 

DD THIS ... 

1 Sticky tape or hot glue the Styrofoam cup to the inside of the pie dish to act 

as a handle. 

2 Rub the flat face of the p iece of Styrofoam with the wool fabric unt il there 
is a build-up of charge that causes the hairs on your arm to stand up when 
they are brought near. Do not touch the Styrofoam with your body. 

3 Holding the handle, place the metal pie dish on the charged Styrofoam. 

Then briefly touch the metal pie d ish with your finger. After this, do not 

touch the metal with your body 

4 Hold the dish up using the handle, and drop a piece of looped tinsel on the 
d ish from above. The tinsel will fly up once it touches the metal so move 

your hand out of the way quickly. 

RECORD THIS ... 

Describe the motion of the tinsel, including the average height above the 

pie dish. 

Present a free-body diagram of the tinsel. Use this diagram to calculate the 

magnitude of the charge on the t insel and pie dish, assuming they are equal. 

REFLECT ON THIS ... 

What happens to stationary and moving charged particles when they interact 

with an electric field? 

What improvements could be made to the activity? 

~l1tere are four fundamental forces in nature that act at a distance. ''J1tat is, they can 
exert a force on an object without making any physical con tact with it. These are 
called non-contact forces, and include the strong nuclear force, the weak nudear 
force, the electromagnetic force and the gravitational force. In Chapter 4 you 
explored the motion of objects in a gravitational field; this section explores the way 
charged particles interact in an electric field. 

0 You will see vector notation used t hroughout this moclull!_. For instance, the 
electric field strength will be represented as either £ or £ and the force can 
be shown as either For F. It is an important skill for you to determine whether 
direction needs to be included in your analysis. 



ELECTRIC FIELD LINES 
An electric field is a vector quantity, which means it has both direction and a magnitude. 
In order to visualise electric fields around charged objecrs you can use electric field 
lines. Some field lines are already visible-for example the girl's hair in Figure 5.1.1 is 
tracing out the path of the field lines. D iagrams of field lines can also be constructed. 

Field lines are drawn with arrowheads on them indicating the direction of the force 
that a small positive test charge would experience if it were p laced in the electric 
field. Therefore, field tines point away from positively charged objects and towards 
negatively charged objects. Usually, only a few representative lines are drawn. 

The density of field lines (how close they are together) is an indication of the 
re.latin" i.tre:ngth of th e elec::tnc fielct F igu re c;_ 1 .2 i.ho ws som e e xa m pl~ nf h ow to 
draw electric field lines. 

a single positive charge 

two positive 
charges 

a positive and a 
negative charge 

r1GURE 5.1.2 On the left-hand side of the figure. grass seeds suspended in oil align themselves with 
the electric fiekl. The diagram to the right of each photo shows lines representing the electric field. 

FORCES ON FREE CHARGES IN ELECTRIC FIELDS 
If a charged particle, such as an electron, were placed within an electric field, it 
would experience a force. The direction of the field and the sig n of the charge allow 
you to determine the direction of the force. 

Figure 5.1.3 shows a positfre test charge (proton) and a negative test charge 
(electron), within a uniform electric field. The direction of an electric field is defined 
as the direction of the force that a positive charge wouJd ex-perience within the electric 
field. Therefore a proton will experience a force in the same direction as the field, 
whereas an electron will experience a force in the opposite direction to the electric field. 

nGURE 5.1.1 The girl's hair follows the lines of 
the electric fiekl produced when she became 
charged while sliding down a plastic slide. 

I + + + + + + + 

iF 
f f. 

I- - - - - - -
rlGURE s.1.3 The direction of the electr,C r~ 
(r) indicates the direction in which a force 
would act on a pasitive charge. A negatrve 
charge would experience a force in the opposite 
direction to the field. 
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Electric field strength can be thought of as the force applied per cou lomb of 
charge. The force experienced by a charged particle due to an electric field can be 
determined using the equation: 

0 F=qE 
where 

f is the force on the charged particle (N) 

q is the charge of the object experiencing the force (C) 

Eis the strength of t he electric field (NC- 1) 

This equation illustrates that the force experienced by a charge is proportional 
tO the strength of the electric field, £, and the size of the charge, q. The force on 
the charged particle will cause the charged particle to accelerate in the field.11tis 
means that the particle could increase its Yelocity, decrease its velocity, or change its 
direction while in the field. 

~fo calculate the acceleration due m the force experienced, you can use Ne,\-1.on's 
second law which relates the net force F na. to the mass m and the acceleration ii: 

l~=mii 

Worked example 5.1. l 

THE ACCELERATION OF A CHARGED PARTICLE 

Calculate the magnitude of the acceleration e~rienced by an electron travelling 
in a uniform electric field of strength 3.1 x 10 Nc-1

. 

(Use qe = - 1.602 x 10-19c and me = 9.109 x 10-31 kg.) 

Thinking Working 

Recall the formula for the force i' =qE 
experienced by a charged particle due 
to an electric field. 

Substitute the values for electric i' =qE 
field strength and the charge of the = (- 1.602 X JO- I") X (3.1 X 10-') electron, q e. 

= 4.97 x 10-24N (in the opposite 
direction to the field) 

Recall Newton's second law and Ftw:1 =ma 
solve for a . You are looking for the 

a= !1-magnitude of the acceleration so a 
d irection is not needed. 

4.97xlcr"' I = •.• 09 .. .,, 

a = 5.5 x 106 ms-2 

Worked example: Try yourself 5.1.l 

THE ACCELERATION OF A CHARGED PARTICLE 

Calculate the magnitude of the acceleration experienced by an electron travelling 
in a uniform electric field of strength 5 x 10-6Nc- 1. 

(Use q,= - 1.602 x 10-••c and m, = 9.109 x 10-31 kg.) 



WORK DONE IN UNIFORM ELECTRIC FIELDS 
Electrical potential energy is a form of energy that is stored in an electric field. \'(fork 
is done o n the field when a charged particle is forced to move in the electric field. 
Conversely, when energy is stored in the electric field then work can be done by the 
field on the charged particle. 

Electtical potential ( V) is defined as the work required per unit charge to move 
a positive point charge from infinity to a place in the electric field. The electrical 
potential at infinity is defined as zero. This definition leads to the equation II=~ -

@ W=qV 

where 

W is the work done on a positive point charge or on the field (J) 

q is the charge of the point charge (C) 

Vis the electrical potential (JC-1
) or volts M 

Consider two parallel plates, as shown in Figure 5.1.4, in which the positive 
plate is at a potential ( V ) and the o ther plate is earthed, which is defined as zero 
potential. ' lne difference in potential between these two plates is called the electrical 
potential difference (V). 

An alternati\·e measure of the electric field strength in \'Olts per metre is calculated 
using the equation : 

0 £ =~ 

where 
E is the electric field strength (V m -I) 

V is the potential difference M 
d is distance (m) 

Between any two points in an electric field, £ , separated b y a distance, d, that is 
parallel to the field, the potential difference, V, is then defined as the change in the 
electrical potential between these two points (Figure 5.1.S) . 

CALCULATING WORK DONE 
You can now deri\'e an equation for calculating the work done on a point test charge 
to move it a distance across a potential difference. Combining the equations i\1/ == q V 
and V == Ed gi\·es: 

0 W=qEd 

where 

Wis the work done on the point charge or on the field (J) 

q is the charge of the point charge (C) 

Eis the magnitude of the electrical field strength (Vm-1 or NC-1) 

dis the distance between points, parallel to the field (m) 

V I + + + + + + + I 

£ 

V=O I--. 

-
FIGURE 5.1.4 The potential of two plates when 
one has a positive potential and the other is 
PArthM 

0 You may come across the 
equation for the electric field 

strength in the form of E ==~- In 

this version of the equation, the 
negative value is introduced as 
the electric field E and is always 
from the higher potential towards 
the lower potential , so that the 
change in potential difference 

V 

V=O 

(V == v, - VJ becomes a negative 
value. For the equation used in 
this book, the potential V tS given 
as the magnitude of the potential 
difference, i.e. a positive value. 
For example, in a parallel plate 
experiment one plate is at an 
electrical potential of 15 V and the 
other plate is earthed Q.e. OV). 
The potential difference is then 
equal to V = 15V. 

+ + + + + + + 
• 4 tl d, 

l 
"' I"~ 

-
FIGURE 5.1.S The potential difference between 
two points in a uniform electric field. The change 
in potential ll.V is dependent on a given distance 

d, so that in a uniform electric flekl, £=~=~-
", .. 
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nGURE 5.1.6 Work is being done on the field 
by ITKMng q1, and work is being done by the 
fteM on q2. No work is done on or by q3 since it 
is moving perpendicular to the direction of the 
field. 
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Work done by or on an electric field 
\Vhen calculating work done, which changes the electrical potential energy, 
remember that work can be done either: 

by the electric field on a charged object, or 

• on the electric field by forcing the object to move. 

You need to examine what's happening in a particular situation to know how the 
work is being done. 

For exam ple, if a charged object is moving in the direction it would naturally 
tend to go within an electric field, then work is done by the field. So when a positive 
point charge is moved in the direction of the electric field, the electric field has done 
work o n the point cha rge; sec, for example, q2 in P'igurc 5.1.6. 

\Xlhen work is done by a charged object on an electric field, the object is forced to 
move against the direction it would naturally go. \Vork has been done on the field by 
forcing the object to move against the field. For example, if a force causes a positive 
charge to move towards the positive plate within a uniform electric field, work has 
been done on the electric field by forcing the object to mo\·e. (See q1 in Figure 5.1.6.) 

If a charge d oesn 't move any distance parallel to the field then no work is done 
on o r by the field. For q3 in Figure 5.1.6, the charge has moved perpendicularly to 
the field so no work is done. 

Worked example 5.1.2 

WORK DONE ON A CHARGE IN A UNIFORM ELECTRIC FIELD 

A student sets up a parallel plate arrangement so that one plate is at a potential 
of 12.0V and the other earthed plate is positioned 0.50m away. Calculate the 
work done to move a proton a d istance of 10.0cm towards the negative plate. 
(Qp = +J.602 X 10- t9 C) 

In your answer identify what does the work and what the work is done on. 

Thinking Working 

Identify the variables presented V2 = 12.0V 
in the problem to calculate the V1 =0V 
electric field strength E. 

V= 12.0 - 0= 12.0V 

d = 0.50m 

Use the equation E =~ to E=~ 
determine the electric field = 12.0 

strength. ~50 

= 24.0vm- 1 

Use the equation W = qEd to W=qEd 
determine the work done. Note = 1_6()2 X 10-19 X 24_0 X 0 .1()() 
that d here is the distance that = 3.84 X 10- t9 J 
the proton moves. 

Determine if work is done on the As the positively charged proton is moving 
charge by the field or if work is naturally towards the negative plate, work Is 
done on the field by the charge. done on the proton by the field . 

Worked example: Try yourself 5.1.2 

WORK DONE ON A CHARGE IN A UNIFORM ELECTRIC FIELD 

A student sets up a parallel plate arrangement so that one plate is at a potential 
of 36.0V and the other earthed plate is positioned 2.00m away. Calculate the 
work done to move an electron a distance of 75.0cm towards the negative plate. 

(Q0 = - J.602 X J0"19C) 

In your answer identify what does the work and what the work is done on. 
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f1:JIO:J 
Using units in an equation to check for 
dimensional consistency 
Scientists know that each term in an equation stands for a particular quantity 

and the position of the term in the equation tells scientists where that quantity 
should go. The units used to measure that quantity are not used in the 
calculations. Units are only indicated on the final line of the solved equation. 

For example, this is the equation for the area (A) of a rectangle of length (L) 

and width (W): 

A=Lx W 

If L hasa value of 7 m and W has a value of 4m, it is written: 

A=Lx W 

=7 x4 

= 28m2 

You can use units to check the dimensional consistency of the answer. In the 

example above, the two quantities of L ( length) and W (width) both have to be 
expressed in consistent units, in this case metres (m). to give an answer that is 

expressed in square metres (m x m = m2). 

If you had made a m istake, and used the formula A= L + W instead, the 

answer would be expressed in metres only. This is not the correct unit to 
express area, so you would know that was wrong. 

Similarly, you can equate different units using dimensional analysis. For 

example, if you combine the equations for the magnitude of the electric field 

E =~and E = ~.you end up with~=~- Looking at the units for each side of 

this equation, vm· 1 m ust equal NC-1
. 

COMPARING GRAVITATIONAL AND ELECTRIC FIELDS 
Many of the forces affecting us and the world around us can be described as contact 
forces. There is direct con tact as you open a door, kick a ball or rest on a couch. 
By contrast, the forces of gravity, magnetism and electricity act over a distance 
without necessarily having any physical contact (Figure 5. 1.7) . This was a difficult 
idea for scientists to come to terms with. Newton still had some misgivings, even 
when publishing his ideas o f universal gravitation. 'Ille concept of fields, used to 
explain how and why forces can act over a d istance, is a very powerful tool and 
one that has allowed us to better explain the fundamental forces of gravity and 
electromagnetism. 

Gravity is an incredible force. Permeating the universe, it brings gas clouds 
together to form planets, stars and galaxies. It causes stars to collapse to b lack holes, 
generating gra,ritatio nal fields strong enough that even light can't escape. And ;'et 
the gravitational force of attraction between two electrons is less than 8 x 10-3 N, 
which is the same as the electrostatic repulsion between the same two electrons . 

T he relationships developed for gr'3\ritational and electric fields over the last 
two chapters reveal the parallels and differences between related field concepts for 
gravitational masses and point charges, both of which are essentially m onopoles. 
They are summarised in Table 5 .1.2. 

PHYSICSFILE 

Gravitational force and 
electric force 
Oppositely charged parallel plates can 
be arranged one above the other, such 
that the electrtC field is vertical between 
the two plates. The direction of the field 
can then be manipulated to create an 
upward force on a charged particle in 
the field. 

If the electric force created by the field 
on the charged object is equal to the 
gravitational force on (or weight of) the 
object, then these two forces can add 
to provide a net force equal to zero. 
This means that the charged object 
will either be suspended between 
the plates, or (by Newton's first law 
of motion) will be falling or rising at 
constant velocity. 

This phenomenon was used by 
Robert Millikan and his PhD student 
Harvey Fletcher in their oil-drop 
experiment, performed in 1909, to 
determine the fundamental charge 
of an electron to within l % of the 
currently accepted value. This will 
be discussed in greater detail in 
Chapter 14. 

FIGURE 5.1.7 The magnet has an effect on the 
paper d ips even though they are not in contact. 
This is because the paper d ips are within the 
magnetic rield produced by the magnet. 
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0 A magnet must always be a 
dipole, i.e. it must have two 
poles-a north and a south. 
Electric and gravitational fields. on 
the other hand, can be generated 
by a monopole (meaning one 
pole), such as having a single 
point charge or one gravitational 
mass. 

r1GURE 5.1.8 An object thrown horizontally 
will follow a parabolic path due to the vertical 
acceleration due to gravity. 

0 An electron gun uses a heated 
cathode to produce an electron 
beam and a series of charged 
plates to accelerate the beam. 

152 MOOULE 6 I ELECTROMAGNETISM 

TABLE 5.1.2 Comparison of gravitational and electric fields. 

Quantity or descnpt1on Grav1tat1onal fields 

how field strength varies with distance, ,. 
from a monopole 

force between monopoles 

potential energy changes in a uniform field AU = mgM 

force due to a uniform field 

PROJECTILE MOTION 

iiiri@l@b 

F = k~ 

W = qV 

F = qE 

ln Chapter 2, the p rojectile motion of objects moving in a gravitational field was 
discussed. An object with some initial horizontal velocity and a vertical acceleration 
(due to gravity) will follow a parabolic path (Figure 5.1.8). A similar process will 
occur for charged particles moving through a potential difference. 

Consider an electric field acting on an electron as the resuJt of a pair of oppositely 
charged parallel plates connected to a D C power supply (Figure S.1.9 on page 153) . 
The electron is attracted to the positi,·e p late and repelled from the negati,·e plate.An 
electric field is acting upon any charged particle within this region. This electric field 
is a vector q uantity and may be compared in some ways to the Earth's gravitational 
field. Recall an electric field has units N c-1 and is defined as: 

£,;::::.!: 
q 

where F is the force (1',.1) exper ienced by a charged particle due to an eleruic 
field (£), and q is the magnitude of the electric charge o f a particle in the field, in 
this case an electron (qe = 1.6 x I 0- 19 C). 

A charge will then experience a force equal to qE when placed within such an 
electric field. 

Recall that the magnitude of the electric field may also be expressed as: £;; 
where d is the separatio n of the plates (m) and Vis the poten tial difference (V). 

Combining these two relationships produces an expression for the force on a charge 
within a pair of parallel charged plates: 

F I' 
q;d 

F;::::.~ 

ln addition, calculations of the energy gained by an electron as it is accelerated 
towards a charged plate by the electric field can be made. The work done in this case 
is equivalent to: 

W; qV 

This equation can be used to calculate the increase in kinetic energy as an 
electron accelerates from one p late to another. 

If a charge is accelerated from rest from an electron gun, then: 
Af<;W;qV 

AK ;::::.}mtr-½mu2 

where v is the final speed and II is the initial speed of the charge. If the electron 
accelerates from rest (u ;::::. 0), then this can be sim plified to: 

K ;::::. ½mv2 ;::::. qV 

0 1mv2 ;qV 
2 

This is often referred to as the electron-gun equation. 



(a) (bl 
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l 

V=O._ ________ _, ~ v-o ~--------~ 
FIGURE 5.1.9 (a} The electron apprnadles the two oppositely charged parallel plates with a horizontal 
velocity, v. (b) The etectron undergoes a vertical acceleration due to the electrostatic force. F. that 
forces the electron towards the positively charged plate. (c) The charge follows a parabolic path, due 
to its horizontal velocity and its vertical acceleration from the electrostatic force (fl. in the same way 
that a projectite moves under gravity. 

ln C hapter 2, it was shown how you can use the equations of motion to predict 
how a projectile will beha,·e in a gravitational field by breaking the vectors of motion 
down into their components. The same can be done for a charged particle in an 
electric field. 

0 Recall the equations of motion: 

v= u +at 

s= ½(u + v)t 

s = ut + ½at2 

S::a vt - ½at2 

v2 = u2 +2as 
where 

v is the final velocity (ms- 1
) 

u is the initial velocity (ms- 1
) 

a is the acceleratton (m s-2) 

t is the time taken (s) 

s is the displacement (m) 

The quadratic equation 

(C) 

V=O._ ________ _, , 

I GO TO ► I Section 2. I page 50 

Sometimes you may come across a quadratic expression, 
such as ax2 + bx + c = 0, where you will need to solve for x. 
To do this you will need to know the quadratic equation. 

2 Pick out the values for a, band c by comparing them to 
the original quadratic expression: 

The quadratic equation takes the form: 

X=~.t~ 

For example, when using the equations of motion, you 
might need to find the time taken by using the formula: 
s = ut + ½at2. In this example, to solve for t, follow these 

steps: 

1 Rearrange the expression so it is equal to zero: 

O= ½at2 +ut-s 

a = ½a, b = u and c = - s 

3 Substitute these values into the quadratic formula: 

t = ..., .tFF ...,:t~ 

2x-• • 
2 

While the quadratic formula can give you two results (due 
to the ± sign), only take the answer that makes physical 
sense. In this example, it wouldn't be possible to have a 
negative answer for time, so only one result will be found. 
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Worked example 5.1.3 

PROJECTILE MOTION OF A CHARGE IN AN ELECTRIC POTENTIAL 

Two parallel plates are separated by 1.0cm. One p late is earthed and the other has 
a potential of 5.0 kV. 

a Determine the final speed of a single electron when accelerating from rest 
across this potential d ifference. 
(q, = - l.602 x 10- 19C, m, =9.J09 x 10-31 kg} 

Thinking Working 

Wri te down the variables that are given u = 0ms- 1 

using appropriate units. Q = J.602 X 10-t•c 

m = 9.109 x 10-31 kg 

V= 5.0 x 103 v 
V=? 

Recall the electron•gun equation. ½mv2 =qV 

Solve for v. 
v2 =~ 

= 2xl .602 x l0"19 x 5D i,: 101 
9.lxl~1 

= 1.7 X 1015 

v = 4.2x 107 ms- 1 

b Calculate the acceleration of the electron. 

Thinking Working 

Find the electric field strength. E =!.. 
d 

5.0x tOl 
= wo=r 
= 5.Q X }Q5 Vm- l 

Combine Newton's second law with Fnei =ma 
the electrostatic force. 

a=!; 
= Slf.. 

m 

Solve for a. a = - l.602xl0"19 xS.Ox 10S 
9.t x Ufii 

= 8.8 x 1016ms-2 (towards the 
charged plate) 

c Now assume the initial velocity of the electron was 5.0 x 107 ms- • travelling 
horizontally as it enters halfway between the plates. How long does it take for 
the electron to hit the posit ive plate? 

V I + + + + + + + I 

? 
I C 

V = O I 



~ ing Working 

[ Write down the known quantities. I Vertically, 
While the horizontal velocity is equal s = 0.5cm = +0.005m (half the 
to 5 x 107 ms-1. the initial vertical d istance between plates) 
velocity is equal to zero. Take up and u=Oms- 1 

right to be positive. 
a= 8.8 x 1016ms-2 

t =? 

Identify the correction equation to use. s=ut+½at2 

5ub$titute the known value$ end 0.005 = 0 X f + ½ X 8.8 X 1016 X f 
rearrange the expression so it equals 

0 = 4.4 x 1016 x t2 + Ot-0.005 zero. 

Use the quadratic equation to solve t- -O:t. ,fiji-4xUxl016 x-0.005 
fort. - 2x4.4xl0" 

= 3.4 X 10-10s 

d Assuming the same conditions as for part c, calculate the final horizontal 
displacement of the electron. 

Thinking Working 

Write down the known quantities. Horizontally, 

u = +5.0 x 107 ms- 1 

a=Oms-2 

f = 3.4 X 10- IOS 

S=? 

Identify the correct equation to use. S=Ut+½at2 

Solve for s. $ = 5.0 X )07 
X 3.4 X 10-lO + ½ X 0 

X (3.4 X 10-1")2 

L I 
=0.17 

= 1.7cm to the right 

Worked example: Try yourself 5.1.3 

PROJECTILE MOTION OF A CHARGE IN AN ELECTRIC POTENTIAL 

Two parallel plates are separated by 2.0cm. One plate is earthed and the other has 
a potential of 3.0 kV. 

a Determine the final speed of a single electron when accelerating from rest 
across this Potential difference. 
(Q, = -J.602 X JQ- 19C, m, • 9.J X lQ-3 l kg) 

b Calculate the acceleration of the electron. 

c Now assume the initial velocity of the electron was 2.0 x 107 ms- 1 travelling 
horizontally. How long does it take for the electron to hit the positive plate? 
Use the same direction conventions given in Worked example 5.l .3c. 

d Assuming the same conditions as for part c, calculate the horizontal 
displacement of the electron. 
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5.1 Review 

f1'i:t:t-iiii 
An electric field is a region of space around a 
charged object in which another charged object 
will experience a force. 

Electric fields are represented using field l ines. 

The spacing between the field lines indicates the 
stren~h of the field. The closer together the lines 
are, the stronger the field. 

Electric field lines point in the direction of the 
force that a positive charge within the field would 

experience. 

Between two oppositely charged parallel plates, 
the field lines are parallel and therefore the field 

has a uniform strength. 

Electric field strength can be expressed as E = !.- or 
V q 

E=d· 
A positive charge experiences a force in the direction 

of the electric field and a negative charge experiences 

a force in the opposite direction to the field. 

The force on a charged particle can be determined 
using the equation F = ql. 

l:iii·l1ifiiMfri 
Which of the following options correctly describes an 
electric f ield? 

A a region around a charged object that causes a 
charge on other objects within that region 

B a region around a charged object that causes a 
force on other objects within that region 

C a region around a charged object that causes a 
force on other charged objects in that region 

D a region around an object that causes a force on 
other objects within that region 

2 Which of the following options correctly defines the 
direction of an electric field? 

A away from a negatively charged object 

B away from a positively charged object 

C away from a neutrally charged object 

D towards a positively charged object 

3 Identify whether the rules below for drawing electric 
field l ines are true or false: 

a Electric field l ines start and end at 90• to the surface, 
with no gap between the lines and the surface. 

b Field lines can cross; this indicates that the field is 
in two directions at that point 

c Electric fields go from negatively charged objects 
to positively charged objects. 

d Around small charged spheres called point charges 
you should draw at least eight field lines: top, 
bottom, left. right and in between each of these. 
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Force can be related to the acceleration of a 
particle using Newton's second law: F net = ma. 

When a charged object is moved against the 
direction it would naturally move in an electric field, 

then the charged object does work on the field. 
When a charged object is moved in the direction 
it would naturally tend to move in an electric field, 

then the field does work on the charged object 

The work done on or by an electric field can be 
calculated using the equations W = qV or W= qEd. 
The direction of a field at any point is always the 
resultant field vector determined by adding the 

individual field vectors due to each mass, charge 

or magnetic pole within the affected region. 
In a static (unchanging) field, the strength of the 
field doesn't change with time. 

The motion of a charged particle in a field can 

be modelled using the equations of motion. 
This is analogous to projectile motion within a 

gravitational field. 

e Around point charges the f ield lines radiate like 
spokes on a wheel. 

Between two point charges the direction of the field 
at any point is the same as the direction of the field 
due to the closest of the two point charges. 

g Between two oppositely charged parallel plates the 
field between the plates is evenly spaced and is drawn 
straight from the negative plate to the positive plate. 

4 Calculate the force applied to a balloon carrying a charge 
of 5.00mC in a uniform electric field of 2 .50NC-1. 

5 Calculate the acceleration of an electron in a uniform 
electric field of 3.25 N C-1. The mass of an electron is 
9.109 x 10-31 kg and its charge is - 1.602 x 10-19c. 

6 C'..:1lr.11l;dP. thP. r,otP.nti~I c1iffP.rP.nr.P. th~t P.Xi~t~ hP.twAAn 

two points separated by 30.0cm, parallel to the field 
lines. in an electric f ield of strength 4000Vm-1. 

7 Complete the following statement about the field 
around a monopole from the options given in bold. 

The field around a monopole is l inear/ radial, static/ 
dynamic and uni form/ non•uniform. 

8 a Calculate the acceleration of an electron through 
two parallel plates with a 5.0kV potential difference, 
separated vertically by a d istance of 1.2cm. Use 
Qe = - 1.G x 10-19Candme = 9.1 x 10..J1 kg. 

b Assume the initial velocity of the electron was 
1.5 x 107 ms-1 travelling horizontally. How long 

does it take for the electron to hit the positive plate? 



5.2 Particles in magnetic fields 
The Australian Centre for Neutron Scattering (ANSTO) is home to the most 
powerful synchrotron in the Southern Hemisphere (Figure 5.2.1) . Looking 
something like a giant doughnut about 200 m in circumference, it produces beams 
of electromagnetic radiation, from infrared, through vis ible light, to 'hard' X-rays. 

----"' 
nGURE s.2.1 View of the inside of ANSTO, taken from the mezzanine. 

A synchrotron is a type of particle accelerator. Bunches of electrons are 
accelerated around a huge evacuated ring to almost the speed of light with energies 
as high as 3 billion electron-\·olts (3 x 109 eV). These charges are forced to follow 
a curved path, d ue to the m agnetic field generated by bending magnets. As they 
accelerate around curves, the electrons give off bursts of radiation.Th is synchrotron 
rad iation is channelled down tubes called beamlines and utilised by researchers in a 
range of experimental stations. 

THE EFFECT ON A CHARGED PARTICLE IN A 
MAGNETIC FIELD 
In Figure 5.2.2, a beam of electrons is experiencing a force due to a magnetic field. 
This ap paratus is known as a cathode ray tube (CRT). The magnitude of the force 
is p roportional to the strength of the magnetic field, B, the \"elocity o f the charge 
and the angle 8 the object is moving '"ith respect to the magnetic field. A charged 
particle tra,·elling at a steady speed in a magnetic field experiences the force at an 
angle to its path and will be diverted. This is the theor y behind CRT screens. As the 
direction of the charged particle changes, so does the angle of the force acting on 
it. In a ,,ery large magnetic field the charged particles will mo,,e in a circular path. 
Mass spectrometers and particle accelerators both work on this principle. 

·This force is referred to as the Loren tz force. The force is at a maximum when 
the charged particle is moving at right angles to the field. There is no force acting 
when the charged particles are travelling parallel to the m agnetic field 

rtGUAE s.2.2 All electron beam being deflected by a magnet 

liJMHl·i:1 
Magnetic fields 
Magnetism is a physical 

phenomenon caused by magnets 
which results in a magnetic field. 

Magnetic fields are a vector 
quantity as they have both a 
magnitude and a direction. As with 
electric and gravitational fields. 

magnetic fields can be represented 
using field lines. Magnets are 

always d ipolar, so they must have a 
north and a south pole. 

In the 1800s it was discovered 
that there is a relationship between 

magnetic fields and electric charge. 
Hans Christian 0rsted found that 

an electric current produces a 
magnetic field. The direction of 

this field can be found using the 

right-hand grip rule, where your 
thumb points in the direction of 

the conventional current and your 
fingers point in the direction of the 

induced magnetic field. 

0 f =qv,B = qvBsin8 

where 

F is the force (N) 

q is the electric charge on 
the particle (C) 

v is the instantaneous 
velocity of the particle (ms- 1) 

B is the strength of the 
magnetic field (T} 

8 is the angle the object is 
mov;ng at with respect to 
the magnetic f ield 
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Determining the direction of the force 
(fingers) 
fieldB 

(thumb) The simple mnemonic shown in Figure 5.2.3-the right-hand ruJe--------<an be used 
"(positive charge) todetennine the direction of the force on a charged particle moving in a magnetic field. 

nGURE 5.2.3 The right-hand rule: Point the 
thumb of the right hand in the direction of the 
movement of a positive charge (the direction 
of conventional current) and the fingers in the 
direction of the magnetic field. The force on the 
charge will point outwards from the palm. 
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Using your right hand, \\~th fingers outstretched and flat, point the thumb towards 
the direction that a positi,·e charge is moving and the outstretched fingers in the 
direction of the magnetic field. The direction of the resulting force on the charge is 
the direction in which your palm is facing. T he force on a negati,·ely charged particle 
will therefore be in the opposite direction to that on a positively charged particle. 

PHYSICSFILE 

The tesla 
The unit for the strength of a magnetic field, 8, was given the name tesla (T) in honour 
of Nikola Tesla. Nikola Tesla (1856-1943) was the first person to advocate the use of 
alternating current (AC) generators for use in town power-supply systems. He was also 
a prolific inventor of electrical machines of all sorts, including the Tesla coil, a source of 
high-frequency, high-voltage electricity. 

A magnetic field of 1 Tis a very strong field. For this reason, a number of smaller units, 
especially the millitesla (mTI, 10-3 T, and microtesla (µTI, 10-{jT, are in common use. 
Table 5.2.1 shows the strength of some magnets for comparison. 

TABLE s.2.1 Comparison of magnet strengths. 

Type of magnet Strength of magnetic f1eld 

very strong electromagnets and 'super magnets' 

Alnico and ferrite magnets 

l to20T 

to-2 to 1T 

5 x l o-5T Earth's surface 

Worked example 5.2.1 

MAGNITUDE OF FORCE ON A POSITIVELY CHARGED PARTICLE 

A single positively charged particle with a charge of 1.6 x 10- 19c travels at 
a velocity of lOms- 1 at an angle of 300 to a magnetic field of strength 
4.0 X 10-ST. 

What is the magnitude of the force the particle will experience from the 
magnetic field? 

Thinking Working 

I Establish which quantities are known F = ? 
and which ones are required. All q = +1.6 X }Q- 19C 
variables are given as scalars as you 

v=lOms- 1 
are looking for the magnitude of the 

8=4.0 x 10-'T force. 
8= 30° 

Substitute values into the force F = qvJ.B = qvBsin8 
equation. 

= l.6x 10- 19 x 10 x4.0x 10-5 xsin30 

Express the final answer in an f =3.2 x J0-23 N 
appropriate form. Note that only 
magnitude has been requested so do 
not include direction. 



Worked example: Try yourself 5.2.1 

MAGNITUDE OF FORCE ON A POSITIVELY CHARGED PARTICLE 

A single positively charged particle with a charge of +1.6 x I0-19C travels at a 
velocity of SOms-1 perpendicular to a magnetic field of strength 6.0 x Jo-5T. 

What is the magnitude of the force the particle will experience from the 
magnetic field? 

Worked example 5.2.2 

DIRECTION OF FORCE ON A CHARGED PARTICLE 

A single negatively charged particle with a charge of -1.6 x 10-19C is travelling 
horizontally out of a computer screen and perpendicular to a magnetic f ield that 
runs horizontally from left to right across the screen. In what direction will the 
force experienced by the charge act? 

Thinking 

-----------
Working 

Align your hand so that your fingers are pointing in 
the direction of the magnetic field, i.e. left to right and 
horizontal. 

-
The right-hand rule 
is used to determine 
the direction of the 
force on a positively 
charged particle. 

If the negatively charged particle is travelling out of the 
screen. a positively charged particle would be moving in 
the opposite direction. Align your thumb so it is pointing 
into the screen, in the direction that a positive charge 
would travel. 

Your palm should be facing downwards. That is the 
direction of the force applied by the magnetic field on 
the negative charge out of the page. 

(fingers) (palm) (thumb) 

I -· ~., ·-™~ ~ 
~\ \ 

Worked example: Try yourself 5.2.2 

DIRECTION OF FORCE ON A CHARGED PARTICLE 

A single positively charged particle with a charge of +1.6 x 10- 19c is travelling 
horizontally from left to ri,iht across a computer screen and perpendicular to 
a magnetic field that runs vertically down the screen. In what direction will the 
force experienced by the charge act? 

CIRCULAR MOTION 
If a moving charge experiences a force of constant magnitude that remains at right 
angles to its motion, its direct-ion will be changed but not its speed. ln this way, 
bending magnets within a particle accelerator act to alter the path of the e.lectron 
beam, rather than to speed the electrons up. As a result, the electrons will follow a 
au-,·ed path of radius r, as shown in Figure 5.2.4. 

ln this case, the magnitude of the net force acting on the charge is Fl'lltt = ma.This 
is equi,-alcnt to the magnetic force on the charge, so that qvB = ma (recall that the 
magnitude of the force, F, on a charge, q~ moving with speed, v, perpendicular to a 
magnetic field of strength B is gi,·en by F = qvBsin 90 = 'l".1.B). 

0 Dots are used to depict a field 
running directly out of the page, 
while crosses describe a field 
running directly into the page. 

X 

electron -

X 

X 

X 

X 

X 

X 

X 

X X 

X 

magnetic fteld force acts at right 
acting into screen angles to motion 

n GURC 5.2.A M electron moving in a 
magnetic field. 
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11te acceleration in this situation is centripetal (i.e. towards the centre of the 
circular path) and has magnitude equal to~=~-This was shown in Chapter 3. 

Substituting this relationship into the previo~s equation for the force gives: 

qvB:-;' 

Rearranging gives an expression that predicts the radius of the path of an 
electron travelling at right angles to a constant magnetic field: 

0 r: mv 
qB 

where 

r is the radius of the path (m) 

m is the mass of the particle (kg} 

vis the speed of the charge (ms- 1} 

q is the charge (C) 

8 is the magnitude of the magnetic field strength rn 

Worked example 5.2.3 

CALCULATING SPEED AND PATH RADIUS OF ACCELERATED 
CHARGED PARTICLES 

An electron gun releases electrons which are then accelerated across a potential 
difference of 32 kV, over a distance of 30cm between a pair of charged parallel 
plates. Assume that the mass of an electron is 9.109 x 10-31 kg and the magnitude 
of the charge on an electron is 1.602 x 10-19c. 

a Calculate the strength of the electric field acting on the electron beam. 

Thinking Working 

Ensure that the variables are in their 32kV=32 x 103 =3.2x JO'V 
standard units. 30cm = 0.30m 

Apply the correct equation. E=~ 
d 

Solve for£. A direction convention is E = 32xH>' 

not speci fied so assume the electric 
0.,0 

field is in the positive direction. = 1.1 X 105Vm-l 

b Calculate the speed of the electrons as they exit the electron-gun assembly. 

Thinking Working 
-

Apply the correct equation. ½mv2 =qV 

Rearrange the equation to make v 
V = ~ 

the subject 

Solve for v. V = /2xl.602xlo-'' x 32xl0" 
1 9.109xl&31 

= 1.1 x 108 ms-1 



c The electrons then travel through a uniform magnetic field perpendicular to 
their motion. If the field is of strength 0.2T, calculate the expected radius of 
the path of the electron beam. 

~ ing Working 

Apply the correct equation. 

Solve for r. f _ 9 .109 JC 10~1 JC 1.1 JC 1<:f 
- l.602 JC I0-11 JC0.2 

= 3.1 X icr'm 

Worked example: Try yourself 5.2.3 

CA LCULATING SPEED AND PATH RADIUS or ACCELERATED CHARGED 

PARTICLES 

An electron gun releases electrons from its cathode which are accelerated across 
a potential difference of 25kV, over a distance of 20cm between a pair of charged 
parallel plates. Assume that the mass of an electron is 9.109 x Hr.JI kg and the 
magnitude of the charge on an electron is l.602 x l 0--19C. 

a Calculate the strength of the electric field acting on the electron beam. 

b Calculate the speed of the electrons as they exit the electron-gun assembly. 

c The electrons then travel through a uniform magnetic field perpendicular to 
their motion. If the field is of strength 0 .3T, calculate the expected radius of 
the path of the electron beam. 

I PHYSICS IN ACTION I 
Particle accelerators 

The ANSTO synchrotron (Figure 52.5) aa:elerates electrons through an 
equivalent of 3000 mllhon volts (3GV). At this energy, they travel at 99.99999% 
of the speed of hghl The particles are accelerated by electromagnetic fields. 
but very long paths are required for the particles to obtain the extremely high 

speeds needed. To achieve this without the need for tunnels hundreds of 
kilometres long. particles travel through very strong magnetic fields that cause 

them to move in a circle. The Australian Synchrotron is 70m in diameter. 

nGURE 5.2.S An tnstde WM of the synchrotron at_AN_ Sf_o_. ------
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5.2 Review 

l111:t:t-iiii 
The force on a charged object within a magnetic 
f ield is proportional to the strength of the 
magnetic field, 8, the velocity of the charge, v, the 
angle the object is moving at with respect to the 
magnetic field, 8, and the charge on the particle, 
q, i.e. F = qvJ.B = qvBsin6. 

This force is referred to as the Lorentz force. 

The force is: 

at a maximum when the charged particle is 

moving at right angles to the magnetic field 

zero when the charged particle is travelling 
parallel to the magnetic field. 

13#·11Jiiil•l:ti 
1 How are particle accelerators able to provide the 

centripetal acceleration to change the direction of a 
charged particle using electromagnetic fields? 

A Charged particles are part of the electromagnetic 
spectrum. 

B Charged particles experience a force from the 
magnetic field that is proportional to the particle's 
velocity, constantly accelerating the charged 
particle. 

C The accelerator is curved around the magnetic field. 
D Charged particles will always accelerate when 

placed in a vacuum. 

2 An electron with a charge magnitude of 1.6 x 10-19 C 
is moving eastwards into a magnetic field of strength 
B = 1.5 x 1 cr5T acting into the screen, as shown 
below. If the magnitude of the initial velocity is 
l.Oms-1

, what is the magnitude and direction of 
the force it initially experiences as it enters the 
magnetic f ield? 

X X X 

X X 

X X 

X X 
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The right♦hand rule is used to determine the 
direction of the force on a positive charge moving 
in a magnetic field, 8. The direction of the 
force on a negatively charged particle is in the 
opposite direction. 
The magnetic force acts as a centripetal force so 
th;lt ;l <:hMgP.rl J")MtidP. movP.~ with d rr.11IM motion 
in a magnetic field. 
The radius of the path of a charged particle in a 
magnetic field can be calculated using the formula 

(=~-

Particle accelerators are machines that accelerate 
charged particles, such as electrons, protons or 
atomic nuclei, to speeds close to that of lighl 

3 An electron travelling at a speed of 7.0 x l06 ms- 1 

passes through a magnetic field of strength 
8.6 x lo-3T. The electron moves at right angles to 
the field. 
a Calculate the magnitude of the force exerted on the 

electron by the magnetic f ield. 
b Given that this force directs the electron in a 

circular path, calculate the radius of its motion. 

4 A particle accelerator uses magnetic f ields to 
accelerate electrons to very high speeds. Explain, 
using appropriate theory and relationships, how the 
accelerator achieves these high speeds. 

5 A single positively charged particle with a charge of 
+ 1.6 x 10-19C is travelling into a computer screen and 
perpendicular to a magnetic field that runs horizontally 
from left to right across the screen. In what d irection 
will the force experienced by the charge act? 
A left to right 

B right to lett 
C vertically up 
D vertically down 



6 The following d iagram shows a particle, with initial 
velocity v, about to enter a uniform magnetic fieki, 8, 
directed oot of the page. 

~----.. A N 

---+-~ --i- B W+E 
C 

a If the charge on this particle is positive, what is the 
direction of the force on this particle just as it enters 
the field? 

b Which path will this particle follow? 

c Does the kinetic energy of the particle increase, 
decrease or remain constant? 

d If this particle were negatively charged, what path 
would it follow? 

e What kind of particle could follow path B? 

7 A single positively charged particle with a charge of 
+1.6 x 10-19C travels at a velocity of 0.Sms- 1 from right 
to left perpendicular to a magnetic field, 8, of strength 
2.0 x lo-5T. running verttc:ally downwards. Choose 
the option that gives the force that the particle will 
experience from the magnetic field. 
A 1.6x !0_.N 
B 3.2 x !O-ON 
C 1.6 x !0-19N 
D 1.6 x lo-'' N 

8 A singte negatively charged partH:le with a charge 
of -1.6 x 10- 19 travels at a velocity of l.0ms- 1 from 
right to left parallel to a magnetic field, 8 , of strength 
3.0 x !0-5T. 
What is the magnitude of the force the particle will 
experience from the magnetic field? 
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Chapter review 

I KEY TERMS I 
cathode ray tube 
dipole 
electric field 
electric field strength 
electrical potential 

I REVIEW QUESTIONS I 

electron gun 
field lines 
Lorentz force 
magnetic field 
mnemonic 

1 Galculate the force applied to an 011 drop carrying a 
charge of +3.00mC in a uniform electric field of 
7.50NC"1

. 

2 Which one or more of the following statements are 
correct when drawing electric field lines around a 
charged object? 
A Electric field lines go from positively charged objects 

to positively charged objects. 
B Electric field lines go from negatively charged 

ob1ects to positively charged ob1ects. 
C Electric field lines start and end at 90• to the 

surface, with no gap between the hnes and the 
surface. 

0 Field lines can cross. 

3 Explain the difference between electrical potential and 
Potential difference. 

4 calculate the pctential d ifference that exists between 
two points separated by 25.0mm, parallel to the lield 
lines. In an electric field of strength l(X)()Vm- 1. 

5 Between two plates forming a uniform electric 
field, where will the electrical field strength be at a 
maximum? 

A close to the positive plate 
B close to the earthed plate 

C at all pcints between the plates 
D at the mid-point between the plates 

6 Choose the correct terms from the ones in bold to 
complete the relationship between work done and 
pctential d ifference. 
When a positively charged particle moves across a 
potential difference from a positive plate towards 
an earthed plate, work is done by the field/ charged 
particle on the field/ charged particle. 

7 calculate the work done to move a positively charged 
particle of 2.5 x 10-18c a distance of 3 .0mm towards 
a positive plate in a uniform electric field of 556NC-1. 

8 catculate the force exerted on an electron 
(q, = 1.6 x 10- 19C) travelling at a speed of 
7.0 x l06ms- 1 at right angles to a uniform 
magnetic lield of strength 8.6 x io-'T. 
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monopole 
particle accelerator 
potential difference 
right-hand rule 
synchrotron 

9 A part1Cular electron gun accelerates an electron 
across a potential difference of 15 kV, a d istance of 
12cm between a pair of charged plates. What is the 
magnitude of the force acting on the electron? 
(Use q, = 1.6 x 10- 19c .) 

10 For each of the following charged obIects in a uniform 
electric field, determine if work was done on the field 
or by the field, or if no work is done. 

a An electron moves towards a positive plate. 

b A positively charged point remains stationary. 
c A proton moves towards a positive plate. 
d A hth1um ion (U1 moves parallel to the p lates. 

e An alpha particle moves away from a negative plate. 
f A positron moves away from a positive plate. 

11 An alpha particle is located in a parallel plate 
arrangement that has a uniform electric field of 
34.0vm- •. 

a calculate the work done to move the alpha 
particle a distance of 1.00cm from the earthed 
plate to the plate with a positive potential. 
(Q0 = +3.204 X J()'"19C) 

b For the situation in part (a) decide whether work 
was done on the field, by the field or 1f no work 
was done. 

12 A gold(III) ion is accelerated by the electnc Joeld 
created between two parallel plates separated by 
0 .020m. The ion carries a charge of +3q, and has 
a mass ot 3.L.I x Hr2 5 kg. A potential dItterence ot 
1000V is applied across the plates. The work done to 
move the ion from one plate to the other results in an 
increase in the kinetic energy of the gold(III) I0n. If the 
ion starts from rest. calculate its final speed. 
(Use q, ~ -1.602 x I0-19C.) 

13 A charged plastic ball of mass 5.00g Is placed in a 
uniform electric field pointing vertically upwards with 
a strength of 300.0NC-1. calculate the magnitude 
and sign of the charge required on the ball in order to 
create a force upwards that exactly equals the weight 
force of the ball. 



14 When electrons are discharged from an electron gun, 
their motion can be controlled by: 
A add1t1onal electric fields only 
B addibonal magnetic fields only 
C additional electnc and magnetic fields 

D the motion of the electrons cannot be controlled 

15 A single pos1t1vely charged particle with a charge of 
+1.6 x 10-19C travels at a velocity of 30ms- 1 at an 
angle of JO• to a magnetic field, 8, of strength 
6.0 x io-'T. 
What is the magnitude of the force the particle will 
experience from the magnetic field? 

16 A single positively charged particle with a charge of 
+1.6 x 10-19C travels at a velocity of 60ms-1 at an 
angle of so• to a magnetic field, B. The force on the 
particle is 1.5 x 10-24 N. 

What is the magnitude of the magnetic field acting on 
the charged particle? 

17 The diagram below represents an electron being fired 
at r ight angles towards a uniform magnetic field acting 
out of the page. 

e--

a Copy the diagram and mark on it the continued 
path you would expect the electron to foUow. 

b Which factors would alter the path radius of the 
electron as it travels? 

18 A stream of electrons travels in a straight line through 
a uniform magnetic field and between a pair of 
charged parallel plates. as shown in the diagram. 

X X X 

3.Scm 

-=- 500V 

X X X 

Calculate the: 

a magnitude of the electric field strength between 
the plates 

b speed of the electrons, given that the magnetic 
field 1s of strength 1.5 x io-3T. 

19 A single positively charged particle with a charge 
of +1.6 x 10-19C travels at a velocity of IOms- 1 

perpendicular to a magnetic field, B, of strength 
3.0 x io-'T. What IS the magnitude of the force the 
particle will experience from the magnetic field? 

20 After complebng the activity on page 146, reflect oo 
the inquiry question: What happens to stationary and 
moving charged particles when they interact with om 
electnc or magnetic field? 
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In 1820, Hans Christian 0rsted discovered that an electric current could produce 

a magnetic field. His work established the initial ideas behind electromagnetism. 
Sinc.e then, our understanding and application of electromagnetism has developed 

to the extent that much of our modem way of livina- relies upan it This indudes the 
interaction and forces between current-carrying conduct~ the theory of which is 
the basis for understanding electric motor operatton. 

In this chapter, you will investigate the interaction between a current-carrying 

conductor and a magnetic field, and the effect the magnetic field has on the 
conductor. 

Content 

W·l■ll ·ii·l1Jfiil•i:■ 
Under what circumstances is a force produced on a current
carrying conductor in a magnetic field? 
By the end of this chapter you will be able to: 

• investigate qualitatively and quantitatively the interaction between a current• 

carrying conductor and a uniform magnetic fiek:i (f = ll.18 = /lB sin8) to establish: 
(ACSPHOSO, ACSPH081) (ii) 
- conditions under which the maximum force is produced 
- the relationship between the directions of the force. magnetic field strength 

and current 
- conditions under which no force is prcxfuced on the conductor 

• conduct a quantitative investigation to demonstrate the interaction between two 
parallel current-carrying wires 

• analyse the interaction between two parallel current-carrying wires Cf•?~) 
and determine the relationship between the International System of Units 

(SI) definition of an ampere and Newton's third law of motion (ACSPH081, 
ACSPH 106). 



1 6 8 MOOULE 6 I ELECTROMAGNETISM 

6.1 Force on a conductor 

14iifii4il:1•11il;\I mm 
Motor effect 
Under what circumstances is a force produced on a 
current-carrying conductor in a magnetic field? 

COLLECT THIS ... 

AA or AAA battery 

• cylindrical rare-earth magnet 

• bendable metal wire 

DO THIS ... 

1 Stand the battery on the magnet with the positive end up. 

2 Bend the wire to create a circuit Some example shapes are shown below. 

3 Balance the wire on the top of the battery, and ensure the bottom touches 
the magnet 

RECORD THIS ... 

Describe the motion of the wire. 

Present a top-view d iagram of the wire, indicating the current, the magnetic 
field and the resulting force. 

REFLECT ON THIS ... 

Under what ci rcumstances is a force produced on a current-carrying conductor 
in a magnetic f ield? 

What variables affect the motion? 

What could you do next time to improve your experiment? 

An electnc current 1s a flow of electnc charges. These may be electrons m a metal 
wire, electrons and mercury ions in a fluorescent tube, or cations and anions in an 
electrolytic cell; the nature of the flowing charge that makes up the current does 
not matter. It is the total rate of flow of charge that is important. A magnetic field 
is produced around the flow of charge, and a force is experienced within this field. 
ln this section you will im,estigate the forces that act between a magnetic field and a 
current-carrying conductor. 

THE FORCE ON A CURRENT·CARRYING CONDUCTOR 
Recall that a charged particle moving within a magnetic field will experience a 
force due to the magnetic field (Figure 6.1.1 on page 169). The magnitude of the 
force is proportional to the strength of the magnetic field, the component o f the 
velocity of the charge that is perpendicular (at right angles) to the magnetic field 
and the charge on the particle. 



0 When v and 8 are perpendteular: 

F = qv, B 
where 

F is the force (N) 

q is t he electric charge on the particle (C) 

v is the component of the instantaneous velocity of the particle that is 
perpendicular to the magnetic field (ms- 1

) 

B is the strength of the magnetic field (T) 

The force is at a maximum when the charged particle is mO\;ng at right angles 
to the field .There is no force acting when the charged particles are tra\·elling parallel 
to the magnetic field . 

ftGURE 6.1.1 A o.ment-carrymg c:oncluctor, such as a copper wire connected to a power supply, will 
f~ a force when ,t IS placed wrthm a magnebc field. 

Since a conducting wire is essentially a stream of charged particles fJO\\fog in 
one direction, it is not hard to imagine that a conductor carrying a stream of charges 
within a magnetic field will also experience a force. This is the theory behind the 
operation of electric motors. 

The current in a conductor is dependent on the rate at which charges are moving 
through the conductor; that 1s: 

where / is the current (A) 
q is the total charge (C) 
1 is the time taken (s). 

For a 1 m length of conductor, the velocity (v) of the charges through the 
conductor is: 

And hence 
I =-!-=q x ;= qv, for a t m length of conductor. 
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(fingers) (palm) (chumb) -~,-~, 
nGURE 6.1.2 The right-hand rule is used to find 
the direction of the force. Point the thumb of the 
right hand in the direction of the movement of 
a positive charge (the direction of conventional 
current) and the fingers in the direction of the 
magnetic field. The force on the charge will point 
outwards from the palm. 

0 At times, you may see the 
variable for length of a conductor 
written instead as l or / . 
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As F = qv1.B for a single charge, q, moving perpendicular to a magnetic field, 
then: 

F = lB for a 1 m conductor (as I= qv), 

so for a conductor of any length, 

@ F=ll, B 

where 

F is the force on the conductor perpendicular to the magnetic field (N) 

/ is the length of the conductor (m) 

I 1. is the current in the conductor perpendicular to the magnetic field (A) 

8 is the strength of the magnetic field (T) 

just as for a single charge moving in a magnetic field, the force on the conductor 
is at a ma.ximum when the conductor is at right angles to the field. The force is 
zero when the conductor is parallel to the magnetic field. In C hapter 5, the right-hand 
rule (Figure 6. 1.2) was introduced. It is used to determine the direction of the force. 

11te force experienced by a current-carrying conductor is a vector quantity. 
The expressio n noted above applies only to the comJX>nent of the conductor 
perpendicular to the magnetic field.To find the force acting on any conductor, or part 
of a conductor, moving at an angle 8 to the magnetic field, you can use the equation: 

0 f = /1Bsin8 

where 

F is the force on the conductor (N) 

/ is the length of t he conductor (m} 

I is the ctment in t he conductor (A) 

8 is the strength of the magnetic field (T) 

8 is the angle between the magnetic field and the conductor 

Figure 6.1.3 illustrates the relationship of the angle between the magnetic 
field and current-carrying cond uctor. ~fbis is particularly relevanc when applied 
to practical electric motors. Electric motors are built to ensure that the current• 
carrying conducto r is perpendicular to the magnetic field, so that the motor utilises 
the full effect of the magnetic force. Figure 6.1.3a illustrates the case where the 
current-carrying conductor is perpendicular to the magnetic field (Bis 90°), and the 
full magnitude o f the magnetic force is experienced. In Figure 6. 1.3b, the current
carrying conductor is parallel to a magnetic field, and the current-carrying conductor 
experiences no force (as the conductor is at an angle o f 0° lO the magnetic field) . 

(a) /71 

~ 
@/°=~' 

FIGURE 6.1.3 (a) A current-carrying conductor at a 90° angle (perpendk:ular) to a magnetic rield, 
experiencing the full magnitude of the magnetk: force. {b) A current-carrying conductor parallel to a 
magnetic field. In this situation, the current-carrying conductor experiences no force as the conductor 
is at an angle of 0° to the magnetic rield. 



Worked example 6.1.1 

MAGNITUDE OF THE FORCE ON A CURRENT-CARRYING WIRE 

Determine the magnitude of the force due to the Earth's magnetic field that acts 
on a suspended power lme running east- west near the equator at the moment 
it carries a current of 100A from west to easl Assume that the strength of the 
Earth's magnetic f ield at this point is 5.0 x I0-5T. 

Thinking 

Check the direction of the conductor and 
determine whether a force will apply. 

Forces only apply to the component of 
the wire perpendicular to the magnetic 
field. 

Establish what quantities are known 
and what quantities are required. Since 
the length of the power line hasn't been 
supplied, consider the force per unit 
length Q.e. Im~ 

Substitute values into the force equation 
and simplify. 

Express the final answer in an 
appropriate form with a suitable number 
of significant figures. Note that only 
magnitude has been requested, so do 
not include direction. 

Worked example: Try yourself 6.1.1 

As the current is running west-east 
and the Earth's magnetic field runs 
south-north, the current and the field 
are at r ight angles and a force will 
exisl 

I= IOOA 

I= I.Om 
B = 5.0 x !o-5T 

6=90" 
F=? 

F = ll8sin8 

I = 1.0 x 100 x 5.0 x !o-5 x sin90 
= 5.0 x 10->N 

F = 5.0 x l 0-3 N per metre of 
power line 

MAGNITUDE OF THE FORCE ON A CURRENT-CARRYING WIRE 

Determine the magnitude of the force due to the Earth's magnetic field that acts 
on a suspended power line running east- west near the equator at the moment 
it carries a current of 50A from west to east. Assume that the strength of the 
Earth's magnetic field at this point is 5.0 x 10-sT. 
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Worked example 6.1.2 

FORCE AND DIRECTION ON A CURRENT-CARRYING WIRE 

The Amundsen- Scott South Pole Station sits at a point that can be considered 
to be at the Earth's southern magnetic pole (which behaves like the north pole 
of a magnet). 

Assuming the strength of the Earth's magnetic field at th is point is 5.0 x 10-5 T, 
determine: 

a the magnetic force on a 2.0m length of wire carrying a conventional current of 
10.0A vertically up the exterior wall of one of the buildings 

Thinking Working 

Identify the known quantities. I = IO.QA 

The direction of the magnetic field at I =2.0m 
the southern magnetic pole will be B= 5.0 x IC,sT 
almost vertically upwards. 

6 = Q<> (The section of the wire running 
up the wall of the build ing will be 
parallel to the magnetic field, 8 .) 

F=? 

Substitute values into the appropriate F = l1BsinO 
equation and simplify. = 2.0 x 10.0 x 5.0 x 10"'5 xsin0 

I 
=ON 

Since there is no force, it is not 
necessary to state a direction. 

b the magnetic force on a 2.0m length of wire carrying a conventional current of 
10.0A running horizontally right to left across the exterior of one of the buildings 

Identify the known quantities. The section of the wire running 

The direction of the magnetic field at horizontally through the building will 

the southern magnetic pole will be be perpendicular to the magnetic 

almost vertically upwards. field, 8. A force F with a strength 
equivalent to 118 will apply. 

Identify the known quantities. 1=10.0A 

I = 2.0m 
8 = 5.0x 10-•1 

6= 90° 
F=? 

Substitute values into the appropriate F = //8sin8 
equation and simplify. = 2.0 x 10.0 x 5.0 x 10-S x sin90 

= 1.00 x !o--'N 

Determine the direction of the magnetic Al ign your hand so that your fingers 
force using the right-hand rule. are pointing in the direction of the 

(fingers) (palm) (thumb) magnetic field, i.e. vertically up. 

fieldB force F "(positive charge) Al ign your thumb so it is pointing left, 

~ 
in the direction of the conventional 
current, i.e. the movement of a 
positive charge. 

Your palm should be facing inwards 
(towards the bui lding). This is the \ 
direction of the force applied by the 
magnetic field on the wire. 



State the magnetic force in an 
appropriate form with a suitable 
number of significant figures. Include 

F = 1.0 x lcr3N inwards 

I the direction to fully describe the 
~r quantity. ___________ _ 

c the magnitude of the magnettC force on a 5.0m length of wire carrying a 
conventional current of 5.0A running at a 45° angle from the side of the 
building. 

Identify the known quantities. l '= 5.0A 
I =5.0m 

B = 5.0 x Icr'T 

8=45° 

F=? 

Substitute values into the appropriate F=IIBsinO 
equation and simplify. = 5.0 x 5.0 x 5.0 x 10-5 x sin 45 

= 8.84 x !Cr"N 
'---

State your answer using an f=B.Bx IO""'N 
appropriate number of significant 
figures. The magnitude of the force is 
a scalar quantity which doesn't require 
a direction. 

Worked example: Try yourself 6.1.2 

FORCE AND DIRECTION ON A CURRENT-CARRYING WIRE 

Santa's house sits at a point that can be considered the Earth's magnetic North 
Pole (which behaves hke the south pole of a magnet). 

Assuming the strength of the Earth's magnetic field at this point is 5.0 x lo-5T, 
determine: 

a the magnetic force on a l.Om length of wire carrying a conventional current of 
LOA vertically up the outside wall of Santa's house 

b the magnetic force on a 3.00m length of wire carrying a conventional current 
of 15.0A running horizontally right to left across the outside of Santa's house 

c the magnitude of the magnetic force on a 1.5 m length of wire carrying a 
conventional current of 2.5A running at a 300 angle from the side of Santa's 
house. 

I 
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I PHYSICS IN ACTION I 
Electric motors are everywhere 

The discovery of electric motors has revolutionised the world. Electric motors 
are found in many diverse applications, including household goods and 

appliances, computer cooling fans, power tools and bicycles (Figure 6.1.4), 
and even wrist watches. Some larger electric motors can be found in 
industrial applications and vehicles. The different types of electric motors can 
consume electric power ranging from tens of milliwatts to tens of megawatts. 

Electric motors may be powered by direct current sources (e.g. fixed power 
supply or batteries), or alternating current sources (e.g. wall outlet mains 

supply). The principle of operation of electric motors is the same regardless 
of the size or the application: they utilise the interaction between a magnetic 
field and a current-carrying conductor to generate a force. 

(b) 

nGURE 6.lA Electric motOfS are found in many diverse applications, such as 
(a) electric bicycles and (b) power tools. 
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Early electric motors 
In the early 1800s the principles 
of electromagnetic induction were 
discovered, in particular that an electnc 
current produces a magnetic field. In 
the subsequent years much activity 
went into further experimentation and 
work, which finally led to a simple DC 
motor. While it ts difficult to credit the 
discovery or invention of the first motor 
with one particular person, Michael 
Faraday's work was instrumental. 

In Faraday's motor (Figure 6.1.5), a 
magnet was mounted vertically in a 
pool of mercury. A wire carrying a 
current hung from a support above, 
and the mercury provided a path for 
the current. The magnetic field of 
the magnet spread outwards from 
the top of the magnet and so there 
was a component of this field that 
was perpendicular to the wire. This 
produced a horizontal force on the wire 
that kept it rotating around the magnet. 

Use the right-hand rule to convince 
yourself that if the current flows 
downwards and the magnetic field 
points out from the central magnet, the 
wire will rotate clockwise when viewed 
from above. 

FIGURE 6.1.5 Michael Faraday's electric 
motor. 



6.1 Review 

f111:i:t-iiii 
The force acting on any conductor, or part 
of a conductor, moving at an angle 8 to the 

magnetic field, is determined by the equation: 
F=ll.J..B=ll8sin8. 
The force is at a maximum when the charged particle 
is moving al right angles to the magnetic field. 

The force is zero when the charged particle is 
travelling parallel to the magnetic field. 

Electric motors are built to ensure that the 
current-carrying conductor is perpendicular to the 
magnetic field, to ensure that the motor utilises 
the full effect of the magnetic force. 

l:Jii·i'ii11!·1:&i 
1 A single positively charged particle with a charge of 

+1.6 x 10-19C is travelling into a computer screen 
and perpendicular to a magnetic field, B, that runs 
horizontally from left to right across the screen. 
In what direction will the force experienced by the 
charge act? 
A left to right 
B right to lett 
C vertically up 

D vertically down 

2 When is the force on a current-carrying conductor due 
to a magnetic field the strongest? 
A when the conductor is parallel to the magnetic field 

B when the conductor is at an angle of 300 to the 
magnetic field 

C when the conductor is at an angle of 45° to the 
magnetic field 

D when the conductor is at an angle of 900 
(perpendicular) to the magnetic f ield 

3 An east- west power line of length 100m is suspended 
between two towe~. As:sume that the :strength of 
the magnetic field of the Earth in this region is 
5.0 x 10-s T. calculate the magnetic force (including 
direction) on this power line at the moment it carries 
a current of 80 A from west to east 

4 Determine the force acting on a 1.5m length of 
conductor carrying 5.0A of current that is at an angle 
of 30° to a magnetic field of strength 5.0 x 10-s T. The 
conductor is running along the side of a house. with 
the current running from right to left. The magnetic 
field direction is vertically downwards. 

The right-hand rule is used to determine the 
direction of the force on a positive charge moving 
in a magnetic field, B. The direction of the 
force on a negatively charged particle is in the 

opposite direction. 
The direction of the force is given by the right
hand rule where the force travels out of the palm 
of the hand, once the thumb and fingers are 

orientated in the direction of the (conventional) 
current and magnetic field respectively. 

5 The d iagram below depicts a cross-sectional view of 
a long, straight current-carrying conductor, located 
between the poles of a permanent magnet. The 
magnetic field, B, of the magnet, and the current, I, are 
perpendicular. ca1culate the magnitude and direction 
of the magnetic force on a 5.0cm section of the 
conductor when the current is 2 .0A into the page and 
8 equals 2.0 x Jo-3T. 

6 An east-west power l ine of length 80m is suspended 
between two towers. Assume that the strength of 
the magnetic field of the Earth in this region equals 
4.5 x Jo-5T. 
a calculate the magnitude and d irection of the 

magnetic force on this power line at the moment 
it carries a current of 50A from east to west. 

b Over time, the ground underneath the eastern 
tower :sub:side:s, :so that the power line i:s lower at 
that tower. Assuming that all other factors are the 
same, is the magnitude of the magnetic force on 
the power line greater than before, less than before 
or the same as before? 
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I GO TO ► IYear 11 Section 14.3 
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6.2 Forces between conductors 
ln this section you will in\'estigate the effect that two parallel current-carrying 
conductors ha,·e on each other. This interaction is used to derive the SI unit of 
the ampere. 

FORCES BETWEEN TWO CURRENT ·CARRYING WIRES 
Recall from Year 11 that a conductor carrying a current creates a magnetic field 
sur rounding it. According to Ampere's law, that magnetic field is defined by: 

0 s - ""-
'" where 

8 is the magnetic field strength (TI 
µ0 is the ma1netic permeability of free space (approximately 
1.257 x 10 NA-2) 

I is the current (A) 

r is the radius from the current-carrying conductor to the location where 
the magnetic field is measured 

Assume lhere are two parallel current-carrying wires, conductor A and 
conductor 8. The magnetic field produced by wire A, seen at wire 8 , is given by 

BA;::::~ (equation I) 

Recall from Section 6.1 that the magnetic force created by a current-carrying 
conductor is gh·en by 

F=IIBsin8 

~10.e force experienced by wire B, due to the magnetic field from wire A, is then 
given by 

r's= IJBBA sin8 

Since the magnetic field and current-carrying conductors are perpendicuJar to 
each o ther, i.e. 8= 90°, then the equation becomes 

F. = 11.BA 

Substituting equation 1 into equatio n 2 gives 

1)3 = IJ8 "::; 

(equation 2) 

~In.is equation can be rearranged to show the force per unit length on conductor 8: 

~=~ 
I i,, 

Newton's third law applied to forces between two 
current-carrying conductors 
FoUowing the same process, it is possible to find a similar set of equations for 
the magnetic field produced by wire 8 , seen at wire A. The force per unit length 
experienced by wire A is then given by: 

!A_=JJol11 1,. 
I l 1t:r 

Notice that both forces are equal. 10.is is an example of Newton's third law: 
when one body exerts a force on another body (an action force), the second body 
exerts an equal force in the opposite direction on the first (the reaction force). In 
the case of two current-carrying conductors, the force on wire A from wire 8 must 
be equal and opposite to the force on wire 8 from wire A. 



More generally, the equation for the force between two current-carrying 
conductors can be written as: 

0 !.= l!t!i,_ 
I "" 
where 

7' is the force per unit length between the conductors (N m- 1) 

µ0 is the ~netic permeability of free space (approximately 
1.257 X 10 NA-') 

11 is the airrent conductor I (A) 

12 is the current conductor 2 (A) 

r is the distance between the two conductors (m) 

If the two parallel conductors carry current in the same direction, the forces 
attract (Figure 6.2. la). If the two parallel conductors carry current in opposite 
directions, the forces will repel (Figure 6.2.1 b). This can be proven using the 
right•hand rule. 

Worked example 6.2.1 

FORCES BETWEEN PARALLEL CURRENT-CARRYING CONDUCTORS 

Determine the force per unit length acting between two current-carrying 
conductors. both carryin,. l0A of current in the same direction, spaced 10cm 
apart. Use11o-=4irx 10- NA-2• 

Thinking 

Identify the known quantities. 

Working 

1

11 =10A 

12= JOA 

r =0.IOm 

I µ0 = 4,r x Hr7 NA_, 

F= ? 

Determine if the force is attractive or 
repulsive. 

As both currents are flowing in the 
same d irection, the force between the 
two conductors would be attractive. 

Substitute val ues into the appropriate 
equation and simplify. 

Worked example: Try yourself 6.2.1 

!.=!'in 
' '"' 4• x lo--" xlOxlO 

b x 0.10 

= 2.0 x I0-4Nm- 1 attractive 

FORCES BETWEEN PARALLEL CURRENT-CARRYING CONDUCTORS 

Determine the force per unit length acting between two current-carrying 
conductors, both carrying 5.0A of current in the same direction, spaced 20cm 
aparL Useµ,=4,r x !0-7 NA-'. 

J 

0 The permeabili1y of free space, 
"°' can also be written more 
precisely as 4;rx 10-7 N A-2. 

'"!/,ti, 
(b ) 

. . . . .. . . . . .. . . . . .. !,. : . . : . I - -F ~ - 1' 
flGURE 6.2.1 Using lhe nghl-hand ruleit is 
poss,b6e lo show that (a) when the rurrent in 
the two conductors rs in the same direction the 
force IS attractive and (b) when the am~nt is in 
different direcbons the force IS repulsive. 
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Tiny magnetic fields 
Whenever there are moving charges a 
magnetic field will be produced. While 
this is more obvious around charge
carrying conductors such as wires, 
many other objects are able to carry 
charge and so they can also create a 
(very tiny) magnetic field around them. 

Tap water will have a certain amount of 
ions in it which will make it a conductor 
of electricity. A running tap will create a 
magnetic field of around 1 x 10-7 T at a 
distance of 20cm. 

Even your brain will create a magnetic 
field. As electric currents are 
produced by firing neurons, magnetic 
fields of around 1 x 10-

13
T can be 

produced on the surface of the brain. 
Magnetoencephalography (MEGI is an 
imaging technique (Figure 6.2.2) which 
is able to map the small magnetic fields 
the brain produces. 

~.,_,ca" 
,d~ .. :.,-· 
FIGURE 6.2.2 A magnetoencephalography 
(MEG) image of magnetic fields p,oduced 
by brain activity. 
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Worked example 6.2.2 

FORCES BElWEEN PARALLEL CURRENT-CARRYING CONDUCTORS WITH 
UNEQUAL CURRENTS 

Determine the force per unit length acting between two current-carrying 
conductors, one carrying lOA of current, the other carrying 5.0A of current in 
the opposite direction, both spaced 10cm apart. Use Jlo = 4,r x 10-7 N A-2. 

Thinking Working 

I Identify the known quantities. I',= JOA 
12 = 5.0A 

r = O.!Om 
J1o = 4,rx 10-7NA-2 

F=? 

Determine if the force is attractive or As the currents are flowing in 
repulsive. different d irections, the force 

between the two conductors would 
be repulsive. 

Substitute values into the appropriate ~=~ 
equation and simplify. ' 

,,, 

I I 
= 4•x lcr1x!O x 5.0 

2•x0.10 

= 1.0 x l0-4Nm- 1 repulsive 

Worked example: Try yourself 6.2.2 

FORCES BElWEEN PARALLEL CURRENT-CARRYING CONDUCTORS WITH 
UNEQUAL CURRENTS 

Determine the force per unit length acting between two current-carrying 
conductors, one carrying 20A of current, the other carrying 15A of current in the 
opposite direction, both spaced 5.0cm apart. Use Jlo = 4,r x 10-' NA-2

• 

DEFINING THE AMPERE 
The equation to find the force per unit length between two conductors can be 
used to define the ampere. The base unit for measuring electric current in the 
Inte rnational Syste m o f U nits (SI) is the ampe re. Its symbol is A, and it is 
often shortened to amps or amp. 

Base measurements such as this are often defined in relation to other data. For 
instance, the SI definition of the metre is actually calculated as the length light would 
travel in 1299792458 seconds. 

~lne ampere i~ rle fineci a~ heing equal to the amount o f current needed through 

two identical parallel conductors of infinite length when they are I m apart, in order 
to produce a force per unit length of 2 x 10- 7 N m-1

• 

This definition can be d eri,·ed by first identifying the known quantities: 

f = 2 x 10-7 Nm-1 

r= I m 

Substituting these values into the equation for the force between two conductors 
and solving for the current, /: 

f.=&!..J!.i. 
I 2xr 

2 X I O-' = 4,c X 10-7 X /l 

2xx l 

J2 = I 
I = I A 



PHYSICSFILE 

Typical current values 
The unit of measure for electric current is the ampere. The magnitude of currents found in 
many everyday delnces and applications can vary significantly. It is thefefore common to 
see 0.1rrent values ranging from nanoamperes (nAJ tlYough to tens of amperes. 

Some examples of typtcal ament values for deYices are: 

Current in integrated circuit (microelectronic) components, including individual 
transistors: IOOnA to 500nA 

Current to deliver charge to neural tissue in implantab~ medical devices 
(e.g. cochlear implant, cardiac pacemaker). lOOµA to 500µA 

Current consumed by portable electronic chargers or power sources (e.g. laptop or 
iPad charge~: 100 mA to 500 mA 
Current consumed by electronic devices such as TVs or set-top boxes: 
500mA to 2A 

Current consumed by domestic appliances such as toasters: up to lOA 

Current consumed by portable heaters: up to IOA 

Current consumed by a car starter motor: up to 100A 

I PHYSICS IN ACTION I 
The significance of current consumption 
There are many dev.ces and appliances in your house that consume 
electric power. The current consumptton of these devices can vary 
significantly, which can have a significant impact on your househ~d 
power consumption (and hence electrici ty bill). 

The unit of measure for electric current is the ampere. Most 
devices will state their current consumption on a label on the device, 
or in the instructions. For example, mobile phone or tablet chargers 
usualty consume several hundreds of milliamperes, which is shown 
on the charger. Some devices state their power consumption in 
killowatts (kW). For example, a portable heater may consume 
2.5 kW. Knowing that the line voltage at your house is 240V AC, and 
remembering that power consumption is P = VI, a 2.5 kW heater 
would consume up to 10.4A of current if running at full capacity. 

You can determine the effect some household appliances have on 
your overall electricity usage by monitoring the power consumption 
at the electricity meter (Figure 6.2.3). If you use a device that 
consumes tens of amperes of current, you will see the difference in 
your energy usage over a short time period (e.g. one day), 
whereas if you use devtees that consume low amounts of current 
(e.g. milliamperes), it is unlikely that you will see any significant 
change in energy usage. 

nGUAC 6.2.3 An example of an ek!dnaty meter, which 
measures the oxrent c:onsoo,ed by aJI the arruits 
in )'Ot.lr house. The meter Wilt measure the power 
consunpbon per hour Qn ijlowatt hours), by meast<Jll! 
the rurrent drawn and the supply YOttage. 
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6.2 Review 

f111:i:t-iiii 
The force per unit length between two parallel 
current-carrying conductors is given by the 

equation ~ = ~ 
If the two parallel conductors carry current in the 
same direction, the force is attractive. 

If the two parallel conductors carry current in the 

opposite direction, the force is repulsive. 

l:Jii·i'Ji1U·l:ti 
1 If two parallel conductors are carrying current in the 

same direction, is the force between them attractive or 
repulsive? 

2 Which of the following statements correctly describes the 
change in force between two parallel current-carrying 
conductors when one current increases by a factor of 
two, and the other current decreases by a factor of two? 

A The force will increase by a factor of two. 
B The force will decrease by a factor of two. 
C The force will remain the same. 
0 The force will increase by a factor of four. 
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The force experienced between the two parallel 
conductors is equal and opposite, according to 
Newton's third law. 

The forces between two parallel current-carrying 
conductors can be used to derive the SI definition 
of the ampere. 

3 Calculate the force per unit length between two 
parallel current-carrying conductors spaced 2.0cm 
apart. One conductor is carrying lOA of current. while 
the other conductor is carrying 5.0A of currenl 

4 Calculate the force per unit length between two 
parallel current-carrying conductors spaced 10cm 
apart. with both conductors carrying lOA of current 
flowing in the same direction. 

5 Calculate the current being carried by two parallel 
conductors (both carrying the same current), spaced 
20cm apart, if the force per unit length between the 
two conductors is 1.0 x I o-4Nm- 1

. 



Chapter review 

I KEY TERMS I 
ampere 
Ampere's law 

I REVIEW QUESTIONS 

International system of 

units 

Complete the following sentence by selecting the 
best option. 

The magnitude of the magnetic force on a conductor 
aligned so that the current is running parallel to a 
magnetic field is: 

A dependent on the size of the current 

B dependent on the size of the magnetic field 

C dependent on the length of the conductor 
D zero 
E a maximum 

2 Two parallel conductors are carrying current. 
a If the current in both conductors is in the same 

direction, is the force repulsive or attractive 
between them? 

b If the current in both conductors is in opposite 
directions, is the force repulsive or attractive 
between them? 

3 A pair of straight parallel wires carrying currents of 2/ 
and 3/ are set up a distance d apart. They experience a 
force F between them. calculate the force as a function 
of F if both currents are halved and the distance is 
doubled. 

4 The right-hand rule is used to determine the force 
on a current-carrying conductor perpendicular to 
a magnetic field. Identify what part of the hand 
corresponds to the following physical quantities: 

a magnetic force 

b magnetic field 

c current in the conductor. 

5 How much current./, must be flowing in a wire 3.20m 
long 1t the maximum force on 1t 1s U.8UUN and 1t ts 
placed perpendicular to a uniform magnetic field of 
0.0900T? 

6 ca1culate the magnitude and direction of the magnetic 
force on conductors with the following sets of data: 

a 8 = l.OmT left, I = 5.0mm, I = l.OmA up 

b 8 = 0.IOTleft,/= l.0cm, / = 2.0Aup 

7 Power l ines carry an electric current in the Earth's 
magnetic field. Which would experience the greater 
magnetic force: a north-south power line or an east
west power line? Explain your answer. 

8 If the magnitude of the current in a conductor parallel 
to a magnetic field doubles, what effect would this 
have on the force? 

A the force would halve 
B the force would remain the same 

C the force would double 

D the force would quadruple 

E none of the above 

9 If you were building an electric motor, how would you 
position the current-carrying conductor in relation to 
the magnetic field? 

10 An east- west power l ine of length 200m is suspended 
between two towers. Assume that the strength of 
the magnetic field of the Earth in this region is 
8.0 x 1 o-5 T. Calculate the magnetic force (including 
d irection) on this power l ine at the moment it carries 
a current of l 00 A from west to east. 

11 Determine the magnitude of the force acting on a 3.0m 
length of conductor carrying lOA of current that is at an 
angle of 30° to a magnetic field of strength 5.0 x lcr5T. 

12 Determine the current in a 10m conductor that results 
in a force of 10 x 10-5 N if placed in a magnetic fie1d. 
The magnetic field strength is 5.0 x 10·5 r, and it runs 
perpendicular to the conductor. 

13 The d iagram depicts a cross-sectional view of a long, 
straight current-carrying conductor, located between 
the poles of a permanent magnet The magnetic field, 
8, of the magnet. and the current. I. are perpendicular. 

N W+E 
s 

a ca1culate the magnetic force on a 10.0cm section 
of the conductor when the current is 2.0A into the 
page and B equals 2 .0 x 10..JT. 

b ca1culate the magnetic force on a 10m section of 
the conductor when the current is 12.0A into the 
page and 8 equals 10.0 x 10..JT. 

c calculate the magnitude of the current if the 
magnetic force is 5 x l 0-2 N acting on a 10 m 
section of the conductor, when 8 equals 5.0 x 1o-3T. 
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14 Calculate the magnitude of the magnetic field if the 
current is lOA and the magnetic force is 15 x Io-2N 
acting on a 20m section of the conductor. 

15 An east- west power l ine of length 200m is suspended 
between two towers. Assume that the strength of 
the magnetic field of the Earth in this region equals 
7.5 x 10-ST_ 

Calculate the magnitude and direction of the magnetic 
force on this power line at the moment it carries a 
current of 40A from east to west. 

16 Which of the following statements correctly describes 
the change in force between two parallel current
carrying conductors, when one current decreases by 
a factor of four, and the other current decreases by a 
factor of two? 

A The force will increase by a factor of eight 

8 The force will decrease by a factor of eight. 
C The force will remain the same. 
D The force will increase by a factor of four. 
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17 Calculate the force per unit length between two 
parallel current-carrying conductors spaced 20cm 
apart, with one conductor carrying IOA of current 
upwards and the other conductor carrying 12A of 
current downwards. 

18 Calculate the force per unit length between two 
parallel current-carrying conductors spaced 50cm 
apart, with both conductors carrying 15A of current in 
the same d irection. 

19 Calculate the current being carried by two parallel 
conductors spaced 6cm apart, if the force per unit 
length between the two conductors is 7.5 x Io-4Nm- 1

. 

20 Derive the fundamental definition of the ampere using 
the expression for the forces between two parallel 
current-carrying conductors. 

21 After completing the activity on page 168, reflect on 
the inquiry question: Under what circumstances is a 
force produced on a current-carrying conductor in a 
magnetic field? 



CHAPTER 

@P Electromagnetic induction 

In 1831, Englishman Michael Faraday and American Joseph Henry independently 

discovered that a changing magnetic flux could induce an electrtC current in a 
conductor. This discovery made possible the production of vast quantities of 

electricity. Today. whether the primary energy source is burnini coal. wind. nudear 
fissKm or falling water, most of the world's electrical energy production is the result 

of electromagnetic induction. 

Content 
W·i'il·il·l1i!iil•I:■ 
How are electric and magnetic fields related? 
By the end of this chapter you will be able to: 

• describe how magnetic flux can change, with reference to the relationship 
<1> = 8,,A = BA cos9 (ACSPH083, ACSPH107, ACSPH109) 

• analyse qualitatively and quantitatively, with reference to energy transfers and 

transformations. examples of Faraday's law and Lenz's law ( £ = -N~} including 

but not limited to: (ACSPH081, ACSPHJ JO) 

- the generation of an electromotive force (emf) and evidence for lenz's law 
produced by the relative movement between a magnet straight conductors, 

metal plates and solenoids 
- the generation of an emf produced by the relative movement or changes in 

current in one solenoid in the vicinjty of another solenoid 
- analyse quantitatively the operation of ideal transformers through the 

application of: (ACS PH 110) 

-~%t 
- Vp/p = Vsfs 

• evaluate qualitatively the limitations of the ideal transformer model and the 
strategies used to improve t ransformer efficiency, including but not limited to: 

- incomplete flux linkage 
- resistive heat prOOuction and eddy currents 

• analyse applications of step-up and step-down transformers, including but not 

limited to: 
- the distribution of energy using high-voltage transmission lines. 



nGURE 7.1.1 Michael Faraday's original 
induction coil. Passing a current through one coil 
induces a voltage in the second coil by a proces.s 
called mutual inductance. This coil is now on 
d;,piay at the Royal lnstrtuloo ;n London. 

PHYSICSFILE 

Models and theories 
Michael Faraday was not alone in 
the discovery of electromagnetic 
induction. Joseph Henry (1797- 1878), 
an American physicist, independently 
discovered the phenomenon of 
electromagnetic induction a little ahead 
of Michael Faraday, but Faraday was 
the first to publish his results. Henry 
later improved the design of the 
electromagnet, using a soft iron core 
wrapped in many turns of wire. He also 
designed the first reciprocating electric 
motor. Henry is credited with first 
discovering the phenomenon of self
induction, and the unit of inductance 
is named after him. He also introduced 
the electric relay, which made the 
sending of telegrams possible. Henry 
was the first director of the Smithsonian 
Institution. 

While Faraday will be largely referred 
to throughout this text, it is worth 
noting that there can be a number of 
contributors who together built on the 
understanding of key ideas. Joseph 
Henry's contributions should not be 
forgotten. 
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7 .1 Magnetic flux 
After Hans C hristian 0rsted's discovery that an electric current produces a magnetic 
field, Michael Faraday, an English scientist, was convinced that the reverse should 
also be true-a magnetic field should be able to produce an electric current. 

Faraday wound two coils of wire onto an iron ring (Figure 7 .1.1) . He connected 
a battery to one of the coils to create a strong current through it, which therefore 
creared a strong magnetic field. He expected to then detect the creation of an eleetric 
current in the second coil. No matter how strong the magnetic field, he could not 
detect an electric current in the other coil. 

One day he noticed thot the gnlvnnometer (n type of sensitive om.meter} ottndted 
to the second coil flickered when he turned on the current that created the magnetic 
field. It gave another flicker, in the opposite direction, when he turned the current 
off. It was not the strength of the magnetic field that mattered, but the change in the 
magnetic field. 

~Ifie creation of an electric current in a conductor due to a change in the magnetic 
field acting on that conductor is now called electromagnetic induc tion. 

CREATING AN ELECTRIC CURRENT 
In his attempts to produce an electric current from a magnetic field, Faraday had 
no success with a constant magnetic field but was able to observe the creation of 
an electric current whenever there was a change in the magnetic field. This current 
is produced by an induced emf, E. Although the term emf is derived from the 
name electromotin force, it is a voltage, or potential difference, rather than a force. 
F igure 7.1.2 indicates the induction of emf, and therefore current, caused by the 
perpendicular movement of a conducting wire relative to a magnetic field. 

key 
______...,,. direction of 
------..,. movement 

direction 
- - of current 

directtOnof 
-- magnetic field 

move wire down: 
current is induced 

keep wire still: 
no current 

move wire up: 
current is induced 
in the opposite 
direction 

move wire parallel 
to field of magnet: 
no current 

FIGURE 7.1.2 An electromotive force (emf) rs induced in a wire when it moves perpendirular to a 
magnetic field . 



MAGNETIC FLUX 
To be able to develop ideas about the change in a magnetic field that induces an 
emf which can then create (or induce) a current, it is useful l'O be able to d escribe 
the 'amount o f magnetic field' . This amount of magnetic field is referred to as the 
magnetic flux, a scalar quantity, denoted by the symbol <P (the Greek letter phi) . 
Faraday pictured a mag netic field as consisting of many lines of force. The density 
of the lines represents the strength o f the magnetic field. Magnetic flux can be 
related to the total number of these lines that pass within a particular area. A strong 
magnetic field acting over a smaU area can produce the same amount of magnetic 
flm• as a weaker field acting oYer a larger area, as shown in Figure 7. 1.3. For this 
reason, magnetic field strength, B, is also referred to as magnetic flux dens ity. 
B can be thought of as being proportionaJ to the number o f magnetic field lines 
per unit a.rea perpendicular to the mag netic field. 

(a) B (b ) 

I fflt 
rlGURE 7.1.3 Magnetic flux: (a) a strong magnetic field acting over a small area (b) will have the same 
magnetic flux as a weaker magnetic field acting over a larger area. 

The area variable is actually represented by a vector A, the magnitude of which 
is equal to the area being examined. The directio n o f the area vector is normal to the 
plane of the area. This is sh.own in Figure 7.1.4. 

~lne magnetic flux will be at a maximum when the area vector is parallel to the 
magnetic field, and zero when the area ,·ector is perpendicular to the magnetic field. 

Based o n this, magnetic flux is defined as the product of the strength o f the 
magnetic field, 8, and the area of the field, i.e. 

0 <P=fliA 
where 

<Pis the magnetic flux. The unit for magnetic flux is t he weber, abbreviated 
to Wb. where 1 Wb = l Tm-2 

S. is the strength of the magnetic field parallel to the area vector (T) 

A is the area vector (m2
) 

Since it is the p lane of the area perpend icular to the magnetic field , the angle 
betwee n the magnetic field and the area through which the field passes will affect 
the amount of mag netic flux. As the angle changes, the amount o f magnetic 
flux will also change, until it reaches zero when the area under consideration is 
parallel to the magnetic field. Referring to Figure 7 . 1.5, then the relationship 
between the amount of magnetic flux and the ang le 9 to the field is: 

0 <P= BA cos8 

It is important lO note that 9 is not the angle between the plane of the area and the 
magnetic field. Rather, it is the angle between a normal to the area and the d irection of 
the magnetic field; hence the use of cos 9. \'1hen the area is at right angles to the magnetic 
field, the angle 9 between the normal and the field is 0° and cos O = 1 (top diagram in 
Figure 7.1.5). \'1hen the area is parallel to the magnetic field, the angle 9 between the 
normal and the field is 90° and cos 90 = 0 (bottom diagram in Figure 7 .1.5) . 

FIGURE 7.1.4 The area vector A (shown in red) 
is pointed in a direction normal to the plane of 
the area 

B 

A 

<l>=BA cosO 
= BA cosO 
= BA 

<P = BAcosO 

<P=BAcos O 
=BA cos 90 
= O 

FIGURE 7 .1.5 The magnetic Hux is the strength 
of the magnetk: fiekl, 8, multiplied by the area 
perpendicular to lhe magnetic field. given by 
A cos 9 and shown as the shaded areas in lhe 
above diagrams. 
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Worked example 7.1.1 

MAGNETIC FLUX 

A student places a horizontal square coil of wire of side length 5.0cm into a 
uniform vertical magnetic field of O.lOT. How much magnetic flux ' threads' 
the coil? 

Thinking 

Galculate the area of the coil 
perpendicular to the magnetic field. 

Calculate the magnetic flux. 

State the answer in an appropriate form. 

Worked example: Try yourself 7 .1.1 

MAGNETIC FLUX 

Working 

side length = 5.0cm = 0.05m 

area of the square = (0.05 m)2 

=0.0025m2 

<1>=8,A 
= 0.1 X 0.0025 
=0.00025Wb 

<I>= 2.5 x 10"" Wb or 0.25mWb 

A student places a horizontal square coil of wire of side length 4.0cm into a unifom, 
vertical magnetic field of 0.050T. How much magnetic flux 'threads' the coil? 

Worked example 7.1.2 

MAGNETIC FLUX AT AN ANGLE 

A student places a square coil of wire of side length 10.0cm into a uniform 
vertical magnetic f ield of 0.20T. The plane of the square coil is at an angle of 60" 
to the magnetic field. How much magnetic flux 'threads' the coil? 

Thinking Working 

Calculate the area of the coil. side length= 10.0cm = 0.1 m 

area of the square= (0.01 m)2 

= 0.01 m2 

Draw a d iagram to calculate the angle 8. B 

oot 
The plane of the area is 60" to the 
magnetic f ield. So the area vector, 
which is directed normal to the plane, 
will be at an angle: 

9 = 90 - 60 

= 30" 

Galcutate the magnetic flux. ct>=BA cosB 

= 0.2 x 0.01 x cos30 

=0.0017 Wb 

State the answer in an appropriate form. CZ> = 1.7 x 10-3 Wb or 1.7 mWb 



Worked example: Try yourself 7.1.2 

MAGNETIC FLUX AT AN ANGLE 

A student places a square coil of wire of side length 5.0cm into a uniform 
vertical magnetic field of 0.I0T. The plane of the square coil is at an angle of 40• 
to the magnetic field. How much magnetic flux 'threads' the coil? 

Note lhat in \Vorkcd E.~ample 7.1.l an area of 5cm x 5cm = 25cm2 was 
considered, and this corresponds to 0.002S m2 or 25 x 104 m2; in other words: 

THE INDUCED EMF IN A MOVING CONDUCTOR 
It was discovered that a change in the magnetic field, when a magnet is mo,·ed closer 
to a conductor, leads to an induced emf that in rum produces an induced current. 
\X'hile Faraday largely based his investigations on induced currents in coils, another 
way of inducing an emf is by moving a straight conductor in a magnetic field. It's 
not hard to understand why this is the case1 when you know that charges moving in 
a magnetic field will experience a force. 

Recall that when a charge, q, moves at a ,·elocity v, perpendicuJar to a magnetic 
field B, the charge experiences a force F equal to qv 1. B. 

Conside.ring the direction of movement shown in Figure 7 .1.6, the force on the 
positive charges within the moving conductor wouJd be along the conductor and 
ou1 of the page. The force on the negative charges within the conductor wouJd be 
along the conduct"Or but into the page. 

FIGURE 7.1.6 A potential difference, JlV, wiH be produced across a straight wire moving to the left m 
a downward-pointing magnet.IC: field . 

As the charges in Figure 7 .1.6 mo,·e apart due to the force they are experiencing 
from the magnetic field, one end of the conductor will become more positive, the 
other will become more negative, and a pOlential difference, 6 II, or emf will be 
induced between the ends of the conducto r. 
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·------------------------- ----- --- -------- ------------- -------- --- ----------- ------------· 
' ' ' ' 7.1 Review 

t111:t#\N 
An induced emf, c, is produced by a changing 

magnetic flux in a process called electromagnetic 
induction. 

Magnetic flux is defined as the product of the 
strength of the magnetic field, 8, and plane of the 
area perpendicular to the field lines, i.e. 4> = B.,A. 
The amount of magnetic flux varies with the angle 
of the field to the area under investigation; i.e. 
4>= BA cos 8. The angle 8 is defined as between 
the magnetic field and the area vector which is 
directed normal to the plane of the area. 

l:◄:ii·l1iiiit·i:ti 
1 Which of the following scenarios will not induce an 

emf in a long, straight conductor? 
A A magnet is stationary alongside the conductor. 
B A magnet is brought near the conductor. 
C The conductor is brought into a magnetic field. 

D The conductor is rotated within a magnetic field. 

2 A student places a 4.0cm square coil of wire parallel 
to a uniform vertical magnetic field of 0.0S0T. How 
much magnetic flux 'threads' the coil? 

3 A square loop of wire, of side 4.0cm, is in a region 
of uniform magnetic field, B = 2.0 x 10-3 T north, 
as in the diagram below. The loop is free to rotate 
about a vertical axis XY. When the loop is in its ini tial 
position, its plane is perpendicular to the direction of 
the magnetic field. What is the magnetic flux passing 
through the loop? 

--:::::---
8 --

\~ N 

S E 

y 

The magnetic flux is then a maximum when the 
area vector is parallel (00) and zero when the area 
vector is perpendicular (90") to the field. 

The unit for magnetic flux is the weber. Wb; 
1 Wb= 1 Tm-2. 

4 The same square loop of wire as in Question 3 is 
initially perpendicular to the magnetic field. The loop 
is free to rotate about a vertical axis XY. 

Describe what happens to the amount of magnetic 
flux passing through the loop as the loop is rotated 
through one complete revolution. 

5 A circular coil of wire, of radius 5.0cm, is 
perpendicular to a region of uniform magnetic field, 
B = 1.6 m T. What is the magnetic flux passing through 
the loop? 

6 Galculate the magnetic flux through a horizontal 
square coil of wire of side length 5.0cm perpendicular 
to a uniform vertical magnetic field of 0 .10T. 

7 Galculate the magnetic flux through a circular coil of 
wire of radius 3.0cm. The plane of the coil is at an 
angle of 500 to the magnetic field of strength 2.SmT. 

' ' ·-- -------- ------ --- ------ --------- ----- ----------- --- --------- ----- --- ----------- ------- · 
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7.2 Faraday's and Lenz's laws 

14h4114iW·Ul141 
Electromagnetic induction 
How are electric and magnetic fields related? 

COLLECT THIS ..• 

cylindrical rare-earth magnet, longer than the diameter 
of the tube so that it cannot spin inside the tube 

plastic tubing with an internal diameter large enough for 
the magnet to fall freely 

a spool of enamel copper wire 

two LEDs, 10mm, at least 5000mcd, different colours 

soft landing material (pillow, fabric, Styrofoam) 

OOTHIS ... 

Wind the copper wire around the tubing. creating a 3cm 
length of tube with hundreds of loops of wire. 

2 Connect the LEDs to the two ends of the wire. Place the 
LEDs in different orientations. Ensure a good electrical 
connection by sanding the enamel off the wire. If 
possible solder the wire and LED legs together. 

3 Place the tubing over the soft landing material. Drop the 
magnet through the tube. 

RECORD THIS ..• 

Describe how the energy is transferred and transformed 
during this activity. 

Present a top-view diagram of the tubing, indicating the 
magnetic flux as the magnet enters the wire section and the 
direction of the induced current Draw a similar diagram as 
the magnet is in the centre of the wire section and when it 
leaves the wire section. 

REFLECT ON THIS ... 

How are electric and magnetic fields related? 

What variables affect the current produced? 

Faraday's early experiments largely centred on investigating electromagnetic 
induction in coils, or multiple loops, of ,vire. Faraday found that if a magnet is quickly 
mo\'ed into a coil, an emf is induced which causes a current to flow in the coil. If 
the magnet is removed, then a current flows in the coil in the opposite direction. 
Altemati,·ely, if the magnet is held steady and the coil is mO\·ed in such a way that 
changes the magnetic flux, then once again an emf is induced and an electric current 
flows. It doesn' t matter whether the coil or the magnet is mO\·ed-it is a change in flux 
that is required 10 induce the emf (Figure 7.2.1).This diScO\-ery led Faraday to his 
law of induction. Faraday's law of induction is the focus of this section. 

rtGURE 1.2.1 Oscilloscope trace from an electric coil, showing the voltage across the coil as a 
magnet is dropped through it. 

FACTORS AFFECTING INDUCED EMF 
Faraday q uantitatively im·estigated the factors affecting the size of the emf induced 
in a coil. Firstly, emf will be induced by a change in the magnetic field. A simple 
example of this is to witness the emf induced when a magnet is b rought towards or 
away from a wire coil. The greater the change, the greater the emf. 
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0 E=-N~ .. 
where 

e is the induced emf M 
N is the number of turns or 
loops 

l'i<P is the change in magnetic 
flux (Wb) 

.6.t is the change in time (s) 

1 9 0 MODULE 6 I ELECTROMAGNETISM 

Howe,·er, it is not only a change in the strength of a magnetic field, B, that 
induces an emf. It was noticed that an emf can be induced by changing the area 
perpendicular to the magnetic field through which the magnetic field lines pass, 
while keeping B constant. An example o f this is the emf induced when a wire coil 
is rotated in the presence of a fixed magnetic field.10.is discovery indicates that the 
requirement for an induced emf is to have a changing magnetic flux, <P. 

Finally, Faraday d iscovered that the faster the change in m agnetic fhn:, the 
greater the induced emf. T his can be seen in the oscilloscope trace of a magnet 
falling through a coil as shown in the Figure 7.2.1 on page 189. 'l lte magnet is 
accelerated by g ravity as it drops through the coil. Hence, the peak emf induced 
when the magnet first enters the coil at a relatfrely lower speed is noticeably less 
than the peak emf induced when the magnet leaves the coil at a faster speed. Thus, 
it is the rate of dwnge of magnetic flux that determines the induced emf. 

FARADAY'S LAW OF INDUCTION 
Faraday's investigations led him to conclude that the average emf induced in a 
conducting loop, in which there is a changing magnetic flLLx, is proportional to the 
rate of change of flux. 

11tis is now known as Faraday's law of induction and is one of the basic laws 
of electromagnetism. 

J\.lagnetic flux is defined as <P = BaA. 
If the flLLx through N turns (or loops) of a coil changes from <P1 to <P2 during a 

time t, then the average induced emf during this time will be: 

£= - N~ 

and if the change in magnetic flux <P2 - <P1 = A<P, then 

£=- N~ 
"' 

~llte negative sign is placed there as a reminder of the direction of the induced 
emf. ~lltis is discussed further on in the section . Normally you will be concerned 
only with the magnitude of the emf, which means you don't consider the negative 
sign or any negative quantities in a calculatio n. 

If the ends of the coil are connected to an external circuit, then a current, I, will 
flow. The magnitude of the current is found using O hm's law, which is: 

I =~ 
R 

where R is the resistance and JI is the emf of the coil. 
A coil not connected to a circuit will act like a banery not connected to a circuit . 

~lnere will still be an induced em f but no current will flow. 

Worked example 7.2.1 

INDUCED EMF IN A COIL 

A !.turlP.nt w inrl!. "' r.oi l of tuP.~ 40r.m2 with ?O turn~. HP. pl~r.P.!. it hnri7nnt~lly in ;1 

vertical uniform magnetic field of 0.l0T. 

a Calculate the magnetic flux perpendicular to the coil. 

Thinking Working 

Identify the quantities to calculate the <P = B,A 
magnetic flux through the coil and B = O.!OT 
convert to SI units where required. 

A= 40cm2 = 40 x 10-4 m2 

Calculate the magnetic flux and give your <P=£¥-
answer with appropriate units. = 0.10 X 40 X 10-4 

= 4.0 x 10- •wb 



b Calculate the magnitude of the average induced emf in the coil when the coil 
is removed from the magnetic field in a time of 0.5 s. 

Identify the quantities needed to 
determine the induced emf. Ignore the 
negative sign. 

Calculate the masnitude of the averase 
induced emf, ignoring the negative sign 
that indicates the direcUon. 

Worked example: Try yourself 7.2.1 

INDUCED EMF IN A COIL 

I £=-N~ 

N= 20 turns 

Ml>=<l>,-4>, 

=0-4.0 x!Cr 
= 4.0 x l<rWb 

I M=O.ss 

l •= - N'; 

I 
=20 x 4 .0:icto-" 

=0.016=~6mV 

A student winds a coil of area 50cm2 with IO turns. She places it horizontally in a 
vertical uniform magnetic field of 0.IOT. 

a calculate the magnetic flux perpendicular to the coil. 

b Calculate the magnitude of the average induced emf in the coil when the coil 
is removed from the magnetic field in a time of I.Os. 

Worked example 7.2.2 

NUMBER OF TURNS IN A COIL 

A coil of cross-sectional area 1.0 x I0-3m2 experiences a change in the strength 
of a magnetic field from Oto 0.20T over 0.50s. If the magnitude of the average 
induced emf is measured as O.IOV, how many turns must be on the coil? 

Thinking ~ W_o_rk_i__;ng=---------

~entify the quantities needed to calculate I fP = BaA 
the magnetic flux through the coil when 8 = 0.20T 
in the presence of the magnetic field and A= l.O x 

10
-3m2 

convert to SI units where required. 

calculate the magnetic flux when in the 
presence of the magnetic field. 

'--
Identify the quantities needed to 
determine the induced emf. Ignore the 
negative sign. 

4>= B,A 

= 0.20 X l.Q X 10-l 

=2.0 x 10-•wb 

N=? 

114>= <I>,-,,,, 
= 2.Q X 10-4 - Q 

= 2.0 x 10-• Wb 

llt = 0.50 s 
c= 0.IOV 

~range Faraday's law and solve for the I £ =-N~ 
number of turns on the coil. Ignore the "'-I negative sign. N = -~ 

_ 0.lOx0..50 I -2Dxlo-' 

:' 250 turns 
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I PHYSICS IN ACTION I 
Microphones 

A microphone is a type of 
transducer, transforming energy 

from one form (an audio signal 
in the form of soundwaves) to 

another (electric energy/current). 

Many microphones operate by 
taking advantage of Faraday's 
law of induction. The so-called 
'dynamic' microphone uses a 
tiny coil attached to a diaphragm. 
When soundwaves hit the 

diaphragm, the diaphragm moves 
in response to the sound. If the 
tiny coil is close to a permanent 
magnet, the movement of the coil 
in the magnetic field will induce 

an emf that varies with the original 
sound. That induced emf will cause 

a current to flow in the coil due to 
Faraday's law of induction. 

FlGURE 7.2.2 A diver using a metal detector. If a 
metal ot>;ect is found underneath the coil of the 
detector, an emf will be induced which creates a 
ament that will affect the original current. The 
direction of the induc:ed current is predicted by 
using Lenz's law. 
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Worked example: Try yourself 7.2.2 

NUMBER OF TURNS IN A COIL 

A coil of cross-sectional area 2.0 x 10-3 m2 experiences a change in the strength 
of a magnetic field from Oto 0.20T over l.OOs. If the magnitude of the average 
induced emf is measured as 0.40 V, how many turns must be on the coil? 

LENZ'S LAW AND ITS APPLICATIONS 
Lcnz's law is a common way of understanding how electromagnetic induction 
obeys the principles of conservation of energy and explains the direction of the 
induced emf. It is named after I lcinrich Lenz, whose research put a definite direction 
to the current created by the induced emf resulting from a changing magnetic flux. 

Understanding the direction of the current resulting from an induced emf and 
how it is produced has allowed electromagnetic induction to be used in a vast array of 
devices that have transformed modem society, in particular in electrical generators. 
A metal detector is another example of a device that uses Lenz's law (Figure 7 .2.2). 

The direction of an induced emf 

@ Lenz's law states that an induced emf always gives rise to a current whose 
magnetic field will oppose the original change in flux. 

Figure 7 .2.3 applies the law to the relati\'e motion between a magnet and a single 
coil of wire. Moving the magnet t0wards or away from the coil will induce an emf in 
the coil, as there is a change in fllLx. The induced emf will produce a current in the coil, 
and this induced current will then produce its own magnetic field. It is worth noting 
that Lenz's law is a necessary consequence of the law of conservation of energy: if 
Lenz's law were not true then the new magnetic field created by a changing flLLx would 
encourage that change, which would ha\·e the effect of adding energy to the universe. 

Applying Lenz's law, the magnetic field created by the induced current will 
oppose the change in flux caused by the movement of the magnet. \'<'hen the north 
end of a magnet is brought towards the loop from the right, the magnetic flu.x from 
right to left through the loop increases. The induced emf produces a current that 
flows anticlocl.,~se around the loop when viewed from the right. The magnetic field 
created by this current, shown by the little circles around the wire, is directed from left 
to right through the loop. It opposes the magnetic field of the approaching magnet. 

If the magnet is mO\·ed away from the loop, as in part b of Figure 7.2.3, the 
magnetic flux from right to left through the loop decreases. The induced emf 
produces a clock·wise current when viewed from the right. This creates a magnetic 
field that is directed from right to left through the loop. T his field is in the same 
direction as the original magnetic field of the retreating magnet. However, note that 
it is opposing the change in the magnet's Hux through the loop by attempting to 
replace the declining ttu.x. 

FIGURE 7.2.3 (a) The north end of a magnet is brought towards a coil from right to left, inducing a 
current that flows anticlockwise. (b) Pulling the north end of the magnet away from the coil from left 
to right induces a current in a clockwise direction. (c) Holding the magnet still creates no change 1n 
flux and hence no induced current. 



\Vhen the magnet is held stationary, as in part c of Figure 7.2.3, there is no 
change in flux to oppose and so no current is induced. 

The right-hand grip rule and induced current direction 
The right-hand grip rule can be used to find the direction of the induced current. 
Keep in mind that the current must create a magnetic field that opposes the change 
in flux due to the relative motion of the magnet and conductor. Point your fingers 
through the loop in the d irection o f the field that is opposing the change and your 
thumb will then indicate the direction of the conventional current, as shown in 
Figure 7.2.4. 

There are three distinct steps to determine the induced current direction 
according 10 Lenz's law: 

0 1 What is the change that is happening? 
2 What will oppose the change and/or restore the original conditions? 
3 What must be the current direction to match this opposition? 

l bese steps will be further examined in \X'orked example 7 .2 .3. 

Worked example 7.2.3 

INDUCED CURRENT IN A COIL FROM A PERMANENT MAGNET 

The south pole of a magnet is brought upwards towards a horizontal coil initially 
held above i l In which d irection will the induced current flow in the coi l? 

Thinking Working 

Consider the direction of the I The magnetic field d irection from the magnet I 
change in magnetic flux. will be downwards towards the south pole. The 

downward f lux from the magnet will increase as 
the magnet is brought closer to the coi l. So the 
change in flux is increasing downwards. 

What will oppose the change The induced magnetic field that opposes the 
in flux? change would act upwards. 

Determine the direction of the In order to oppose the change, the current 
induced current required to d irection would be anticlockwise when viewed 
oppose the change. from above (using the right-hand grip rule). 

Worked example: Try yourself 7.2.3 

INDUCED CURRENT IN A COIL FROM A PERMANENT MAGNET 

The south pole of a magnet is moved downwards away from a horizontal coil 
held above it In which d irection will the induced current flow in the coi l? 

FIGURE 7.2.4 The right-hand grip rule can be 
used to determine the direction of a magnetic 
field from a current or VK:e versa. Your thumb 
points in the direction of the conventional 
current in the wire and your curled fingers 
indicate the direction of the magnetic field 
through the coil 
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Worked example 7.2.4 

INDUCED CURRENT IN A COIL FROM AN ELECTROMAGNET 

Instead of using a permanent magnet to change the flux in the loop as in 
Worked example 7.2.3, an electromagnet (on the right, in the diagram below) 
could be used. What is the direction of the current induced in the solenoid when 
the electromagnet is: 

(i) switched on 

(ii ) lett on 

(iii) switched off? 

Thinking Working 

Consider the direction of (i) Initially there is no magnetic flux through the 
the change in magnetic solenoid. When the electromagnet is switched 
flux for each case. on, the electromagnet creates a magnetic 

field directed to the left. So the change in flux 
through the solenoid is increasing to the left 

(ii) While the current in the electromagnet is 
steady, the magnetic flux through the solenoid 
is constant and the flux is not changing. 

(iii) In this case, initially there is a magnetic flux 
through the solenoid from the electromagnet 
directed to the left When the electromagnet is 
switched off, there is no longer a magnetic flux 
through the solenoid. So the change in flux 
through the solenoid is decreasing to the lefl 

What will oppose the ( i) The magnetic field that opposes the change 
change in flux for each in flux through the solenoid is d irected to the 
case? right. 

(ii) There is no change in flux and so there will be 
no opposition needed and no magnetic field 
created by the solenoid. 

(iii) The magnetic field that opposes the change in 
flux through the solenoid is directed to the left. 

Determine the direction (i) In order to oppose the change, the current will 
of the induced current flow through the solenoid in the d irection from 
required to oppose the X to Y (or through the meter from Y to X), 
change for each case. using the right•hand grip rule. 

(ii) There will be no induced emf or current in the 
solenoid. 

(iii) In order to oppose the change, the current will 
flow through the solenoid in the d irection from 
Y to X (or through the meter from X to Y), 
using the right•hand grip rule. 



Worked example: Try yourself 7.2.4 

INDUCED CURRENT IN A COIL FROM AN ELECTROMAGNET 

What is the direction of the current induced in the solenoid when the 
electromagnet is: 

(i) switched on 

(ii) left on 

(iii) switched off? 

Induced current by changing area 
It's very important to note that an induced emf is created while there is a change 
in flux, no matler how that change is created. As magnetic flux 4> = 8,A, a change 
can be created by any method that causes a rclatfre change in the strength of the 
magnetic field, B, and/or the plane of the area perpendicular to the magnetic field. 
So an induced emf can be created in three ways: 

by changing the strength of the magnetic field 
by changing the area of the coil \\;thin the magnetic field 
by changing the orientation of the coil ,,;th respect to the direction of the 
magnetic field. 
Figure 7.2.S illustrates an example of the direction of an induced rurrent that 

results during a decrease in the area of a coil. 

FIGURE 7 .2.s Inducing a current by changing the area of a coil. The amount of flux (the number 
of flekt lines) through the coil is reduced and an emf is theref0te induced during the lime that the 
change tS taking place. The current flows in a direction that creates a riekl to oppose the reduction in 
flux into the page. 

As the area of the coil decreases due to its changing shape, the flux th.rough 
the coil (which is directed into the page) also decreases. Applying Lcnz's law, the 
direction of the induced current would oppose this change and ";u be such that it 
acts to increase the magnetic flux through the coil into the page. Using the right• 
hand grip rule, a current would therefore flow in a clockwise direction while the area 
is changing. 
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196 MOOULE 6 I ELECTROMAGNETISM 

In Figure 7 .2.6, the coil is being rotated within the magnetic field .The effect is the 
same as reducing the area . The amount of Hux Howing through the coil is reduced 
as the coil changes from being perpendicular to the field to being parallel to the 
field. An induced emf would be created while the coil is being rotated. This becomes 
particularly important when determining the current direction in a generator. 

X X 
8 

X X (inwards) X X 

X 

X 
flux 

X decreasing 

X 

X X X X X X X 

X X 

rlGURE 7.2.6 Changing the orientation of a coil within a magnetic field by rotating it reduces the 
amount of flux through the coil and so induces an emf in the coil while it is being rotated. 

Worked example 7.2.5 

FURTHER PRACTICE WITH LENZ"S LAW 

X 

X 

X 

X 

The north pole of a magnet is moving towards a coil, into the page (the south 
pole is shown at the top looking down). In what direction will the induced current 
flow in the coil while the magnet is moving towards the coil? 

Thinking Working 

I Consider the direction of the change I The magnetic field d irection from the 
in magnetic flux. magnet will be away from the north 

pole, into the page. The flux from the 
magnet will increase as the magnet is 
brought closer to the coil. Therefore 
the change in flux is increasing into 
the page. 

What will oppose the change in flux? The magnetic field that opposes the 
change would act out of the page. 

Determine the direction of the induced In order to oppose the change, 
current required to oppose the the current direction would be 
change. I anticlockwise when viewed from above 

(using the r ight•hand grip rule). 



Worked example: Try yourself 7.2.5 

FURTHER PRACTICE WITH LENZ'S LAW 

A coil is moved to the right and out of a magnetic field that is directed out of the 
page. In what directton will the induced current flow in the coil while the magnet 
is moving? 

PHYSICSFILE 

Eddy currents 

0 

0 

X 
B 

X X X X 
Lenz's law is important for many practical applications 
such as metal detectors, induction stoves and 
regenerative braking. These all rely on an eddy current. 
which is a circular electric current induced within a 
conductor by a changing magnetic fiekl. X X 
Applying Lenz's law, an eddy current will be in a 
direction that creates a magnetic field that opposes 
the change m magnetic flux that created it. Thus eddy 
currents can be used to apply a force that opposes 
the source of the motion of an external magnetic 
field. For example, 1f a metal plate is dragged out of 
a magnehc field, an eddy current will form within the 

X 

X 

X 

X 

X 

X X X X 
plate that opposes the change in flux through the area 
of the plate, and thus opposes lhe motion of the plate 
itself due to the interaction of the magnetic fields 
fFigure 7.2.7). 

This rs the basis of regenerative braking, where the 
drag of the opposing magnetic fiekt is utilised as 

nGURE 7 .2.7 As the metal plate rs mewed towards the nght, out of the magneic field 
whdl is directed into the page, an eddy ament forms m a doc:kwise direcbon. ThtS 
eddy current woukl resist the mobon of the plate 

a braking force. An eddy current flowing through 
a conductor with some resistance will also lose energy to the 
conductor by heating it. This makes eddy currents useful for an 
induction stovetop, but a potentially major source of energy loss 
within nn AC generator, motor or transformer. L.nminnted cores 

with insulating material between the thin layers of iron are used in 
these applications to reduce the overall conductivity and suppress 
eddy currents. 

The Earth's magnetic field is also a result of eddy currents. The 
energy that drives the Earth's dynamo comes from the enormous 
heat produced by radioactive decay deep in the Earth's core. 
The heat causes huge swirling convection currents of molten 
iron m the outer core. I hese convection currents of molten iron 
act rather like a spinning disk. They are moving in the Earth's 
magnetic field and so eddy currents are induced in them. It IS 
these eddy currents that produce the Earth's magnetic field. 
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PHYSICSFILE 

Induction stoves 
In contrast to a conventional gas or electric stove that heats via 
radiant heat from a hot source, an induction stove heats via the 
metal pot in which the food is being cooked. A coil of copper wire 
is placed wijhin the cooktop (Figure 7.2.8). The AC electricity 
supply produces a changing magnetic field in the coil. This induces 
an eddy current in the conductive metal pot. The resistance of 
the metal in the pot, in which the eddy current flows, transforms 
electrical energy into heat and cooks the food. 

While induction cooktops have only reached the domestic market 
in relatively recent times, the first patents for induction cookers 
were issued in the earty 1900s. They have significant advantages 
over traditional electric cooktops in that they allow instant control 
of cooking power (similar to gas burners), they lose less energy 
through ambient heat loss and heating time, and they have a 
lower risk of causing burn injuries. Overall, the heating efficiency 
of an induction cooktop is around 12% better than traditional 
electric cooktops and twice that of gas. 

I PHYSICS IN ACTION I 
The Meissner effect 

Superconductivity is a phenomenon 

that occurs when materials are cooled 

below a critical temperature (usually 
close to absolute zero), causing the 

material to have zero electrical resistance. 
Superconductors p revent magnetic 

f ields from penetrating their interior, 
so that if a magnet is brought close 

to a superconductor it will levitate 

FIGURE 7.2.B The coil of an induction zone within an induction cooktop. 
The large copper coil creates an alternating magnetic field. 

(Figure 7.2.9). This is known as the 
Meissner effect, named after the German 
ph~id~t~ W. MP.i~!;nP.r ;1nrl R. Or.h!;P.nfP.lrl 

in 1933 who discovered this property of 

superconductors. The Meissner effect is 
not the same as induced eddy currents. 

Eddy currents require a changing 

magnetic flux, hence the magnet would 
need to move. Yet in the Meissner effect, 

the magnet is stationary. Instead, this 
effect is due to quantum mechanical 

properties of the superconductor. 
FIGURE 7.2.9 A magnet levitates above a superconductor due to the Meissner effect. 
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7.2 Review 

f1'l:t:t\ii 
The emf induced in a conducting loop in which 
there is a changing magnetic flux is proportional 

to the negative rate of change of flux. 

This is described by Faraday's law of induction: 

c=-N~. 
The negative sign in Faraday's law indicate5 

direction. For questions involving only magnitudes, 
you can ignore the negative sign in your 
calculations. 

Lenz's law states that an induced emf always gives 
rise to a current whose magnetic field will oppose 
the original change in flux. 

l:Jii·UJfiit·l:~i 
The following information relates to questions 1- 3. 

A single rectangular wire loop is located with its plane 
perpendicular to a uniform magnetic field of 2.0mT, 
directed out of the page, as shown below. The loop is free 
to rotate about a horizontal axis XY. 

y 

Bout of page 

1 How much magnetic flux is threading the loop in this 
position? 

2 The loop is rotated about the axis XY, through an 
angle of 90", so that its plane becomes parallel to the 
magnetic field. How much flux is threading the loop in 
this new position? 

3 If the loop complete:s one-quarter of a rotation in 
40 ms, what is the average induced emf in the loop? 

There are three distinct steps to determine the 
induced current direction according to Lenz's law: 

1 What is the change that is happening? 

2 What will oppose the change and/or restore the 
original conditions? 

3 What mu!>t be the current direction to match 

this opposition? 

An induced emf can be created in three ways: 

by changing the strength of the magnetic field 

by changing the area of the coil within the 
magnetic field 

by changing the orientation of the coil with 
respect to the direction of the magnetic field. 

4 When a magnet is dropped through a coil, a voltage 
sensor will detect an induced voltage in the coil as 
shown below. 

The area under the curve above zero is exactly equal 
to the area above the curve below zero because: 
A The strength of the magnet is the same. 
B The area of the coil is the same. 

C The strength of the magnet and area of the coil are 
the same. 

D The magnet 5pced5 up a5 it fall5 through the coil. 

The following information relates to questions 5 and 6. 
A coil of 500 turns, each of area 10cm2, is wound around 
a square frame. The plane of the coil is initially parallel 
to a uniform magnetic field of 80mT. The coil is then 
rotated through an angle of 90" so that its plane becomes 
perpendicular to the field. The rotation is completed in 
20ms. 

5 What is the average emf induced in each turn during 
this time? 

6 What is the effect on the average induced emf due to 
the multiple coils in Question 5? 
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7 .2 Review continued 
7 A conducting loop is located in an external magnetic 

field whose direction (but not necessari ly magnitude) 
remains constant A current is induced in the loop. 
Which of the following alternatives best describes the 
direction of the magnetic field due to the induced 
current? 
A It will always be in the same direction as the 

external magnetic field. 
8 It will always be in the opposite direction to the 

external magnetic field. 
C It will be in the same d irection as the external 

magnetic field if the external magnetic field gets 
weaker, and it will be in the opposite d irection to 
the external magnetic field if the external magnetic 
field gets stronger. 

0 The direction can't be determined from the 
information supplied. 

8 A rectangular conducting loop forms the circuit 
shown below. The plane of the loop is perpendicular 
to an external magnetic field whose magni tude and 
direction can be varied. The initial direction of the field 

is out of the page. 

y 

B out of page 
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a When the magnetic field is switched off, what will 
be the direction of the magnetic field due to the 
induced current? 

A out of the page 

B into the page 

C clockwise 
D anticlockwise 

E left to right 
F r ight to left 

b When the direction of the external magnetic field is 
reversed, what is the direction of the magnetic field 
due to the induced current? 

A out of the page 

B into the page 

C clockwise 

D anticlockwise 

E left to right 

F r ight to left 



7.3 Transformers 
\Vhen Faraday first discovered electromagnetic induction, he had effectively 
im·ented the transformer. A transformer is a device for increasing and decreasing 
an alternating current (AC) ,·oltage. Transformers can be found in many electrical 
devices: they are an essential part of any electrical distribution system and are the 
focus of this section (Figure 7.3.1) . 

THE WORKINGS OF A TRANSFORMER 
A transformer works on the principle of a changing magnetic fltLx inducing an emf. 
No matter what the size or application, a transformer will consist of two coils known 
as the primary and secondary coils. The changing flux originates with the alternating 
current supplied to the primary coil. The changing magnetic flu.x is directed to the 
secondary coil where the changing flu.x will induce an emf in that coil (Figure 7.3.2) . 

(a) (b) 

load ]II[ 
secondary coil 

nGURE 7.3.2 (a} In an ideal transformer, the iron core ensures that all the Hux generated in the 
l)fimary coil also passes through the secondary coil. (b} The symbol used in circuit diagrams for an 
iron•core transformer. 

The two coils can be intern·oven using insulated wire or they can be linked 
by a soft iron core, laminated to minimise eddy current losses. Transformers are 
designed so that nearly all of the magnetic flux produced by the primary coil will 
pass through the secondary coil. In an ideal transformer the assumption is that 
this will be I 00% efficient and energy losses can be ignored. In a real transformer, 
this assumption remains a good approximation . Transformers are one of the most 
efficient devices around, with practical efficiencies often being better than 99%. 

AC VERSUS DC 
The power distribution system works on alternating current. That may seem odd 
when many devices run on direct current, but one of the primary reasons is the ease 
with which alternating current can be transformed from one voltage to another. 

A transformer works o n the basis of a changing current in the primary coil 
inducing a changing magnetic flux. This in turn induces a current in the secondary 
coil. For this to work, the original current must be constantly changing, as it does 
in an AC supply. 

A DC voltage has a constant, unchanging current. \~ith no change in the size 
of the current, no changing magnetic flux will be created by the primary coil and, 
hence, no current is induced in the secondary coil. Transformers do not work with 
the constant current of a DC electrical supply. There will be a very brief induced 
current when a DC supply is turned on, and a change occurs from zero current to 
the supply level. 'Tbere is a similar spike if the DC supply is switched off, but while 
the DC supply is co nstant there is no change in magnetic flux to induce a current 
in the secondary coil. 

THE TRANSFORMER EQUATION 
\Vhen an AC voltage is connected to the primary coil of a transformer, the changing 
magnetic field will induce an AC voltage of the same frequency as the o riginal 
supply in the secondary coil. The voltage in the secondary coil will be different and 
depends upon the n umber of turns in each coil. 

FIGURE 7.3.1 (a) View of transfOfmers at an 
electrical substation. The substation takes 
electricity from the distribution grid and converts 
it to k>wer voltages used by industtial or 
residential equipment. (b) More common are the 
smaller distribution transformers found on every 
suburban street. See if you can locate at least 
one on your street. 

Laminations 

Eddy currents that are created 
in the iron core of transformers 
can generate a considerable 
amount of heat. Energy that has 
been lost from the electrical 
circuit and the transformer as 
heat may become a fire hazard. 
To reduce eddy current losses, 
the transformer core is made 
of laminations, which are thin 
plates of iron electrically insulated 
from each other and placed so 
that the insulation between the 
laminations interrupts the edcty 
currents. 
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0 The magnitude of alternating 
current (AC) voltage or current 
is expressed as the peak value, 
peak-to-peak value or RMS (root 
mean square) value. As AC current 
or voltage is a time-varying, 
sinusoidal value, the peak and 
peak-to-peak values refer to the 
height of the sinusoidal waveform 
(from zero to peak, or negative 
peak to positive peak). The RMS 
value is effectively the mean 
(average) value of the AC supply, 
and is often the value used in 
measurements. 

2 0 2 MODULE 6 I ELECTROMAGNETISM 

From Faraday's law, the a,·erage ,·oltage in the primary coil, Vp, will affect the 
rate at which the magnetic flux changes: 

Vr=Nrr 

or 
~=~ 
41 ,\'r 

where NP is the number of rums in the p rimary coil. 
~Ifie induced voltage in the secondary coil, V

1
, will be 

Vs=Ns~ 

and 
~=~ 
41 N 15, 

where N1 is the number of rums in the secondary coil. 
Assuming that there is Little or no loss of fltLx between the p rimary and secondary 

coils, then the flux in each will be the same and 

.!L=~ 
,\ 'r N15, 

or 

0 The transformer equation, relating voltage and number of turns in each coil, is: 

~ - ~orvs - Ni or ~ - vs 
Vs Hs~~~Ns 

~Ifie transformer equation explains how the secondary (output) voltage is related 
to the p rimary input voltage. Either therms ,·oltage for both or the peak ,,ottage for 
both can be used. 

A st ep-up transfor m er increases the secondary voltage compared with the 
primary voltage. The secondary voltage is greater than the primary voltage and the 
number of turns in the secondary coil is greater than the number of turns in the 
primary coil, i.e. if Ns > Np then Vs > Vp. 

A step -down tran sformer decreases the secondary ,·oltage compared with 
the primary voltage. T he secondary ,·oltage is less than the primary ,·oltage and 
the number of turns in the secondary coil is less than the number of turns in the 
primary coil, i.e. if Ns < Np then Vs < Vp. 

Worked example 7.3.1 

TRANSFORMER EQUATION- VOLTAGE 

A transformer is bui lt into a portable radio to reduce the 240V supply voltage 
to the required 12V for the radio. If the number of turns in the secondary coil is 
100, what is the number of turns required in the primary coil? 

Thinking Working 

State the relevant quantities given I Vs = 12V 
in the question. Choose a form of Vp= 240V 
the transformer equation with the 

Ns = 100 turns unknown quantity in the top left 
position. Np = ? 

!'!e. = !'t. 

"' v, 

Substitute the quantities into the ,._ _ 240 

equation, rearrange and solve for NP. ioo-12 
N _ l 00x240 

p- - ,-, -
= 2000 turns 



Worked example: Try yourself 7.3.1 

TRANSFORMER EQUATION- VOLTAGE 

A transformer is built into a phone charger to reduce the 240V supply voltage to 
the required 6 V for the charger. If the number of turns in the secondary coil is 
100, what is the number of turns required in the primary coil? 

POWER OUTPUT 
Although a transformer very effecti\·ely increases or decreases an AC \'Oltage, 
energy conservation means that the output power cannot be any greater than the 
input power. Since a well-designed transformer with a laminated co re can be m o re 

than 99%, efficient, the power input can be considered equal to the power output, 
making it an ' ideal' transformer. 

Since power supplied is P = VJ, then: 

Vp/p =Vsfs 
The transformer equation can then be written in terms of current,/. 

0 The t ransformer equation, relating current and the number of turns in each coil: 

"-=~ o, ,.="'- or .l:.=-"-
ls ~ Ip N1 N1 NP 

Note carefully that the number-of-tums ratio for currents is the inverse of that 
for the transformer equation wr itten in terms of voltage. 

A transformer will be overloaded if too much current is drawn and the resistive 
power loss in the wires becomes too great. There will be a point at which the 
transformer starts to overheat rapidly. 1-<0r this reason, it is important not to exceed 
the rated capacity of a transformer. 

Worked example 7.3.2 

TRANSFORM ER EQUATION-CURRENT 

A radio with 2000 turns in the primary coil and 100 turns in its secondary coi l 
draws a current of 4.0A. What is the current in the primary coil? 

Thinking 

State the relevant quantities given 
in the question. Choose a form of 
the transformer equation with the 
unknown quantity in the top left 
position. 

Substitute the quantities into the 
equation, rearrange and solve for Ip. 

Worked example: Try yourself 7.3.2 

TRANSFORMER EQUATION-CURRENT 

Working 

/5 =4.0A 

Ns = 100 turns 

Np = 2000 turns 

Ip = ? 
~ = '!,_ 
~ ~ 

L = .!.QQ_ 
4.0 2000 

/p = 4~00 

= 0.20A 

A phone charger with 4000 turns in the primary coi l and 100 turns in its 
secondary coil d raws a cur rent of 0.50A. What is the current in the primary coil? 

PHYSICSFILE 

Standby power 
Because very little current will flow in 
the primary coil of a good transformer 
to which there is no load connected, 
the transformer will use ltttle power 
when not in use. However, thtS 'standby 
power' can add up to around 10% of 
power use. ThtS is why devices such as 
TVs and computers should be switched 
completely off when not in use. Cher 
the whole community, standby power 
amounts to megawatts of wasted power 
and unnecessary greenhouse emissions! 
Special switches, such as the 'Ecoswitch' 

shown below, have been developed that 
can be connected between the power 
outlet and the device to make it easier to 
remember to tum devices completely off 
when not in use. 

OGURE7.3.3 Standbyswitchessuchas 
the 'EOOS'Mtch' make it easier and rrae 
OOIM!l"ient lo lurn clevicescoo1)1elelycll v.toen 
not in use, savilg up to 10% oo poNer' bils. 
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Worked example 7.3.3 

TRANSFORMERS-POWER 

The power drawn from the secondary coil of the transformer by a portable radio 
is 48W. What power is drawn from the mains supply if the transformer is an 
ideal transformer? 

Thinking I Working 

The energy efficiency of a transformer I The power drawn from the mains 
can be assumed to be 100%. The I supply is the power in the primary coil, 
power in the secondary coil will be the which will be the same as the power in 
same as that in the primary coil. the secondary coil: P = 48W. 

Worked example: Try yourself 7 .3.3 

TRANSFORMERS-POWER 

The power drawn from the secondary coil of the transformer by a phone charger 
is 3 W. What power is drawn from the mains supply if the transformer is an ideal 
transformer? 

POWER FOR CITIES: LARGE-SCALE AC SUPPLY 
In your school experiments using electrical circuits, it is likely that you have 
ignored the resistance of the connecting wires because the wires (generally made 
from copper) are good conductors, and so the resistance is ,·ery small over short 
distances. However, o,·er large distances, e,·en relatively good electrical conductors 
like copper have a significant resistance. 

Modem cities use huge amounts of electrical energy, most of which is supplied 
from power statio ns built at a considerable distance from the metropolitan areas. The 
efficient transmission of the electrical energy with the least amount of power loss 
over that distance is therefore a ,·ery important consideration for electrical engineers, 
particularly gi,·en the vast distances between population centres in Australia. 

~Ille power lost in an electrical circuit is g iven by !!,.]> = l:J. VI, where AV is the 
voltage drop across the load. Recalling Ohm's law, AV= IR, and substituting it into 
the power equation, the power loss can be expressed in terms of either current and 
load resistance o r voltage drop and load resistance: 

Ploss = t:J.Vf = t 2R = .4:l 
By considering the form of the equation including the current carried by the circuit 

and its electrical resistance (P1oss = FR), it is clear that transmitting large amounts of 
power using a large current will create very large power losses. lf the current in the 
power lines can be reduced, it will significantly reduce the power loss. Since the power 
loss is proportional to the square of the current, then if the current is reduced by a 
factor of 3, for exam ple, the power loss will be reduced by a factor of 32 or 9. 

1fle challenge, then, is to transmit the large amounts of power being produced 
at power stations using a very low current. Transformers are the most common 
solution to this p roblem. Using a step-up transformer near the power station, the 
voltage is increased by a certain factor and, importantly, the current is decreased by 
the same factor. Due to the P1oss =PR equation, the power lost d uring transmission 
is reduced by the square o f that factor. 

At this point you might be confused by the altematin~ equation for power loss: 
P_ = ,1:i. A simple misunderstanding could make you think that increasing the mltage 

through the use of a steirup transformer would actually lead to greater power loss, if you 
use this equation to calculate power loss. However, I!,. V represents the ,·oltage drop in a 
circuit. You must be careful not to confuse the voltage being transmitted along the "ires 
with the voltage drop across the wires. So, even though the voltage being transmitted is 
increased through the use of a steirup transformer, the voltage drop across the \\ires 
would be reduced since AV= IR, and thus the power loss would also be reduced. 



AC power from the generator is readily stepped up by a transformer to between 
240k.V and 500k.V prior to transmission. Once the electrical lines reach the city, 
the ,·oltage is stepped down in stages at electrical substations for distribution. The 
power lines in streets will ha,·c a ,·oltage of around 2400V, before being stepped 
down via small distribution transformers to 240V for home use. 

Worked example 7.3.4 

TRANSMISSION-LINE POWER LOSS 

300 MW is to be transmitted from the Murray 1 power station in the Snowy 
Mountains Scheme to Sydney, along a transmission line with a total resistance of 
1.00. Wh;it woulc1 M thA tot;il t~n!-.mis..c;.ion powP.r loss if the in iti"I volt-'eA "lone 
the line was 250kV? 

Thinking 

Convert the values to SI units. 

~ 

Determine the current in the line 
based on the required voltage. 

Determine the corresponding power 
loss. 

'--

Worked example: Try yourself 7.3.4 

TRANSMISSION-LINE POWER LOSS 

Working 

P = 300MW = 300 x 10•w 

V= 250kV = 250 x 10'v 

P=Vl:.l=G 

I=:=~~ 
= 1200A 

P,.,..=t'R 

=12oo2 x l 
= l.4x 106 Wor l.4MW -

300 MW is to be transmitted from the Murray 1 power station in the Snowy 
Mountains Scheme to Sydney, along a transmission line with a total resistance 
of 1.00. What would be the total transmission power loss if the voltage along the 
line was 500 kV? 

Worked example 7 .3.5 

VOLTAGE DROP ALONG A TRANSMISSION LINE 

Power is to be transmitted along a transmission line with a total resistance 
of 1.0 0. The current is 1200A. What voltage would be needed at the power 
generation end of the transmission line to achieve a supply voltage of 250 kV? 
Give your answer to four sign_i_fic_a_n_t _fig_u_re_s_. ______ _ 

Thinking Working 

Determine the voltage drop along the i>V= IR 
transmission line. = 1200x 1.0 

= 1200V 

Determine the initial supply voltage. Vintilil=Vsu~+6V 

= 250 x lo'+ 1200 

= 251200Vor 251.2kV 
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I PHYSICS IN ACTION I 
The War of 
Currents 

AC and DC power supplies have been 
in competition for nearty as long 
as humans have been generating 
electricity. The heated debates about 
the benefits and disadvantages of 
each type of current prompted what 
has been called the 'War of Currents' 
in the late 1800s. During this time 
Thomas Edison, an American inventor 
and businessman, had created the 
Edison Electric Light Company that 
he hoped would supply electricity 
to large parts of America with his 
DC generators. Meanwhile, Nikola 
Tesla, a Serbian-American physicist, 
had invented the AC induction 
motor and, with financial support 
lrom George Westinghouse, hoped 
AC would become the dominant 
power supply. Ultimately, the ease 
with which AC could be stepped up 
using transformers for long-distance 
transmission with minimal power loss 
{as discussed in detail throughout this 
chapte~ proved to be the prevailing 
benefit that led to AC winning the 
'war'. However, in his attempt to win 
the competition, Edison attempted 
to portray the high-voltage AC power 
as terrifyingly dangerous by using 
It to electrocute elephants and by 
inventing the AC-powered electric 

chair for the American government to 
execute prisoners on death row. 

White AC power is now universal in 
large-scale power distributions, there 
is a limn to how high the voltage of 
an AC system can go and still be 
efficient. Above approximately lOOkV, 
corona loss {due to the high-voltage 
ionising air molecules) begins to 
occur, and above 500kV it no longer 
becomes feasible to transmit electric 
power due to these effects. 
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Worked example: Try yourself 7.3.5 

VOLTAGE DROP ALONG A TRANSMISSION LINE 

Power is to be transmitted along a transmission line with a total resistance 
of 1.00. The current is 600A. What voltage would be needed at the power 
generation end of the transmission l ine to achieve a supply voltage of 500 kV? 
Give your answer to four significant figures. 

LARGE-SCALE ELECTRICAL DISTRIBUTION SYSTEMS 
Large-scale energy transmission is done through an interconnected grid between 
the power stations and the population centres where the bulk of the electrical energy 
is used. A wide-area synchronous grid, also known as an interconnection, directly 
connects a number of generators, delivering AC power with the same relative phase, 
to a large number o f consumers. 

No matter the source, the path the electrical power takes to the final consumer is 
very similar (Figure 7.3.4). Step-up transformers in a large substation near the power 
station will raise the voltage from that initially generated to 240000V (240kV) or rn:lre. 
~lne electrical power will then be carried via high-\·oltage transmission lines to a number 
of substations near key centres of demand. Substations with step-dO\\·TI transformers 
then reduce the voltage to more safe levels for distribution underground or via the 
standard 'electricity pole' you would be familiar \\~th around city and country areas. 
Each group of 10-15 houses will be supplied by a smaller distribution transformer, 
mounted on the poles, which reduces the voltage down to the 240V AC rms voltage 
that home and business installations are designed to run on (see Figure 7.3.4) . 

12000V 240000V 

step-down 
transformer 

2400 V 240 V 
FIGURE 7.3.4 Transmitting electric power from a generator to the home uses AC power, so 
transformers can be used to minimise power losses through the system. 

~The use of AC as the standard for distribution allows highly efficient and relatiYely 
cheap transformers to convert the initial voltages created at the power station to 
much higher levels. ~lne same power transmitted at a higher voltage requires less 
current and Uterefore less power loss. If 1t were not for tlus, the resistance o f Ute 
transmission wires would need to be significantly reduced, which would require 
more copper in order to increase their cross-sectional area. This is both expensive 
and heavy. Less metal makes cables lighter and thinner, and the supporting towers 
themselves can be comparatively shorter, cheaper and lighter to build. 



7.3 Review 

l111:l#-iiii 
A transformer works on the principle of a changing 
magnetic flux inducing an emf. No matter what the 

size or application, it will consist of two coils known 

as the primary and secondary coils. 

Ideal transformers are 100% efficient; real 
transformers are often over 99% efficient, and for 

this reason power losses within the transformer 

can be ignored in calculations. 

The transformer equation can be written in 
different versions but is based on: 
!,_=~ 
v, "' 
A step-up transformer increases the secondary 

voltage compared with the primary voltage. 

A step-down transformer decreases the secondary 
voltage compared with the primary voltage. 

l:!41·\iiilii·i:ti 
1 A non-ideal transformer has a slightly smaller power 

output from the secondary coil than input to the 
primary coil. The voltage and current in the primary 
coil are denoted V1 and 11 respectively. The voltage 
and current in the secondary coil are denoted V2 and 
12 respectively. Which of the following expressions 
describes the power output in the secondary coil? 

A V1l1 

B V:,12 
C V1l2 
D /2

2R 
2 A voltage sensor is connected to the output of a 

transformer and a series of different inputs is used. 
Which of the following graphs is the most likely output 
d isplayed on a voltage graph for a steady DC voltage 
input? 

3 A security light is operated from a mains voltage 240V 
rms through a step-down transformer with 800 turns 
on the primary winding. The security tight operates 
normally on an rms voltage of 12V. 

How many turns are on the secondary coil? 

The transformer equation can also be written in 
terms of current, i.e.: 

~ = ~or Vplp= V5ls 

Transformers will not work with DC voltage since it 

has a constant, unchanging current that creates no 
change in magnetic flux. 

The power supplied in an electrical circuit ts given by: 
P=VI 

The power lost in an electrical circuit is given by: 
P=f'R 

The AC electrical supply from a generator is readily 

stepped up or down by transformers, hence AC 
is the preferred form of electrical energy in large

scale transmission systems. 

4 The figure below depicts an iron-core transformer. 
An alternating voltage applied to the primary coil 
produces a changing magnetic flux. The secondary 
circuit contains a switch, S, in series with a resistor, R. 
The number of turns in the primary coil is N1 and in 
the secondary coil, N2. The power in the first coil is P1 
and in the second coil, P2. Assume that this is an ideal 
transformer. 

secondary R 
AC voltage 

a Write an equation that defines the relationship 
between the power in the primary coil, P1, and the 
power in the secondary coil, P2• 

b Write an equation that define5 the rclation5hip 
between the current in the secondary coil, 12, and 
the current in the primary coil, 11, in terms of the 
number of turns in each coil. 

5 A solar-powered generator produces 5.0 kW of 
electrical power at 500V. This power is transmitted 
to a d istant house via twin cables of total resistance 
4.00. What is the total power loss in the cables? 
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7 .3 Review continued 
6 A 100km transmission line made from aluminium 

cable has a total resistance of l0n. The line carries 
the electrical power from a 500MW power station to 
a substation. If the line is operating at 250kV, what is 
the power loss in the line? 

7 A power station generates 500 MW of power to 
be used by a town 100km away. The power lines 
between the power station and the town have a total 
resistance of 2.0 n . 
a If the power is transmitted at lOOkV, what current 

would be required? 

b What voltage would be available at the town? Give 
your answer in kilovolts (kV). 
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8 Power loss can be expressed by the formula 
P = ~ = f2R. Therefore, select which of the following 
statements is true, and justify why the other response 
is incorrect: 
A The greater the voltage being transmitted in a 

transmission line, the greater the power loss. 
B The greater the current in the transmission line, the 

greater the power loss. 



Chapter review 

I KEY TERMS I 
electromagnetic induction 
emf 
Faraday 's law 
ideal transformer 

I REVIEW QUESTIONS 

induced current 
Lenz's law 
magnetic flux 
magnetic flux density 

A rectangular coil of area 40cm2 and resistance LOO 
is located in a uniform magnetic field 8 = 8.0 x 10-4 T 
which is directed out of the page. The plane of the coil 
is initially perpendicular to the field as depicted in the 
diagram below. 

x; __ ~ _;_y 
-~ · . . . . . . 

a What is the magnitude of the emf induced in the 
coil when the strength of the magnetic field is 
doubled in a time of l.0ms? 

b What is the d irection of the current caused by the 
induced emf in the coil when the strength of the 
magnetic field is doubled in a time of l.0ms? 

2 During a physics experiment a student pulls a 
horizontal circular coil from between the poles of two 
magnets in 0.10s. The initial position of the coil is 
entirely in the field, while the final position is free of 
the field. The coil has 40 turns, each of radius 4.0cm. 
The field strength between the magnets is 20 m T. 

LJ) coil moved to the right 

initial posit ion final position 

c_,.,.=""'~:,~ ¢-;;:::?A y C? ¢ y 

f11 ' ' 
a What is the magnitude of the average emf induced 

in the coil as it is moved from its initial position to 
its f inal position? 

b What is the d irection of the current in the coil 
caused by the induced emf? 

step-down transformer 
step-up transformer 
transformer 

3 A copper rod, XY, of length 20cm is free to move 
along a set of parallel conducting rails as shown in 
the following diagram. These rails are connected to a 
switch, $, which completes a circuit when it is closed. A 
uniform magnetic field of strength 10 ml, d irected out 
of the page, is established perpendicular to the circuit 
S is closed and the rod is moved to the right with a 
constant speed of 2.0ms- 1• 

e e X e e 

• • • • left right 

• • • • 
• • y • • 

What is the direction of the current through the rod 
caused by the induced emf? 

4 Coils S1 and S2 are close together and linked by a soft 
iron core. The emf in S1 varies as shown in the graph 
below. Draw a line graph to show the shape of the 
variation of the current in S2. 

V 

7 t(s) 
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The following information relates to questions 5 and 6. 
An ideal transformer is operating with an input voltage of 
14V and primary current of 3.0A. The output voltage is 
42V. There are 30 turns in the secondary winding. 

42 V 

5 What is the output current? 

6 How many turns are there in the primary coil? 

7 The following d iagram shows a graph of induced 
voltage versus time as it appears on the screen of a 
cathode ray oscilloscope. 

B 
Which of the following input voltages would produce 
the voltage shown in the CRO d isplay? 

'in_'.~ 1~-
, t t 

The following information refers to questions 8 and 9. 
A student builds a simple alternator consisting of a coil 
containing 500 turns, each of area 10cm2, mounted on 
an axis that can rotate between the poles of a permanent 
magnet of strength 80 mT. The alternator is rotated at a 
frequency of 50 Hz. 

8 Find the average emf of the alternator. 

9 Explain what the effect will be on the average emf 
when the frequency is doubled to lOOHz. 

10 A generator is to be installed in a farm shed to provide 
240V power for the farmhouse. A twin-conductor 
power line with a total resistance of Sn already exists 
between the shed and house. The farmer has seen a 
cheap 240V DC generator advertised and is tempted 
to buy it 
Identify and explain two significant problems that you 
foresee with using the 240V DC generator. 
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11 A coil in a magnetic field 
directed into the page is 
reduced in size. In what 
direction will the induced 
current flow in the coil while 
the coil is being reduced 
in size? 

12 A single loop of wire is rotated within a magnetic field, 
8, as shown below. 

t•l~ B C 

A ' D 

8=0° 

(bl B 

D 

(c) i~ B 
D~ I 

8= 180° 

(d) C 

A 

(e)~ B C 

A , , , ,' D I 



While the coll 1s rotating. an emf will be generated as 
a result of which skies of the coil? Give a reason for 
your answer. 

The following mformation relates to questions 13- 16. 
A wmd turbine runs a 150 kW generator with an 
output voltage of I(X)()V. The voltage ts increased by a 
transformer T1 to 10000V for transmission to a town 
5 km away through power Imes with a total resistance 
of 2n. Another transformer. T:z, at the town reduces the 
voltage to 250V. Assume that there is no power loss in the 
transformers (1.e. they are "ideal'). 

~~~•~ Total resistance= 2 n --1ll 5km 

T, ~ 

~l[Jlmli 
13 What is the current in the power lines? 

14 What is the voltage at the input to the town 
transformer T 2? 

15 What is the transmission power loss through the wires? 

16 It is suggested that some money could be saved from 
the scheme by removing the first transformer. Explain, 
using appropriate calculations, whether this is a good 
plan. 

17 A coil 1s rotated about ,ts vertical axis such that the 
left-hand stde would be coming out of the page and 
the right-hand stde would be going into il A magnetic 
field runs from right to left across the page. In what 
direct10n would the induced current in the coil flow? 

18 A student has a flexible wire coil of variable area of 
100 turns and a strong bar magnet, which has been 
measured to produce o mognetic field of strength 

B • lOOmT a short distance from il She has been 
instructed to demonstrate electromagnetic induction 
by using this equipment to light up an LED rated at 
l.0V. Explain, including appropriate calculations, one 
method with which she could complete this task. 

19 A wire coil consisting of a single turn is placed 
perpendicular to a magnetic field that experiences a 
decrease ,n strength of 0.10T in 0.050s. If the emf 
induced ,n the coil 1s 0.020V, what is the area of 
the coil? 

20 A wire coil consisting of l 00 turns with an area of 
50cm2 tS placed ,nstde a vertical magnetic field of 
strength 0.40T, and then rotated about a horizontal 
ax.ts. For each quarter turn. the average emf induced 
in the coil is l 600mV. Calculate the time taken for a 
quarter turn of the coil. 

21 After completing the act1v1ty on page 189. reflect on 
the inquiry question: How are electric and magnetic 
fields related? 
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..,;i@ g ,,.._~m>licatiOns of the motor. ffect 
---- -.~• ,: -. . .,,~ 

Magnetic and electric fields affect various objects depending upon the nature 

and distance from the field. There does not need to be direct contact for fields to 
exert a force. This chapter looks at the application of these magnetic and electric 
fields. You will use your understanding of fields to explain how DC and AC motors 
and generators operate, and investigate the incredible impact both motors and 
generators have had on modem society. This includes the generation of electric 
energy used to run so many of our daily conveniences, and the motors you find 
in household appliances., heating and cooling systems, and vehicles. In fact, you 
probably need not look very far at home, school or in your neighbourhood to see an 
electric motor, or benefit from the generation of electric energy. 

Content 

MJ4·11ll;il·l1ifill•I:■ 
How has the knowledge about the motor effect been applied 
to technological advances? 
By the end of this chapter you will be able to: 

• investigate the operation of a simple DC motor to analyse: 
• the functions of its components 
- production of a torque (T = nlA,B = n/A8sin8) 
- effects of back emf (ACSPH 108) 

• analyse the operation of simple DC and AC generators and AC induction motors 

(ACSPHllO) 
• relate Lenz's law to the law of oonservation of energy and apply the law of 

conservation of energy to: 
- DC motors 
• magnetic braking . 



nGURE s.1.1 Michael Faraday's electric motor. 

I GO TO ► I Section 6.1 page 170 

2 14 MOOULE 6 I ELECTROMAGNETISM 

8.1 Motors 
Physicists have always been interested in the relationship between electricity and 
magnetism because they wanted to understand the basic workings of the universe. 
For the world at large, however, this understanding provided a more practical form 
of excitement. It enabled the generatio n and use of electricity o n a large scale. One 
of the most obvious applications of the understanding of electromagnetism gained 
in the 19th cenrury is the electric motor. 

DC MOTORS 
~fbe main components and the principles have been the same for all DC motors 
since Michael Faraday built the first one in 1821 (Figure 8.1.1). In Faraday's motor, 
a magnet was mounted verticaJly in a pool o f mercury. A wire carrying a current 
hung from a support abo,·e (the mercury provided a path for the current). The 
magnetic field of the magnet spread outwards from the top of the magnet and 
so there was a component of this field that was perpendicular to the wire. This 
produced a horizontal force on the wire that kept it rotating around the magnet. 
Use the right-hand rule to convince yourself that if the current flows d own and the 
magnetic field points out from the central magnet, the wire will rotate clockwise 
when viewed from above. 

In modern direct curr e nt (DC) motors, a current-carrying coil of wire in 
a magnetic field experiences a force, F, when it is placed in a magnetic field 1n 
practice, many turns of wire (11) are used and the magnetic field is provided by more 
than one permanent magnet or by an e lectro magnet . 

The formula F = 11/IB includes the number of coils of wire, 11, which equals I for 
all the examples in this section. Therefore, F = /1B will be used 10 soh·e problems 
throughout this section. 

Consider a single square coil of wire, with vertices ABCD, carrying a current, /, 
in a magnetic field, B, as shown in Figure 8.1.2. 

(a) (b) 

~c 
A ,,· D 

B 

(c) 

0 
(d) 

:69: B 

A A 

FIGURE s.1.2 The magnetic force acting on each side of a current-carrying square wire coil in a 
magnetic field 

B 

B 

Initially the \\~re coil is aligned horizontally in a magnetic field, B, as in 
Figure 8. I .2a. Sides AD and BC are parallel to the magnetic field so no magnetic 
force will act o n them. Sides AB and CD are perpendicular to the field so both of 
these sides will experience a magnetic force. Using the right- hand rule, there is 
a downward force on AB and an upward force on C D. These two forces ,,~11 act 
together on the coil and cause it to rotate anticlockwise. If the coil is free to turn, it 
will move towards the position shown in Figure 8. I .2b. 



ln Figure 8. l .2b, there will be a magnetic force acting on every side of the coil. 
However, the forces acting on sides AD and BC will be equal and opposite in 
direction. They will tend to stretch the coil outwards but won' t affect its rotation. 
The forces on sides AB and CD will remain and the coil will continue to rotate 
anticlockwise. 

As the coil rotates to the position shown in Figure 8. I .2c, the forces acting o n 
each side are such that they will tend to keep the coil in this positio n. The force on 
each side will act outwards from the coil. There are no turning forces at this point, 
but any further rotation will cause a force in the opposite direction that will cause 
the coil to rotate clock\',.;se, back m this perpendicular position. 

For the coil to continue to rmate anticlockwise at this point, the current direction 
needs to be reversed. Tlus 1s shown m Figure 8.1.Zd. With the current reversed, all 
of the forces are reversed, and provided the coil has a little momentum to get it past 
the perpendicular position, it will continue to rotate anticlocl..,\•ise. 

PHYSICSFILE 

Michael Faraday 
Michael Faraday {1791- 1867), depicted i11 Figure 8.1.3, was a11 English scie11tist 
who worked in the areas of chemistry and physics. He had little formal education. 
At the age of 14 he became the appre11tice to a London bookbinder. During his 
appre11ticeship he read ma11y of the books that came his way. At the age of 21 
he became a laboratory assistant to Sir Humphry Davy, who was one of the 
most prominent scientists of the day. Faraday was a gifted experimenter and 

0 This ability to reverse the current 
direction at the point where 
the coil is perpendicular to the 
magnetic field is a key desig11 
feature in DC motors. 

after returning from a scientific tour through Europe with Davy, he began to be 
recognised in his own right for the scientific work he was doing. He was admitted 
to the Royal Society at age 32. He is credited with the discoveries of benzene, 
electromagnetic induction and the basis of the modern electric motor. He died in 
1867 at Hampton Court. His contributions to science, and in particular his work in 
the area of electromagnetism, are recognised through the unit of measurement of 
capacitance known as the farad. FIGURE 8.1.3 Michael Faraday 

Torque 
The turning force that the coil experiences in an electric motor is referred to as the 
torque on the coil. Recall from Chapter 3 that torque is the turning effect o f any 
force; for example, when pushing on a swinging door. To achie,·e the maximum 
effect, the force should be applied at right angles to the door and at the largest 
distance possible from the point where the door is hinged . .. 11us idea is illustrated in 
Figure 8. t .4. 

Remember from Chapter 3 that the torque experienced by a system is given by 
the equation: 

r =r1.F 
where rl. is the perpendicular force arm (in m) and Fis the force (in N) . 
In the case of a coil in a magnetic field, the force experienced is always going to 

be at right angles to the magnetic field, as can be shown with the right-hand rule. 
Tilis is shown in Figure 8.1.5 with a top view of a coil turning in a magnetic field. 
In this diagram, the current is shown to be moving up or down each side o f the coil 
using the dot and cross method. A dot signifies the current is coming out of the page 
and a cross means the current is running into the page. 

0 A convention used to identify the current direction into or out of a page is to use 
a dot or a cross. This signifies the current flowing as if it were a11 arrow: the head 
of the arrow is the dot; the tail (feather) of the arrow is a cross. 

I GO TO ► I Section 3.4 page 94 

hard 

I \ easy -FIGURE B.lA The force required to open a 
swinging doof decreases as the perpendi0.1lar 
distance from the point of rotat)Qn increases and 
the torque, or turning effect, is maximised. 

FIGURE 8.1.5 Top view of a coil turning in a 
magnetic field. The force experienced by each end 
of the coil is always perpendicular lo the field. 
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nGURE 8.1.6 The plane of the coil ABCD is 
currently parallel to the field 8. 

I GoTo ► I Section7.1 page 185 

8 

F 

nGURE 8.1.7 The area used in the torque 
equation actualty represents a vector quantity 
which is directed normal to the plane of the coil. 

nGURE 8.1.8 Using trigonometry, it is possible 
to find the torque experienced by the coil 
when the area vector A is at some angle lo the 
magnetic field 8. 
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In order to calculate the net torque on a coil, you need to find the torque applied 
to each side. In Figure 8. 1.6, the plane of the coil is parallel to the field, so that the 
sides AD and BC experience zero force. Sides AB and CD will experience a force 
of FAB -== IIB into the page and Fco := IIB out of the page. Use the right-hand rule to 
convince yourself of the directions o f both of these forces. 

The torque applied to the coil from both sides can then be calculated as: 

TAB=Tco'=r.LF:=(i)llB 

So that the net torque becomes 

Tne1 -== TAB+ Te o := w/JB 

As you cnn see here, this equation multiplies the width of the coil by the length, 
which is equal to the area of the coil, so that the equation for the net torque becomes: 

r;fAB 

As in Section 7. I, the area variable in this equation represents a vector, which is 
directed normal to the plane of the coil (Figure 8.1. 7). 

1fle net force experienced by the coil is also dependent on the number of 
coils or conductors (n) . By adding extra coils, the strength of the force increases 
proportionally (i.e. P oc 11), so that the torque must also be directly proportional to 
the number of coils. 

r:=11/AB 

The maximum torque occurs when the area vector is perpendicular to the 
magnetic field. Using trigo no metry, it is possible to find the torque of the coil 
at some angle 6. By setting 6 to be the angle between the area vecto r and the 
magnetic field B (Figure 8.1.8), the force perpendicular to the arms is then 
given by F sin 6. This m eans that the torque equation for a motor can then be 
expressed by: 

0 f; nJA, B ;nJABsin8 

where 

r is the torque (N m) 

n is the number of coils 

I is the current (A) 

A .L is the area vector perpendicular to the plane of the coil {m2
) 

B is the strength of the magnetic field (T) 

6 is the angle between the area vector and the magnetic field r) 

\Vhen the area vector is perpendicular to the magnetic field ( 6 := 90°), the 
ma.ximum torque is experienced. \Vhen the area \·ector is parallel to the magnetic 
field (6 := 0°), there is no torque experienced. 

11us can be explamed further with reference to Figure 8.1.2 on page 214. Jn 
F igure 8.1.2a, the plane of the current-carrying coil is parallel to the magnetic field, 
so that 6 := 90°. The forces on side AB and side CD create an anticlockwise to rque. In 
Figure 8. l .2c, the forces on side AB and side CD are equal and o pposite, therefore 
there is no net to rque. T he plane of the current-carrying coil is perpendicular to the 
magnetic field, so that 8 := 0°. 



Worked example 8.1.1 
TORQUE ON A COIL 

A single square wire coll. ABCD, of side length 5.00cm, is free to rotate within a 
magnetic field, 8, of strength 1.00 x 10 ..... T. A current of l.OOA is flowing through 
the coil. What is the torque on the coil when the plane is parallel to the magnetic 
field? In what direction is the coil turning? 

Thinking Working 

Confirm that the coil will The right-hand rule confirms that a 
experience a force based on downward force applies on side AB. An 
the magnetic f ield and current upward force applies on side CD. The coil 
directions supplied. will turn anticlockwise. 

Sides AD and BC l ie parallel to the 
magnetic field and no force will apply. 

Identify the variables involved n = 1 (as there is only one loop in the coil) 
and state them in their standard 8= l.OOx 10_.T 
form. Remember that the angle is 

I= 1.00A 
between the magnetic field and the 

A = 0.05 x 0.05 = 0.0025 m2 
area vector which is directed at 90° 
to the plane of the coil. 6 = 90- (the plane of the coil is parallel to 

the field) 

r=? 

calculate the torque on the coil. r = nlA1.B = nlABsinB 

=Ix l.OOx ltr x l.OOx X in 00025 s 90 

L_ = 2.50 x 10-' Nm 
The direction is anticlockwise. 

Worked example: Try yourself 8.1.1 

TORQUE ON A COIL 

A single square wire coil, with a side length of 4.0cm, is free to rotate within a 
m:1enP.tic fiP.I<1, R, nf st rP.neth 1., x I ~T. A r.urrP.nt n f 1.5A is flnwine thmueh 
the coil. What is the torque on the coil when i t is parallel to the magnetic field? In 
what d irection is the coil turning? 

I 

I 
I 
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nGuRE 8.1.9 The main parts of a simple but 
practical singlHOil DC electrK: motor. 
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Worked example 8.1.2 

TORQUE ON A COIL AT AN ANGLE 

A single square wire coil of side length 10.0cm is free to rotate within a magnetic 
field, 8 , of strength 1.00 x lo-4T. A current of 5.00A is flowing through the coil. 
What is the magnitude of the torque on the coil when it is at an angle of 300 to 
the magnetic field? 

Thinking Working 

Determine the angle between the 

k area vector of the coil and the 
magnetic field . Remember that the 

~ 
angle is between the magnetic field 
and the area vector which is directed 
at 900 to the plane of the coi l. 

8 

8=90-30 

= 60" 

Identify the variables involved and n = 1 (as there is only one loop in the coil) 
state them in their standard form. B= l.OOx 10_.T 

I= 5.00A 

A = 0.10 x 0.10 = 0.Dl m2 

8 = 60° 

r=? 

Calculate the magnitude of the r = nlA1.B = nlABsin8 
torque on the coil. = I x 1.00 x lo-4x 5.00 x 0 .01 x sin60 

r = 4.33 x 10-6N m 

Worked example: Try yourself 8.1.2 

TORQUE ON A COIL AT AN ANGLE 

A single square wire coil of side length 5.00cm is free to rotate within a 
magnetic field, B, of strength 1.00 x lo-4T. A current of 2.50A is flowing through 
the coil. What is the magnitude of the torque on the coil when it is at an angle of 
30.Q<> to the magnetic field? 

PRACTICAL DC MOTORS 
A basic single-coil electric m o tor with a simple arrangement to reverse the current 
direction will work, but it won' t turn Yery smoothly. That's because maximum 
torque will only apply each hair tum or twice for every full rotation. A number 
of enhancements haYe been developed over time to make DC mo tors the highly 
practical motive force they are today. 

The commutator is usually made fro m a split ring of copper or another good 
conductor on which conducting brushes (usually carbon blocks) rub. Each half 
is connected to o ne end of the coil of wire. This arrangement of brushes prevents 
the wire from becoming tangled as the coil rotates. The commutator reverses the 
current at the point where the coil is perpendicular to the magnetic field, which 
keeps the coil rotating (Figure 8.1.9). 

PracticaJ motors will have many sets of coils of many turns each, spaced at an 
angle to each other, as shown in Figure 8 . 1.10. 



shaft 

stator coils segmented commutator 

spring-toaded brush holders 

rtGUAE a.1.10 A typical multi-coil DC electric motor, showing the main components. Note that there 
are many sets of coils offset by an angle from each other. The stator coils produce an electromagnet 
that prnvides the magnetic field. The commutator feeds current lo the armature coils in the position 
where maximum torque will be experienced. 

The coils are wound around a sofl iron core to increase the magnetic field 
that passes through them . The whole arrangement of core and coils is called an 
arma ture (as shown in Figure 8.1.10). Permanent magnets are gcneraUy used to 
provide the magnetic field in small motor s, but in larger motors electromagnets 
are used as they can produce larger and stronger fields. T hese magnets are usually 
stationary, as distinct from the rotating rotor or armarure, and are o ften referred to 
as the stator. The commutator is arranged to feed current to the particular coil that 
is in the best position to provide maximum torque. The total torque will be the sum 
of the torques o n all the individual coils. 

Generally speaking, the larger the mrque in an electric motor, the better. This ~ 
is achieved by the use of a strong, radial magnetic field; a large number of turns of PA 
wire in each coil; a high current; and a large area o f coil. All this adds to the cost, so 
when designing an electric motor, each aspect may be compromised to some extent, 
depending on the motor 's potential use. 

AC INDUCTION MOTORS 
The majority of electric motors in use rely on AC current, not DC current. In a DC 
moto r, the magnetic field is stationary (the stato r), and the coil that carries the electric 
current rotates (the romr). The DC current is connected to the coil on the rotor. 

An AC induction motor works by producing a rotating magnetic field. The stator 
of an AC induction motor is made up of pairs of electromagnets (Figure 8.1.11). 
The AC current runs through the coils, creating a magnetic field. AC current 
re,·erses its polarity at a rate of 50 Hz, so the coils are energised in pairs, producing 
a magnetic field that rotates around the outside o f the motor. 

11te rotor o f the AC induction motor comprises a series of conductors (metal 
bars) . As the magnetic field from the stamr is rotating (changing magnetic field), an 
electric current is induced in the conductors o f the rotor. This is due to Faraday's 
law. The induced electric cur rent produces its own magnetic field. According to 
Lenz's law, that magnetic field works to oppose the ongmal changing magnetic 
field, causing the rotor to move in the same direction as the changing magnetic field 
produced by the stator. 

T here are many advantages to AC inductio n motors, one of which is they only 
have o ne moving par t: the rotor. DC motors ha\"e more parts that will wear out and 
need replacing. A disadvantage to simple AC induction motors is that their speed is 
fixed at the rate of the AC source (50Hz). 

- ,,,,----...... /0 \ 
\ J 

r---_....,,-' 

~ 

-.-. ACsupply _.,. 

FIGURE 8.1.11 All AC induction motor is made 
up of pairs of electromagnets. 
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I PHYSICS IN ACTION I 
Electric cars 

Many early cars (in the nineteenth and 
early twentieth centuries) ran on electricity, 
but during the last century the internal 
combustion engine came to dominate the 
car market. Recently, in an effort to reduce 
pollution and save energy, the electric car 

(Figure 8.1.1) has had a resurgence. One 
of the central components to the electric 
car is the energy source-the battery-
which provides a DC current. However, 
the majority of electric cars use AC motors 
rather than DC motors. This may seem . 
counter-intuitive, but there are many reasons rlGURE s.1.12 In an effort !O reduce pollution 
for this choice, including cost, reliability of ~~~~ergy, the electric car has made a 

components, and wear and tear. 

MAGNETIC BRAKING 
Conventional braking systems utilise the friction force between two objects pressed 
together to slow an object down. Examples of this include car or bicycle brakes. It is also 
possible to use magnetic braking-----or eddy current braking-where the electromagnetic 
force between a magnet and a conductor in motion is used to create the drag force. 

If a conductor moves past a stationary magnet, eddy currents (circular electric 
currents) will be induced in the conductor by the magnet, according to Faraday's 
law of induction. Eddy currents were introduced in Chapter 7. Due to Lenz's law, 
the eddy currents create their own magnetic field that opposes the original magnetic 
field of the magnet. This in tum creates a drag force between the magnet and the 
conductor, which slows the conductor down. 

~lne magnetic field in a magnetic brake can be created either by a permanent 
magnet o r an electromagnet. The advantage of using an electromagnet is that the 
magnet, and hence the braking system, can be turned on and off by adjusting the 
current in the electromagnet' s windings. 

A big advantage with magnetic braking is the lack of physical contact between 
components, which makes for low maintenance and few replacement parts. A 
disadvantage ,,~th magnetic braking is that when there is no motion between the 
magnet and conductor, there is no static force to maintain the conductor at res1. ln 
this case, the magnetic braking system would need to be supplemented by a friction
based (conventional) braking system. 

Magnetic braking is used in several industrial applications, such as high-speed 
trains (Figure 8.1. 13) and to quickly slow down power tools. 

nGURE 8.1.13 High-speed trains use magnetic braking to slow down. 
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8.1 Review 

f1'l:t:t\ii 
The magnetic force experienced by a current
carrying conductor, moving at an angle B to the 
magnetic field, is given by F = 11B sinB. 

There is a torque on a coil of wire carrying a 

current whenever the current is not parallel to the 
field. Torque is defined as: r = n/A.1.8 = nlAB sinB 

where B is defined as the angle between the area 
vector normal to the plane of the coil and the 

magnetic field. 

The wire coil of a simple DC motor keeps rotating 
because the direction of current, and hence 
the torque, is reversed each half turn by the 
commutator. 

l:!41·11if1il·i:~i 
for which of the following situations is torque at a 
maximum? 
A when the force is applied perpendicular to the axis 

of rotation 
B when the force is applied parallel to the axis of 

rotation 

C when the force is applied at a maximum regardless 
of direction 

D when the force applied is zero 
2 The following diagram shows a coil with current I inside 

of a magnetic f ield. Using the right-hand rule, draw the 
direction of the force to find the direction of rotation. 

3 Part a of the diagram above right depicts a top view of 
a single current-carrying coi l in an external magnetic 
field 8. 
Part b of the diagram is the corresponding cross
sectional view as seen from point Y. The following 
data applies: 
8 = 0.IOT, PQ = 2.0cm, PS = QR = 5.0cm, 1= 2.0A. 

In the case of a single square or rectangular coil, 
the total torque applied to the coil will be twice the 

torque acting on one side. 

The armature of a practical motor consists of 

many coils that are fed current by the commutator 
when they are in the position of maximum torque. 

The total torque in a motor will be the sum of the 
torques on all the individual coils. 

In an AC induction motor, the stator creates a 
rotating magnetic field that induces a current in 
the conductors of the rotor. Through application of 

Faraday's and Lenz's laws, the rotating magnetic 
field of the stator effectively pulls the rotor. 

l• l X 
p~ ---- Q 

top view 

B 

R 

y 

· · ··· 0 R 

a What is the magnitude and direction of the 
magnetic force acting on side PS? 

b What is the magnitude and direction of the 
magnetic force acting on side QR? 

c What i s the magnitude of the magnetic force acting 

on side PQ? 
d The coil is free to rotate about an axis through XY. In 

what d irection, as seen from Y, would the coil rotate? 
e Which of the following does not affect the 

magnitude of the torque acting on this coil? 

A the d imensions of the coil 
B the magnetic field strength 
C the magnitude of the current through the coil 
D the d irection of the current through the coi l 
What is the total torque acting on the coil when the 
p lane of the coil is parallel to the magnetic field? 

4 Briefly describe how an AC induction motor works. 
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8.2 Generators 

141141liil:i•l1lli\l 
DIY microphone 
How has knowledge about the motor effect 
been applied to technological advances? 

4 Turn on the frequency generator to a set frequency. 
Observe the signal being generated by the second 
speaker on the oscilloscope. Record the frequency 
being generated and the frequency di:;played on the 

oscilloscope. 

COLLECT THIS ..• 

two identical speakers 

oscilloscope 

frequency generator 

electrical leads 

DD THIS ... 

RECORD THIS ... 

Describe how the energy is transferred and transformed 
during this activity. 

1 Connect the oscilloscope to one of the speakers. 

Present your results as a table, including a description of 
how each speaker is behaving. 

2 Talk into the speaker, and observe the signal produced 
by the speaker on the oscilloscope. Try humming 

different frequency sounds. 

REFLECT ON THIS .•. 

How has the knowledge about the motor effect been 
applied to technological advances? 

3 Set up the second speaker as shown below. If your 
oscilloscope can d isplay two signals, connect the positive 

lead from the first speaker into the oscilloscope as well. 

What are some applications that use the motor effect? 

How accurate is the second microphone as a transducer 
(a device that converts energy from one form to 
another)? 

frequency 
generator 
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'lflese days we take the supply of electric power to our homes, schools and 
businesses for granted. The electric generator is probably the most important 
practical application of Faraday's discovery of electromagnetic induction. The 
principle of electric power generators is the same whether the result is alterna ting 
current or direct current. Relative motion between a coil and a magnetic field 
induces an emf in the coil. ln small generators, the coil is rotated within a magnetic 
field, but in large power stations, car alternators and other industrial-level electric 
power production, the coils are stationary and an electromagnet rotates inside them. 

This might all sound q uite similar to the way electric motors work. In fact, it 
is- a generator is basically just the inverse of a motor. 

Induced emf in an alternator or generator 
A basic electric generator, o r alternator , consists of many coils of wire wound 
on an iron core framework. This is called an armature and it is made to rotate 
in a magnetic field . The axle is turned by some mechanical means- mechanical 
energy is being conver ted to electrical energy-and an emf is induced in the 
rotating coil. 

Consider a single loop o f wire in the generator shown in Figure 8 .2 . l .1fle loop 
is rotated clOCk\\~se in a uniform magnetic field, B. The amount of flux threading 
through the loop will vary as it rotates. It is this change in flux that induces the emf. 



Lenz's law tells you that as the flux in the loop decreases from position a to b in 
Figure 8.2.1 , the induced current will be in a direction such as to restore a magnetic 
field in the same direction, relati,·e to the loop, as the external field. The right-hand 
grip rule can then be used to show that the induced current flows in the direction 
D ➔ C ➔ B ➔A. 

"The direction of the induced current will reverse every time the plane of the loop 
reaches a poim perpendicular to the field. The magnirude of the induced emf will be 
determined by the rate at which the loop is rotating. It will be a maximum when the 
rate of change of flu.x is a maximum. This is when the loop has ma,,ed to a position 
parallel to the magnetic field and the flux through the loop is zero, i.e. the gradiem 
of the flux ,·ersus angle graph shown in Figure 8.2.2 is a maximum. 

(a) 

(b) 

emf ..,_ A.'1> 

"' 
210· 

' 360. 

360. 

flGURE 8.2.2 (a} The Hux, <P, through the loop of Figure 8.2.1 as a funct.On of the angle between the 
field and the normal to the plane of the area, 9. (b) The rale of change of Hux and hence emf through 
the loop as a fund.On of the angle between the field and the normal to the plane of the loop, 9. The 
loop is rotating at a constant speed. 

An alternative way to think about how the emf changes as the loop rotates is to 
remember that the emf is actually created as the wires AB and C D cut across the 
magnetic field lines. Maximum emf occurs when these wires cut the magnetic field 
lines perpendicularly, when 9 is 90° or 270°, and zero emf occurs when the motion 
of these wires is parallel to the field lines, when 8 is 0°, 1800 or 360°. 

AC generators and alternators 
A generator's c on struction is basically the some as a m o to r. The main com p o nents 
of an AC generator are shown in Figure 8.2.3. 

FIGURE 8.2.3 A schematic of an AC generator showing the main features. 

C•lr~ c 
A~ I 

O= O" 

(b) 

0 = 90° 
D 

(c) l 14-+--+Je 
D~ I 

0 = 180" 

Cd) C 

Ce) ~ B C 

A • D 

0 = 360" 

flGURE 8.2.1 A single loop of a generator 
rotating in a magnelic field. (a) The plane of 
the area of the loop is perpendicular to the 
field 8, and the amount of Hux <P= B,A is at a 
maximum. (b) The loop has turned one-quarter 
of a turn and is parallel to the field; <P= 0. (c) 
As the loop continues to turn, the Hux increases 
lo a maximum but in the opposite sense relative 
lo the loop in (a); <I> ; -B,A. (d) The flux then 
decreases to zero again as the loop is p;uallel 
to the field before repeating the cycle again from 
(e) onwards. 
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Consider a coil, or armature, with a number of turns, being rotated in a magnetic 
field, inducing an emf as shown previo usly in Figure 8.2.2 on page 223.The resultant 
emf alternates in direction as shown by the graph going above and below the zero 
emf line in Figure 8.2.2. This type of emf or voltage produces an alternating currem 
(AC) in the coil. How this alternating current in the coil is harnessed determines if 
the device is an AC alternator or a DC generator. 

As was Stated earlier, many ind ustrial generators will instead keep the coils still 
and make the electromagnet rotate within them. The principle of inducing an emf is 
the same.1be coil itself may take a variety of shapes, sizes and positions. 

If the output fro m the coils is transferred to a circuit via continuous slip ringsi the 
alternating current in the coil will be maintained at the outpuL ~lne slip rings also allow 
the coll to rotate without tangling. Carbon brushes press agamst the shp nngs to allow 
a constant output to be transferred to a circuit \\;thout a fixed point of connection 

I PHYSICS IN ACTION I 
Three-phase generators 
Many industrial applications require a more constant maximum voltage than 
is possible from a single coil. These applications require a three-phase power 
supply. The coils are arranged such that the emfs vary at the same frequency 
(Figure 8.2.4a), but with the peaks and troughs of their waveforms offset to 
provide three complementary currents with a phase separation of one-third 
of a cycle, or 120° (Figure 8.2.4b). The resulting output of all three phases 
maintains an emf near the maximum voltage more continuously. Standard 
electrical supplies include three phases, but most home applications only 
require a single phase to be connected. 

(bl 

120' l';::::'t::::;f----',---j'--'',f--';--f---"1 
240' ~~-,,_,__=-l<',j 
3(,0' t...--;,'-"<:-r"<:-r"l, 

ncuRE: 8.2.4 (a) A three-phase power supply has three coits. each producing an output 120° 
out of phase with the adjoining coil. (b) The resulting output can be combined for a rTIOfe 
constant supply voltage. 

DC GENERATORS 
A DC generator is much like an AC generator or alternator in basic design. The 
continuous slip rings are replaced by a split ring commuta to r . That is, the ring 
picking up the output from the coils has two breaks (or splits) in it at opposite sides 
of the ring. ~Ille direction of the output is changed by the commutator every half 
tum so that the output current is always in the same direction (Figure 8 .2.Sa). The 
output will still vary from zero to a maximum every half cycle. ' Ille output can be 
smoothed by placing a capacito r in parallel with the output. More commonly, the 
use of multip le armature wind ings and more splits in the split ring commutator can 
smooth the output by ensuring that the output is always connected to an armature 
that is in the position for generating maximum emf (Figure 8.2.Sb). 



(a) 

f.t!J 
commutator , carbon brush 

+ 
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•• Time 
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t'NO-Coil DC generator 
Time 

FIGURE e.2.s (a) A DC generatOf has a commutator to reverse the direction of the alternating o.ment 
every half cycle and so produces a DC output. (b) Multiple armature windings can smooth the output. 

In the past, cars used DC generators to power ancillary equipment. More ~ 
common now is the use of AC generators or alternators, which avoid the problems "JS 
of wear and sparking across the commutator inherent in the design of DC 
generators by using a moving electromagnet inside a set of stationary coils to 
generate current. 

PHYSICSFILE 

Back emf in DC motors 
The descnpt1on of the construction and operation of a generator shows that 
a DC motor and a generator share a lot in common and may even function 
either way. In fact. every motor can also be used as a generator. The motors 
of electric trams, for mstance, work as generators when a train is slowing 
down, convertmg kmetic energy to electrical energy and putting it back into 
the electrical supply grid. Regenerative brakes in cars work in a similar way. 
A DC motor will also generate an emf when running normally. This is termed 
the 'back emf'. 

The back emf generated m a DC motor is the result of current produced m 
response to the rotation of the rotor inside the motor in the presence of an 
external magnetic field. The back emf, following Lenz's law, opposes the change 
in magnetic flux that created it so this induced emf will be in the opposite 
direction to the emf creating it. The net emf used by the motor is thus always 
less than the supplied voltage: 

£net= V - £back 

As the motor increases speed, the current induced in it will increase and 
the back emf will also increase. When a load is applied to the motor, the 
speed will generally reduce. This will reduce the back emf and increase the 
current in the motor. If the load brings the motor to a sudden halt-say, an 

electric drill bit gettmg stuck-the current may be high enough to burn out 
the motor and the motor windings. To protect the motor, a resistor is placed 
in series. It is switched out of the circuit when the current drops below a 
predetermmed level and 1s switched back into the circuit for protection once 
the level is exceeded. 
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ALTERNATING VOLTAGE AND CURRENT 
An AC generator p roduces an alternating current varying sinusoidally o,·er time 
with the change in magnetic flux. The ma..ximum emf is only achie,·ed for particular 
points in time. In Australia, mains power oscillates at 50 H z and reaches a peak 
voltage of 340 V each cycle or a peak-to-peak voltage of 680V (Figure 8.2.6). 

emf 

+340 

+240 

- 240 

- 340 

peak forward emf +340 V 

Time(ms) 

peak reverse emf-340 V 

FIGURE 8.2.6 The voltage in Australian power points oscillates between +340V and - 340V, 50 times 
each second. The value of a DC supply that would supply the same average power is 240V. 

It is often more useful to know the average power produced in a circuit. The 
average power can be obtained by using a value for the voltage and current equal 
to the peak values divided by Ji. This is referred to as the root mean square or 
rms value. 

In effect, the rms values are the values of a DC supply that would be needed to 
provide the same 3\'erage power as the AC supply. It is the rms value of the \'Oltage 
l 72= 240) that is normally quoted. lbis is the effective average value of the voltage 
and is the value thal should be used to find the actual power supplied each cycle by 
an AC supply. So: 

0 V =•• = T, 

f-=i 
P rms = Vrms X lrms = ½Vip• and 

PP = J2vrms x J21rm1 = 2vrm1,rmi; 



Deriving the root mean square formulae 

In an AC circuit. the power produced in a resistor is equal 

to;;,sin26. 
The average power will be given by: 

JV.,1 

27f 
If this same power was to be supplied by a steady (DC) 

source, the voltage V .ne of this source would have to be 
such that: 

~=.!.~ 
• 2. 

Simplifying: 

vave=i 

V' 

Time(ms) 

This voltage is known as the root mean square voltage or 

Vnm· It is the value of a steady voltage that would produce 
the same power as an alternating voltage with a peak value 

equal to J2 times as much (Figure 8.2.7). 

FIGURE a.2. 7 The power transmitted is proportional to the area under a 
v' graph. The power transmitted by an AC circutt (with VJ is the same 

Worked example 8.2.1 

PEAK AND RMS AC CURRENT VALUES 

as that in a DC circuit with a voltage equal to the square root of ½ (V /: 

that isl 

A 60W light globe is connected to a 240V AC circuit What is the peak power use 
of the light globe? 

Thinking 

Note that the values given in the question 
represent rms values. Power is given by P = VI 
so both Vand I must be known to calculate the 
power use. The voltage, V, is given, and the current, 
/, can be calculated from the rms power supplied. 

Substitute in the known quantities and solve for 
peak power, PP. 

Worked example: Try yourself 8.2.1 

PEAK AND RMS AC CURRENT VALUES 

Working 

P rms = V rmirms 

'= = ~ ·-
= ~ = 0.25A 

pp = J2. vrms x ./2. Jrms = 2Vrmslrrrn 

= 2 X VrmsX /rms 

= 2 x 240x0.25 

= 120W 

A 1000W kettle is connected to a 240V AC power outlet. What is the peak power 
use of the kettle? 
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8.2 Review 

f11i:t:t\ii 
The principle of electric power generators is the 
same whether the result is alternating current or 

direct current Relative motion between a coil and 
a magnetic field induces an emf in the coil. 

The construction of a generator or an alternator is 
very similar to that of an electric motor. 

A coil rotated in a magnetic field will produce an 
alternating induced current in the coil. How that 

current is harnessed will determine if the device is 
an AC alternator or a DC generator. 

An AC alternator has slip rings that transfer 
the alternating nature of the current in the coil 
to the output. A DC generator has a split-ring 
commutator to reverse the current direction every 
half turn so that the output current is always in 
the same direction. 

■ :◄D·l1iiiii·Wti 
The back emf generated in a DC motor is the result 
of current produced in response to the rotation of the 
armature in the motor in the presence of an external 
magnetic field. As a result of the back emf, what will 
the net emf used by a DC motor be? 
A the same as the supplied voltage 
B less than the supplied voltage 
C greater than the supplied voltage 

D greater or less than the supplied voltage, depending 
on the speed of the motor 

2 An AC supply of frequency 50Hz is connected to 
a circuit, resulting in an rms current of LOA being 
observed. Draw a graph that shows one full period 
of the variation of current with time for this ci rcuit. 

3 A student decides to test the output power of a new 
amplifier by using a voltage sensor to capture and 
display the alternating current I and voltage V that it 
produces. The result is shown in the graph. 
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The alternating current produced by power 
stations and supplied to cities varies sinusoidally 

at a frequency of 50Hz. The peak value of the 
voltage of domestic power (Vp) is ±340V, and the 
peak-to-peak voltage (V,...) is 680V. 

The root mean square voltage. V,mso is the value 
of an equivalent steady voltage (DC) supply that 
would provide the same power. 

Vnm=¼ 
The rms value of domestic mains voltage in 
Australia is 240V. 

The average power in a resistive AC circuit is: 

P = V,rmlnns 

= ½xVPx/P 
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4 An electric toaster designed to operate at a Vrms of 
240V has a power rating of 600W. What is the peak 
current in the heating element? 

5 Describe a benefit of three-phase power generation. 

6 A 45W light globe is connected to a 240V AC circuit 
What is the peak power use of the l ight globe? 



Chapter review 

!KEY TERMS I 
alternating current 
alternator 
armature 
brushes 

I REVIEW QUESTIONS I 

commutator 
direct current 
electromagnet 
generator 

The following information applies to questions 1-4. 
Diagram (a) below shows an end-on view of a current
carrying loop, LM. The loop is free to rotate about a 
horizontal axis XY. You are looking at the loop from the 
Y end of the axis. The same loop is seen from the top in 
figure (b). Initially, arms Land Mare horizontal (L1--M1). 

Later they are rotated so that they are vertical (LrM~. The 
loop is located in an external magnetic field of magnitude 
8 directed east (at right angles to the axis of the loop). Note 
the current directtons in part a: out of the page in M and 
into the page in L 
To answer the foUowmg questions use the direction 
conventions up-down and W-£ as shown in part a. 

(a) 

down 

X L, 

(bl X 

l 
L J 

root mean square 
slip rings 
split ring commutator 
stator 

torque 

1 When LM is ahgned horizontally (L1-M1), what is the 
direction of the magnetic force on: 
a side L 
b side M? 

2 In what direction, as seen from Y, will the loop rotate? 

3 When LM is aligned vertically (L,-M,), what is the: 
a direction of the magnetic force on side L 
b direction of the magnetic force on side M 

c magnitude of the torque acting on the loop? Give a 
reason for your answer. 

4 When LM is al igned vertically, which one of the 
following actions will result in a torque acting on 
the coil that will keep 1t rotating 1n an anticlockwise 
direction? (Assume 1t stlll has some momentum when 
it reaches the vertical pos.bon.) 
A decreasing the current through the loop 

8 increasing the magnette field strength 
C reversing the direction of the current through the 

coil 

5 Briefly explain the function of the commutator in an 
electric motor. 

The following information applies to questions 6-8. 
The diagram shows a simplified version of a DC motor. 

'-- -----i+ I I,_----~ 
6 Calculate the magnitude of the force on segment V/Y 

when a current of LOA flows through the coil. 
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7 In which direction will the coil begin to rotate? Give 
your reasoning. 

8 Which of the following actions would cause the coil to 
rotate faster? 

A increasing the current 
B increasing the magnetic field strength 

C increasing the cross-sectional area of the coil 
D all of the above 

9 A physics student uses a voltage/current sensor to 
display the current./, through. and the voltage, V, 

across. the output terminals of a small generator. 
The graph obtained from the display is shown below. 

JO 

-JO 

JO 

20 $ 
10 -
0 

- 10 

- 20 

- JO 
, (ms) 

a What is the approximate rms voltage for the signal? 

b calculate the peak power output of the generator. 

10 A student decides to test the power output of a new 
stereo amplifier. The maximum rms power output 
guaranteed by the manufacturer (assumed accurate) is 
60W. Which set of specdicatlons is consistent with this 
power output? 

Peak volt.11e (V) I PHk curr~nt (A) 

A 20 3.0 - - -B 40 6.0 

C40 12.0 -0 20 6.0 
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11 A single square wire coil, with a stde length of 10.0cm, 
is free to rotate within a magnetic field, 8, of strength 
1.0 x !cr'T. A current of 2.0A is flowing through the 
coil. What Is the magnitude of the torque on the coil 
when the plane of the coil ,s parallel to the magnetic 
field? 

12 A single square wire coil, with a side length 20.0cm, 
is free to rotate within a magnetic field, 8, of strength 
5.00 x 10 .... T. A current of LOA is flowing through the 
coil. What is the torque on the coil when the plane of 
the coil is at an angle of 600 to the magnetic field? 

13 Five square wire coils of side length 15 cm are free 
to rotate within a magnetic field, 8, of strength 
2.50 x 10 .... T. A current of 3.00A is flowing through 
the coil. What is the torque on the coil when the 
plane of the coil is at an angle of 45° to the magnetic 
field? 

14 Describe the purpose of a commutator in a DC motor. 

15 Discuss the advantages of three-phase voltage 
generation. 

16 A washing machine designed to operate at a Vm-5 of 
240V has a power rating of 2.4 kW. What is the peak 
current in the heating element? 

17 Describe one method to produce a steadier DC output 
voltage from a DC generator. 

18 A 2kW oil column heater Is connected via a wall outlet 
to a 240VAC circuit What Is the peak power use of 
the heater? 

19 What is the purpose of brushes in a DC motor? 

20 Explain what back emf 1s, and how It can affect a 
DC motor. 

21 After completing the activity on page 222, reflect 
on the inquiry question: How has the knowledge 
about the motor effect been applied to technological 
advances? 



REVIEW QUESTIONS 

Electromagnetism 
Multiple choice 

Which of the following is the best description of how a 
transformer transfers electrical energy from the primary 
windings to the secondary windings? 

A The current throuah the primary windin2S produces a 
constant electric field in the secondary windings. 

8 The current through the primary windings produces a 

steady magnetic field in the secondary windings. 
C The current through the primary windings produces a 

changing magnetic field in the secondary windings. 

2 When a transformer is plugged in to the 240 V mains 

but nothing is connected to the secondary coil, very little 
power is used. What is the best explanation for this? 

A The primary and secondary coils are in series and so no 
current can flow in either if the secondary coil is open. 

B There can be no magnetic flux generated in the 
transformer if the secondary coi l has no current in il 

C The magnetic flux generated by the current in the 
primary produces an emf that opposes the applied 

voltage. 
D The magnetic flux generated by the secondary coil 

almost balances out that due to the primary coil. 
The following graphs A-D and table apply to questions 3-5. 

50 

100 

100 

50 

0.50 

0.50 

1.00 

0.50 

200 

200 100 

50 100 

400 100 

A simple generator consists of a coil with N = 100 turns 
and an area of 100cm2 in a uniform magnetic field 
of 8 = 0.5T. Originally, it has a frequency of 50Hz and 
produces the following voltage output as a function of time. 

3 Which of the diagrams A-0 best describes the display 
on the CRO when the generator is operating at a 

frequency of lOOHz? 

4 Which of the specifications in the table could produce a 

CRO display described by diagram A? 

5 Which of the specifications in the table could produce a 

CRO display illustrated by d iagram C? 

6 Study the diagram of a simple cathode ray tube. 

high wltage (00 

==tlXl--
heated filament anode = 

What is the source of electrons in this device? 

A the heated filament at A 

B the positive anode at B 
C the wires used in the circuit 
D the screen used in the circuit 

7 Between two plates forming a uniform electric field, 
where will the electrtCal field strength be at a minimum? 

A close to the positive plate 
8 close to the earthed plate 
C at all points between the plates 

D at the mid-point between the plates 
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8 The following diagram shows the force on an electron 
in an electric field. calculate the work done on or by the 
field to move the electron a distanced of 5.0cm. 

V = 10 V -♦-~♦-♦~-♦~~-' q-♦~~♦-~♦-E I~ cm 

V=O ._ ________ _,, , 

A 2.0 x 10- 19 J work done by the field 

B 2.0 x 10-19 J work done on the field 
C 3.0 x 10-19 J work done by the field 
D 3.0 x 10-19 J work done on the field 

9 Which of the following types of fields would you not 
expect to be associated with radial fields? 

A gravitational 
B electrical 
C magnetic 
D all of the above 

10 If an electron travels through a magnetic field of strength 
L2T with a speed of 4.2 x 106 ms-1, calculate the radius 
of the path it will follow. 

A 2x 10"5m 
B 3 x 10-•m 
C 4 x 10-•m 
D Sx 10"5 m 

11 A particular electron gun accelerates an electron 
across a potential difference of 15kV, a distance of 
12cm between a pair of charged plates. Calculate the 
magnitude of the force acting on the electron. 
A Ix J0-13N 

B 2 x 10-13N 
C 1 x 10"1'N 
D 2 x 10-14 N 

12 A 5.00 coil. of 100 turns and radius 3.0cm, is placed 
between the poles of a magnet so that the flux is a 
maximum through its area. The coil is connected to a 
!;Cn!:itivc current meter that ha!: an internal rC!ii$lancc of 
595 O. It is then moved out of the field of the magnet and 
it is found that an average current of 50µA flows for 2s. 

Had the coil been moved out more quickly so that it 
was removed in only O.Ss, what would have been the 
average current? 
A SOµA 
B IOOµA 
C 200µA 
D 400µA 
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13 A magnet is dropped, with the north end facing down, 
through a conducting coil inducing a current. Which of 
the following options in the table describes the direction 
of the induced current when viewed from above the coil? 

A dockwrse 

B antidockwise 

D anticlockwise 

anticlockwise 

clockwtSe 

anttelockwtSe 

14 As a motor increases speed, what happens to the 
back emf? 

A it increases 

B it decreases 
C it remains the same 

15 Which of the following describes the correct motion of 
an electron in a magnetic field? 

(A) (B) 

(C) (D) 

16 Determine the force per unit length acting between 
two current-carrying conductors, both carrying 5mA of 
current in the same direction, spaced 5 cm apart. 
USeJlo=4JrX 10-7 NA-2. 

A l Ox 10- 10N m- 1,repulsive 
B 10 x 1u-10Nm-1, attractive 

C 10 x 10-11 Nm· 1, repulsive 
D ! Ox 10-11 Nm-1, attractive 

17 Which formula can be used to show the SI definition of 
the ampere? 

AH?~ 
B F=Bllsin9 

C F = qv8sin9 

0 E= -N~ 



18 A DC motor set-up causes a coil to rotate in a clockwise 
direction. A commutator is then attached so that the 
current will change direction; this is shown in the 
diagram below. What happens to the coil when the 
commutator is attached? 

A It will turn one full rotation clockwise before turning 
back one full rotation anticlockwise. 

B It will turn halfway clockwise before turning back 
halfway anticlockwise. 

C It turns continuousty clockwise. 
D It stops spinning. 

19 Which correctly describes the direction of the induced 
current in a coil moving out of a magnetic fteld? 
A B {}0 

0 00 0 0 0 

C D 

Short answer 
21 Calculate the electric field strength and direction at a 

distance of 3.5mm directly to the left of a charge of 
+9.4µC. 

22 The following diagram shows a section of a conducting 
loop XQPY, part of which is placed between the poles of 
a magnet whose uniform fiekt strength is I.OT. The side 
PQ has length 5.0cm. Xis connected to the positive 
terminal of a battery, while Y is connected to the 
negative terminal. A current of LOA then flows through 
this loop. 

X 

6>-0========--=7-. ~o 

a What is the magnitude of the force on side PQ? 
b What is the direction of the force on side PQ? 

c What is the magnitude of the force on a 1.0cm 
section of side XQ that is located in the magnetic 
field? 

d The direction of the current through the loop is 
reversed by connecting X to the negative terminal and 
Y to the positive terminal of the battery. What is the 
direction of the force on side PQ? {}0 

0 
00 0 0 0 23 In an electron gun, an electron is accelerated by a 

potential difference of 28 kV. 

20 A transformer is built to reduce the 240V supply voltage 
down to 10 V for an appliance. If the number of tums 

in the secondary coil is 80. what is the number of turns 
required in the primary coil? 

A 3 
B 33 
C 192 
D 1920 

a At what speed will the electrons exit the assembly? 

b If the electron was accelerated a distance of 20cm 
between a pair of charged parallel plates. then 
calculate the size of the electric field strength acting 
on the electron. 
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24 A rectangular coil containing 100 turns with dimensions 
10 cm x 5 cm is located in a magnetic field 8 = 0.25 T, 
as shown. It is free to rotate about the axis XY. The coi l 
carries a constant current I= 200mA flowing in the 
direction AOCB. 

A B 

D C 

y 

What is the magnitude and direction of the magnetic 
force on the following sides? 

a AB 
b DC 
c AD 
d BC 

25 This diagram shows a stream of electrons entering a 
magnetic f ield. Reproduce the diagram and show the 
subsequent path of the electrons through the magnetic 
f ield. 

X X X 

electrons 
X X X 

X X X 

26 An electron beam travelling through a cathode ray tube 
i~ 5ubjected to !:.lmultaneou~ electric and magnetic field!:. 

perpendicular to each other. The electrons emerge with 
no deflection. Given that the potential difference across 
the parallel plates X and Y is 3 kV, the applied magnetic 
field is of strength 1.6 x lo-3T and the velocity of the 
electrons is 3.25 x 107 ms-1, calculate the distance 
between plates X and Y. 

27 A rectangular conducting loop of d imensions 
100 mm x SO mm and resistance R = 2.0 n, is located 
with its plane perpendicular to a uni form magnetic field 
of strength 8 • 1.0ml. 
a Calculate the magnitude of the magnette flux 4' 

threading the loop. 
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b The loop ts rotated through an angle of 90° about an 
axis. so that its plane is now parallel to 8. Determine 
the magnetic flux 4' threading the loop in the new 
position. 

c The time interval for the rotation o.t = 2.0ms. 
Determine the average emf induced in the loop. 

d Determine the value of the average current induced in 
the k>op during the rotation. 

e Will the current keep flowing once the rotation is 
complete and the kx>p i5 5lationory? Explain your 

answer. 

28 The diagram beklw shows a horizontal, east-west electric 
cable, located in a region where the magnetic field of the 
Earth is horizontal and has a magnitude of 1.0 x Hr5T. 
The cable has a mass of 0.0Skgm- 1

. 

viewed from above 
N 

magnetic 
fteld direction 

electric cable 

I I ) 

a What is the magnitude of the magnette force on a 
l.0m seclton of th is cable if a 100A current ts flowing 
through 1t? 

b What is the d1rection of the current that will produce a 
force vertically upwards on thr5 cable? 

c What magnitude of current would be required to 
produce zero resultant vertical force on a l.0m 
section of this cable? 

d Assume that a 100A current is flowing through 
this cable from west to east What would be the 
magnitude of the change in magnetic force per 
metre on this cable if the d irection of this current was 
reversed? 

e The cable is no longer at right angles, but makes an 
angle 9 with the direction of the Earth's magnetic 
field. How would the force on the cable change if the 
s;:1mP. r.urrP.nt r,;1!;~!; throueh it? 

29 An ideal transformer is operating with peak input voltage 
of 600V and an rms primary current of 2.0A. The peak 
output voltage is 3000V. There are 1000 turns in the 
secondary winding. 

a What is the rms output current? 

b What is the output peak-to-peak voltage? 
c How many turns are there in the p rimary winding? 
d Determine the rms power consumed in the secondary 

circuit 
e Calculate the peak power consumed in the secondary 

circuit 



30 A rectangular loop of 100 turns is suspended in a 
magnetic field 8 = 0.50T. The plane of the loop is 
parallel to the direction of the field. The dimensions of 
the loop are 20cm perpendicular to the field lines and 
10cm parallel to them. 

a What amount of flux threads the loop in the !X)Sition 
described above? 

b How can the amount of flux threading the loop be 
increased? 

c How ~hould the plonc of the loop ond the mognctic 

field direction be arranged so the maximum possible 
flux threads the loop? 

d Galculate the maximum possible flux as described in 
part (c). 

31 Consider the electric motor shown below. 

a The direction of the current in the coil is shown 
(from D anticlockwise to A). What is the direction of 
the forces on skies AB and CD? 

b In what position of the coil is the turning effect of the 
forces greatest? 

c At one point in the rotation of the coil the turning 
effect becomes zero. Explain where this occurs and 
why the motor actually continues to rotate. 

d A rectangular loop of 100 turns is suspended in a 
magnetic field 8 = 0.50T. The plane of the loop is 
parallel to the direction of the field. The dimensions 
of the loop are 20cm perpendicular to the field lines 
and 10cm parallel to them. It is found that there is 
a force of 40N on each of the sides perpendicular to 
the field. What is the current in each turn of the loop? 

e This loop is then replaced by a square loop of 
10cm each side, with twice the current and half the 
number of turns. What is the force on each of the 
perpendicular sides now? 

The rectangular loop with the original current from 
part (d) is returned but a new magnet is found which 
provktes a fiek1 strength of 0.80T. What is the force 
on the 20cm side now? 

32 The following d iagram shows the voltage-time 
graph and corresponding current-time graph for an 
alternator that was built by a physics student as part 
of a research project ~J~>f\:A:; ,.o 

O 1.0 2.0 ) .0 4.0 I {IDS) 

- 5.0 

-10.0 

l ( A) 

I.O r-...... r-...... . 
. 1.0 "\...::!JI 3.o ~ • (ms) 

-1.0 

a What is the frequency of the voltage produced by 
the alternator? 

b What is the peak-to-peak output voltage of this 
alternator? 

c What is the rms output voltage of the alternator? 
d Calculate the rms output current of the alternator. 

e Calculate the rms output power of the alternator. 
What feature d istinguishes an alternator from a 
DC generator? 

g How does an alternator operate? 

33 A physics student constructs a simple generator 
consisting of a coil of 400 turns. The coil is mounted 
on an axis perpendicular to a uniform magnetic field of 
strength 8 = 50mT and rotated at a frequency 
t = lOOHz. It is found that during the rotation, the peak 
voltage produced is 0.9 V. 
a Sketch a graph showing the voltage output of the 

generator for at least two full rotations of the coil. 
Include a scale on the time and voltage axes. 

b What is the rms voltage generated? 
c The student now rotates the coil with a frequency 

t = 200Hz. How would your answers to part (a) and 
(b) be affected? Include a new sketch of a graph 
showing the voltage output of the generator for at 
least two full rotations of the coil. 

d A second generator is rotating at a rate of 30CX> 
revolutions per minute. The magnetic field strength 
is 0.50T. The total number of turns in the armature 
coils is N = 200, each of area A= 100cm2

. Calculate 
the frequency of rotation of the generator. 

e Calculate the average emf generated during a 
quarter revoCution of the generator coil in part (d). 
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34 A square conducting loop with sides 20 cm and 
resistance 0.500 is moving with a constant horizontal 
velocity of 5.0cms-1 towards a region of uniform 
magnetic field of strength 0.40T directed vertically 
downwards. as shown in the following d iagram. The 
magnettC field is confined to a cubic region of side 
30cm. 

a Describe the direction of the induced current in the 
side XY of the loop just as it begins to enter the field. 
Justify your answer. 

b Calculate the average emf induced in the loop when 
it is halfway into the field. 

c What current flows in the loop when it is halfway 
into the field? 

d How much electrical power is consumed in the loop 
when it is halfway into the field? 

e What is the source of this power? 
f What is the average emf induced in the loop 5s after 

it started to enter the cube? Justify your answer. 
g What 1s the direction of the induced current in the 

side X'f just as it begins to emerge from the field? 
Justi fy your answer. 
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35 A farmer has installed a wind generator on a nearby 
hill, along with a power line consisting of two cables 
with a combined total resistance of 2.0n The output 
of the generator is given as 250 V AC (rms) with a 
maximum power of 4000W. She connects up the 
system and finds that the voltage at the house is 
indeed 250 V. However. when she tums on various 
ap?'iances so that the generator is running at its 
maximum power output of 4000W, she finds that the 
voltaee supplied at the house 1s rather low. 
a Explain why the v~tage dropped when the farmer 

turned on the appliances in the house. 

b Calculate the voltage and power at the house when 
the appliances are turned on. 

She then decides to install ideal transformers at 
either end of the same power line so that the voltage 
transmitted from the generator end of the line in this 
system becomes 5000V. 
c Describe the essential features of the types of 

transformers that are needed at either end of the 
power line. 

Now assume the generator is operating at full load, 
i.e. 4000W. 
d What is the current in the power line now when the 

same appliances are turned on? 

e What is the voltage drop along the power line? 
f What is the power toss in the power line? 
g What voltage is delivered to the house? 

h What power is delivered to the house? 
How do the power tosses in the system without 
the transformers compare to the system with 
the transformers as a percentage of the power 
generated? 
Explain why the system operated with much lower 
power losses when the voltage was transmitted at 
the higher voltage. 



MODULE 'z7 The nature of light 

Before the 20th century, physicists, including Newton and Maxwell, developed 

theories and models about mechanics, electricity and magnetism and the 

nature of matter. These theories and models had great explanatory power and 
produced useful predictions. However, the 20th century saw major developments 
in physics, as existing theories and mcx:tels were challenged by new observatK>ns 
that could not be explained. These observations led to the development of 

quantum theory and the theory of relativity. Technologies arising from these 

theories have shaped the mcx:tern world. For example, the independence of 
the speed of light on the frame of observation or the motion of the source and 
observer had significant consequences for the measurement of, and concepts 

about. the nature of time and space. 

Throughout this module, you w ill explore the evidence supporting these physical 
theories, along with the power of scientific theories to make useful predictions. 

Outcomes 
By the end of this module you will be able to: 

• develop and evaluate questions and hypotheses for scientific investigation 

PH12-l 
• design and evaluate investigations in order to obtain primary and secondary 

data and information PHl2-2 

• conduct investigations to collect valid and reliable primary and secondary data 
and information PH 12-3 

• select and process appropriate qualitative and quantitative data and 
information using a range of appropriate media PH12-4 

• communicate scientific understanding using suitable language and 
terminology for a specific audience or purpose PH12-7 

• describe and analyse evidence for the properties of light and evaluate 
the implications of this evidence for modem theories of physics in the 

contemporary world PH l 2-14 





CHAPTER @@ Electromagnetic spectrum 
..... 

In this chapter you will develop an understanding of how scientists revealed the 
nature of light through theory and experiment You will leam how Maxwell's theory 
unifies electricity and magnetism to explain light as electromagnetic radiation, and 

how this theory underlined the importance of the speed of liahl Throuet, explorin11 
other frequendes of light you will learn of the wide applications of electromagnetic 

radiation in spectroscopy, and examine what spectroscopy has revealed about the 

nature of stars. 

Content 
Wll1I1·ii·i'if1il·l~I 
What is light? 
By the end of this chapter you will be able to: 

• investigate Maxwell's contribution to the classical theory of electromagnetism, 
including: 
- unification of electricity and magnetism 
- prediction of electromagnetic waves 

- prediction of velocity (ACSPHl 13) 
• describe the production and propagation of electromagnetic waves and 

relate these processes qualitatively to the predictions made by Maxwell's 
electromagnetic theory (ACSPH 112, ACS PH 113) 

• conduct investigations of historical and contemporary methods used to determine 
the speed of light and its current retationship to the measurement of time and 
distance (ACSPH082) 

• conduct an investigation to examine a variety of spectra produced by discharge 

tubes. reflected sunlight or incandescent filaments 
• investigate how spectroscopy can be used to provide information about: 

- the identification of elements 
• investigate how the spectra of stars can provide information on: 

- surface temperature 
- rotational and translational velocity 

- density 
- chemical composition. 



ld@Hi·l:I 
Waves 
A wave is a periodic osci llation 
that allows the transfer of energy 

from one place to another. The 
oscillations may be parallel or 

perpendicular to the direction 

of travel. Oscillations that are 

parallel to the direction of 
travel a re known as longitudinal 
waves; for example, soundwaves. 

Oscillations that are perpendicular 

to the d irection of travel are 
known as transverse waves; for 
example, ocean waves. 

Waves can be characterised by 
the velocity of energy propagation, 

v; the frequency of oscillations, 

f ; and wavelength, ,l These three 
variables are related through the 

wave equation: 

V= fJ.. 

Generally, waves require a 

medium to carry their oscillations. 
This type of wave is called a 
mechanical wave, and both sound 
and ocean waves are examples 

of mechanical waves. Light (an 
electromagnetic wave) does not 

need a medium and can travel 

through a vacuum. 
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9.1 Electromagnetism 
~lne establishment of the wa,·e model for light raised an important q uestion. 
Scientists now wanted to know what type of wa,·es were light waves. 

Experiments on polarisation provided the important information that light must 
be a type of transverse waw, since polarisation does not occur for longitudinal 
wa\·es. Light is also obviously d ifferent from mechanical waves because it can pass 
through the vacuum of space between the Earth and Sun (Figure 9. 1.1 ). 

nGuRE 9.1.1 Light cannot be a simple mechanical wave because it c.an tra~ through empty space. 

ln 1820, the Danish physicist Hans 0rsted obsen·ed a magnetised compass needle 
deflected from its alignment to the Earth's magnetic field when a nearby electric 
circuit was switched on and off. This showed that a wire carrying an electTic current 
generates a magnetic field, and it revealed the first evidence of a relatio nship 
between electricity and magnetism. English physicist ,\1..ichael Faraday expanded 
this in the 1830s to show that changing magnetic fields produced electric fields. 
'I'he breakthrough came in 1861 when the Scottish physicist James Clerk Ma:\.·well 
quantified the relationship through a precise mathematical study of electric and 
magnetic effects. His work, known as Maxwell's equations, show that electric 
and magnetic fields mo,•e at a speed that closely match experimental estimates 
of the speed of light. .Maxwell went on to develop a comprehensive theory of 
electromagnetism in which light is a form of electromagnetic radiation (EMR). 

THE ELECTROMAGNETIC NATURE OF LIGHT 
A point charge generates an electric field. A moving point charge-a current
generates a magnetic field, while a changing magnetic field generates an electromotive 
force ( emO or voltage. 

Maxwell put these ideas together. He proposed that if a changing electric field is 
produced, for example by moving a charged particle back·wards and forwards, then 
this changing electric field will produce a magnetic field at right angles to the electric 
field. ~Ifie changing magnetic field would, in tum, produce a changing electric 
field and the cycle could be repeated. In effect, this would produce two mutually 
propagating fields, as shown in Figure 9 .1.2. Both the electric and magnetic fields 
would necessarily oscillate at the same frequency. The electromagnetic radiation 
would be self-propagating, independent of its generator, and could extend outwards 
into space as an electromagnetic wa,·e of a fixed frequency. 



, direction 
of wave 

B 
magnetic field 

FIGURE 9.1.2 The electric and magnetic fields in electromagnetic radiation are perpendicular to each 
other and are both perpendicular to the direction of propagation of the radiation. The fields do not 
'stick out' of the page: the illustration shows the electrK: and magnetic fields strengthen, maximise. 
weaken. vanish, invert and repeat cydically. The frequency, and therefore the wavelength,.?.., of both 
fields is the same. 

Maxwell 's theoretical calcuJations provided a value for the speed at which 
electromagnetic radiation should propagate through empty space. This closely 
matched the experimentally determined values for the speed of light so closely 
that it p rovided a clue that light has to be a form of EMR. The accepted value for 
the speed of light today is 299792458 m s- 1• 10.is is such an important constant 
that it is designated its own symbol, c. In calculations, the speed of light is usually 
approximated as c = 3.00 x 108 m s-1. 

As EMR travels at a known speed, there is a clear relationship between frequency 
/ and wavelength A, expressed as c = fa, o r equivalently A=£... This is a special form 
of the wave equation v = fa g i\'en at the start o f this section! 

Worked example 9.1.1 

USING THE WAVE EQUATION FOR LIGHT 

Calculate the frequency of violet l ight with a wavelength of 400nm 
(i.e. 400 x ! o-"m). 

Thinking 

Recall the wave equation for light. 

Transpose the equation to make 
frequency the subject. 

Substitute in values to determine the 
frequency of this wavelength of light 

Worked example: Try yourself 9.1.1 

USING THE WAVE EQUATION FOR LIGHT 

Work ing 

C= f). 

f = ~ , 

f _ 3.00>Clo' 
- 400xlo-9 

= 7.50 x 1014 Hz 

A particular colour of red light has a wavelength of 600 nm. Calculate the 
frequency of this colour. 

During the 1880s Heinrich Hertz performed experiments that demo nstrated the 
existence of'invisible' electromagnetic waves (radio waves). His basic design invol\'ed 
using a high-voltage source to produce a spark and a detector formed from a loop of 
copper wire with a small gap. Radio waves produced by the spark were detected when 
a tiny spark was induced across the gap in the detector. He found that the invisible 
waves beha,·ed like visible light, and the speed of the waves was the same as the speed 
of light. Further experiments using reflecting surfaces and other apparatus showed 
that radio waves can be reflected and refracted, which is consistent with the behaviour 
of visible light. Hertz's experiments powerfully supported Maxwell's theory. 

Maxwell's work represents a pivotal moment in the history of physics. Not only 
did he provide an explanation of the nature oflight, and provide a strong theoretical 
basis for the wave model of light, he also b rought together se,·eral formerly distinct 
areas of study-optics (the study oflight), electricity and magnetism. 

0 C= fA 

where 

c is the speed of l ight (ms-1) 

f is the frequency of the wave (Hz) 

A is the wavelength of the wave (m) 

CHAPTER 9 I ELECTROMAGN£TIC SPECTRUM 2 4 1 
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J\1axwell's description of electromagnetic interactions is an example of a classical 
field theory-like Newton's formulation of gravity. J\1a.xwell's theories involve fields 
that extend continuously everywhere in space, and those fields determine how 
matter will interact. 

DETERMINING THE SPEED OF LIGHT 
Since ancient times, light was known to travel faster than sound-the flash of 
lightning precedes the sound of thunder. During the 1600s, the Danish scientist 
Ole Romer used the then-new invention of the telescope to observe the motion 
around Jupiter of one of its larger moons, lo. As lo revolved around Jupiter, it was 
obscured from view for around half of its orbit, eclipsed by Jupiter, and it was 
possible to m easure the time between when Io disappeared and reappeared. Romer 
noticed that this time between eclipses varied during the Earth's year, when Earth 
and Jupiter were closer and when they were further away. He reasoned that lo did 
not change its orbitaJ velocity, but rather the light from Io took longer to arrive. He 
deduced that light takes around 22 minutes to cross the diameter of Earth's orbit. 

Further calculations with Romer's data would show that the speed o f light would 
be around 220000km s-1• This result was not generally accepted during Romer's 
lifetime. Better estimates of the size of Earth's orbit, which required the Earth- Sun 
distance, would improve this estimation. Qames Cook's 1769 voyage to Tahiti to 
measure the transit ofVenus across the Sun, and so measure the Earth- Sun distance, 
would later help refine these estimates.) Around half a century later, in 1727, the 
English astronomer James Bradley provided a closer estimate at 290000kms- 1 

through an elegant and subtle observation of two stars. 

Earth-bound measurements of the speed of light arose in the 1840s. ln France, 
H..ippolyte Fizeau shone a bright light through a toothed cogwheel. As the wheel 
turned, sometimes light would be blocked by the cogs. Fizeau set up a mirror 8km 
away from the cog in order m measure the time-of- flight for light to travel the 16 km 
path (Figure 9.1.3). As the pulse of light also needed to pass again through the teeth 
on the way back for it to be observed, knowing the speed o f rotation of the wheel 
and knowing the distance between the cogwheel and the mirror, Fizeau was able to 
calculate the speed of light to be approximately 315000kms- 1• 

observer · · 
FIGURE 9.1.3 Diagram of Flleau's apparatus. The first passage through the cogwheel breaks the light 
beam into pulses with a length dependent on the speed of the wheel's rotation. Whether the light 
passes the cogwheel a second time depends on the speed of the cogwheel and the speed of light. 

Fizeau's collaborator Leon Foucault refined this basic method using a rotating 
mirror to block the light's path, and by 1862 determined a result of 298000kms-1, 

just over 0.5% off the modem estimate. One of the final time-of-flight measures was 
during Albert Michelson's experiments in the 1930s, with an accuracy of ±11 kms- 1. 

Note that all of these measurements are for light in air, not light in a vacuum. 
During the 1950s, the development of the laser, which pro..~ded a light source with a 

known fixed waxelength, allowed ever more accurate interference-based measurements. 
By the 1970s the uncertainty in measuremem was 299792456.2 ± l.2ms-1. 

Finally, by 1983, the measurements for the speed oflight had become so reliable 
that c became an SI standard unit, fixed to precisely 299792458ms-1• The metre 
is now defined in terms of c, as the distance light will travel during ~

2451 
of 

a second. 



I PHYSICS IN ACTION I 
Measuring the speed of light at home 

A microwave oven uses EMR at a known frequency to cook 
food. By determining the wavelength of the microwaves, the 
speed of light can be easily calculated. 

If marshmallows are placed in the microwave oven in 

which the rotating plate is removed, one layer thick (Figure 
9.1.4) and cooked at a low setting. they will begin to melt 

in different spots. This is because microwave ovens do not 
cook evenly and the melted areas are at the hottest spots 
in the microwave. (The uneven cooking is why microwave 
ovens need a rotating plate.) 

If you cook the marshmallows until four or five melted 
spots appear, by measuring the distance between each 
melted area you can find the speed of light. The melted 
spots are the antinodes of the microwave radiation, and 
the distance between them will correspond to half the 
wavelength of the microwave: about 6cm for household 

microwave ovens. By finding the frequency of the microwave 

(generally around 2.450GHz) and multiplying it by the 
wavelength, it is possible to calculate the speed of light 

FIGURE 9.1.4 Miaowave ovens produce electromagnetic radic:tion 
with a frequency of 2.45GHz, which is the resonant frequency of 
water molecules. Melting marshmallows is one way to determi'le the 
positions of the microwave antinodes. 

THE ELECTROMAGNETIC SPECTRUM 
The wa,,elengths o f all the different colours of visible light are between 390 nm 
and 780 nm. Naturally, physicists were bound to inquire about other wavelengths 
of electromagnetic radiation. It is now understood that the visible spectrum is 
just one small part of a much broader set of possible wavelengths known as the 
elec tromagne tic spectrum (Figure 9 .1.5). 
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nGURE 9.1.S The electromagnetic spectrum. Note that both wavelength and frequency are on 
logarithmic scales. 

Changing the frequency and ,,1n-elength of the wa,·es changes the properties of 
the electromagnetic radiation, and so the electromagnetic spectrum is divided into 
'bands', according to how the particular types of E~AR are used. ~111.e shorter the 
wavelength of the electromagnetic waYe, the greater its penetrating power. This means 
that wa,·es with extremely short wavelength, such as X-rays, can pass through some 
materials (e.g. skin), re,realing the strucrures inside (e.g. bone). On the other hand, 
long wavelength \\'3\·es such as Ml radio waves have such low penelTating power 
that they cannot e,·en escape Earth's atmosphere, and can be used to 'bounce' radio 
signals around to the other side of the wo rld . Table 9.1 . 1 on page 244 compares the 
characteristics of different waves in the electromagnetic spectrum. 
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TABLE 9.1.1 A comparison of the different waves in the electromagnetic spectrum and their effects on matter. 

-
BtA·lfWIMI Comparable size Effect on matter 

. -9FMJ9Rp 
AM radio wave 100 3 X 106 sports oval 

small car 

50c coin 

FM radio or 1V wave 3 } X 108 

microwaves 0.03 } X 1010 

infrared lo-5 3 X 1013 white blood cell 

small cell visible light 10-• 3 X lQIS 

ultraviolet 10--8 3 X 1016 large molecule 

atom X-ray 10-10 3x 1018 

gamma ray 10-1s 3 X 1023 atomic nucleus 

PHYSICSFILE 

Why do we see visible 
wavelengths? 
The Earth's atmosphere blocks many types 
of EMR (Rgure 9.1.6). The highest levels of 
the atmosphere, the ionosphere, contains 
charged particles and effectively blocks the 
high-energy ionising EMR (gamma rays, 
X·rays). lower down, molecular ozone, 03, 

and nitrogen, N2, absorbs and blocks about 
70% of the ultraviolet EMR. Visible light 
is transmitted well, as it is not energetic 
enough to be absorbed. The atmosphere 
becomes increasingly opaque in the 
infrared and microwave bands due mainly 
to absorption by water vapour. At still· 
lower energies the atmosphere becomes 
transparent again to shorter•wavelength 

radio waves, until the lowest energy 
longer-wavelength EMR cannot penetrate 
the atmosphere. 

During our evolution our eyes have 
developed photoreceptors ('cones') that 
employ the visible spectrum. It is not 
the only option, however. Dogs have two 
types of photoreceptor, green and blue, 
which enable them to see blue, green, 
and yellow. Humans have three types, 
sensitive to red, green, and blue, which 
allow us to see colours derived from red, 
such as orange and purples, that are 
invisible to dogs. Honeybees also have 
three types, but the evolution of bees led 
to their photoreceptors being sensitive 
to ultraviolet, blue, and green, which 
makes the pollen of flowers stand out 
more strongly. Butterflies have five types, 

IJJ 
Gamma ra'jS, X-ra'jS and 
ultraviolet light blocked by the 
upper atmosphere (best 

Visible light 
observable 
from Earth, 
with some 
atmospheric 
distortion. 

Most of the 
infrared 
spectrum 
absorbed by 
atmospheric 
gase-!;(best 
observed 
from space). .!.:! observed from space). 

It 100% i---------..... 
~~ 
:; 

50 % 

causes movement of free electrons in a 
conductor 

causes molecular rotat ion 

makes chemical bonds vibrate 

affects electronic states in atoms or chemical 
bonds 

excites electrons in atomk orbitals 

causes atomic nuclei d isintegration 

FIGURE 9.1. 7 The magnificent mantis shrimp 

and the mantis shrimp (Figure 9.1.7) 
has sixteen types of photoreceptor, 
including a type sensitive to polarisation. 
We see an entire rainbow with just three 
photoreceptors. What must a mantis 
shrimp see? 

Radio waves 
observable 
from Earth. 

Long-wavelength 
radio waves 
blocked. 

0.1 nm I nm 10nm 100nm I µm IOµm IOOµm I mm I cm 10cm Im IOm IOOm I km 
Wavelength 

FIGURE 9.1.6 Depending on wavelength, Earth's atmosphere is transparent, translucent or opaque. 
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Radio waves 
One of the most re\"olutionary applications of EMR is the use of radio ,,·a,·es to 
transmit information from one point to another O\"cr long dislanCCS. Radio wa,·cs 
are the longest type of electromagnetic radiation, ,,;th wawlengths ranging from one 
millimetre to hundreds of kilometres. Radio wan~s are generated when an electrical 
field changes; com·erscly, radio ,,·a,·es will change an electrical field. 

A radio cransmincr com~rts the signal (e.g. a radio announcer's voice, music or 
a stream of data) into an alternating current. \X'hen this alternating current flows 
in the transmission antenna, the electrons in the antenna oscillate backwards and 
fon,rards. This oscillation of charges in the antenna produces a corresponding 
electromagnetic ,,·a,·e that radiates outwards in all directions from the antenna. 

\Vhen the radio wa,·c hits the antenna of a radio recei,·er, the electrons in the 
recefrcr's antenna srart to oscillate in the same way as in the transmitting antenna. 
The radio recei,·er then reverses the process of the transmitter, com·erting the 
alternating cu.rrent from the reception antenna back inm the original signal as seen 
in Figure 9 .1.8. 

FIGURE 9.1.8 A typteaJ radio transmrssoi system. 

l'ne antenna \\ill pick up many radio signals at one rime, so the transmitter adds 
the signal to a carrier wa,-c of a fixed frequency, and the receiver 'tunes into' the 
same carrier frequency. l\r\any radio stations use the carrier-waxe frequency as part 
of their name; for example, NO\·a 96.9 transmits using a 96.9.MHz carrierwa,·e. 

The carrier wa,·e is altered or 'modulated' by the signal containing the information 
to be transmitted. An AM radio system uses 'amplitude modulation', which 
means that the amplitude of the carrier wave is modulated to match the signal. In 
comparison, FM stands for ' frequency modulation', in which the frequency of the 
carrier wave is changed to represent the signal. ln terms of circuitry, AM systems 
are much simpler than FM systems, although FM radio wa,•es tend to transmit 
signals more clearly. 

Microwaves 
.Microwa,·es have shorter wavelengths and therefore greater penetrating po\\'er than 
radio wa,·es ... l'ney can be produced by devices with short antennae and hence arc 
useful in personal communication applications like mobile phones and wireless 
internet transmission. 

Microwa,·es are also particularly useful in heating and cooking food. AU solid 
objects ha,·e a frequency at which they will naturally vibrate. A common example 
is stringed instruments, such as guitars or \-iolins, which make use of the resonant 
frequencies of strings under tension. \Vhen water molecules are bombarded with 
radiation with a frequency of 2.45 GHz, they start to rotate quickly. Since this 
increases the a,·erage kinetic energy of the water molecules, the temperature of the 
water in the substance increases. Effecti,·ely, the microwaves cause the water to heat 
up. This heat then transfers by conduction and com·ection to the rest of the food. 
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~11lis is why food sometimes becomes soggy when heated in the microwa,·e: the 
water molecules heat up faster than the o ther food molecules around them. It also 
explains why recipes that do no t contain much water, or frozen foods in which the 
molecules cannot move, cannot be cooked well in a microwave o,·en. 

Infrared 
The infrared section of the electromagnetic spectrum lies between microwaves and 
visible light. Infrared wa,,es are longer than the red waves of the visible spectrum, 
hence their name ('infra' is fro m the Latin word for 'below'). 

Infrared light wa\"es are emitted by objects, to varying degrees, due to their 
temperature. The warmth that you feel standing next to an electric heater or fire is 
due ro infrared radiation (Figure 9.1.9) . The radiant heat the Earth receives fro m 
the Sun is transmitted in the form of infrared ,,,a,·es; life on Earth would not be 
possible without this important form of electromagnetic radiatio n. 

nGuRE 9.1.9 The coals of a fire appear red because they release red light along with infrared 
radiation. which you experience as heat. 

At the boundary between the microwa,·e and infrared bands lies the terahertz 
band, EMR with wavelengths from 0.1 to 1.0mm (frequencies of 3-0.3 THz, where 
1 THz = 10 12 Hz) . Terahertz EMR does not penetrate liquid water or metal, and is 
no n-ionising, so this radiation is useful in medical imaging and security applications. 

Ultraviolet light 
As their name suggests, ultraviolet (UV) wa,·es ha,,e wavelengths that are shorter 
than those of violet light and therefore cannot be detected by the human eye. Their 
shorter wa,·elengths give UV rays stronger penetrating power than visible light. 
In fact, UV rays can penetrate human skin and damage the D NA of skin cells, 
producing harmful skin cancers. 

Scientists can make use of UV light to take images. Figure 9 . 1.10 on page 247 
is a UV image of the surface o f the Sun taken after a solar flare has occurred. The 
image has been recoloured so that it highlights areas of different temperature. Here, 
areas that are coloured white are the hottest. Images like this help scientists to learn 
about the temperatures of very hot objects. ~faking an image o f the Sun using visible 
light would not allow this same distinction. 



nGURE 9.1.10 A recoloured lN image of the surface of the Sun. The white areas show the hottest parts. 

X-rays and gamma rays 
X-rays and gamma rays have much shorter wavelengths than visible light.This means 
that these forms of electromagnetic radiation have very high penetrating power. For 
example, some X-rays can pass through different types of human tissues, which 
means that they are ,·ery useful in medical imaging (Figure 9 .1.11) . 

Unforrunately, this useful penetrating property of X-rays comes with inherent 
dangers. As X-rays pass through a human cell, they can do damage 10 the tissue, 
sometimes killing the cells or damaging the DNA in the cell nucleus, leading to 
harmful cancers. For this reason, a person's exposure to X-rays must be carefully 
mo nitored and limited to a,·oid harmful side effects. 

Similarly, exposure to gamma rays can be very dangerous to human beings. The 
main natural sources o f gamma radiation exposure are the Sun and radioactive 
isotopes. Forrunately, F.arth's atmosphere protects people from most o f the Sun's 
harmful gamma rays, and radioactive isotopes are not commonly found in sufficient 
quantities to p roduce harmful doses of radiation. 

PHYSICSFILE 

Violent explosions 
Sometimes when a massive star collapses 
to form a black hole, a large burst of 
radiation occurs called a gamma-ray burst. 
These events are extremely energetic, with 
the radiation being emitted in strong jets 
!Figure 9.1.12). If the gamma rays were 
instead released isotropically (meaning 
in all directions), then this event would 
release approximately 1047 J of energy in 
less than a minute. rlGURE 9.1.12 A gamma-ray burst shoots 

gamma radiatioo out as jets from a collapsing 
star. 

FIGURE 9.1.11 This X-ray image of a child's hips 
can be fomied because X-rays can pass through 
human tissue. 
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9.1 Review 

l11t:l#·i41 
Although light exhibits many wave properties, 

it cannot be modelled as a mechanical wave 
because it can travel through a vacuum. 

The physicist James Maxwell unified the theories 

of electricity and magnetism to find that light is a 

form of electromagnetic radiation. 

Electromagnetic waves are transverse waves made 
up of mutually perpendicular, oscillating electric 

and magnetic fields. 

Electromagnetic radiation can be used for a 

variety of purposes depending on the properties 
of the waves. which are determined by their 

frequency. 

l:iii·l1i¼iit·i:ti 
1 Which of the following does not apply to both l ight 

waves and mechanical waves? 

A wavelengths are measurable 

B can travel through a vacuum 

C speed of wave is measurable 

D waves undergo diffraction 

2 In an electromagnetic wave, what is the orientation 
of the changing electric and magnetic fields? 

A at 45° to each other 

B parallel to each other 

C parallel to each other but in opposite di rections 

D perpendicular to each other 

Oscillating charges produce electromagnetic 

waves of the same frequency as the oscillation. 
Electromagnetic waves cause charges to oscillate 

at the frequency of the wave. 

Light (that is, all electromagnetic radiation) 

travels through a vacuum at approximately 
c = 3.00 x lOSms-1. 

The wave equation c = f). can be used to 

calculate the frequency and wavelength of 
electromagnetic waves. 

Light and matter interact in ways that depend on 
the energy of the electromagnetic wave. 

The electromagnetic spectrum consists of 

radio waves. microwaves, infrared, visible light, 
ultraviolet, X-rays and gamma rays. 

3 What type of electromagnetic radiation has 
a wavelength of 200 nm? 

A radio waves 

B m icrowaves 

C visible light 

D ultraviolet light 

4 Arrange the types of electromagnetic radiation below 
in order of decreasing wavelength. 

FM radio waves/X-rays/visible tight/infrared radiation 

5 Calculate the frequencies of the following wavelengths 
of light Use c = 3.00 x lOSms- 1. 

a red, wavelength 656nm 

b yellow, wavelength 589 nm 

' ' . - - - -- -- - - - - -- -- ---- -- - - ----- - -- -- --- - -- -- - -- - - -- -- - - - - -- - - - - -- -- - - -- -- - - - - ----- - -- ------ . 
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9.2 Spectroscopy 

141141tiil:t•l1lli\l 
Spectrograph 
What is light? 

COLLECT THIS ... 

DVD or CO 

craft knife or other thin, sharp instrument 

strong sticky tape 

cardboard 

scissors 

OOTHIS ... 

1 carefully using the knife, split the DVD into two layers. 
Discard the top clear layer. 

2 Using a p iece of strong sticky tape, remove as much of 

the metal coating as possible. 

3 Use the scissors to cut the DVD into quarters. 

4 Using the cardboard, cut out a shape to be used as a 

set of frames for glasses. Use a DVD piece as the glasses 

lens. Put tape around the edges to make sure no sharp 
sections remain. 

5 Put on your glasses and look at different light sources. 
Try an LED light, a fluorescent light, an incandescent 
globe, a bright window and a neon lamp. 

RECORD THIS ... 

Describe how the d ifferent light sources look through your 
glasses. 
Present your results by drawing and colouring the spectra 
from the different light sources. 

REFLECT ON THIS ... 

What is light? 

How do different colours of light behave when they go 

through the DVD lens? (Hint: compare long wavelengths like 
red light to shorter wavelengths like blue l ighl) 

What do the different spectra tell us about the l ight source? . . ·----------------------------------------------------------------------------------------· 
The branch of science investigating the spectra produced when matter interacts 
with or emits electromagnetic radiation is referred to as spec trosco py. The spectra 
are analysed by investigating the intensity of ElvlR at particular wavelengths. 
Spectroscopy is widely used in chemistry to deteci and characterise atoms and 
molecules, as well as in astronomy and sensing technologies. Spectroscopy has many 
specialist fields depending o n the narure of energy- ENlR, particles (commonly 
electrons and neutrons), or mechanical methods-and the type of interactions 
with matter (absorption, emission, scattering, and more). ln this section only EM.R 
will be coYered. Spectroscopy paved the way to understanding the atomic nature 
of matter and quantum theory, overturning the waYe theory of light. This will be 

explored more deeply in Chapter 11. I GO TO ► I Section 11.1 page 287 

ABSORPTION SPECTRA 
In 1814, the German physicist Joseph von Fraunhofer reported many 
dark lines appearing in the spectrum of sunlight, as shown in F igure 9.2.1. 

rtGUAE 9.2.1 The spectrum of sunlight contains some missing colours known as Fraunhofer lines 
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PHYSICSFILE 

CSIRO 
Atomic absorption spectroscopy in its 
modern form, in which the sample is 
reduced to its constituent atoms in a 
flame, was developed by the CSIRO 
in the 1950sand remains one of the 
oldest and most widely used forms of 
spectroscopy. There are many other 
forms of absorption spectroscopy 
using different EMR sources. Different 
wavelengths of interest and detectors 
can be used in spectroscopic studies 
of molecules due to the wide range 
of energies that can interact with 
molecules. Absorbed EMR can affect 
molecular rotations, molecular 
vibrations and molecular electronic 
states. Table 9.1.1 on page 244 lists 
some of the frequencies of EMR and its 
effects on matter. 

I GO TO ► I Section 15.1 page 394 

250 MOOULE 7 I TfE NATUlE OF LIGHT 

Essentially Fraunhofer repeated Newton's experiments on dispersion where light 
is sp lit into its component colours by passing it through a prism. He observed the 
spectrum (as expected) but also noticed that there were some colours 'missing' 
from the spectrum. The missing colours appeared as black lines at various points 
along the spectrum. These apparently missing colours came to be known as 
Fraunhofer lines. 

About 50 years later, scientists including Gustav Kirchhoff and Robert Bunsen 
(of Bunsen burner fame) recognised that some of these lines corresponded to 
the colours emitted when certain gases were heated to high temperatures. They 
deduced that the dark lines were due to these colours (wa,·elengths or frequencies) 
being absorbed by gases as light made its way through the outer atmosphere of the 
Sun. This is the Sun·s absorption spectrum. 

Absorption spectra are valuable for scientists who wish to know what elements 
are present in a sample of gas or in a solution, so their use is not limited to just 
astronomy. First, light is directed through a cool sample of a gas or through a solution 
containing an element or compound. Only certain wa\"elengths (or frequencies) of 
light will be absorbed by the elements present in the sample, which means that this 
wa\"elength will be 'missing' from the spectrum. The wa\"elengths that are absorbed 
are unique to each type of atom. For this reason, by analysing which wa\"elengths are 
missing- absorption spectroscopy-----scientists can determine exactly what elements 
are present in the sample. 

EMISSION SPECTRA 
\Vhen elements are heated to high temperatures or have an electrical current passed 
through them, they produce light. Atoms within the material absorb energy and 
become 'excited' (more on what this means later in Chapter 15). This makes the 
atom unstable, and eventually it will return to the 'unexcited' or ground sta te. 
\Vhen this happens, the energy that had been absorbed is released. The colour of 
light that is emitted will depend on the amount of energy it has. 

Since atoms can usually have many different excited sta tes, they can produce 
many different colours. The combination of colours produced by a particular 
element is d istincti,·e to that element (Figure 9.2.2) and is known as its emission 
spec trum. 

nGuRE 9.2.2 The different metals used in fireworks are responsible for the colours in this display 
FOi' example, strontium gives red, sodium gives yellow, and copper gives green. 



PHYSICSFILE 

Measuring spectra 
A spectroscope (Figure 9.2.3) is a 
simple device combining a diffraction 
grating with a viewing telescope, which 
allows the spectrum of light from a 
source such as a distant star to be 
viewed directly. When a graduated 
scale is added to the spectroscope, the 
specific wavelengths in the spectrum 
can be determined. This is known as a 
spectrometer, and it has become key 
to analysing the spectra from distant 
stars. Modern spectrometers use 
electronic means to record the specific 
wavelengths of the incident radiation, 
but they function on the same basic 
principle. 

Incandescent filaments 

FlGURE 9.2.3 A model of the spectroscope 
invented by William Crooke in the 
nineteenth century. 

As mentioned in the previous section, light is emitted when atoms move from an 
excited State to the ground state. An incandescent light bulb, however, produces 
light by heating a metal filament to a very high temperature (Figure 9.2.4a). This 
produces electro magnetic radiation at a range o f wa,·elengths; that is, the light fro m 
the incandescent globe is a continuous spectrum. Some of the light produced is in 
the infrared part o f the spectrum that is invisible to human beings but is detected 
as heat. In Figure 9.2.4b, you can see the full spectrum from an incandescent light 
bulb. The visible spectrum is between about 400 nm and 750 nm, so radiation longer 
than 750 nm is invisible infrared EM.R. Note also that there is a sharp drop of light 
in the ultraviolet, at wavelengths shorter than 400nm. 

(a) ( b) Intensity (arb. units) 
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FIGURE 9.2.4 (a) In an incandescent light globe. electricity is passed through a tungsten filament. As the filament heats up, a wide range of wavelengths 
are emitted. (b} The spectrum of a 230V, 60W incandescent light globe. 
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Discharge tubes 
Fluorescent lights are a type of disch arge tube (Figure 9.2.5), which contain a 
low-pressure gas through which a current is passed. The light emitted by the gas 
is in the ultraviolet range. The inside of the glass is coated with a material called a 
phospho r. The ultraviolet light excites the phosphor, which then emits light over the 
entire visible spectrum. Fluorescent lights emit less energy in the infrared range, so 
more efficiently convert the electrical energy into light energy and remain cool to 
touch. They are more expensive to manufacrure than an incandescent globe, but this 
initial cost is recouped with substantially lower running costs. In domestic use an 
8 \V compact fluorescent globe emits the same light intensity as a 60\V incandescent 
globe-the same light output for 13% of lhe energy required. 

FIGURE 9.2.5 FIUOJescent discharge tube. This e,.alll)fe is a deuterium {2H) b.Jbe, which emits 
predominalltty in the ultraviolet range. 

The spectra of incandescent and fluo rescent lights differ. Incandescent sources 
present a continuous spectrum, with bands greatly broadened on account o f the 
higher temperatures, whereas fluorescent sources are •spiky' (Figure 9.2.6), with 
discrete emissions at narrow wavelength bands. 

wavelength (nm) 

nGURE 9.2.6 Fluorescent sources produce a 'spiky' spectrum. 

Reflected sunlight 
Planets and moons do not emit light in the visible range, but rather reflect light from 
a nearby luminou s body like a star. \Vhat is not reflected is absorbed, so looking 
carefully at the reflected sunlight prO\rides information o n what is in the p lanet or 
moon's atmosphere or on its surface. ~llte process o f matching the missing bands 
with the absorbing substance is essentially the same as determining elements from a 
flame or in a star. H owe\'er, a planetary atmosphere is cooler than a star's atmosphere 
and so contains complicated molecules, rather than simple atoms, which are harder 
to identify from absorption lines. 



Saturn's moon Titan (Figure 9.2.7) is known to have an annosphere, and 
measurements of the reflected light in 1944 showed the p resence of methane. 
ln 1980 the J.iryager 1 probe and the more recen t 2004 Cassi11i- H uyge,u mission 
showed the annosphere is mostly nitrogen, with the methane located high in Titan's 
annosphere; lower down can be found trace amounts of ethane, propane, carbon 
dioxide and carbon monoxide. The hydrocarbons are now known to come from 
the seas o f ethane o n the moon. The methane is a mystery, as it should ha,·e been 
converted into other hydrocarbons, and suggests there is a source of methane o n 
T itan that is still unknown. Comet impact as a source of methane can't be the case, 
as there is too little carbon monoxide. 

' In.is thinking is also used to explore for life on other p lanets. The amount of 
oxygen in Earth's annosphere is not in thermodynamic equilibr ium with the 
other gases. There must be a source of oxygen on Earth-we know the source as 
vegetation-and that as the disequilibrium persists, the source of oxygen must be 
self-renewing, or, in other words, ali,0e. 

By probing the reflected light from distant bodies, astrobiologists hope to 
find other annospheres not in chemical equilib rium, and perhaps this might be a 
signature for life somewhere else in the universe. Perhaps there is methane-based 
life o n the chilly (-179°C) surface of T itan? 

OBSERVING STARS 
An important way that spectroscopy is used is in the observation of stars. 
Astrophysical observations use the full range of the electromagnetic spectrum to 
reveal the nature of the universe. The observa tions can be conveniently classed by 
wavelength range (Figure 9.2.8) . 

R adio astronomy studies emission from cold objects such as interstellar gas and 
the cosmic microwave background radiation residual from the big bang. 

Submillimetre asrro11omy is used to look at molecular clouds and galaxy formation. 
I,ifrared astronomy is used to study star clusters, proto-stars and planets. 
Oprical (visible) asrronomy is the oldest form, and reveals the chemical composition 

and temperature of srars. 
Ultravi'olet astro11omy is used to study honer objects such as young stars or stars 

approaching nova. 
X -ray astronomy studies very hot objects at temperatures o f millions of degrees. 
Gamma-ray asrronomy studies nuclear p rocesses like supernova explosions and 

matter-antimatter interaction. 
Radio telescopes, such as the one at Parkes in NS\V, are used to collect the 

longer wavelength radio a nd microwave rad iation. Because infrared radiation 
is absorbed by the Earth's annosphere, satellites equipped with special infrared 
telescopes which orbit above Ear th's annosphere are also used to photograph the 
sky at those wavelengths. \'(lhile the atmosphere is transparent to wavelengths which 
are in the visible range or shorter than the visible wavelengths, the annosphere still 
causes some distortion o f these wavelengths. This distortion ultimately limits the 
power o f Earth-based telescopes to detect these wavelengths accurately. For this 
reason, space-based telescopes such as the H ubble Space Telescope ha,·e proved 
to be of immense value to astronomers in detecting shorter ultraviolet and X-ray 
wavelengths. The properties and classificatio n of stars will be covered in more 
detail in C hapter 13. 

nGURE 9.2.7 An infrared view of Saturn's mooo 
Titan. In the visible spectrum the moon would 
only show a hazy orange; the collected infrared 
light reveals the deeper Layers of the atmosphere 
and surface. 

nGuRE 9.2.8 The Sun observed at different 
wavelengths within the electromagnetic 
spectrum. If you look at the Sun througl a 
camera, it will look like a yellow cirde because 
you are viewing visible light only. Viewing 
wavelengths outside the visible spectrum can 
reveal extra information about the Sun's surface 
and its atmosphere. 

I GO TO ► I Section I 3.2 page355 
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Surface temperature 
Electromagnetic radiation is emitted by aU objects and systems whose temperature 
is abm·e absolute zero (OK). The actual wavelength or frequency of the emitted 
radiation depends almost entirely on the internal energy of the object and not on 
the characteristics of the m aterial itself. The wavelength at which the peak intensity 
occurs, ~ ' gi\·es an indication of the temperature of the surface of the object, 
T. 'This relationship is known as \'(lien's law. The relationship between wavelength 
and temperature using \'(lien's law is d iscussed in more detail in Chapter 11. At 
this stage, just remember that the peak wavelength of the emitted light is inversely 
proportional to the temperature of the object. 

Chemical composition 
As stars are hot objects, they emil light across a range o f wa,·elengths (that is, a 
spectrum) . If the light from the star then passes through a cloud of gas, the gas will 
absorb certain wavelengths, leaving dark bands in the spectrum corresponding to 
the absorbed wavelengths. This process is shown in F igure 9 .2. 9. The dark bands are 
shown in Figure 9 .2.9b. The absorbed light (in the cloud of gas) temporarily puts 
the atoms in the gas into an excited state. As the atoms return to the ground state, 
light is released. The re-emitted light radiates out in all directions, so if seen from the 
direction shown in Figure 9.2.9c, it appears as bright bands. The b right bands form 
what is known as an emission spectrum. The bright bands of the emission spectrum 
will therefore correspond to the dark bands of the absorption spectrum. 

absorption line spectrum 

continuous spectrum emission line spectrum 

nGuRE 9.2.9 The hot object at the top emits a continuous range of wavelengths with the intensity 
dependent upon its temperature. {a) The spectrum of wavelengths can be seen when viewed through 
a p1~m. (b) If U-.e lighl ~ Uuough a gas, S,CNlle wavelengths ore obsotbed, giving,ise lo on 
absorption spectrum. {c) Re-emitted light from the gas produces an emission spectrum. 

~Ifie measurement o f a star's visible spectrum gi,,es clues to its chemical 
composition. The characteristic yellow of the sodium lamp arises from emissions 
of 589.0nm and 589.6nm wavelengths. Equivalently, detection of bands at those 
frequencies in a star's light is evidence that there is sodium in the star's annosphere. 
Through analysis of the bands, astrophysicists determine the chemical composition 
of stars. 

~11te lines emitted or absorbed are characteristic of each o f the 92 chemical 
elements. For example, sodium always emits or absorbs two very characteristic lines 
in the yellow region. This explains why a barbecue flame turns yellow when you 
throw salt on the food-salt is the compound sodium chloride. If these two lines 
are seen in a spectrum it means that sodium is present. \"°hether it is present as 



part of a compound (in the case of sodium chloride) or as a vaporised gas makes 
no difference-the lines always have the same position in the spectrum. So, by 
examining the spectrum of a star, it is possible to tell what elements are p resent at 
its surface or in its environment. 

11te Sun's absorption spectrum (shown at the top of Figure 9.2.10) has been 
examined in great detail and many elements ha\·e been identified. ln 1868, some 
lines were observed that did not seem to correspond to any element known o n 
F.arth. At the time this element appeared to be exclusi\·e to the Sun and was called 
'helium' (from the Greek word helios, meaning 'sun'). 

--in.e absorption spectra from other stars are quite similar to the solar spectrum 
in most respects. This confirms thm the basic chemistry and physics understood o n 
Earth seems to apply throughout the universe. No strange new lmes have ever been 
discovered in any other stellar spectra. There are subtle differences, however, and 
it is these differences that tell astronomers an enormous amount about other stars. 
Figure 9.2.10 shows the absorption spectra for a \1lriety of astronomical objects, 
including the Sun. 

ln the case of our Sun, it is 7 1% hydrogen, 27% helium, and less than 2% other 
elements by mass. Over 65 elements ha,·e been detected in the solar spectrum, of 
which the top ten by composition is listed in Table 9.2.1. Other stars differ slightly 
but studies since the 1920s ha,·e shown that other stars and nebulae ha,·e similar 
com positions- approximately 90% hydrogen, I 0% helium and tiny traces of 
everything else. 

TABLE 9.2.1 The composition of the Sun as determined by spectroscopy. 

Element Abundance (by number of atoms) Abundance (by mass) 

hydrogen 91.2% 71.0% 

helium 8.7% 27.1% 

oxygen 0.078% 0.97% 

carbon 0.043% 0.40% 

nitrogen 0.0088% 0.096% 

silicon 0.0045% 0.099% 

magnesium 0.0038% 0.076% 

neon 0.0035% 0.058% 

iron 0.0030% 0.14% 

sulfur 0.0015% 0.040% 

Temperature 
You have already seen that the spread of colour through the continuous spectrum 
is an indicatio n of the surface temperature of the star. The greater the proportion of 
blue and UV, the honer the star. 

In the 1890s, a scheme for classifying the spectra of stars was developed. It 
arranged the spectra in an order determined by the presence or absence of certain 
lines associated with hydrogen and labelled them alphabetically with the letters 
from A to 0. It seemed to be a logical arrangement at the time, but later it became 
apparent that there was a bener way to arrange them. 

IIHI 

Sft.l1U .. f ~51111! u •tftttll o llMllfl 

FIGURE 9.2.10 A historical 1884 diagram of 
the spectra of the Sun (shown as 'Soone' in 
German) and other astronomical objects showing 
the absorption spectra known as Fraunll:>fer 
lines. The absorption lines are indicative of 
the presence of particul.lr elements in the 
atmosphere of the stars. 
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111.e new method imuh-ed placing similar spectra next to one another and finding 
a pattern which smoothly changed from one class of spectrum to the next O\·er the 
whole range. As a result, some of the originaJ classifications were dropped and the rest 
were re-ordered imo a new sequence: OBAFGK.i\il (fable 9.2.2). Later modifications 
divided each class into smaller subdivisions by adding the digits 0-9 after the letters. 
Our Sun, with a su rface temperature of around 5800 K, is in class G2. 

TABLE 9.2.2 The OBAfGKM classification of the spectra of starS. 

Spectral Approximate 
type temperature (K) 

0 50000- 28000 

B 28000- 10000 

A 10000- 7500 

7500- 6000 

G 6000- 4900 

K 4900- 3500 

M 3500- 2000 

Main charactenst1cs I Spectrum -relatively few lines; the lines of ionised blue 
helium 400 450 500 550 <,OQ 650 

wavelength [nm) 

the lines of neutral helium .. blue-white 
400 450 500 550 <,OQ 650 

wavelength(nmJ 

very strong hydrogen lines white 
400 450 500 550 <,OQ 650 

wavelength [nm] 

strong hydrogen lines; ionised calcium - yellow-white 
lines; numerous metal lines 400 450 500 550 <,OQ 650 

wavelength(nm] 

strong ionised calcium lines; numerous yellow 
strong lines of ionised and neutral iron 400 450 500 550 <,OQ 650 
and other metals wavelength (nm) 

strong lines of neutral metals 111:11 
I -

orange 
400 450 500 550 <,OQ 650 

wavelength(nm] 

titanium oxide streaks 1 1:11 1;: 1 - red 
400 450 500 550 <,OQ 650 

wavelength (nm) 

~111.e real significance o f this pattern was not known at the time. It was later found 
that the changes in the spectra corresponded to d iffering temperatures, with the 0 
stars being the honest and the M stars being comparatively cooler. It was shown that 
the changes between the classes were associated with the fact that d ifferent atoms 
become ionised (lost electrons) at different temperarures. At cooler temperatures 
the light may not have enough energy to excite the atoms sufficiently to create some 
of the lines. So it was realised that lines may appear over a certain temperature range 
but not at higher or lower temperatures. 

~This discovery provided a new way to determine the temperature of a star which 
was no t affected by colour change as light travelled through in terstella r gas. The 
difference between the two methods ga\·e astronomers useful information about the 
interstellar gases that might be p resent between the star and the Earth. 

A careful analysis of a spectrum reveals much important information about the star: 

its temperarure 
the elements that are present and the State in which those elements exist (solid, 
liqu id, gas) 

the pressure of the gas emitting the light 
any magnetic fields present. 
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I PHYSICS IN ACTION I 
Sarah Martell, astronomical spectroscopist 
Dr Sarah Martell (Figure 9.2.11) uses spectroscopy to study 

the origins, orbits and chemical compositions of the stars 

major international project mapping the compositions of 

stars in the Mi lky Way from Siding Spring Observatory 

in the Milky Way. She is a pioneer in the field of 'chemical 
tagging', which uses the compositions of stars to identify 
stars that formed together and to explore the conditions 

in northwestern New South Wales. Large-scale studies 

in which they formed. This area of research tells us how 

elements have been produced and recycled through multiple 
generations of stars across the lifetime of the Milky Way. 

of the Milky Way are a major theme in modern 
astronomical research, as part of a drive to understand 
galaxy formation and growth through in-depth study of 

the Milky Way and its nearby neighbours. 

As a student. Dr Martell was intrigued by the many ways 
that mathematics is expressed in the real world, including 
through physics and music. At university, she became 

fascinated with how much can be learned indirectly about 

astronomical objects-it's not possible to take samples of 

them for laboratory study, but astronomers can measure the 
masses of planets, map the internal structure of stars, and 
even infer the history of entire galaxies using just the light 

theyemil 

Dr Martell is a Senior Lecturer in the School of Physics 

at the University of New South Wales. She is a leader in 
the GALAH (Galactic Archaeology with HERMES) survey, a 

FlGURE 9.2.11 Sarah Martell with the Antu telescope, one of four 
that make up the Very Large Telescope facility operated by the 
European Southern Observatory in the Atacama desert in Chile. 

Rotational and translational velocity 
The position of known absorption or emission lines are frequently shifted from where 
they would be expected to be (Figure 9.2.12).11te visible spectrum of hydrogen has four 
,va,·elengths, at 41 O, 434, 486 and 656 nm, but an obser\"ed star may show wan:lengths 
at 414, 438, 491 and 663 run. lb.is is not a new type of hydrogen, but rather evidence 
that the star is moving away from us. The wan1engths are slightly longer-they have 
been redshifted. (\W'avelengths can a1so be blueshifted, if a star is approaching and 
the obser\"ed waxelengths shonen.) ' lnis effect is often referred to as the Doppler effect 
(see the Revision box).11le extent of the redshift re\"eals how fast the star is moving. 

ABSORPTION LINES FROM THE SUN 

ABSORPTION LINES FROM A 
SUPERCLUSTER OF GALAXIES BAS11 
v • 0.01c, d • 1 billion light years 

rlGURE 9.2.12 In the lower spectrum the Fraunhofer lines are redshifted (moved to the right), 
indicating the absorbing object is moving away from the observer. 

. -- -- - - - -- - - - - -- - - - - ----- -- - . 
' ' 

IJ11JMl·l:I 
The Doppler 
effect 
The Doppler effect is a 

phenomenon of waves that is 

observed whenever there is relative 
movement between the source 

of the waves and an observer. 
It causes an apparent increase 
in frequency when the relative 
movement is towards the observer 

(i.e. the d istance between observer 

and wave source is decreasing) and 
an apparent decrease in frequency 

when the relative movement is 
away from the observer ( i.e. the 

d istance between observer and 
wave source is increasing). It can 

be observed for any type of wave, 

and it has been parttCular1y useful 
in astronomy for understanding the 

expanding universe. 
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11ie rotation of a star broadens the obsen·ed atomic absorption bands 
(Figure 9.2.1 3). Due to rotation, light emitted from the side of the star rotating away 
from the obsen 'Cr is redshifted and light from the side of the star rotating towards the 
obserw r is equally blueshifted, meaning the observed band smears out over a range of 
wm·elengths.11ie degree of broadening in the star's spectrum reveals the rate of rotation. 
~Ine star Archenar has an equatorial velocity of O\'Cr 25Okms- 1 (900000kmh- 1) and 
a rotational period of 2.1 days, and the spin g i,-es the star an equatorial diameter 56% 
larger than its pole-to pole diameter. Regulus A rotates e,·en more quickly; if Regulus A 
rotated just 15% faster, the rotatio n would tear the star apart. The faster a star rotates, 
the wider the absorption bands will appear in its spectrum. 

(a l (bl 
Rotating slowly Rotating quickly 

+ 

Wavelength-- Wavelength--

ncuRE 9.2.13 A star's rotation influences the width of its absorpHon bands. The faster the star spins, 
the w;der the bands 

Density 
~Ine radius of a star can also be determined with the help of its spectrum. If the 
surface temperature of a star is known, a basic law of physics (known as the Stefan
Boltzmann law) can be used to determine the amount of energy gi,·en off each second 
by each unit area of the surface. Knowing this and the total energy given o ff by the 
star enables the total surface area and hence the radius r of the star to be calculated. 

From observing the brightness and temperature o f stars, astronomers can estimate 
a star's m ass m. Assuming the star is approximately spherical, the volume V ofthe Star 
can be calculated (V = i irr3), and finally from its volume and mass the star's mean 

density can be calculated (density= ,.:=e>-The mean density of various stars varies 
greatly. Table 9.2.3 lists the d ensity of some stars; the uncertainties in defining the 
precise edge of a ball of plasma m eans there is some variation in the calculated densities. 

TABLE 9.2.3 Mean densities of some star types. The densities of air. water and the Earth are provKled 
as useful comparisons. 

Stars and other objects Mean density (kgm-3) 

giant star (K-type) 

supergiant star (().type) 

the Sun {G-type star) 

white dwarf star 

neutron star 

interstellar medium 

air 

water 

the Earth 

supermassive black hole 

-0.0001 

1408 {overall) 
150000 (core} 

2 .1 X 109 

1 X }018 

I X I0-19 

1 

1000 
5515 (overall) 
13000 (core) 

9 X 105 



Age of a star 

Observing many stars and interpreting the spectroscopic 
measurements has allowed astrophysicists to develop a l ife 

cycle for stars. By determining the types of atom present 
in the star and the star's luminosity, scientists can work 

out where the star is in its life span and so measure the 
stars age. 

Deep in a nebula, gas-usually hydrogen and a little 
helium-falls together (collapses) under gravity to a 
rotating ball of plasma. When the core of the proto-star 

compresses to a sufficient density and temperature 
(around 107 K), the hydrogen begins to undergo nuclear 

fusion (a process discussed in more detail in Chapter 16) 
to form hel ium, which releases energy. This creates an 

outward pressure which balances the gravitational collapse. 
The star is now burning its hydrogen fuel at a steady rate. 

For a star with the mass of the Sun (known as 1 solar 

mass, or lMo), this will take around 10 billion years; the 
Sun is currently around 5 billion years old. More-massive 

stars will burn the hydrogen more quickly, for as briefly as 
a few million years, while l ighter stars burn the hydrogen 

more slowly. The consumption of hydrogen will take 
around 90% of the star's lifetime. During this time, the 

star gradually increases in luminosity. For example, the 

Sun is estimated to be 40% brighter than when it started 
fusing hydrogen. During this time the proportion of helium 

in the star increases. The process of building up heavier 
and more complex elements in the star is known as stellar 

nucleosynthesis. In the Sun, about 85% of the energy 
comes from hydrogen-helium fusion, and the remaining 

15% from reactions that produce lithium and beryllium 
(elements 3 and 4). 

When the hydrogen is largely consumed, what happens 
next depends on the star's mass. 

Low mass stars (less than O.lMo> compress and 

collapse over several years as the hydrogen fuses to 
helium_ These stars cannot fuse helium into heavier 
elements. Low mass stars live much longer than 

medium and high mass stars. 

Stars 0.5-l.5M0 become red giants. The helium core and 
hydrogen shell of the star expand. In the shell, hydrogen 

fuses to helium. In the core, helium can fuse to form 

elements including carbon, nitrogen, and oxygen. Heavier 
stars can form neon and magnesium. The shell increases 

and the star expands and cools. The star cannot 
compress the core much further, and heavier elements 

cannot form. Eventually the core will collapse to a white 
dwarf and the shell of the star will be ejected to form a 

nebula of metal-enriched gas around the white dwarf. 

For heavier stars, above lOMo, the nucleosysnthesis 
in the core proceeds further to form sulfur, silicon, 

aluminium and sodium. These stars are too heavy 
to limit the core collapse to a white dwarf. They will 

undergo an explosion-a nova-which will destroy the 
star and throw out metal-enriched gas. 

Still-heavier stars can undergo nucleosynthesis all the 
way to iron. Beyond iron, the nucleosynthetic fusion 

process requires energy instead of releasing it, and 

the internal pressure of the star cannot stop the core 
collapse. Heavier elements will be formed over a very 
short period of explosive nucleosynthesis as the dying 
star collapses, before the star ends its life in a supernova. 

Using these ideas, the measurement of the star's 
luminosity, its temperature from its spectrum and the 

spectroscopic detection of elements present from the 
Fraunhofer lines can be combined to indicate where a star 

is in its life span and its likely fate. 

Gases thrown out from a nova or supernova can be 
recycled elsewhere into a new star. The presence of carbon 

in your body and metals such as gold in the Earth show 

that our own Sun is at least a second-generation star. 

Five billion years from now, the Sun will have bloated to 
a red giant (Figure 9.2.14). On Earth, the atmosphere will 
have burnt off and the oceans evaporated, leaving salt
encrusted rocks. The Sun, having exhausted the hydrogen 

in its core, will then begin burning hydrogen in a shell 

surrounding the core, causing the Sun to expand. The 
expanding Sun will engulf Mercury and Venus, and possibly 

the Earth. If the Earth survives this stage of the dying Sun, it 
will freeze when the Sun collapses into a white dwart star. 

FIGURE 9.2.14 Frve biffion yea,s from now, the Sun will have exJ)<!nded 
to a red ~nt. 
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9.2 Review 

l11t:l#·i41 
The production of spectra suggests an internal 
structure to the atom. A line emission spectrum 
is produced by energised atoms, whereas an 

absorption spectrum is created when white l ight 
passes through a cold gas. 

The spectrum for any particular element is unique 
to that element 

l:44i·l1i!1il·i:&i 
1 When does an element such as sodium produce an 

emission spectrum? 

2 The predicted spectrum from an astronomical object 
is shown at the top of the figure below. The spectrum 
at the bottom of the figure is what astronomers 
actually observe. Explain what is occurring to cause 
this difference. 
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Interpreting the visible spectrum of stars reveals 
their temperature, density, chemical composition, 
and rotational and translational velocity. 

3 The following three stars are moving away from the 
observer. Order the stars in their velocity from fastest 
to slowest 

400 nm 500 nm 600nm 700 nm 

400 nm 500nm 600nm 700nm 

400 nm 500 nm 600nm 700nm 



Chapter review 

I KEY TERMS I 

absorb 
absorption spectrum 
bluesh1ft 
discharge tube 
emission spectrum 

I REVIEW QUESTIONS I 

electromagnetic radiation 
electromagnetic spectrum 
excited state 
ground state 
incandescent 

Although the currently accepted value for the speed of 
light is 299792458ms-1, this is often approximated 
as c = 3.00 x 10Sms· 1. catculate the percentage 
difference introduced by this approximation. 

2 Which statement correctly describes how an 
electromagnetic wave is generated? 
A A changing current creates a constant magnetic 

field which creates an opposing current 
B A changing current creates a changing magnetic 

field which induces an electrtC field. 
C A changing magnetic field creates an induced 

constant current which then creates an opposing 
magnetic field. 

0 A moving charge creates a constant current. which 
then creates a changing magnetic field. 

3 a Calculate the wavelength (in nm) of light with a 
frequency of 5.0 x 1014 Hz. 

b Use the figure below to identify what colour of light 
the wavelength in part a corresponds to. 

visible light 

400nm 500nm 600nm 700nm 

4 Calculate the wavelength of a UHF (ultra-high 
frequency) television signal with a frequency of 
7.0 x I07Hz. 

5 Calculate the frequency of an X-ray with a wavelength 

of 200pm. (Note: I pm= 10- 12m.) 

6 Calculate the wavelength of the electromagnetic waves 
produced by a heavy-duty 915MHz m icrowave oven. 

7 Describe the relationship between the colours seen in 
the emission and absorption spectra of hydrogen. 

redshift 
spectroscope 
spectroscopy 

8 Calculate the frequencies of the following wavelengths 
of lighl Use c • 3.00 x IO"ms-1• 

a blue, wavelength 486 nm 
b violet, wavelength 397 nm 

9 Why can't radio antennae be made of wood? 

10 The absorption spectra of two stars are analysed to 
find the difference in their surface temperatures. Star 
A has a peak wavelength at 450nm and star B has a 
peak wavelength at 400nm. Which of the two stars is 
hotter? Calculate a ratio to describe how much hotter 
one star is than the other. 

11 Why are ultrav10let and X-rays dangerous to life in a 
way that radt0 waves are not? 

12 The James Webb Space Telescope is a space-based 
infrared telescope. Give two reasons for the greater 
validity of data from th,s telescope, compared to 
ground-based observat,ons. 

13 You conduct an expenment to measure the speed of 
light using a 2.45GHz mterowave, similar to the actrYity 
descnbed in the Physics in Action on page 243. After 
measuring the distance between melted sections of 
marshmallows you produce the following data: 5.9cm, 
5.8cm, 6.0cm. 5.9cm; and calculate a value for c. 
Does this agree with the theoretical value for the speed 
of light? Discuss. 

14 Explain how emission spectra and absorption spectra 
are produced. Extension: Research how these spectra 
are produced in stars. 

15 Arrange the following stars from coolest to hottest: 
yellow star, orange star, b lue star, red star. 

16 The emission spectrum of a distant star shows lines 
for hydrogen and helium but no other elements. What 
does that indicate about the age of the star? 
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17 How is light analysed in order to determine the 
standard properties for stars of Spectral Class A shown 
in the table below? 

M¥1MtiMli::HirlMMdiiM!, I A L7500-10000K ~ wh;te J 2.0-3.0 

18 The following graph shows the wavelengths of light for 
two d istant stars as a function of light intensity. Which 
of these has a greater temperature? Explain your 
answer. 
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19 After completing the activity on page 249, reflect 
on the inquiry question: What is light? You may also 
wish to do some further research regarding how the 
eye detects colour in order to fully understand your 
observations. 
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One of the great scientific achievements of the 19th century was the development 
of a comprehensive wave model for light This model was able to explain a large 
number of wave properties including reflection, refraction, dispersK>n, diffraction, 
interference and polarisation. This also led to a deeper understandine of 
phenomena such as heat and radio transmissions. 

This chapter follows the historical changes in the understanding of the nature of 
light. In particular, it explores diffraction, interference and polarisation, which are 
all properties of light that caused 19th-century scientists to abandon early ray and 
particle models for a wave mcx:tel for light 

Content 

M·Hll·ii·i'ifiil•I:■ 
What evidence supports the classical wave model of light and 
what predictions can be made using this model? 
By the end of this chapter you will be able to: 

• conduct investigations to analyse qualitatively the diffraction of light (ACSPH048, 
ACSPH076) 

• conduct investigations to analyse quantitatively the interference of light using 
double-slit apparatus and diffraction gratings (d sin B = m.l.) (ACSPH 116, 
ACSPH 117, ACSPH 140) 

• analyse the experimental evidence that supported the models of light that were 
proposed by Newton and Huygens (ACSPHOSO, ACS PH 118, ACS PH 123) 

• conduct investigations quantitatively using the relationship of Malus' law 
(/=I.,.. cos2 B) for plane polarisation of light to evaluate the significance of 
polarisation in developing a model for light (ACSPHOSO, ACSPH076, 
ACSPH120). 

Phys.cs Sta,e 6 Sylabus Cl NSW EdUCltion Starw:Satcls Authority 
to,- and on behalf ol the Crown ,n npt ol the State ol NSW, 2017. 
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initial wavefront 

rays giving 
direction of 
propagation 

/ new wavefront 

FIGURE 10.1..2 Each point on the wavefront of 
a plane wave can be considered a source of 
secondary wavelets. These wavelets combine to 
produce a new plane wavefront 
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10.1 Diffraction and interference 
In the late 17th century a debate raged among scientists about the nature o f light. 

~llte famous English scientist Sir Isaac Newton (Figure 10.l. l a) explained light 
in terms of particles or 'corpu scles•, with each different colour of the spectrum 
representing a different type of particle. A Dutch scientist named Christiaan 
H uygen s (Figure IO.I. l b} proposed an alternative model that described light as a 
type of wm·e, similar to the water waYes obsen ,ed in the ocean. 

FIGURE 10.1.1 (a) Isaac Newton and (b) Christiaan Huygens were two scientists who disagreed about 
the fundamental nature of light. 

A key point of difference between the two theories was that Newton 's 'corpuscular' 
theory suggested that light would speed up as it travelled through a solid material 
such as glass. 1n comparison, the wave theory pred icted that light would be slower 
in glass than in air. 

Unfortunately, at that time it was impossible to m easure the speed o f light 
accurately, so the question could not be resolved scientifically. Newton's esteemed 
reputa tion meant that for many years his corpuscular theory was considered correct. 

It was not until the early 19th century that experiments first convincingly 
demonstrated the wave properties of light. 

1oday, a modern un derstanding of light draws on aspects of both theories 
and is, perhaps, more complex than either Newton or Huygens could ever have 
imagined. 

HUYGENS' PRINCIPLE 
The theoretical basis for wave propagation in two dimensions was first explained by 
C hristiaan Huygens. Huygens' principle states that each point on a wa\·efront can 
be considered a source of secondary wavelets (i.e. small waves). 

Consider the plane wave shown in Figure I 0 .1 .2. Each point on the initial 
wavefront can be treated as if it is a point source producing circular waves, some of 
which are shown in green. After one period, these circular wa\·es will have advanced 
by a distance equal to one wavelength. Huygens pro\·ed mathematically that when 
the amplitudes of each of the individual circular waves are added, the resu lt is 
another plane wave as shown by the new wavefront. 



11lis process is repeated at the new wavefront, causing the wave to propagate in 
the direction shown. 

Circular waves are propagated in a similar way, as shown in Figure 10.1.3. 

Worked example 10.1.1 

APPLYING HUYGENS' PRINCIPLE 

On the plane wave shown moving from left to right below, sketch some of the 
secondary wavelets on the wavefront and draw the appearance of the new wave 
formed after one period. 

Thinking 

Sketch a number of secondary wavelets 
on the advancing wavefront. 

Sketch the new wavefront. 

Worked example: Try yourself 10.1.1 

APPLYING HUYGENS' PRINCIPLE 

Working 

~ 

On the circu lar waves shown below, sketch some of the secondary wavelets on 
the outer wavefront and draw the appearance of the new wave formed after one 
period. 

Evenwally scientists discovered that light has a number of properties that can 
only be explained using a wave model. Some of the most important of these are: 

diffraction 
interference 
polarisation. 

These are described in the rest of this chapter. 

• source 

initial 
wavefront 

new 
wavefront 

ray 

FIGURE 10.1.3 Each point on the wavefront of 
a circular wave can be considered a source of 
secondary wavelets. These wavelets combine to 
produce a new circular wavefront. 
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nGURE 10.1.4 Water waves bend as they pass 
through a narrow opening. 

____ .. -- -

i/'7' 'M I \ ,, 

l•e· ./ ··~ \ .~/ 
nGuRE 10.1.s The way information is printed 
on a CD or DVD means that it creates structures 
small enough to cause light to diffract, 
producing the colours observed in this image. 
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DIFFRACTION 
When a plane (straight) wa,·e passes through a narrow opening, it bends. \~a,·es 
will also bend as they travel around obstacles (Figure 10.1.4). ibis kind of'bending' 
phenomeno n is known as diffraction. 

Diffractio n is significant when the size of the opening or obstacle is similar 
to or smaller than the wavelength of the wave. L ight waves range in wa,·elength 
from around 700nm for red light to about 400nm for violet light. 1 nm is equal to 
10-9 m or a one millionth of a millimetre. Light wa,·es are all less than one thousandth 
of a millimetre in length. This means that the diffraction oflight is difficult to observe 
because the wavelength of light is so small, and there are not many situations in 
nature where light encounters structures of this size. However ,diffractio n d oes occur 
with artificially constructed materials like CDs (Figure 10.1.5) or commercially 
produced diffraction gratings. 

Diffraction and slit width 
In the diffraction of waves, if the wavelength, ,l, is much smaller than the size of the 
gap or obstacle, w, the degree of d iffractio n is less. For example, Figure 10.1.6 shows 
the diffraction of water waves in a ripple tank. ln Figure 10 .1 .6a, the gap is similar 
in size to the wa,·elength, so there is significant diffraction and the waves emerge as 
circular waves. In Figure l O. l .6b, the gap is much bigger than the wa,·elength, so 
diffraction only occurs at the edges. 

nGURE 10.1.6 The diffraction of water waves in a ripple tank. (a) Significant diffraction occurs wt-en 
the wavelength is approximately the same as the slit width, i.e. ,l ... w. {b) Af, the gap increases, 
diffraction becomes less obvious, since A<< w, but is still present. 

\V.ivc:k:11g1..h:, l.---Ornµarnbk: t.u ur larger 1..ha11 the: Uiainc:Lt:r u f t.l1c;: u b s rn.dc: ur gaµ 

produce significant diffraction. T his can be expressed as the ratio~~ 1, where A is 
the wavelength of the wave and w is the width of the gap. '° 

Diffraction gratings 
As you have already seen, light diffracts as it passes through a very small gap. As 
the light passes through the gap, some of the wavelets making up the wa,·efront will 
diffract at the barriers that form the edges of the gap and some will pass through the 
centre of the gap. As a result of this, the light waves that em erge from the gap will 
interact, causing interference. In some places the interactions will be constructive 
(will add together) and in others the interactio ns will be d estructive (will cancel ou t) . 
\Vhen these light waves are made to shine on a screen, the areas of cons tructive 
interfe rence will appear as bright bands and areas of destructive interference 
will appear as dark bands. The pattern of dark and light bands that is seen when 
light passes through a single small gap is called a diffraction patte rn. 



As stated earlier, the extent of d iffraction of light waves is proportional to the 
ratio;. 'Ibis ratio also descr~bes the s pacing of ~ark a?d light bands in a ~iffractio_n 
pattern, and therefore the wid th of the overall d1ffract1on pattern. According to this 
relationship, if the wa,·elength is held constant and the gap is made smaller, greater 
diffraction is seen. If different wavelengths enter the same gap, those with a smaller 
wavelength will undergo less diffraction than those with a longer wavelength. 
This is shown in Figure 10.1. 7 . Note that Figure I 0.1. 7 shows intensity. High 
intensity is where bright bands will appear on a screen; zero intensity corresponds 
to dark bands. 

(a) 
Intensity 

(b) 
Intensity 

rtGUAE 10.1.1 (a) Red light is diffracted more than (b) blue light Red light's longer wavelength 
results in more-widely spaced fringes and a wider overall pattern. 

Although some diffraction patterns can be observed using natural materials, in 
practice, much clearer diffraction patterns can be generated by passing light through 
a diffraction grating. A diffraction grating is a p iece of material that contains a large 
number of very closely spaced parallel gaps or slits. 

A diffraction grating can be thought of as a series of parallel slits all placed side 
by side. The diffraction pattern from one slit is superimposed o n the pattern fro m 
the adjacent slit, producing a strong, clear image on the screen. 

Diffraction experiments usually use o nly monochromatic light (i.e. light of 
only one colour). \Vhen white light, which contains a number of different colours, 
shines through a diffraction grating, each different colour is diffracted by a different 
amount and forms its own set o f coloured fringes. ~lltis results in the light being 
dispersed into its component colours, as seen in Figure I 0. 1.8. 

rtGUAE 10.1.s A diffraction grating disperses white light into a series of coloured spectra. 

YOUNG'S DOUBLE-SLIT EXPERIMENT 
Thomas Young's observation of imerference patterns in light (Figure 10.1.9) 
was a p i,·otal moment in the history of science. It tipped the scales in the long
running dispute between scientists about the nature of light and paved the way for 
a series of discoveries and inventions that wouJd fundamentally change scientists' 
understanding of energy and matter. FIGURE 10.1.9 Optical interference can produce 

spectacular patterns. 
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I PHYSICS IN ACTION I 
Diffraction and imaging 

Diffraction can be a problem for scientists using 
microscopes and telescopes because it can result in blurred 
images. For example, a significant problem is that the light 
from two tiny objects or two distant objects very close 
together can be d iffracted so much that the two objects 
appear as one blurred object When this happens, we say 
that the objects are unresolved. Essentially, the ratio.! 

d ictates how small an object can be clearly imaged b}' a 
particular instrument 

This means that, as a general rule, optical m icroscopes 
cannot create images of objects that are smaller than the 

wavelength of the l ight they use; otherwise, d iffraction 
effects are too significant 

Di ffraction also places a theoretical limit on the 
resolution of optical telescopes (Figure 10.1.10). 
However, for telescopes. atmospheric distortion 
usually has a much larger effect than d iffraction. The 
Hubble Space Telescope, which sits above the Earth's 
atmosphere, is not affected by atmospheric d istortion. It 
can resolve images right down to its diffraction limit, i.e. 
where the separation of the stars is approximately equal 
to the wavelength of the light. 

FIGURE 10.1.10 Photographs of three pinpoints of light taken with three lenses of different diameter. The lens used for (a) has the smallest 
diameter and therefore has the worst resolution, i.e. the points of light overlap. The lens used for (b) has a greater diameter than (a) and has 
better resolution. The best resolution image (c) is provided by the largest lens. 
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Young's experiment 
ln 1803, Young performed a now-famo us experiment in which he shone 
monochromatic light (i.e. o nly one colour) on a screen containing two very tiny slits. 
O n the far side of the double slits he placed another screen, on which he obsen ·ed 
the pattern produced by the light passing through the slits (Figure 10 .1.11 ) . 

According to the particle theory, light should ha\·e passed d irectly through the 
slits co produce two bright lines or bands on the screen (Figure 10.1. l la). lnstead, 
Young observed a series of bright and dark bands or ' fringes• (Figure 10. 1. l lb). 

FIGURE 10.1.11 The parttCle theory of light predicted that Young's experiment should (a) proclice 
two bright bands. But his actual experiment (b) produced a series of bright and dark bands 
or 'fringes' 



Young was able to explain this bright and dark pattern by treating ligh t as a wa,·e. 
He assumed that the monochromatic ligh t was like plane waves and that, as they 
passed through the narrow slits, these plane wa,·es were diffracted into coherent (in 
phase) circular waves as shown in Figure I 0. 1.12. The circular waves would interact 
causing interference. 'llle interference pattern produced by these two waves would 
result in lines of constructi,·e (antinodal) and destructive (nodal) interference that 
would match the bright and dark fringes respecti,·ely. 

plane waves 
from a distant 
light source 

I I 
nGURE 10.1.12 The interaction of two circular waves can produce a pattern of antinodal (constructive 
interference) and nodal (destructive interference) lines. 

Earlier in his scientific career, Young had observed similar interference 
patterns in water waves, such as the ones shown in Figure 10 .1.1 3. This gave 
greater credibility to the wave model for ligh t p roposed by C hristiaan Huygens 
many years earlier. 

\Vhen Young used the data to calculate the wavelength of light, it became clear 
why no one had ever noticed the wa,·e properties of light before---light waves are 
L.i11y, w itl1 lypil....J w a n.:lc11g l.h:S ufk::ss tl1a11 I 11tit;:ru 111ct.rc ( I µ.i11a:: 0 .001111111) . 

l b understand Young's experiment more fully, you have to consider how the 
waves produced by the two slits interact with each other when they hit the screen. At 
a particular point, P, on the screen , the wave train from slit I (S1) will have travelled 
a different distance compared with the wave train from slit 2 (S2), i.e. the distance 
S 1P is different to S2P. The difference in the distance travelled by each wave train to 
a point P on the screen is called the pa th difference for the waves (pd). 

0 The path difference to point P from wave source S1 and from wave source S2 
is given by: 

Path difference can be measu red in metres, but it is far more useful to measure it 
in wavelengths in order to determine the light intensity o n the screen. 

FIGURE 10.1.13 Interference patterns can be 
observed in water waves Vit here in yellow). 
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As shown in F igure 10.1.14, at a point, lv1., at the centre of the screen, equidistant 
from each slit, each wave train will have tra,·elled through the same distance, so there 
is no path d ifference (i.e. S1M = S2M.) . T he light waves arri, ·e in phase with each 
other. These light waves reinforce to produce an antinode. A fringe of bright light 
is seen, known as the •central maximum'. This phenomenon is called constructive 
interference. 

Constructive interference will occur whene,-er the path difference between the 
two waxe trains is zero or differs by a whole number of wa,·elengths, i.e. pd = 0, Ll, 
2)., 3,l ___ For example, in Figure 10.1.14, the path d ifference S 1R - S2R is equal to ,l. 

Interference 

R"'+"'= '\, constructive 

N'\,+ ..r= - destructive 

FIGURE 10.1.14 Waves meeting from each slit at R. where the path difference is ,l A bright fringe will 
be seen. as the wave trains arrive at this point in phase_ 

There will be points on the screen at which the path difference is ~ ; for example, 
point Nin Figure 10. 1.14.~0te two wave trains that meet at this point ~re completely 
out of phase and cancel each other to produce a nodal point. Destructive interference 
occurs at this point, and no light is seen. This creates the dark lines or fringes that 
appear in between the bright antinodal fringes. Destructive interference occurs 
when the path difference between the waves is ¾,¥, ¥ , ?f ... 

In summary: 

0 constructive interference of coherent waves occurs when the path difference 
equals a whole number of wavelengths: pd= mA. where m = 0, l , 2, 3 . . 

• destructive interference of coherent waves occurs when the path difference 
equals an odd number of half wavelengths: pd =( m- ½)A. where m = l , 2, 3 .. 

1li.e sequence of constructive and destructive interference effects produces an 
interference pattern of regular ly spaced ver tical bands or fringes on the screen that 
can be represented graphically as shown in Figure 10.1.15. 

lntP.n!;.ity 

Distance from 
interference (dark) central fringe 

FIGURE 10.1.1 s A graph of the intensity of a double-slit interference pattern. The horizontal axis 
represents a line drawn across the screen. The centre of the distribution pattern corresponds to the 
centre of the brightest central fringe, the central maximum 



Calculating fringe separation for Young's experiment 
In Young's e.xperirnent, it is possible to predict where the bright fringes will occur by 5 R 
considering the geometry of the situation (Figure 10.1. 16) . 1 • ,--

screen d 

L -----------· 

d I ~~ --- /~ ---------- _________ -- ---. -·········.. .. .. . . . . 1. . ncuREI0.1.,:'Assuming the distance to the 

- - • _ _ _ _ _ _ fnnge separauon saeen is much greater than the slit separation, · · · · · · · · -. . . l the rays will travel approximately parallel. 

p 

rlGURE 10.1.16 The geometry of the interference pattern from a double-slit expe!iment. 

Consider two slits, S 1 and S2, that are separated by a distance, d. If we d raw a 
line at r ight angles halfway between the two slits d irectly across to the screen, we 
can then identify any point, P, on the screen by its angle, 6, from this line. \'Vhen the 
distance to the screen (L ) is much greater than the distance between the slits (d), 
then the exiting rays can be approximated to be trm·elling parallel (Figure 10.1.17). 
ln this case, the angle 8 is congruent to the internal angle of the smaller triangle such 
that the p roducl dsin 8 is equal to the path difference between the two wa,·es. Since 
a bright fringe will occur whene,·er the path d ifference is equal to a whole number 
ofwa\'elengths (i.e. pd = mA), then: 

6 dsin9=mA. 

where dis the slit separation (m) 

8 is the position to a bright point on the screen (as an angle from the 
perpendicular bisector between the slits) 

m is any whole number, i.e. 0, 1, 2, 3 .. 
..l is the wavelength of the light waves (m) 

'I lle path difference used for this formula is for constructive interference so that 
the angle calculated will be to a b right band . If instead you wanted to calculate the 
angle for a dark band, substitute the path difference for destructive interference, 
i.e. dsin 8 = (m - }) A. 

nGURE 10.1.1s If the separation of the slits and 
the distance to the saeen are kept the same, 
then the fringes produced by longer wavelength 
red light are further apart than those produced 
by shorter wavelength green light. 

Changing the parameters of Young's experiment 
The angle 8 is usually very small in You ng's experiment. 

This means that scientists can use the approxim ation 

sin 8 • 8 .. tan 9 to simplify the Young's experiment formula 
to: 

where 6x is the fringe separation (m) 

..l is the wavelength of the light waves (m) 

L is the distance from the slits to the screen (m) 

d is the slit separation (m) 

An advantage of this simplif ied formula is that it reveals 

some important relationships between the experimental 

parameters in Young's experiment: 

liX oc A, i.e. increasing the wavelength of light increases 
the fringe spacing (Figure 10.1.18). 
liX oc L, i.e. increasing the d istance from the slits to the 

screen increases the fringe spacing. 

liX oc ~ . i.e. decreasing the distance between the slits 
increases the fringe spacing. 

One of the challenges that scientists face when 

perform ing Young's experiment in the laboratory is that 
it is hard to measure the distance between the fringes 

because they are very close together. These relationships 

show how the apparatus can be adjusted to increase this 
distance-for example, the screen can be moved further 

away from the slits. 
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nGURE 10.1.19 Waves of light incident on a 
solid disk diffract to give a point of light in the 
cenlfe of the shadow zone. This is convincing 
evidence for the wave nature of light. 
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Worked example 10.1.2 

CALCULATING WAVELENGTH FROM FRINGE SEPARATION 

Light of an unknown wavelength emitted by a laser is directed through a pair of 
thin slits that are 50µm apart. The slits are 2.0m from a screen on which bright 
fringes are 2.5cm apart. Calculate the wavelength of the laser light in nm. 

Thinking 

Determine the angle 8. 

Determine m. 

Recall the equation for fringe 
separation. 

Transpose the equation to make A the 
subject 

Substitute values into the equation 
and solve. (Note: 1 µm = 1 x 10-6 m.) 

Express your answer using the units 
specified-in this case nm, where 
1nm = 1 x 10-9 m. 

Working 

Since the screen is 2.0m away and the 
d istance between the first two bright 
fringes is 2.5cm = 0.025m: 

tan8 = 0:J: 
8 = tarrt (0

:
5

) = 0.72° 

The path difference between the rays 
creating the first fringe from the centre 
is l,l 

Therefore, m = 1. 

dsin9 = m.l 

.l = 50 .clo-6•sri0.72 6.3 x l0-7m 
I 

The wavelength of the laser light is 
630nm. 

Worked example: Try yourself 10.1.2 

CALCULATING WAVELENGTH FROM FRINGE SEPARATION 

Green laser light is directed through a pair of thin slits that are 25µm apart. The 
sl its are 1.5 m from a screen on which bright fringes are 3.3 cm apart. Calculate 
the wavelength of the green laser l ight in nm. 

RESISTANCE TO THE WAVE MODEL 
Young's wave explanation for his experiment was not immediately accepted by the 
scientific community. Many scientists were reluctant to abandon the corpusrular 
theory that had been accepted for over a century. 

In 1818, the French scientist Augustin-Jean Fresnel was able to provide a 
mathematical explanation for Young's double-slit experiment based o n Huygens' 
principle. 

Another F rench scientist, Simeon Poisson, who was a passionate supporter of 
Newton's corpuscular theory, argued that if the same mathematics was applied to 
the light shining around a round d isk, then there should be a bright spot in the 
middle of the shadow created by the disk (Figure 10 .1.1 9). Since nobody had ever 
observed a bright spot in the middle o f a shadow, Poisson believed this proved that 
the wa\·e model was incorrect. 



However, one of Poisson's colleagues decided to test these ideas by performing an 
experiment \\~th a very small b right light source and a round disk, and observed the 
bright spot predicted by Poisson's calculations (Figure 10.1.20) . As a consequence, 
for the remainder of the 19th cenrury, the wave theory became the almost universally 
accepted model for light. 

0This now-famous diffraction pattern has come to be known as the 'Poisson bright 
spot', which means it is named after the person who predicted that it would not exist! 

rlGUAE 10.1.20 The bright spot inside the shadow region of this image is caused by the diffract.on 
and interference of light waves. The image also shows diffraction and interlefence patterns 
surrounding the shadow. 

·----------- -- ------------ ----- -------- -- ---- --------- -------------- -------------- --- ----· 
' ' 

10.1 Review 

l111M#lii 
A wave model explains a wide range of 
light-related phenomena, including diffraction and 
interference. 

When a plane (straight) wave passes through 
a narrow opening or meets a sharp object, 
it experiences diffraction. 

135i·i'ifid·i:ti 
On the d iagram below, draw the wavefront of the plane 
wave after one period. 

------------ t wave direction 

2 For a diffraction experiment to produce significant 
diffraction of red l ight (wavelength of approximately 
700nm), what width opening should be used? 
A 1mm 
B 0.1mm 

C 0.01mm 
D 0.001mm 

Significant di ffraction occurs when the wavelength 
of the wave is similar to, or larger than, the size 
of the diffracting object. 

Young's double-slit interference experiment provided 
evidence to support the wave model of light 

Data from Young's experiment can be analysed 
using the formula d sin 9 = mA. 

3 If Thomas Young's double-slit experiment was 
modelled using circular water waves in a ripple tank, 
which of the following events would correspond 
to nodal tines? (More than one correct answer is 
possible.) 
A crests meet troughs 
B troughs meet troughs 

C crests meet crests 
D troughs meet crests 

4 A blue laser is directed through a pair of thin sl its that 
are 40µm apart. The slits are 3.25m from a screen 
on which bright fringes are 3.7 cm apart. Calculate the 
wavelength of the blue laser light in nm. 
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Interference art 

10.2 Polarisation 

3 Rotate one of the polarising films, leaving the other 
two layers still. 

What evidence supports the classical wave 
model of light and what predictions can be 
made using this model? 

4 Use the effect you have just seen to create some 
artwork. Try cutting different shapes and placing them 
in set orientations. 

COLLECT THIS ..• 

overhead projector film 

cellophane tape 

two polarisation films 

scissors 

OOTHIS ... 

RECORO THIS ... 

Describe how rotating the polarising film changes the 
amount of light that comes through il 

Present your artwork. 

REFLECT ON THIS ... 

What model of light predicts the behaviour of light travelling 
through polarising films? 

1 Place pieces of tape on the overhead film in different 
orientations, overlapping each other. 

Where have you seen this phenomenon before? 

What could you do to improve your artwork? 
2 Place the overhead fi lm between two pieces of 

polarising film and look through the combination at a 
bright light. 

nGURE 10.2.1 A verticalty polarised wave can 
pass tlYough a ver1ical~ orientated polarising filter. 

FIGURE 10.2.3 A diagonally polarised w;we 
has its horizontal component blocked by the 
vertically orientated polarising filter. A vertit<ily 
polarised wave of reduced amplitude passes 
through~-
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O ne of the most convincing pieces of evidence for the wave narure of light is the 
phenomenon of polarisation . Polarisation occurs when a transverse wave is allowed 
to vibrate in o nly one direction. For example, the light wave in Figure 10.2.1 is vertically 
polarised-the wave oscillations occur in the vertical plane only. This also means this 
wave is unaffected by a polarising filter that is orientated in the vertical plane. 

11te wave in the Figure I 0 .2.2 is hor izontally polarised. It is completely blocked 
by the vertical polarising filter. 

nGURE 10.2.2 A horizontally !X)larised wave cannot pass through a vertically orientated polarising 
filter. 

In Figure 10.2.3, the incoming wave is polarised at 45° to the horizontal and 
vertical planes. The horizontal component of this wa,·e is blocked by the vertical 
filter, so the ongoing wave is vertically polarised and has a smaller amplitude rhan 
the o riginal wave. 

Light p roduced by sources such as a light globe or the Sun is unpolarised, which 
means that it can be thought of as a collection of waves, each with a different plane 
of polarisation, as shown in Figure I 0.2 .4. 



Certain matenals can act as polan smg filterS for hght These only transmit the ~ 
\\ aves o r components of wa, es that are polarised m a particular direction and absorb 
the rest. Polansmg sunglasses ,,ork by absorbing the light polarised m a pa rncular 
direcuon, thus reducing glare Photographers also use polarised filters to reduce the ~~ ~ ~~ 
glare m photographs or to ach1e, e specific effects (Figure 10 2 5) 1xi ~ ~ ~ 

direction 
1 .., of travel 

rlGUAE 1O.2.s These are photographs taken of the same tree, one without a polarising filter Oeft) and 
one with a polarising filter (right). 

PHYSICSFILE 

Polarised sunglasses 
Light that is reflected from the surface of water or snow is partially polarised 
(Figure 10.2.6). The polarising plane of polarised sunglasses is selected to absorb 
this reflected light. This makes polarised sunglasses particularly effective for people 
involved in outdoor activities such as boating, fishing or skiing. 

-... ----
wale,sorlare ~ 

nGURE 10.2.6 The polarising filler in a pair of sunglasses is designed to block the polarised 
light reflected from the surface of the water. 

MALUS'LAW 
The intensity of light is reduced as the light passes through a polarising filter; the 
amount o f the reduction depends on the relative o rientation of the filter and the 
plane of polarisation of the light. Mathematically, this relationship is described by 
an equation known as Malus• law: 

0 l = l- cos2 8 
where 

d is the slit separation (m) 

I is the intensity of light passing through the filter {cd) 

,_ is the intensity of light entering t he filter (cd) 

8 is the angle between the direction of polarisation of the light entering the 
filter, ~ . and the axis of polarisation of the filter, 81 {Figure 10.2.7). 

FIGURE 10.2.4 Unpolarised light consists of a 
collectMln of waves that are each polarised in a 
different direction 

. - - - - - -- -- - - - - ---- - - -- -- - - - - . 
' 1'!11!!1'111!!11!1"" ' ldi'IHl·WI 

Luminous 
intensity 
In Module 3, you were introduced 

to the concept of luminous 

intensity, I, which is a measure 
of the rate at which light energy 

passes through an area of space. 
The SI unit of luminous intensity 

is the candela (cd), based on a 
candle of standard brightness. You 
saw in Module 3 that luminous 
intensity reduces with d istance (r) 

using the relationship , ...,~- Recall 
that intensity is a measure of the 
amount of power transferred over 

a given area. 

, IGOTO ► lvear 11 Section IO. I , 

. -- - - - - - ---- - - -- - -- - - --- - - - - . 
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' ' 

li!iU:i'Jl!·H·i 
EXPRESSING 
RELATIONSHIPS USING 
RATIOS 

A ratio is the relationship between 

two numbers of the same kind. 
It could be the quantities in a 
recipe, the division of profits from 
a sale or the number of different 
types of the same thing. 

Scientists use ratios to compare 

quantities, like the intensities of 
a ray of light before and after it 
passes through a polarising filter. 

Ratios can be expressed in a 
number of d ifferent ways. For 
example, if a ray of light passes 
through a polarising filter and 
has its intensity reduced by 50%, 
we can express the relationship 
between the new intensity (I) and 
the original intensity (lmaJ as: 

I : lmax= 1 : 2 

I= O.5/max. 
1=½1max 

21=1= 

/=50%X '= 
All of these representations 

are equivalent to each other. 
Often the context of a problem 
will make it clear which 
representation should be used. 

' ' . - - - --- -- - - - -- -- - - -- -- ---- --. 
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polariser 

FIGURE 10..2.1 In Malus' law, 8 is the angle between the direction of polarisation of the light entering 
the filler. ~ and the axis of polarisation of the filter, Bi.. i.e. 8= 8i - ~ 

If the axis of polarisation of the light is the same as that of the filter, then 8 = 0°. 
Using / = /nux cos2 9, as cos0° = I , then / = /rmx, which means that the luminous 
intensity is not reduced at all in this case. 

Conversely1 if the axis o f polarisation of the light is at right angles to the plane of 
polarisation of the filter, then 9 = 90°. As cos 90° = O, then / = 0, which means that 
no light can get through the filter. 

Worked example 10.2.l 

APPLYING MALLIS' LAW TO CALCULATE RELATIVE REDUCTION IN INTENSITY 

How much (as a percentage) is the intensity of a ray of l ight reduced if it passes 
through a polarising filter that is aligned at 45° to the plane of polarisation of 
the light? 

Thinking Working 

Recall Malus' law. I =lmucos2 9 

Substitute the angle between the planes 1 = Im.u:cos2 45 
of polarisation of the filter and the light = o.s,ffl4)C 
Express the answer as a percentage. The intensity of the light has been 

reduced by 50%. 

Worked example: Try yourself 10.2.1 

APPLYING MALLIS' LAW TO CALCULATE RELATIVE REDUCTION IN INTENSITY 

How much (as a percentage) is the intensity of a ray of l ight reduced if it passes 
through a polansmg lI1ter that Is aligned at 300 to the plane of polansatIon of 
the light' 

Worked example 10.2.2 

APPLYING MALLIS' LAW TO CALCULATE CHANGE IN INTENSITY 

Vertically polarised laser light with an intensity of 50cd passes through a polarising 
filter that is orientated at 25° to the vertical plane. Calculate the intensity of the 
light as it leaves the filter. 

Thinking Working 

Recall Malus' law. I= 1maxcos2 9 

Substitute the values into the I= 50cos2 25 
equation. = 4 l cd 



Worked example: Try yourself 10.2.2 
APPLYING MALUS' LAW TO CALCULATE CHANGE IN INTENSITY 

Horizontally polarised laser light with an intensity of 90 cd passes through a 
polarising filter that is orientated at 60" to the horizontal plane. Calculate the 
intensity of the light as it leaves the filter. 

PHYSICSFILE 

Etienne Malus 
Matus' law is named after Etienne Malus 
(Figure 10.2.8}, who was a French physicist and 
mathematician. After serving as an engineer in 
Napoleon's army at the end of the 18th century, 
he made a number of important discoveries 
about the polarisation of light. He is one of only 
72 people to have their names inscribed on the 
Eiffel tower, along with other famous French 
physicists such as Andre-Marie Ampere and 
Charles-Augustin de Coulomb . 

flGURE 10.2.s Etienne Malus was a 
Frendl engineer and scientcst famous for 
hCS work on potirisation. 

. - -- -- - - - - ---- - - -- -- - - - - -- - -- - -- - -- - - - -- - -- - -- - -- - - -- -- - - - - -- -- - - -- -- - - -- -- - - - - - - -- -- - - -- . . . . . 
10.2 Review 

f111:i:t-iiii 
A transverse wave model for light is required to 
explain polarisation. 

Polarisation occurs when a transverse wave 
is allowed to vibrate in only one direction. 

l:◄b·i'l!iii·i:~i 
1 Explain how polarisation supports a wave model for 

lighl 

2 A ray of light passes through a polarising filter. The 
filter is aligned at 200 to the plane of polarisation of 
the light By what percentage is the intensity of l ight 
reduced? 

Malus' law can be used to calculate the change 
in the intensity of light as it passes through a 
polarising filter: I = lll'lallcos2 8. 

3 A ray of light of intensity 30cd passes through a 
polarising filter which is aligned at 35° to the plane 
of polarisation of the light What is the intensity of the 
light as it leaves the filter? 

4 If the intensity of a ray of light decreases by I 0% as 
it passes through a polarising filter, what is the angle 
between the planes of polarisation of the light and 
the filter? 
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Chapter review 

I KEY TERMS I 
coherent 
constructive interference 
destructive interference 

I REVIEW QUESTIONS I 

diffraction 
diffraction pattern 
interference 

1 Name the model of light each of the following 
scientists supported. 
a Young 
b Huygens 
c Newton 

2 In the 18th century, why did most scientists support 
Newton's particle model? 
A Newton had better evidence to support his theory. 
8 The speed of light in glass had been shown to be 

faster than in air. 
C Newton had a better reputation as a scientist than 

Huygens. 
D Newton was English and Huygens was from Holland. 

3 What phenomenon does the diagram below 
demonstrate? 

A d iffraction 
8 interference 
C reflection 
D refraction 

4 Explain how the width of a double♦slit interference 
pattern would change if all the variables were 
kept constant but a blue laser was replaced with a 
green laser. 
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monochromatic 
path difference 
polarisation 

5 Polarisation is an important phenomenon. What does 
it show about light? 
A It can travel instantaneously at an infinite speed. 
B It travels faster in materials l ike water and air than 

in a vacuum. 
C It is a longitudinal wave. 
D It is a transverse wave. 

6 According to the particle model of light. Young's 
double-slit experiment should have produced two 
bright lines on the screen. Instead, what was observed 
on the screen? 
A It was completely dark. 
B It was completely light 

C It contained three bright lines. 
D lt contained a pattern of alternating bright and 

dark lines. 

7 The following d iagram shows the resulting (simplified) 
intensity pattern after light from two slits reaches the 
screen in a Young's double-slit experiment Copy the 
diagram into your workbook and circle the points at 
which the path difference is equal to Lt 

Intensity 

,\/\/\;1\/\/\/ , 
M 

8 Explain why Young's double-slit experiment led to a 
significant change in scientists' understanding of the 
nature of llght. 

9 Light of an unknown wavelength emitted by a laser 
is directed through a pair of thin slits separated by 
75µm. The slits are 4.0m from a screen on which 
bright fringes are 3.1 cm apart. 
a Calculate the angle between the first two bright 

fringes on the screen. 
b Calculate the wavelength of the l ight (in nm). 



10 Red light with a wavelength of 650nm is d irected 
through a pair of thin slits separated by 80 µm onto a 
screen 3.5 m away. What is the angle between the central 
bright fringe and the third bright fringe to its right? 

11 Blue light with a wavelength of 425 nm is used in a 
version of Young's experiment The angle between 
the central bright fringe and the fifth bright fringe on 
the screen is 2.0°. Calculate the distance between the 
slits (in µm). 

12 Describe Youn1fs experiment and explain why i t 
is considered evidence for the wave theory of light. 

13 A version of Young's double-slit experiment is set up 
by directing the l ight from a red laser through a pair 
of thin sl its. An interierence pattern appears on the 
screen behind the slits. The following changes are 
made to the apparatus. Identi fy whether the distance 
between the interterence fringes seen on the screen 
would increase, decrease or stay the same if: 
a the screen is moved further away from the slits 
b the slits are moved closer together. 

14 Explain briefly why snowboarders and sailors are likely 
to wear polarising sunglasses. 

15 A ray of l ight passes through a polarising filter that is 
aligned at 500 to the plane of polarisation of the l ight. 
Express the intensity of the light passing through the 
filter (Ii) as a percentage of the initial intensity (11) of 
the light. 

16 A 15cd beam of light passes through a polarising 
filter that is aligned at 75° to the plane of polarisation 
of the light. What is the intensity of the light as it 
leaves the filter? 

17 What should the angle between the planes of 
polarisation of light and a filter be to reduce the 
intensity of the l ight by 80%? 

18 Diffraction of light waves was not observed by 
scientists until the 19th century. Why was this 
phenomenon not observed earlier? 

19 A monochromatic light source with a wavelength 
of 450 nm is shone through a pair of slits that are 
0.1 mm apart. creating an interterence pattern on a 
screen 2.0m away. At what angle do you expect to see 
the third dark band? 

20 After completing the activity on page 274, reflect on 
the inquiry question: What evidence supports the 
classical wave mocJel of light and what predictions can 
be made using this model? 
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At the end of the 19th century, most scientists had accepted that the wave 
model of light had replaced Newton's earlier corpuscular (particle) model. The 
wave model explained a number of phenomena (such as diffraction, interference 
and polarisation) that could not be explained using the particle model. Some 
scientists believed that all that was left to be done in the field of optics was to 

measure some constants, such as the speed of light, as accurately as possible. Few 
scientists expected what was to come-that the wave model's inability to explain a 
couple of key observations would lead to a fundamental revolution in humanity's 
understanding of both light and matter. 

This chapter will outline the key experiments that led to the development of a 'new' 
particle model of ligh~ known as the quantum model. 

Content 
INQUIRY QUESTION 

What evidence supports the particle model of light and what 
are the implications of this evidence for the development of 
the quantum model of light? 
By the end of this chapter you will be able to: 

• analyse the experimental evidence gathered about black-body radiation, 
including Wien's law related to Planck's contribution to a changed model of light 
(ACSPH137) 

. A,,,..=t 
• investigate the evidence from photoelectric effect investigations that 

demonstrated inconsistency with the wave model for light (ACSPH087, 
ACSPH123,ACSPH137) ml] 

• analyse the photoelectric effect (K= = hf - ~) as it occurs in metallic elements 
by applying the law of conservation of energy and the photon model of light 
(ACSPH 119). 

PhyMcs Stace 6 SyllabUI O NSW Education Standards Authotity 
for and on behaN ol the Crown in na:ht of the State of NSW, 2017. 
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11.1 Black-body radiation 
You may recall from Chapter 9 that the term electromagnetic radiation includes 
such things as: 

visible light 
ultraviolet light 

infrared radiation. 
All forms of electromagnetic radiation are essentially the sam e, differing only in 

their frequency and, therefore, their wa\·elength. T he full range of electromagnetic 
radiation is called the electromagnetic spectrum. The electromagnetic spectrum is 
divid ed into ditferem categories according to the wavelength and frequency of the 
radiation (Figure I 1. I. I}. 

f Increasing energy 
and frequency. 

f~ 
decreasing wavelength 

gamma rays • IO" 

101• 

II X-rays 
10n 

101
• ultraviolet Y.44 IOU visible spectrum 

IO" 
(800-400 THz) 0 

10u infrared • 1011 

JOll 

J□oJ microwaves 
1010 

I()' 

10' TV 

10' 

10' radio 

' Decreasing energy and frequency. 
increasing wavelength 

nGuRE 11.1.1 The electromagnetic spectrum showing the wavelength of the electromagnetic 
radiation and the corresponding frequencies (Hz). The spectrum is divided into categories based on 
wavelength and radiation energy levefs. Visible light is a mid-frequency range of wavelengths that can 
be seen by the human eye. 

~Ifie seven categories of electromagnetic radiation are grouped according to 
similar characteristics. Table 11.1.1 shows these groups from the highest energ}' to 
the lowest. There is some overlap between these groups, and they are divided largely 
based on application rather than distinct boundaries or values. 

Electromagnetic radiation is emitted by all objects whose temperature is above 
absolute zero (0 K or - 273°C).1ll.e actual wavelength or frequency o f the emitted 
radiation depends almost entirely on the internal energy of the object and not on the 
characteristics o f the material itself. 



TABLE 11.1.1 Types of electromagnetic radiation. 

Type of elcctromaienehc I Descnption 
rad1•hon 

gamma rays (r•rays) 

X-rays 

ultraviolet (UV) 

v1s1ble hght 

infrared (IR) 

mtcrowaves 

radio and television 
waves 

The highest energy, shortest wavelength energy rs produced 
wtthm the nucleus of an atom. Gamma rays are one of the three 
types of emtsstOOS that come from radioaetNe (unstable) atoms. 

When fast-movmg electrons are fired into an atom, X-rays are 
produced. X-rays got their name because saentrsts. at first. did 
not know what they were, hence the letter ·x·. 

lN hght waves have shorter wavelengths than visible viotet hghl 
but k)nger wavelengths than gamma rays or X-rays. lN hght fS 
knOWn to cause Skin cancer, parttcularty with frequent exposure. 

This Is the small band of wavelengths around the middle of 
the electromagnetic spectrum that can be detected by human 
eyes. Many other hfe forms. for example insects and birds, can 
perceive wavelengths well into the ultraviolet range. 

Infrared or heat rad1at1on is emitted by all obIects that are not 
at a temperature of absolute 2ero. The hotter the ob1ect. the 
more radiation that is emitted and the shorter its wavelength 
within the infrared band. 

The microwaves that cook your dinner and allow remote 
communications and radar to work are produced by the spin 
of electrons or nuclei. Wavelengths range from about 1 nm to 
10cm. 

Electrons oscillating in a conducting wire, such as an antenna, 
produce the radio and television waves that bring music and 
plci.ures to your home and carry YOtCe and data to your phone. 
Long-wavelength electromagnebc racho and televrs.on waves 
can be transmitted across very k>ng distances. 

Tbe higher lhc 1cmpcr.uurc of an object, lhc higher the frequency and lhe shorter 
the waxelcngth o( the emitted radiation. As temperature increases, electromagnetic 
radiation is emitted at increasingly higher frequencies. Consider the following examples. 

Relatfrely cool objects, such as the human body, emit infrared radiation. Infrared 
radiation is not \"i.sible to the human eye under normal circumstances. 
At higher temperatures, objects emit radiation with a higher frequency and you 
can see them glow red. An example is a bar heater that glows red hot. 
At even higher temperatures, for example 2000 K, objects such as the filament o( 

an incandescent light glow ydlow or white. 

Very hot objects, at temperatures of 106 Kor more> emit most of their radiation 
within the gamma and X-ray regions o( the electromagnetic spectrum. 

PHYSICSFILE 

Scientific notation 
Very small and very large numbers, such as the wavelengths and frequencies of 
electromagnetic radiaUon, can be tedious to write out in full. Scientific notation, 

whteh uses powers of 10, is a useful way of showing numbers in a more concise way. 

Table 11.1.2 lists some commonly used powers of 10 factors, prefixes and symbols. 

TABLE 11.1.2 Common prefixes, symbots and factors for large and small numbers. 

i@H Pre fix Symbol Factor Prefix W@N ,.,. T Jo-3 milli 

gIga G 1()1 micro 

mega M 10-9 nano 

Iulo K 10-12 pico 
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rlGURE 11.1.2 The spectrum of wavelengths 
emitted for an idealised object (a blad< body) 
at different temperatures. The radiation 
approximates the surface temperature of many 
real objects 
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WIEN'SLAW 
\Vilhelm \'<lien, a G erman p hysicist, formulated laws that d escribe the properties 
of heat radiation. Wien discO\·ered that the peak wa,·elcngth at which an object will 
emit the maximum intensity of radiation is dependent on its surface temperature. 
\'v'ien's displacement law, more commonly known just as \Vien's law1 can be used 
to determine the peak wavelength for an object at a particular surface temperature: 

0 ,1,...=i 
where 

~ is the peak wavelength of the emitted radiation (m) 

b is a constant equal to 2.898 x 10-3 m K 

T is the surface temperature of the object (K) 

According lO this formula1 no matter what the surface temperature of an object, 
the p roduct of the temperature and the wavelength at which the peak intensity o f the 
emitted radiatio n occurs is a constant and is equal to 2.898 x 10- 3 m K . 

The g raph in F igure 11.1.2 shows the continuous spectra emitted by an object 
(e.g. a solid, liquid or even a dense gas) at particular temperatures. An object at 
a temperature of around 12 000 K will emit its peak wavelength in the ultraviolet 
range. That is, the wavelength corresp onding to the highest intensity for the 12 000 K 
cun·e occurs in the u ltraviolet range. 

The 6000 K curve in the g raph in F igure 11.1.2 corresponds to the surface 
temperature of our Sun. ~lfle maximum valu e of this intensity curve corresponds 
to a peak wavelength at about 500 nm that is within the visible band o f the 
electromagnetic spectrum. The surface temperature of the Sun means that most 
of its electromagnetic radiation is emitted within the range between ultraviolet and 
infrared, including visible light. 

PHYSICSFILE 

Our eyes and the Sun 
It is no coincidence that the human eye is very good at detecting visible light. Human 
eyes have evolved to be most receptive to wavelengths of light within what is known as 
the visible range and which correspond to the highest intensity of light produced by OIJ 
Sun. If the Sun had a lower surface temperature, of say around 3000 K, it's probable 
that human eyes would be adapted to the infrared range. 

BLACK-BODY RADIATION 
\Vien's work on the wavelength of the radiation emitted by a hot, dense object was 
based initially on a theoretical object called a black body . A black body d oes not 
necessarily have to be black. An incandescent lamp o r a light bulb may be~ to a 
cer ta in extent, regarded as a black body. 

~lflis theoretical object completely absorbs all the rays o f electromagnetic 
radiation that fall on it regardless of the wavelength of the radiation. ln other words, 
a black body d oes no t reflect an y rad iation . The radiation emitted by many objects, 
su ch as the Sun, can be approximated as the radiation emitted by a black body 
at the same tem perature. ~lfle spectrum emitted by a hot object is continuous but 
has a peak intensity at a wavelength that is inversely proportio nal to the surface 
tem perature . T h is relatio nship is mo re simp ly stated by rearranging \Vien's law: 

Amu «t and also T «~ 
\'(lien's law can be used to find the temperatur~ of any hot object, including 

our Su n. 



Worked example 11.1.1 

THE TEMPERATURE AT A STAR'S SURFACE 

The Sun emits a continuous electromagnetic spectrum with a peak wavelength 
of approximately 500nm. Based on this wavelength, estimate the surface 
temperature of the Sun. 

Thinking Working 

Express the peak wavelength in metres. A,,,..= 500nm = 500 x 10-•m 

Rearrange Wien's law to solve for T. 'm.,=% 
T = 2.898)( to-3 ,_ 

Substitute the value for Amax and solve T- 2.898Kl<r1 

for T. 
-~ 
= 6000K 

Worked example: Try yourself 11.1.1 

THE TEMPERATURE AT A STAR'S SURFACE 

A newly discovered star is observed to emit radiation wi th a peak wavelength 
of approximately 90nm. Based on this wavelength, estimate the surface 
temperature of this star. 

I PHYSICS IN ACTION I 
Warm white or cool daylight 

The simple act of replacing a light globe requires many considerations. The 
globe needs to be the right size and have the appropriate power rating. Further 
consideration needs to be given to the technology-a standard incandescent. 

a hot halogen, a low-energy fluorescent or an LED. Finally, there's the choice of 

'warm white' or 'cool daylight'. Some of the different types of globe available 

are shown in Figure 11.1.4. 

Warm white and cool daylight are descriptions used by manufacturers to 

describe the colour of the l ight from what is basically a white light globe. A 

warm-white globe provides a slightly yellow, ·warm' glow, while ·cool dayl ight' 

is a more harsh white light This difference relates to the peak wavelength 

emitted by the globe. Manufacturers design globes to mimic surface 

temperatures corresponding to particular peak wavelengths. Warm white is 

usually labelled as corresponding to a surface temperature of 3000K; cool 
daylight corresponds to 6500 K. 

Computer manufacturers use similar colour profiles to allow computer users 

to correct the whiteness of a computer screen. 

flGURE 11.1.4 Standard, energy-saving 
and LED light bulbs come in varK>US 
shades of white that relate to the 
surface temperature they mimic 

PHYSICSFILE 

Wilhelm Wien 
Wilhelm Wien (1864-1928), shown in 
Figure 11.1.3, was a German physicist. 
Wien was awarded the 1911 Nobel 
Prize in Physics for making a significant 
contribution to the thermodynamics of 
radiation. In 1893 he had discovered 
the relationship now known as Wien's 
law, which paved the way for Plaock's 
quantum theory of radiation. This 
is the theoretical basis of modern 
physics, which explains the nature and 
behaviour of matter and energy. So 
Wien's displacement law was a very 
significant discovery indeed! 

FIGURE 11.1.3 German physicist Wilhelm 
Wien. 
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RE-RADIATED ELECTROMAGNETIC RADIATION 
Radiant energy imeracrs with matter in three ways. It can be: 

reflected 

transmitted 

absorbed. 
/viore often than not it will be a combination of two or more of these modes. For 

example, some of the radiant energy that is absorbed by the surface of the Earth 
causes the Earth to heat up, and the rest is re-radiated back out into space. 

F.ach of the gases in the Earth's atmosphere absorbs a very narrow band of wavelengths 
of the incoming solar radiation depending upon the nature of the gas. 1ne smaller 
molecu1es (i.e. oxygen and nirrogen) absorb \"ery shon wavelengths of solar radiation. 
'l'be larger molecu1es (i.e. water vapour and carbon dioxide) absorb primarily longer 
infrared radiant energy. About 17% of the radiant energy from the Sun is absorbed b)' the 

attnosphere, leading to dte heating of the upper layers of the atmosphere. 
The lower layers of the atmosphere do no t abso rb much heat directly from the 

Sun. They are predominately heated by the radiation from the Earth. The Earth 
is much cooler than the Sun, and so emits much longer wavelength radiation. 
\Vith the temperature of the Sun's surface being approximately 6000 K, the peak 
wavelength of solar radiatio n is around 500 nm. 'This corresponds to the visible part 
of the electromagnetic spectrum. The Earth has an average temperature of around 
16°C or 289 K. At that significantly lower temperature, the Earth emits most of its 
energy in the infrared range of the electromagnetic spectrum. This can be seen in 
the infrared image shown in F igure 11.1.5. 

Using \Vien 's law, the peak wa,·elength of re-radiated energy from the Earth can 
be calculated, as you can see in the \Vorked example below. 

FIGURE 11.1.s The Abnospheric Infrared Sounder (AIRS) instrument aboard NASA's Aqua satellite 
senses temperature using infrared wavelengths. This image shows the temperature of the Earth's 
surface or douds covering it for the month of April 2003. 

Worked example 11.1.2 

RE-RADIATED ENERGY FROM THE EARTH 

The Earth's average surface temperature is 289 K. What is the peak wavelength 
of the re-radiated electromagnetic radiation? 

Thinking Working 

State Wien's law. ,lmax=1 

Substitute the values for b and T and 
~ = 2B98~lc,-l 

solve for Amax-
= 1.00 x 10-sm = lOµm 



Worked example: Try yourself 11.1.2 

RE-RADIATED ENERGY FROM THE EARTH 

The Earth's average surface temperature at the equator is 300K. What is the 
peak wavelength of the re-radiated electromagnetic radiation from this portion 
of the Earth? 

PLANCK'S EQUATION 
At the tum of the 20th century, a number of scientists turned their attention to light 
phenomena that could not be readily explained using Ma.xwell's electromagnetic 
wave model. The study of these phenomena required the development o f much 

mo re sophisticated models for light, and eventually led to a revolution in the 
scientific understanding of the nature of energy and matter. 

ln 1900, the German physicist Max Planck (1958-1947), shown in 
Figure 11.1.6, was studying the spectrum for light emitted by hot objects. Planck 
and other scientists had discovered that certain features o f this spectrum could not 
be explained using a wave model for light. 

Planck proposed a controversial solution to this problem by assuming that Light 
was emitted as discrete packets. He called the discrete packets of energy 'quanta', 
and developed an equation for the energy, £ , of each quantum: 

@ E = hf 

where 

Eis the energy of a quantum of light µ} 
f is the frequency of the electromagnet ic radiation (Hz) 

h is the constant 6.626 x 10-34 J s, now known as Planck's constant 

Since electromagnetic radiation is more commonly described according to its 
wavelength, scientists often combine Planck's equation with the wa,·e equation for 
light, c = fa, as follows: 

So 
E = lifand f=i 

@ E= f 

At the time, most scientists disregarded Planck's work because the particle model 
it suggested was so much at odds with the wave mod.el that had become widely 
accepted as the correct explanation for light. 

Worked example 11.1.3 

USING PLANCK'S EQUATION 

Calculate the energy in joules of a quantum of ultraviolet l ight that has a 
frequency of 2.00 x I015 Hz. 

Thinking Working 

Recall Planck's equation. E=hf 

Substitute in the appropriate values E = 6.626 X I o-34 X 2.00 X 1015 

to solve. = J.33 X JQ-IS J 

FIGURE 11.1.6 Max f>tandt. 

PHYSICSFILE 

Max Karl Ernst Ludwig 
Planck 
Max Planck was a German physicist. 
At the age of 21 he oblained a 
PhD in physics, and in 1889 was 
appointed professor at the university 
in Berlin. Planck was an author of 
numerous works about physics
about quantum theory in particul.ir. 
On 14 December 1900 he presented 
a revised version of Wien's law am 
introduced a new constant that came 
to be known as Planck's constant. 
This date is now recognised as the 
beginning of the era of quantum 
mechanics. In 1918, Planck was 
awarded the Nobel Prize in Physics for 
'the discovery of energy quanta'. 
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Worked example: Try yourself 11.1.3 

USING PLANCK'S EQUATION 

Calculate the energy in joules of a quantum of infrared radiation that has a 
frequency of 3.6 x 1014 Hz. 

(1:Ji!!:\IJl!·i#-1 
The electron-volt 
When studying light, the quantities of energy 
considered are usually very small. These are 
otten so small that the joule is no longer a 
convenient unit to use. Scientists have therefore 

adopted a unit called an electron-volt (eV). 
An electron-volt is the amount of energy 
an electron gains when it moves through a 

potential difference of l V. Since the charge on 
an electron is -1.602 x 10-19c, then: 

leV=qex 1 V 

= 1.602 x 10-1
• C x IJC-1 

= J.602 X JO- lg J 

-;- L602x 10--19 

Here is a simple way to convert between the units for energy: 

To convert a value expressed in J into eV, d ivide it by 1.602 x 10-19 JeV-1
• 

To convert a value expressed in eV into J, multiply it by 1.602 x 1CJ19 J eV-1. 

Worked example 11.1.4 

CONVERTING TO ELECTRON-VOLTS 

A quantum of light has 1.33 x 10- 18 J of energy. Convert this energy to 
electron♦volts. 

Thinking Working 

Recall the conversion for joules to 1 eV = 1.602 x 10-19 J 
electron♦volts. 

Divide the value expressed in joules 
by 1.602 x 10- 19 JeV-1 to convert it to 1~!32xx\~~1 = 8.31 eV 

P.!P.r.trnn♦vnlt~. 

Worked example: Try yourself 11.1.4 

CONVERTING TO ELECTRON-VOLTS 

eV 

A quantum of light has 2.4 x 10-19 J of energy. Convert this energy to electron♦volts. 

As seen from worked examples 11.1.3 and 11. I .4, it is easier to compare the 
relative energies of quanta when they are expressed in eV. 

1--O r convenience, Planck's constant can also be given in terms of electron-volts: 

/, = 6.63 X 10-34Js 
6 .626x l0+.u 

- l.602x 10+1• 

= 4.14 x 10-15 eVs 



Worked example 11.1.5 

CALCULATING QUANTUM ENERGIES IN ELECTRON-VOLTS 

Calculate the energy (in eV) of a quantum of ultraviolet light that has a 
frequency of 2.0 x 10 15Hz. Use h = 4.14 x 10- 15eVs. 

Thinking Working 

Recall Planck's equation. E=hf 

Substitute in the appropriate values £ = 4.14 X 10- lS X 2.0 X 1015 

and solve for E. =R~P.V 

Worked example: Try yourself 11.1.5 

CALCULATING QUANTUM ENERGIES IN ELECTRON-VOLTS 

Calculate the energy S" eV) of a quantum of infrared radiation that has a 
frequency of 3.6 x 10 4 Hz. Use h = 4.14 x l0-15eVs . 

. -- - - - - -- -- - - -- -- - - - - -- - ----- --- - - ---- - - ------ - - ---- - - ---- -- - - -- -- - - - - -- - - - - -- -- - - --- --- - . 
' ' ' ' · 11.1 Review · 

(111:t:t-iiii 
The peak wavelength, at which an object will emit 

the maximum intensity of radiation, is dependent 
on the object's surface temperature and is given 
by Wien's law. Wien's law states that Amax=~. 
where b = 2.898 x l 0-3 m K. 

Planck assumed that. on the atomic level, 
electromagnetic radiation is emitted or absorbed 
in discrete packets called quanta. 

l:◄ #·i'iiiiHni 
James Maxwell developed a theory of EMR based on 
oscillating fields. What was Max Planck's contribution 
to the theory of EMR, and what in Maxwell's theory did 
it modify? 

2 If a star emits a continuous electromagnetic spectrum 
with a peak wavelength of approximately 800 nm, 
what is the surface temperature of the star? 

3 The element of an electric heater is just seen to glow 
a dull red. This colour corresponds to the lower end of 
the visible spectrum at approximately 700nm. What 
temperature, in kelvin, is the element of the heater? 

The energy of a quantum of light is proportional to 
its frequency: E = hf= f. 
The electron-volt is an alternative (non-SI) unit of 
energy: 1 eV = 1.602 x 10·19 J. 

4 If a star has a surface temperature of 9000 K, what is 
the peak wavelength of the energy it is emitting? 

5 Calculate the energies (in joules and electron-volts) of 
the quanta of the following wavelengths of tight. 

BmhWffi#UIWI 
a red 656 

b yellow 

C blue 

d violet 

589 

486 

397 
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variable voltage source 

t-----; V t-----; 

anode 

evacuated 
tube 

light 

nGURE 11.2.1 Circuit diagram of an 
experimental irwestigation of the 
photoelectr<: effect 
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11.2 The photoelectric effect 
·----------------------------------------------------------· 
' ' 

' •11::::::::~:::: ' 14=ifii4iifl·Ull41 rm 
A quantum model 
What evidence supports the particle model of light 
and what are the implications of this evidence for the 
development of the quantum model of light? 

COLLECT THIS ... 

• poster paper 

• marker pens and pencils to decorate your poster 

DO THIS ... 

1 Choose one side of the historical debate for the nature of l ight: 'light is a 
wave' or 'light is a particle'. 

2 Research the evidence that supports your side. Include: 

a description of your model 

- behaviours that this model explains and predicts 

- famous historic scientists that supported your side. 

3 Create a poster advertisement to convince other students that your side of 
the debate is the right one. 

RECORD THIS ... 

Describe how the scientific community deals with conflicting evidence. 

Present your advertisement. 

REFLECT ON THIS ... 

What evidence supports the particle model of light and what are the implications 

of this evidence for the development of the quantum model of light? 

At the start of the 20th century, another p henomenon that could not be explained 
using the wave modd for light was being observed. 

Scientists no ticed that when some types of electromagnetic radiation are incident 
on a piece of metal, the metal becomes positively charged. This positive charge is 
due to electrons being ejected from the surface of the metal. The electrons becam e 
known as p h otoelectron s because they were released due to light or other forms of 
electromagnetic radiation. The phenomenon is known as the p hotoelectric e ffect . 

OBSERVING THE PHOTOELECTRIC EFFECT 
A common apparatus used to observe the photoelectric effect is shown in J-.""igure 11 2.1. 
It consists of a clean metal surface (the cathode), illuminated '"ith light from an external 
source. If the light causes p hotoelectrons to be emitted, they are detected at the anode. 
~Ine flow of electrons is called the p hotocurrcnt and is registered by a sensitive ammeter. 

A typical circuit used to investigate the photoelectric effect includes a variable 
,·oltage supply, which can be used to make the cathode negative (and the anode 
positive). \Vhen this is done, the resulting electric field helps the photoelectrom to 
cross the gap to the anode. This happens because the photoelectrons are repelled by 
the negative potential at the cathode and are attracted to the positive potential at the 
anode. As a result, a maximum possible current will be measured. Alternatively, the 
voltage may be adjusted to make the cathode positi,·e and the anode negative.11tis 
repels the photoelectrons and slows them down. As the anode voltage is increased, 
the photoelectrons are repelled m ore and m ore until the photocurrent d rops to zero. 



Using the apparatus shown in Figure 11.2. t , the German physicist Philipp 
Lenard made a number of surprising discO\·eries about the photoelectric effect. He 
won the Nobel Prize in Physics in 1905 for his discoveries. 

Lenard used a filter to vary the frequency o f the incident light. He discovered 
that, for a particular cathode metal, there is a certain frequency of light below \\1hich 
no photoelectrons are observed. This is called the threshold frequency, /0. For 
frequencies of light greater than the threshold frequency (i.e./> /o), photoelectrons 
will be collected at the anode and registered as a photocurrent. For frequencies 
below the threshold frequency (i.e./ </0), no photoelectrons will be detected. 

Lenard also d iscovered that, for light that has a frequency greater than the 
threshold frequency, i.e. / > /0, the rate at which the photoelectrons are produced 
van es m proporbon with the mtens1ty (brightness) of the mc1dent light as shown m 
Figure 11.2.2. 

This graph shows a number of important properties of the photoelectric effect. 

\Vhen the light intensity increases, the photocurrent increases. 
\Vhen the applied voltage is positive, photoelectrons arc attracted to the collector 
electrode (anode). A small positive voltage is enough to ensure that every 
available photoelecrron is collected. The current therefore reaches a maximum 
value and remains there even if the voltage is increased. 
\Vhen the applied voltage is negati,·e, photoelectrons are attracted back towards 
the illuminated cathode and are repelled by the collector electrode (anode), 
and the photocurrem is reduced. The photocurrem is reduced because fewer 
and fewer photoelectrons ha\·e the energy to overcome the opposing electric 
potential. There is a voltage, V0, for which no photoelectrons reach the collector. 
This is known as the stopping voltage. For a particular frequency of light on a 
particular metal, this stopping voltage is a constant. 
Recall from earlier studies of electricity (Chapter 5) that the work do ne on a 

charge (by an applied voltage) is given by W = q II. In this case, the voltage used is 
designated the stopping voltage, 110, and the charge value is equal to the magnitude 
of the charge on an electron, qe = 1.60 x I 0-19 C. Hence the work done on the 
electron is given by t\'l = qe V0. Since the stopping voltage is large enough to stop 
even the fastest-moving electrons from reaching the anode, this expression gives the 
value of the maximum possible kinetic energy of the emitted photoelectrons. For 
example, should the sto pping ,·oltage be 2.5 V, then the ma.ximum kinetic energy of 
any photoelectron is 2.5eV. 

\Vhen the light sources have the same intensity but different frequencies, they 
produce the same maximum current. However, the higher frequency light has a 
higher stopping voltage (F igure 11.2.3) . 

Finally, as long as the incident light has a frequency above the threshold 
frequency of the cathode material, photoelectrons are found to be emitted without 
any appreciable time delay. This fact holds true regardless of the intensity of the light. 

\Vhen illuminated with lighl abo,·e the threshold frequency, some photoelectrons 
are emitted from the first layer of atoms at the surface of the metal and have the 
maximum kinetic energy possible. O ther photoelectrons come from deeper inside 
the metal and lose some of their kinetic energy due to collisions o n their way to the 
surface. Hence, the emitted photoelectrons have a range of kinetic energies from the 
maximum value ~ downwards. 

EXPLAINING THE PHOTOELECTRIC EFFECT 
The characteristics o f the photoelectric effect could not be explained using a wave 
model of light. According to the wave model, the frequency of light should be 
irrelevant to whether o r not photoelectrons are ejected. Since a wave is a form of 
continuous energy transfer, it would be expected that energy from the wave would 
build up in the metal over time. This means that even low-frequency light should 
transfer enough energy to emit photoelectrons if left incident on the metal for long 
enough. Similarly, the wave model predicts that there should be a time delay between 
the light striking the metal and photoelectrons being emitted. 

,.------ '" > , , 

- V, 0 V 
(fl=:/1.) 

FIGURE 11.2.2 Photocurrent (I) plotted as a 
function of the voltage (V) applied between 
the cathode and the anode for different light 
intensities. For brighter light (12 > 11) of the 
same frequency (f1 = 12) , there is a higher 
photocurrent, but the same stopping voltage, V0 

I GOTO ► I Section 5.1 page 149 

J, =: /1. 

rIGURE 11.2.3 Photocurrent (I) plotted as a 
function of the voltage (V) applied between the 
cathode and the anode for different frequencies 
(11 > fz) of incident light with the same intensity 
(/1 = 12). Both frequencies produce the same 
maximum photocurrent; OOWever, light with 
the higher frequency requires a Larger stopping 
voltage. 
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nGURE 11.2.4 Albert Einstein helped 
revolutionise our understanding of the nature 
of 1;gh1. 
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The dual nature of light 
ln 1905, Albert Einstein (Figure 11.2 .4) proposed a solution to this problem. 
Einstein drew o n Planck's earlier work by assuming that ligh t exists as particles, or 
pho to ns (like Planck's 'quanta'), each with an energy of E = Jif. This assumption 
made the properties o f the photoelectric effect relati\·ely easy to explain. 

Einstein's work was actually a significant extension o f Planck's ideas . Although 
Planck had assumed that light was being emitted in quantised packets, he never 
questioned the assumption that light was fundamentally a wave phenomenon. 

Einstein's work went further, challenging scientists' understanding of the narure 
of light itself. 

Einstein and the photoelectric effect 
Einstein identified that, for a particular metaJ, the amount of energy required to 
eject a photoelectron is a constant value that depends on the strength of the bonding 
within the metal. This energy was called the work function, ¢, of the metaJ. For 
example, the work function oflcad is 4.14eV, which means that 4.14eV of energy is 
needed m just release one electron from the surface o f a piece of lead. 

According to Einstein's model, shining light on the surface of a piece of metal is 
equivalent to bombarding it with photons. \Vhen a photon strikes the metal, it can 
transfer its energy to an electro n.11tat is, a single photon can interact with a single 
electron, transferring all of its energy at once to the electron. \~'hat happens next 
depends on whether or not the photon contains enough energy to o\·erco me the 
work functio n. 

If the energy of the photon is less than the work function, then photoelectrons 
will not be released as the electrons will not gain enough energy to let them break 
free o f the lead atoms. For example, the pho tons o f violet light (/ = 7 .50 x 1014 Hz) 
each contain 3 .11 eV of energy. 

£=hf 
=4.14 x 10-15 x7.50 x 1014 

=3.1 l eV 

~nus means that violet light shining on lead wo uld not release photoelectrons since 
the energy of each photon, 3.11 eV, is less than the work function of lead, 4 .14eV 

However, ultraviolet pho tons of frequency 1.20 x 10 15 Hz each contain 4.97eV 
of energy. 

£=hf 
=4.14 X 10-IS X 1.20 X 1015 

= 4.97 eV 

~lflerefore ultraviolet light of this frequency wo uld release photoelectrons fro m 
the lead since the energy o f each photon, 4 .97eV, is greater than the work function 
oflead, 4.14eV. 

Each metal has a threshold freq uency-this is the frequency at which the photons 
have an energy equal to the work function of lhe metal: 

where¢ is the work function (J or eV) 

his Planck's constant (6.63 x l0-34 Js or 4.14 x l0- 15 eV s) 

f0 is the threshold frequency for that metal (Hz) 



Worked example 11.2.1 

CALCULATING THE WORK FUNCTION or A METAL 

Calculate the work function (in J and eV) for aluminium, which has a threshold 
frequency of 9.8 x 10 14 Hz. 

Thinking Working 

Recall the formula for the work ¢= h/0 
function of a metal. 

Substitute the threshold frequency of 9 = 6.626 X Jo-34 X 9.8 X 1014 

the metal Into this equation. =- 6.5 X 10-19 J 

Convert this energy from J to eV. See 6..5xl0-lt 
the SkillBuilder on page 288. ~ = l.602xl0-i'i 

=4.l eV 

Worked example: Try yourself 11.2.1 

CALCULATING THE WORK FUNCTION or A METAL 

Calculate the work function (in J and eV) for gold, which has a threshold 
frequency of 1.2 x 1015 Hz. 

THE KINETIC ENERGY OF PHOTOELECTRONS 
If the energy of the photon is g reater than the work function of the meta.I, then 
a photoelectron is released. The remainder of the energy in excess of the work 
function is transformed into the kinetic energy of the photoelectron. 

Einstein described this relationship with his photoelectric equation: 

where 

Kfflill is the maximum kinetic energy of an emitted photoelectron (J or eV} 

¢ is the work function of the metal (J or eV} 

h is Planck's constant (6.63 x 10-34 J s or 4.14 x 10-15 eV s) 

f is the frequency of the incident photon (Hz) 

G raphing Einstein's equation results in a linear ( straight line) graph like 
the one shown in Figure 11.2.S. A graph like this is useful because it clearly 
shows key information such as the work function and threshold frequency for a 
particular metal. 

Einstein 's equation, ~ ; /if - tp, can be compared with the equation of a 
straight line,y; mx + c. In making this comparison, it can be seen that extrapolating 
(extending) the graph back to the vertical axis will give the magnitude o f the work 
function, ¢ (Figure 11.2.S). The gradient of the graph is Planck's constant, h. From 
the graph it is also apparent how, as soon as the threshold frequency is exceeded, 
an electron can be ejected and escape with some kinetic energy. The greater the 
frequency of the light, the greater the kinetic energy of the photoelectron. At the 
threshold frequency, electrons are no longer bound to the metal, but they have no 
kinetic energy. 

visible light ultraviolet 

::; 

~ 
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~ I ¾'~ ~ i Qcf,. ~~-, 
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FIGURE 11.2.5 Magnesium has a high threshold 
frequency. which rs in the ultraviolet region. 
The threshold frequency f0< potassium is in the 
visible region. The gradient of the graph for each 
metal is Planck's constant. h. The x-intEJcept 
gives the threshold frequency. f0. The magnitude 
of the y·intercept gives the work functKln, tp. 
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PHYSICSFILE 

Albert Einstein 
Although Albert Einstein is most famous 
for his work on relativity {and its related 
equation£= mc2}, he gained his Nobel 
Prize 'for his services to Theoretical 
Physics, and especially for his discovery 
of the law of the photoelectric effect'. 
His work on relativity was never 
formally recognised with a Nobel Prize. 

I PHYSICS IN ACTION I 
Photovoltaic cells 

Worked example 11.2.2 

CALCULATING THE KINETIC ENERGY OF PHOTOELECTRONS 

Calculate the kinetic energy (in eV) of the photoelectrons emitted from lead by 
ultraviolet light with a frequency of 1.2 x 1015 Hz. The work function of lead is 
4.14eV. Use h = 4.14 x 10-15eVs. 

Thinking Working 

Recall Einstein's photoelectric K==hf-/> 
equation. 

Substitute values into this equation. Kmax = 4.14 X l Q~lS X 1.2 X 1015 - 4.14 

= 4.97 - 4.14 

= 0.83eV 

Worked example: Try yourself 11.2.2 

CALCULATING THE KINETIC ENERGY OF PHOTOELECTRONS 

Calculate the kinetic energy (in eV) of the photoelectrons emitted from lead by 
ultraviolet light which has a frequency of 1.5 x 1015Hz. The work function of lead 
is 4.14eV. Use h = 4.14 x HJ15 eVs. 

The photovoltaic cells that are used in many solar panels 
(Figure 11.2.6) work on the principle of the photoelectric effect 
Sunlight falling on the solar panel provides energy that causes 
photoelectrons to be emitted as a current that can be used to 
drive electrical appliances. 

However, whereas many photoelectric-effect experiments use 
high-energy photons of ultraviolet light, photovoltaic cells use 
materials that will produce photoelectrons when exposed to visible 
light Most commonly, these are semiconducting materials based 
on sil icon 'doped' with small amounts of other elements. 

Although solar cells are designed to produce the highest current 
possib le from sunlight. most commercially available solar cells 
have an energy efficiency of less than 20%. Scientists hope to 
improve this in order to make solar cells a better alternative to 
fossi l fuels for large-scale energy generation. 

FIGURE 11.2.6 Solar panels are used to convert sunlight into 
electrical energy using the photoelectric ettect. 

Resistance to the quantum model of light 
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This new particle o r 'quantum' model of light was not initia11y well received by the 
scientific community. It had already been well established that a discrete particle 
model for light could not explain many of light's properties such as polarisation 
and the interference patterns produced in Young's experiment, both discussed in 
C hapter 10. 

Most scientist:S believed instead that wave explanations for the photoelectric 
effect would e,·entually be found. However, e,·entually the quantum model o f light 
was accepted and the Nobel Prize in Physics was awarded to both Planck (1918) 
and Einstein (1921) for their groundbreaking work in this field. 



ln order to explain the photoelectric effect, Einstein used the photon concept 
that Planck had developed. However, like many great discoveries in science, the 
development of the quantum model of light raised almost as many questions as 
it answered. It had already been well established that a wave model was needed 
to explain phenomena such as diffraction and interference. How could these two 
contradictory models be reconciled to form a comprehensive theory o f light? 

Answering this question was one of the g reat scientific achie,·emems of the 20th 
century and led to the extension of the quantum model m matter as well as energy. 
It led to a fundamental shift in the way the universe is viewed. Some of the great 
scientists of that time are shown in the historic photograph in Figure 11.2.7. 

rtGURE 11.2.7 This photo shows the 5th Savay Conference in Brus.sets in 1927, which was attended 
by great scientists induding Albert Einstein, Max P1anck, Niels Bohr, Marie Curie, Paul Dirac, Erwin 
Schrodinger and Louis de Broglie. All of these scientists contributed to the current knowledge of the 
universe, the atom and quantum mechanics. 

Experimental evidence for the dual nature of light 
In the early years o f q uantum theory, some scientists believed that the wa,·e properties 
of light obsen ·ed in Young's double-slit experiment ( discussed in Chapter 10) might 
have been due to some sort o f interaction between photons as they passed through 
the slits together. 

To test this, experiments were done with light sources that were so d im that 
scientists were confident that only one photo n was passing through the apparatus 
at a time. In this way, any interactions between photo ns could be eliminated. O ver 
time, these experiments produced identical interference patterns to those do ne 
with bright sources (Figure 11.2.8), thus demonstrating the dual nature of light. 
This feature of light is known as wave-particle d uality and it will be discussed in 
greater detail in Chapter 15. 

Interestingly, when a detector is used to measure which slit the photon passes 
thro ugh, the wave pattern disappears and the photon acts just like a particle. 

• 
, . • 

~ 

\ ' ' ' • . . 
• . . • 

• • 
. . • . 

FIGURE 11.2.s M interference pattern can be 
built up over time by a series of single photons 
passing through an apparatus like that used in 
Young's experiment, demonstrating the wave
partide duality of light. 

I GO TO ► I Section 15.2 page 404 
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11.2 Review 

l111M#lii 
The photoelectric effect is the emission of 
photoelectrons from a clean metal surface due 

to incident light with a frequency greater than a 
threshold frequency, fo-

lf f < fo, no electrons are released. 

If f > lo, the rate of electron release (the 

photocurrent) is proportional to the intensity 
of the light and occurs without any time delay. 

The wave model for light could not explain various 

features of the photoelectric effect: 

the existence of a threshold frequency 

the absence of a time delay when using very 
weak light sources 

increased intensity of light resulting in a greater 
rate of electron release rather than increased 

electron energy. 

Einstein used Planck's concept of a photon to 
explain the photoelectric effect. stating that each 
electron release was due to an interaction with 
only one photon. 

■ :◄ii·l1iiiit·i:ti 
1 When light shines on a metal surface, why might the 

metal become positively charged? 

2 Which of the following statements about the 
photoelectric effect are true and which are false? 
For those that are false, rewrite them to make 
them correct 
a When the intensity of light shining on the surface 

of the metal increases, the photocurrent increases. 
b When light sources of the same intensity but 

different frequencies are used, the higher frequency 
light has a higher stopping voltage and produces a 
higher maximum current than the lower frequency. 

c When the applied voltage is posit ive, photoelectrons 
are attracted to the collector electrode. 

3 Calculate the work functions (in electron-volts) of the 
following metals (using h = 4.14 x 10-15 eV s). 

Metal I Threshold frequency (x 1015 Hz) 

lead 

iron 

platinum 
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1.0 

1.1 

1.5 

The work function, 9, for the metal is given by 
9 = hfo, and is different for each metal. If the 

frequency of the incident light is greater than 
the threshold frequency, then a photoelectron 

will be ejected with some kinetic energy up to 
;t m;tximum v;:iluP. 

A graph of a photoelectron's kinetic energy, Krnax, 
versus frequency, f, will have a gradient equal to 

Planck's constant, h, and a y intercept equal to the 
work function, 9-
Kmv. = qeVo, where qe is the charge on an electron 
and V0 is the stopping voltage. 

The maximum kinetic energy of the photoelectrons 
emitted from a metal is the energy of the 
photons minus the work function, 9, of the metal: 

K==hl-'-
Ught exhibits wave properties in some situations 
and particle properties in other situations. The 
concept of wave-particle duality is used to 
describe the dual nature of lighl 

4 In an experiment on the photoelectric effect, different 
frequencies of light were shone on a piece of 
magnesium with a work function of 3.66eV. Identify 
which of the following frequencies listed would be 
expected to produce photoelectrons. 

A 3.0 x I014
Hz 

B 5.0 x 1014Hz 

C 7.0 x I014 Hz 

D 9.0 x 1014 Hz 

5 Light with a frequency of 9.0 x 1014 Hz is shone onto 
a piece of magnesium with a work function of 3.66eV. 
Calculate the maximum kinetic energy, in electron
volts, of the emitted photoelectrons. 



Chapter review 

!KEY TERMS I 
black body 
electromagnette rad1at1on 
electron-volt 

photocurrent 

I REVIEW QUESTIONS I 

photoelectric effect 
photoelectron 
photon 
quantum 

1 Identify which of the following phenomena can be 
explained using a particle (i.e. quantum or photon) 
model of hght and which can be ex~ained using a 
wave model: 

black-body radiation 

interference patterns 

photoelectric effect 

polarisation 

2 The peak wavelength of a star is 502 nm. Use Wien's 
law to calculate the surface temperature of the star. 

3 If a Bunsen burner flame is blue, with a typteal 
wavelength of 455nm. what is the temperature 
(in Kelvin) of the flame? 

4 The constellation Onon contams two bright stars, 
Betelgeuse and Rigel. Betelgeuse is red and Rigel ts 
blue. Which star has the higher surtace temperature? 

5 The star Rigel has a surface temperature of 11 OOOK. 
What Is the peak wavelength of the energy emitted by 
the star? 

6 Calculate the energy ( in J) of a quantum of light that 
has a frequency of 8.0 x 1014Hz. 

7 Calculate the energy ( in J and eV) of a quantum of 

light that has a wavelength of 500 nm. 

8 What is the energy, in electron-volts, of light with a 
frequency of 6.0 x 1014 Hz? 

9 What is the approximate value of the energy in J of a 

quantum of light that has an energy of 5.0eV? 

10 What name i5 given to the electron:. relea:;cd from a 
metal surface due to the photoelectric effect? 

11 If the work function for nickel is 5.0eV, what is the 
threshold frequency for nickel? 

12 Platinum has a threshold frequency of 1.5 x 1015 Hz. 
Ca~ulate the maximum kinetic energy, in electron
volts. of the emitted photoelectrons when ultraviolet 
light with a frequency of 2.2 x 1015Hz shines on il 

stopping voltage 
threshok1 frequency 
wave-particle duahty 
work function 

13 The stopping voltage obtained using a particular 
photocell is 1.95 V. Determine the maximum kinetic 
energy of the photoelectrons in electron-volts. 

14 From the graph, determine the value of the work 
function for each of the metals. 

Rb Sr Mg w 
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15 The cathode of a particular photocell, shown below, 
is coated with rubidium. Incident l ight of varying 
frequencies is directed onto the cathode of the cell and 
the maximum kinetic energy of the photoelectrons is 
logged. The results are summarised in the following 
table. 

frequency (Hz) x 101' I K-<•Vl 
5.20 0.080 

5.40 0.163 

5.60 0.246 

5.80 0.328 

6.00 0 .411 

6.20 0 .494 

a Plot the points from the table on a graph. 
b Calculate the gradient of the graph. 

c Based on your graph, what is the threshold 
frequency for rubidium? 

d Will red light of wavelength 680nm cause 
photoelectrons to be emitted from the rubidium 
surface? Justify your answer. 

16 The following statements describe the value of the 
stopping voltage obtained when light is incident on a 
metal cathode. Which statements are true, and which 
are false? For those that are false, rewrite them to make 
them true. 
a The stopping voltage Indicates how much work must 

be done to stop the most energetic photoelectrons. 
b The stopping voltage is reached when the 

photocurrent is reduced almost to zero. 
c If only the intensity of the incident light is increased, 

the stopping voltage will not alter. 
d For a given metal, the value of the stopping voltage is 

affected only by the frequency of the incident light. 
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17 The metal sodium has a work function of 1.81 eV. 
Which of the following types of electromagnetic 
radiation would cause photoelectrons to be emitted? 

A infrared radiation, A.= 800nm 
B red light, l = 700nm 
C violet light, A.= 400nm 

D ultraviolet radiation, A= 300 nm 

18 Blue light with a wavelength of 475nm is shone on 
a piece of 50dium w ith a work function of 2.36cV. 

calculate the maximum kinetic energy, in electron
volts, of the emitted photoelectrons. 

19 When yellow-green light with a wavelength of 500 nm 
is shone on a metal, the photoelectrons require a 
stopping voltage of 0.80V. Calculate the work function 
of the metal in electron-volts. 

20 After completing the activity on page 290, reflect on 
the inquiry question: What evidence supports the 
particle model of light and what are the implications 
of this evidence for the development of the quantum 
model of light? 



CHAPTER 

~~ Light and special relativity 

Galileo and Newton laid the foundations of the 'clockwork universe', a mechanical 
picture of the wor1d which has underpinned most modem world views. Einstein, 

along with others such as Bohr and Heisenberg. presented a much richer and 
more mysterious universe, one that challenges people to think beyond the 
mechenical picture they so often take for granted. 

In this chapter, you will explore the concepts of classical physics, as described by 
Galileo and Newton, and the evidence that pointed towards the need for some 

different thinking. Einstein's special relativity is presented as a solution to the 
problem of classical physics at speeds approaching the speed of light 

Content 

M·l111 ·11·i11fiil•I:■ 
How does the behaviour of light affect concepts of time, 
space and matter? 
By the end of this chapter you will be able to: 

• analyse and evaluate the evidence confirming or denying Einstein's two 
postulates: 

• the speed of light in a vacuum is an absotute constant 
- all inertial frames of reference are equivalent (ACSPH131) 

• investigate the evidence, from Einstein's thought experiments and subsequent 

experimental validabon, for time dilation (t = ~ and Jength contraction 

,\'-?"» 
( / = 1<>,{ 1- ~ )) and analyse quantitatively situations in which these are observed; 

for example: 
- observations of cosmic-origin muons at the Earth's surlace 

- atomic clocks (Hafele-Keating experiment) 
- evidence from particle accelerators 
- evidence from cosmological studies 

• describe the consequences and applications of relativistic momentum with 
reference to: 

- p,-{~~) 
- the limitation on the maximum velocity of a particle imposed by special 

relativity (ACSPH133) 
• use Einstein's mass-energy equivalence relationship (f = mc2) to calculate the 

energy released by processes in which mass is converted to energy; for example: 
(ACSPH134) 

- production of energy by the Sun 
- particle-antiparticle interactions, e.g. positron-<!lectron annihilation 
- combustion of convent.onal fuel. 

Phys,cs Stace 6 S)'IMlus O NSW Educabon Standards Authority 
for and on behllfOCthe Qownin ncht OC the State ofNSW, 2017. 
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Spacetime diagram 

12.1 Einstein's postulates 

4 Slide the rows of paper along to line up the rockets. 
Observe how this affects the path of the photon in 
spacetime. 

How does the behaviour of light affect 
concepts of time, space and matter? 

5 Use rotations and translations to adjust your grid so the 
path of the photon is continuous when the rockets are 

all aligned. Record the transformations needed. 

RECORD THIS ... 

COLLECT THIS ... 

sheet of paper approximately 20cm x 20cm 

ruler 

Describe how the speed of light being absolute (the same 
in all inertial reference frames} requires an adjustment in 
space and time. 

scissors 

thumbtacks or pins 

Present your model of spacetime from the stationary 
observer, and adjusted for the rocket observer, highlighting 
that the speed of light is 3 x 1<>8ms-1 in both. 

pinboard or thick piece of cardboard/foam 

marker pens and pencils 
REFLECT ON THIS ... 

DO THIS ... 
How does the behaviour of l ight affect concepts of time, 
space and matter? 

1 Copy the following grid onto the piece of paper. Each 
dot along the red line represents a stationary observer 
(v = O ms-1), the R along the purple line represents 

Why was a dilation in the time axis needed? 

How would the speed of the rocket change the adjustments 
required? 

a rocket (v = 0.5c) and the P along the blue line 
represents a photon (v = c). Each row along the grid 
represents a time of 1 s and each vertical line represents 
a distance of 1.5 x 108 m. 

I= 4 S 

I = 3s 

I= 2s 

I= Is 

I =Os 

2 Cut the grid into equal rows for each second of time. 
Each row will have all three objects in them. 

3 Line the strips of paper up on the pinboard, and pin 
in place with the stationary observers all still in a 
straight line. 

nGURE 12.1.1 Albert Einstein statue in 
Washington, D.C. 
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Galileo and Newton developed theories of motion.These theories allowed the relati,·e 
motion of low-speed objects to be modelled mathematically. ~IO.is section presents 
the observations that challenged Galilean relativity and Newtonian physics, and 
explains the key principles that led to the new physics described by Albert Einstein 
(Figure 12.1.1), known as the theory of special relativity. 

FRAMES OF REFERENCE 
Perhaps it was lucky that in his early twenties Einstein was not part of the physics 
'establishment' . He was working as a patent clerk in the Swiss Patent Office. It was 
an interesting enough job, but it left him time to think about electromagnetic waves 
(light} and their relationship to the Galilean principle of relati,<ity. 

Galileo was particularly interested in relative motion. One of his famous 
experiments involved the dropping of a cannon ball from the top of the mast of 
a moving ship. Galileo found that the motion o f the cannon ball was not affected 
by the motion of the ship; the cannon ball landed next to the base of the mast. His 
principle of relativity was that you cannot tell if you are moving or not without 
looking outside of your own frame of r e fer ence. A frame of reference describes 
where an observation is being made from. Sometimes this may be from a stationary 
point, i.e. standing on a platform watching a train pull into a station. But at other 
times the frame of reference may also be in motion. 



Based on the work of Galileo, Isaac Newton established detailed models for 
the motion of o bjects such as planets, moons and comets, e,·en falling oranges. 
According to his equatio ns, the ,·elocity of objects can be calculated relati\"e to any 
frame of reference as long as the \"elocity of the frame of reference is known. ' Inc 
NC'\\1onian principle that the ,·elocitics of objects and frames of reference can be 
added together to determine the ,·elocity of the object in another frame of reference 
is common throughout his equations and laws. 

Consider an object mo,ing in a frame of reference, A. This frame of refen:nce 
is moving in another frame of reference, 8. The \"clocity of the object in frame 8 is 
gh·en by: 

Vobt,ta1118 =t1ot,;rc,111A +t1Ain B 

A practical example of this could be when a person runs fonrnrds while on a train. 
Herc, the train is frame of reference A and the track along which the train mo\"CS is 
frame 8. Imagine that the person runs at 5ms- 1 fonrnrds, while the train tra,-els at 
a \"elocit)' of 20m s-1 fonmrds. The ,·clocity of the person relati\"e to 8 , the track, is: 

ti person along tnc1r; = "J'ffMlfl aa tr.un + "lnin along ax1t 

= 5 + 20 
=+25m s- 1 

That is, the person is moving with a ,·etocity of25 m s- 1 fon\'ards when measured 
against the track. 

Einstein was a typical theoretician; the only significant experiments he eve.r did 
were thought experiments. Many of his experiments im·oh·ed thinking of situations 
that im·oh·ed two frames of reference moving with a steady relative ,·elocit)', in 
which the principles of Galilean relativity applied. Newmn had referred to these as 
ine rtial frames of reference, as the law of inertia applied within them. 

EINSTEIN AND GALILEAN RELATIVITY 
Einstein decided that the elegance of the principle of Galilean relativity was such 
that it simply had to be true. Nature did not appear to ha,·e a special frame of 
reference, and Einste.in could sec no reason to belie\"e that there was one waiting to 
be discovered. In o ther words, there is no such thing as an absolute ,·docity. It is not 
possible to have a ,·clocity rdati,·e to space itself, only to other objects within space. 
So the ,·elocity of any object can always be stated as relative to some othe.r object. 
In the case of the person running on the train, their ,·elocity can be stated as either 
5ms-1 relati,·e to the train or 25 m s- 1 relati,·e to the track. 

Einstein expanded the Galilean principle to state that all inertial frames of 
reference must be equally ,-a.lid, and that the laws of physics must apply equally in 
any frame of reference that is mO\ing at a constant velocity. So there is no physics 
experiment you can do that is entirely within a frame of reference that will tell you that 
you are moving. In other words, as you speed along in your train with the blinds down, 
you cannot measure your speed. You can tell if you are accelerating easily enough: 
just hang a pendulum from the ceiling. However, the pendulum will hang straight 
down whether you are tra\"elling steadily at IOOkmh-1 or are stopped at the station. 
Consider Figure 12 .1.2a and b on page 302. There is no way of telling which of the 
trains is stationary rclat:i\-e to the ground, or which is moving at a constant velocity. 

Einstein decided that the relativity principle could not be abandoned. Recall that 
Einstein was, at the time, thinking about the relationship between light and relativity. 
\Vhate,·er the explanation for the strange beha,iour of light, it could not be based on 
a flaw in the principle of Galilean rclati,ity. 

Einstein's fascination \\ith the nature of light had led him to a deep understanding 
of Maxwell's work o n the electromagnetic nature of light \\11\'CS. He was convinced 
of the elegance of Maxwell's equations and their prediction of a constant speed 
of light. Most physicists bcliC'\·ed that the constant speed prcdiaed by ~•laxwell's 
equations referred to the speed oflight relatfre to a m edium (a substance it tra,·eUed 
through). It was thought that the speed predicted would be the speed in the medium 
in which light tra,·elled, and the measured speed would ha,·e to be adjusted for one's 
own speed through that medium. 
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FIGURE 12.1.2 There is no observation or experiment that shows the difference between two inertial 
frames of reference (a) and (b). In one of the situations illuslrated, the train is stationary, and in the 
other it is moving smoothly at 100 km h-1. There is no observation that will tell which one is which. 
In (c) and (d), the motion of the handles hanging from the ceiling of the train indicate thal lhese 
trains are not moving at a constant speed. 

As light travelled through the vacuum of space between the Sun and F.arth, 
clearly the medium was no ordinary material. Physicists ga\·e it the name ae ther , 
as it was an 'ethereal' substance. It was tho ught, following lv1.axwell's work, that 
the aether must be some sort of massless, rigid medium that 'carried' electric and 
magnetic fields. 

~Ill.is was a real problem for Einstein. A speed of light that is fixed in the aether 
and which depended o n the \·elocity of an inertial frame in the aether would be in 
direct conflict with the princip le of Galilean relativity, which Einstein was reluctant 
to abandon. 

Resolving the problem of the aether 
As in any conflict, the resolution is usually found by people who are prepared to look 
at it in new ways. This was the essence of Einstein's genius. Instead o f looking for 
faults in what appeared to be two perfectly good p rinciples of physics, he decided to 
see what happened if they were both accepted, despite the apparent contradiction. 

So Einstein swept away the problem of the aether, saying that it was simply 
unnecessary. It had been invented only to be a medium for light waves, and no one 
had found any evidence for its existence. Electromagnetic waves, he said, could 
apparently travel through empty space without a medium. Doing away with the 
aether, however, did not solve the basic conflict between the absolute speed of light 
and the princip le of relativity. 

EINSTEIN'S THEORY OF SPECIAL RELATIVITY 
Though Einstein accepted both Galileo's and Ma.xwell 's theories despite the 
apparent contradiction, this still left the question: How could two observers travelling 
at different speeds measure the same light beam tra\'elling at the same speed? The 
answer, Einstein said, was in the very nature o f space and time. 

In 1905 he sent a paper to the respected physics journal Annalen der Physik 
entitled 'On the electrodynamics of moving bodies' . In this paper he put fom·ard 
two sim ple postulates (statements assumed to be true) and followed them to their 
logical conclusion. It was this conclusion that was so astounding. 



PHYSICSFILE 

The Michelson-Morley experiment 
The existence of an aether appeared to be a serious blow for the 
principle of relatrvrty. It seemed that, alter all, there may be a 
frame of reference attached to space itself. If this was the case, 
there was the possibihty of an absohrte zero velocity. 

Scientists needed to test the idea of electromagnetic waves 
moving through the aether. Smee the Earth is in orbit around 
the Sun, an aether w,nd should be blowing past the Earth. This 
SUIU!ested to American pt,vs,ost Albert Michelson that it should 
be possible to measure the speed at which the Earth was moving 
through the aether by measuring the small changes in the speed 
of light as the Earth changed its direct10n of travel. For example, if 
the light was travelling in the same direction as the Earth, through 
the aether, the apparent speed should be slower than usual at 
c -v (Figure 12.1.31. It would be as tt the light was travelling 
against an aether 'wind' created by the motion of the Earth 
through it. If the light was travelling against the Earth's motion, 
the apparent speed should be faster as it would be travelling 
with the 'wind' at c + v (Figure 12.1.3). The differences would be 
tiny, less than 0.01", but Michelson was confident that he could 
measure them. 
In the 1880s Michelson and his collaborator Edward Morley 
set up a device known as an interferometer. The device cannot 
measure the speed of hght but rt can detect changes in the speed 

of light that might have been due to the aether wind. In fact, ~ 
was used to attempt to measure the very small differences in 
the time taken for light to travel ,n two mutually perpendicular 
directions. They were able to rotate the ~ apparatus and 
hoped to detect the small difference that should result from 
the fact that one of the direct,ons was to be the same as that 
in which the Earth was travelling and the other at right angles. 
However, they found no difference. Perhaps, then, the Earth at 
that time was stationary with respect to the aether? Six months 
later, however, when the Earth would have to be travelling in 
the opposrte direction relative to the aether, there was still oo 
difference in the measured speeds! Other people performed 
similar experiments, virtually atways with the same null result. 
Whatever direction the Earth was moving rt seemed to be at rest 
in the aether. Or perhaps there was no aether at all. 

While Michelson and Morley's results were consistent with 
Maxwell 's prediction that the speed ol light would always appear 
to be the same for any observer, the apparent absurdity of such a 
situation led most physkists to believe that some flaw in the theory 
behind the experiment, or in rts implementation, would soon be 
discovered. Einstein, however, wondered about the consequences 
of actually accepting their predictioo about the speed of light but 
at the same time holding on to the relativity principle. 

c+:._ r, ,:. ~ ~-~ -----------------------------
r,-J_;:,---~ _.J ~- --------
, -, 

Sun --

----------------
nGURE 12.1.3 The baSK: pnnaple of the MIChelson-Morley experiment. If the aether is fixed relat,ve to the Son, and the hght is travellmg at c 1elative 
to the aether and in the same dtredton as the Earth, the apparent speed should be tess than c, 1 e c - v. If the hght was traveU1ng ,n the opposite 
directKW'I to Earth rt should appear faster than c, 1.e. c + v. 
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0 Einstein 's two postulates: 

• The laws of physics are 
the same in all inertial 
(non-accelerated) frames 
of reference. 

• The speed of light has a 
constant value for all observers 
regardless of their motion or 
the motion of the source. 

(The first postulate means that 
there is no preferred frame of 
reference and so is sometimes 
stated as: no law of physics can 
identify a state of absolute rest.) 
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EINSTEIN'S POSTULATES 
The first postulate is basically that of Newton, but Einstein extended it to include the 
laws of electromagnetism, so elegantly expressed by Nla.xwell. The second postulate 
simply takes Maxwell's prediction about the speed of electromagnetic waves in a 
vacuum at face value. 

~lll.ese two postulates sound simple enough; the only problem was that, according 
to early Newtonian physics, they were contradictory. 

Consider the example illustrated in Figure 12. 1.4. Binh is in h is spaceship 
travelling away from Clare at a speed v, and Clare turns on a laser beam to signal 
Binh. The first postulate seems to imply that the speed of the laser light, as measured 
hy Rinh, shoulrl he r. - "• where r. is the. spee.cl o f lie hr in Rinh's frn m e. of reference 

lbis is what you would expect if, for example, you were to measure the speed of 
sound as you tra,·el away from its source; as your ,·elocity gets closer to the speed of 
sound, the slower the soundwa,·es appear to be tra,·elling. 

FIGURE 12.lA Einstein's two postulates are seemingly contradictory. His first postulate indicales 
that the speed of the laser light, as measured by Binh, should be c -v, whereas his second postulate 
indicates it should be c. Einstein revisited Newton's assumptions to resolve this problem. 

~Ifie second postulate, howe,0er, tells you that when Binh measures the speed of 
Clare's laser light, he will find it to be c; that is, 3.00 x to8m s-1

• So at first glance, 
these two postulates appear to be mutually exclusive. 10 resolve this problem, 
Einstein went back to the assumptions on which Newton based his theories. 

Newton's assumptions 
ln 1687, Isaac Ne\\1'0n published his famous Prii,cipia. At the start of this incredible 
work, which was the basis for all physics in the next two centuries and beyond, he 
notes the two fundamental assumptions . 

1ll.e following two statements are assumed to be evident and true: 
Absolute, true, and mathematical time, o f itself, and from its own nature, flows 
equably without relation to anything external. 
Absolute space, in its own nature, without relation to anything external, remains 
always similar and immovable. 

Newton based all of his laws on these two assumptions: that space and time are 
constant, uniform and straight. So accord ing to Newton, space is like a big set of 
xyz axes that always ha,·e the same scale, and in which distances can be calculated 
exactly according to Pythagoras' theorem. You expect a metre ruler to be the same 
length whether it is held vertically or horizontally, north-south o r east-west, in your 
classroom or in the International Space Station. 



ln this space, time flows on at a constant rate, which is the same eYerywhere. One 
second in Perth is the same as one second in Sydney, and one second o n the ground 
is the same as one second up in the air. 

Einstein realised that the assumptions that Newmn made may not be valid, at 
least not on scales involving huge distances and speeds approaching the speed of 
light. The only way in which Einstein's two postulates can both be true is if both 
space and time are not fixed and unchangeable. 

Einstein's train 
To illustrate the consequences of accepting the two postulates he put forward, 
Einstein discussed a simple thought experiment. It invoh·es a train, moving at a 
constant velocity. 

Amaya and Binh ha,·e boarded Einstein's train and C lare is outside on the 
platform (Figure 12.1.5).This train has a flashing light bulb set right in the centre of 
the carriage. Amaya and Binh observe the flashes of light as they reach the front and 
back walls of the carriage. They find that the flashes reach the front and back walls 
at the same time, which is not surprising. Outside, Clare measures the same flashes 
of light. Einstein was interested in when Clare saw the flashes reach the end waUs. 

To appreciate Einstein's ideas, you need to contrast them with what you would 
normaUy expect. Consider a situation in which Amaya and Binh are rolling balls 
towards opposite ends of a train carriage. It is important to appreciate that, while 
Clare, the outside observer, measures the ball's velocity differently from Amaya and 
Binh, the times at which various events (balls hitting the ends of the carriage) occur 
must be the same. 

lf you had discussed a pulse of soundwaves traveUing from the centre of the 
train, you would find exactly the same result: Clare always agrees with Amaya and 
Binh that the time taken for balls, or soundwaves, to reach the end walls is the same. 
But what about light? 

Einstein's second postulate tells you that all observers measure light travelling 
at the same speed. Amaya, Binh and Clare will all measure the light trm·elling at 
3.00 x 108 ms-1; they do not add or subtract the speed of the train. 

lf Clare obsen°es the light tra,·eUing at the same speed in the forward and 
backward directions, she will measure the light reaching the back wall first (Figure 
12.1 .6). This is because that wall is moving towards the light, whereas the front wall 
is moving away from the light, and so the light will take longer to catch up to it. This 
is against the principles of Newtonian physics. Amaya and Binh obsen·e that the 
light flashes reach the ends of the carriage at the same time; C lare's measurements 
saw them reach the walls at different times. 

The idea that two eyen ts that are simultaneous (occur at the same time) for 
one set of observers but are not simultaneous for another seems o utrageous. 

PHYSICSFILE 

Measurement in a thought experiment 
The people in Einstein's train would need extremely good measuring devices, such as 
an atomic clock (see Section 12.2), and amazingly quick reflexes in order to take their 
measurements. 

Under normal circumstances, there is no chance of detecting the lack of simultaneity of 
light beams hitting the front and back walls of a train. This is because the differences in 
time are about a millionth of a microsecond, well beyond the capacity of even the best 
stopwatches. The reflexes required to see the light reach the back wall, then see the 
ltght encounter the front wall, would also be beyond human ability. 

Simultaneity and spacetime 
The big difference between the situation for light and that for balls or sound is the 
strange notion that both sets of observers measure the speed of light as exactly the 
same. The velocity of a thrown ball or the ,·elocity of sound in Amaya and Binh's 

FIGURE 12.1.5 Amaya and Binh observe that the 
light takes the same time. ~ seconds. to reach 
the front and back walls. e 

FIGURE 12.1.6 Clare measures the light reaching 
the back wall first. and then the front w.;I1. 
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frame of reference will always be different from that in Clare's frame of reference 
by exactly the , ·elocity of the train . For light, however, there is no d ifference. As a 
result, events that are simultaneous for one set of observers are 1101 simullaueom for 
the o thers.11tis is a ,·cr y strange situation that is referred to as a lack of simultaneity. 

\\;l}}ile Einstein's experiments are purely hypothetical, other experimen ts based 
on these ideas a re well within the capacity of mOOem experimental physics. ln all 
cases they confirm Einstein 's ideas m a high degree of accuracy. 

Einstein said that the only reasonable explanation for how two events that were 
simultaneous to o ne set of observers were not simultaneous to another is that time 
itself is behaving strangely. The amount of time that has elapsed in one frame of 
reference is not the same as that which has elapsed in ano ther (Figure 12.1. 7). 

FIGURE 12.1.1 The famous dock tower in Bern, SMtzerland, near Einstein's apartment Its hands 
move at one minute per minute. but only in the same frame of reference as the dock. 

In the example shown in Figure 12.1.S, Amaya and Binh saw the light flashes 
that went forwards and bad.·wards take the same time to reach the walls. In C lare's 
frame of reference the times were different. T ime, which has one dimension, 
seems to depend on the frame of reference in which it is measured, and a frame of 
reference is just a way of defining three-Oiinensional space. Clearly time and space 
are somehow interrelated . ~11tis four.dimensional relatio nship, which includes the 
three dimensions o f space and the one dimension of time, is called space ti.me. 
Special relativity is all about spacetime. Spacetime coordinates then describe e,·ents 
with a spatial reference at a specific time. 

~l1tis was a p rofound shock to the physicists of Einstein's time. Many o f them 
refused m believe that time was not the constant and unchang ing quantity that it 
was assumed always to have been. And to think that it might ' flow' at a different rate 
in a moving frame of reference wa s too mind -boggling for wo rds_ That could mean 
that if you went for a train trip, your clock would go slower, and you would come 
back having aged slightly less than those who stayed behind. 

Einstein 's idea was that time and distance are relative. ~11tey can have different 
values when measured by different observers. Simultaneous events in one frame 
of reference are not necessarily simultaneous when obsen·ed from another frame 
of reference. This is difficult to comprehend at first and \\~U take some time to 
fully appreciate. Our basic understanding of time and distance (and perhaps mass 
too) needs adjustment when objects travel close to the speed of ligh t. A certain 
observer might measure light travelling through a distance d in a time t at a speed c. 
A different observer might measure light travelling through a d ifferent distance, d', 
in a different time, t', but still at the same speed, c. 

Probably because of the tiny differences invoked and the highly abstract nature 
of the work, many physicists sim ply disregarded the concepts and got on with their 
work. They thought it could never have any practical results. 



12.1 Review 

f1'1:i:tlii 
Einstein decided that Galileo's principle of 

relativity was so elegant it simply had to be 
true, and he was also convinced that Maxwell's 
electromagnetic equations, and their predictions, 
were sound. 

Einstein's two postulates of speclal relativity can 
be abbreviated to: 

I The laws of physics are the same in all inertial 

frames of reference. 

II The speed of light is the same to all 

observers. 

■ :◄H·i'lf1ii·i:ti 
1 Why did the physicists of the late 19th century feel the 

need to invent the idea of the aether? 

A It was required to satisfy the principle of relativity. 

8 It was required to satisfy Maxwell's equations. 
C They thought that it would be impossible that totally 

empty space could occur in nature. 

D They thought that there should be a medium that 
carries light waves just as air carries soundwaves. 

2 Which of the following are reasonably good inertial 
frames of reference? More than one correct answer is 
possible. 

A an aircraft in steady flight 

B an aircraft taking off 

C a car turning a corner 

D a car driving up a hill of constant slope at a steady 
velocity 

3 Two spaceships are travelling for a while with 
a constant relative velocity. Then one begins to 
accelerate. A passenger with a laser~based veloci ty 
measurer finds that the relative velocity increases. Give 
an example of how this passenger could tell whether it 
was his own or the other ship that began to accelerate. 

4 Tom, who is in the centre of a train carriage moving at 
constant velocity, rolls a ball towards the front of the 
train, while at the same time he blows a whistle and 
shines a laser towards the front of the train. What will 
Jana, who is on the ground outside the train, observe 
compared with Tom about the speed of the ball, the 
sound and the light? 

Einstein realised that accepting both of these 

postulates implied that space and time were not 
absolute and independent, but were related in 

some way. 

Two events that are simultaneous in one frame 
of reference are not necessarily simultaneous In 
another. 

This implies that time measured in different 

frames of reference might not be the same. Time 
and space are related in a four-dimensional 
universe of spacetime. 

5 If the speed of sound in air is 340ms-1
• at what speed 

would the sound from a fi re truck siren appear to be 
travelling in the following situations? 

a You are driving towards the stationary fire truck at 
30ms- 1. 

b You are driving away from the stationary truck at 
40ms-1. 

c You are stationary and the f ire truck is heading 
towards you at 20ms-1. 

d You are level with the f ire truck and are about to 
overtake il while it is travelling at 20ms-1 in the 
same direction. 

6 In order to resolve the apparent conflict resulting from 
his two postulates, Einstein rejected some of Newton' s 
assumptions. Which of the following statements is a 
consequence of this? 

A Time is not constant in all frames of reference. 

B Absolute, true, and mathematical t ime, of itself, and 
from its own nature, flows equably without relation 
to anything external. 

C One second in any inertial frame of reference is the 
same as one second In any other Inertia! frame of 
reference. 

D Space and time are independent of each other. 
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12.1 Review continued 
7 Anna is at the front end of a train carriage moving at 

l Oms-1
. She throws a ball back to Ben, who is Sm 

away at the other end of the carriage. Ben catches it 
0.2s after it was thrown. Chloe is watching all this from 
the side of the track. 

a At what velocity does Chloe measure the thrown 
ball travelling? 

b How far, in Chloe's frame of reference, did the ball 
move while in flight? 

c How long was it in flight in Chloe's frame of 
reference? 

308 MOOULE 7 I THE NATUlE Of LIGHT 

8 Imagine that the speed of l ight has suddenly slowed 
down to only SOms- 1 and this time Anna (still at the 
front of the Sm train moving at lOms- 1 in Question 7) 
sends a flash of light towards Ben. 
a from Anna's point of view, how long does it take the 

light flash to reach Ben? 

b How fast was the light travelling in Ben's frame of 
reference? 

c In Chloe's frame of reference, how far did the train 
travel in 0.1 s? 

d How fast was the light travelling in Chloe's frame of 
reference? 

e Approximately when did Chloe measure the l ight 
reaching Ben? 



12.2 Evidence for special relativity 
Measuring time is an exercise in p recision, replicating an interval o f one second 
over and over again, until 86400 o f them equaJs the time for o ne rotation o f the 
Earth, or one day. There haw been many mechanical solutions to this problem in 
the past using cogs and levers, weights and d ials. The accuracies o f these devices 
varied, with some of them gaining or losing seconds o r minutes per day. 

Before 196 7, the standard of o ne second was based on a fraction of the time it 
took for the Earth to o rbit the Sun, a far-from-ideal standard. From 1967 onwards, 
the basis for the unit of time was changed to be a certain number of transitions 
of the outermost electron of a caesium-1 33 isotope. ln fac t, one second is now 
defined as 919263 1 770 oscillations of the 6s electron of the Cs- 133 isotope. The 
remarkable precision o f this oscillation resulled in alomic clocks with an accuracy 
of 1 second in 1.4 million years, and the ability to measure time to an incredible 
number of decimal places. It is at these levels of measurement that the predictions 
of Newton's laws of motion vary from the measured values. 

Extremely precise ammic clocks (Figure 12.2.1) enabled very short-lived events 
to be measured to a large number of decimal places. At this level of precision, 
some unusual observations were made regarding the life spans o f some high-speed 
subatomic particles when compared to the life spans of those same par ticles at rest. 
This section explores the concept of time dilation and length contraction as an 
explanatio n for these observations. 

TIME IN DIFFERENT FRAMES OF REFERENCE 
The consequences of Einstein's two postulates have been discussed, in general 
terms, when they are applied to a simple thought experiment situatio n, such as a 
moving train. Observers inside the train measure two simultaneous events, while 
those outside measure the same two events occurring at different times. Certainly 
the differences are extremely small and would not be noticeable by an obsen·er in 
any actual train, unless they had a clock that could measure very, very small time 
intervals. Fo r aircraft flying at supersonic speeds, the differences, while very small, 
become measurable by the most precise clocks. For subatomic particles, such as 
pions in accelerators like the Australian Synchrotron, the differences in time become 
more significan t, and so in situatio ns like this, where speeds approach the speed of 
light, it is important to use calculations that take Einstein's theory into account. 

The light clock 
Consider Amaya and Binh riding in a spaceship that can tra,·el at speeds close to 
the speed of light. Clare is going to watch from a space station, which accord ing to 
C lare is a stationary frame of reference. Amaya and Binh ha,·e taken along a clock, 
which (it is assumed) C lare can read, e,·en from a large d istance away. 

Like any clock, this clock is governed by a regular oscillation that defines a period 
of time. 

Amaya's clock has a light pulse that bounces back and forth between two mirrors. 
One mirror is on the floor and the other on the ceiling, as shown in Figure 12.2 .2 . 
\~en a light pulse oscillates from one mirror lO the other and back, you can consider 
that period of time to be 'one unit' . C lare has an identical clock in her own space 
station, which she can compare to Amaya's clock. 

l "be advantage of this clock is that it can be used to predict how motion will affect 
it by using Pythagoras's theorem and some algebra. The clock has been set up in the 
spaceship so that the light pulses oscillate up and down a distance d that is at right 
angles to the directio n of travel. The distance dis shown by a black arrow in the centre 
position of the moving spacecraft in Figure 12.2.3 on page 3 10. As the spaceship 
speeds along, the light will trace Out a zigug path, as shown by the red dotted line in 
Figure 12.2.3. 

Only one of the oscillations of the light pulse needs to be considered, as all the 
other oscillations '"iJJ have the same geometry. 

FIGURE 12.2.1 The duraHon of one second can 
be measured very precisely using a c.aesium 
atomic clock like this one 

FIGURE 12.2.2 The light dock ' ticks' each time 
the light pulse reflects off the bottom mirror. 
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One 'unit of time' will be the time taken for the light pulse to oscillate once. In the 
frame of reference of the spaceship, Amaya and Binh measure a unit of time equal 
to 11• Clare, from her frame of reference, will measure a different time, 'c· 'l lte 
relationship between these two times will now be determined. 

Amaya and Binh see the light pulse travel at the speed of light, c, along the 
distance 2d, from the bottom mirror to the top and back again, in time 11 • So the 
distance that the light pulse tra\·els is given by: 

2d=cXl1 

On the other hand, C lare measures the light travelling a longer path that is shown 
as the red dotted line in Figure 12.2.3. 

FIGURE 12.2.3 Oare can measure that in one unit of tme the light dock 'licks' each time the light puse 
reflects off the bottom mirror. She also finds that the 6ght pulses travet a zigzag path between the mirrors. 

~llte ship moves with a speed v, and so in one unit of time as measured by Clare, 
'c' the spaceship will travel a distance 2 x d

1
, equal to the \·elocity multiplied by the 

time taken for her to see one oscillation: 
2ds = VX le 

Consider only half of the light oscillatio n for now. The light pulse no t only trm·els 
the vertical distance d in the clock, but also tra\·els forwards as the spaceship moves 
through the distance ~ making the combined distance cJ.:. Therefore, according to 
Pythagoras's theorem: 

d}=d2 +d'; 

dJ=d2+(~r 

d,=J•'•(~J') 
Clare measures this light pulse travelling twice this combined distance at the 

speed of light, c, in a period of time le measured on her clock. So: 

2d'° = r.xr'° 
Equating and rearranging the two expressions for de gives: 

,~, = 1{""(~)') 
cxt, =2x

1
Flm 

cxrc = 4d1+4x(~r) 
J4d' +(n,Y rc=--,--

From Amaya and Binh's frame o f reference, where they measure the light pulse 
travelling a distance 2d at speed c in a time 1

1
, the previously given equation can be 

rewritten in terms of d as: 
d=cx,. 

2 



N ote that you have used the same ,11lue for c in both of these equations, something 
you wo uld OC\"Cr do in classical physics, but something Einstein insists you must. 

Substituting this expression ford into the preYious equation gi,·es: 

1 ({',j'+(u.t 
' ' 

Now square both sides and simplify to make 1/ the subject: 

~♦(~)1 
,: = ~ 

_ r,_i+t1\/ - -----,,--
=~+~ 

= I;_+~ 

Group the terms with le 2 together and factorise: 

1! - t/-=t";, 
,2(1-i]=12 ' <' • 

Take the square root of both sides and make le the subject: 

,,J1-~] =1, 
,,-(~) 

As v can nc,·cr be larger than c, the denominato r in the equation aOO\·c must be 
less than one. Any number divided by a number less than one must result in a largc.r 
number, so le> t,,. 

~lltis final equation shows that the time that Clare measures, 'c' is greater than 
the time that Amaya and Binh measure, L,., for the same event. 

TIME DILATION 
In Einstein's equation for time dilation, the symbol l is used l'O represent the time 
that the obser ver measures for an event occurring in a separate, rno\ring frame of 
reference. The sym bol to is then the time that passes on the moving clock, which is 
also known as the proper time. 

The factor that the proper time is multiplied by is given the Greek symbol 
gamma, y, so that: 

0 t=tor 
where 

y= I 

,(•-~] 
vis the speed of the moving frame of reference 

c is the speed of light in a vacuum (3.00 x 108 ms-1
) 

t is the time observed in the stationary frame 

t0 is the time observed in the moving frame (proper time) 

The physicist H . A. Lort:ntz first introduced the factor yin an attempt to explain 
the results of the M ichclson-1',lorlcy experiment, so it is often knc)\\n as the Lorentz 
factor . 

PHYSICSFILE 

The zigzag path of light 
Mathematicalty, you can see that 
time dilation results from the strange 
behav;our of light. As light travels on 
the diagonal zigzag path, rt does so at 
speed c, not at a faster speed resulting 
from the addrtional component of the 
spaceship's motion as, for example, 
would be true for a boat zigzagging 
across a river as it is carried ak>n& by 
the current. 
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13ble 12.2.1 and Figure t 2.2.4 show the effect o f varying the value of v o n the 
value for y. 

TABLE 12.2.1 The value of the Lorentz factor at various speeds. 

IO 
9 

8 
7 
6 

r 5 

J,()() X 102 0.000001 l.000000000 

3.00 X 105 0.00100 1.0000005 

3.00 X 107 0.100 1.005 

1.50 X la8 0.500 1.155 

2.60 x lo" 0.866 2.00 

2.70 x lo" 0.900 229 

2.9 7 X Jo' 0.990 7.09 

2.997 X 108 0.999 22.4 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

' c 
FIGURE 12.2.4 The graph of the Lorentz factor versus~-

From the data in Table 12.2.1, a \'elocity of 300ms-1 results in a Lorentz factor of 
essentially 1. So for relati\·ely low•speed spaceships, a stationary obsen·er measures 
the oscillatio n oflight in the light clock on the spaceship to be the same as in their 
own stationary light clock. T h is implies that time is passing at essentially the same 
rate in both frames of reference. 

\Vhen the spaceship is travelling at 0. 990c, a stationary obser\'er like Clare will 
measure that a single oscillation of light in the spaceship's light clock will take seven 
oscillations of her own stationary light clock.According to C lare, time for the objects 
and people in the moving frame of reference has slowed down to o ne•Se\·enth of 
'normal' time. 

As the speed approaches the speed of light, time in the moving frame, as viewed 
from the stationary frame, slows down mo re a nd mo re. So, if you were able to see 
the clock travelling on a light wave, the clock would not be ' ticking' at all. In other 
words, time would be seen to stand still. 

It is important to realise that Amaya and Binh do not percei\·e their time slowing 
down at all. To them, their clock keeps ticking away at the usual rate and events in 
their frame of reference take the same time as they normally would. It is the series 
of events that Clare measures in Amaya and Binh's frame that go slowly. Binh and 
Amaya are moving in slow motion because, according to C lare's observations, time 
for them has slowed down (Figure 12.2.5). 



FIGURE 12.2.s As Clare watches Amaya and Binh pby space squash. the ball seems to be lllOYIOg 
much more slowly than 1n her own game. 

Worked example 12.2.1 

TIME DILATION 

A stationary observer on Earth measures a very fast car passing by, travelling 
at 2.50 x 108ms- 1. In the car's frame of reference, 3.00 s are observed for th is 
event calculate how many seconds pass by on the stationary observer's clock 
during this observation. Use_c_ =_ 3_.DD_ x_l_D"_ m_s_- •_. _________ _ 

Thinking 

Identify the variables: the time for the 
stationary observer tS t. the proper 
time for the moving clock is to, and the 
velocities are v and the constant c. 

Use Einstein's time dilation formula 
and the Lorentz factor. 

Substitute the values for to, v and c 
into the equation and calculate the 
answer, t. 

Working 

t=? 

to=3.00s 

v=2.50x 1a8ms- 1 

c:::::: 3.00 x 1cfms- 1 

I: 3_00 
1 (250:ictO-f 
f - (3.00:ictol>2 

=~ 
0.55277 

= 5.43s 

Worked example: Try yourself 12.2.1 

TIME DILATION 

A stationary observer on Earth measures a very fast scooter passing by, travelling 
at 2.98 x 1b8ms-1. On the wrist of the r ider is a watch on which 60.0s pass. 
calculate how many seconds pass by on the stationary observer's clock during 
this observation. Use c:::::: 3.00 x 108ms- 1. 

Looking back to the stationary observer 
So far you ha\'C been looking at the situation from Clare's point of view, not Amaya's 
and Binh's. Galileo had said that all inertial frames of reference are equi\-alent. It 
follows then that, according to Amara and Binh, as they look out their window at 
Clare in her space station receding from them, they can consider that it is they who 
are at rest and it is Clare and her space station that arc moving away at a velocity 
near the speed of light. This is what Galileo's principle of relati\;ty and Einstein's 
first posrulatc arc all about. 
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If Amaya and Binh watch the light clock in C lare's space station, they see that 
time has slowed down for Clare, as they would observe Clare's moving light-clock 
oscillation taking longer than their stationary light-clock oscillation. This raises the 
question:\~ose time actually runs slowly? 

10.e answer is that they are both right. The whole point o f relativity is that )"OU 

can only measure quantities relative to some particular frame o f reference, not in 
any absolute sense. Certainly Amaya and Binh see Clare as though in slow motion 
and Clare sees them in slow motion. Remember that there is no absolute frame of 
reference and so there is no absolute clock ticking away the absolute 'right' time. All 
that you can be sure of is that time in your own inertial frame of reference is ticking 
away at a rate of one second per second. 

I PHYSICS IN ACTION I 
The Hafele-Keating experiment 
Earlier in this section, it was stated that observers in a frame of reference 
moving relative to a second frame of reference would measure time to be 
'different' . As discussed, these differences would be very small and could onl~ 
be measured if the first frame of reference was moving at supersonic speeds 
and if very precise clocks were utilised to measure the times. 

This is exactly what Joseph C. Hafele and Robert £. Keating set out to do in 
1971. Hafele, a physicist. and Keating, an astronomer, performed what is now 
known as the Hafele-Keating experiment to test Einstein's theory of relativity, 
and more specifically time dilation. 

Hafele and Keating used four caesium-beam atomic clocks, placing two 
in aeroplanes to fly around the world. They compared the times from these 
clocks to two clocks that remained in the United States Naval Observatory. 
The aeroplanes first flew eastwards (in the same direction as the rotation 
of the Earth}, and then they flew westwards. Theory suggested a greater 
time dilation would occur when the aeroplanes flew westwards, as there is a 
greater relative motion between the Earth and the aeroplane in this situation. 
It was predicted that the clocks that flew eastwards would lose 40 ± 23ns 
and the clocks that flew westwards would gain 275 ± 2 1 ns. 

The actual results were a loss of 59 ± IOns for the eastward trip and a gain 
of 273 ± 7 ns for the westward trip. Hafele and Kea ting's results matched the 
prediction within 10% and experimentally confirmed time dilation. 

The twin paradox 
If Clare measures time for Amaya and Binh running slowly, then Amaya and Binh 
will age slowly. But if Amaya and Binh measure that time for Clare has slowed 
down, then Clare will age more slowly. So what happens when Amaya and Binh 
decide to turn their spaceship around and come home? \~o will have aged more? 

~fo soh·e th.is paradox, or contradiction, Einstein described a thought experiment 
in which o ne of a set of twins heads off on a long space journey, while the other twin 
stays o n Earth. 

~10.e travelling twin finds that when she returns, her remaining twin has become 
quite elderly (Figure 12.2.6) . \"(fhile each twin is in constant mo tion relative m the 
other, they both measure the other twin ageing more slowly. So why did the twin on 
the spaceship age more slowly than the twin on Earth? 



rtGUAE 12.2.6 The twin paradox describes the phenomenon where one twin ages less quickly than 
the other after travelling in a non-inertial frame. 

\Vhile o ne twin has spent the entire time in an inertial (non-accelerating) frame 
of reference, the other twin spent some time in no n-inertial frames of reference. The 
twin that got on the spaceship accelerated away from the Earth, decelerated as she 
slowed down, then accelerated back towards the Earth, and finaJJy decelerated as 
she slowed down to land back on the Earth. 

If you apply the twin paradox situation to Amaya, Binh and C lare, as Clare 
watched from her inertia] frame of reference, relativity tells you that her view of 
Amaya and Binh in the non-inertial frame shows them ageing slowly. During this 
time, Amaya and Binh measure Clare's time passing q uickly. As a result, they will see 
Clare age more rapidly while they are accelerating, and more slowly when they are 
travelling at constant velocity. Clare sees Amaya and Binh ageing slower and slower 
as they gain speed, then ageing constantly but slowly as they travel at a constant 
speed. Amaya and Binh ne\·er age rapidly. 

But how do you know that it is Amaya and Binh that have accelerated and not 
C lare, because that is what it would look like for Amaya and Binh looking out of 
their \vindow at C lare? For the answer to this you need to ask Amaya and Binh if 
they noticed anything unusuaJ in their frame o f reference; for example, did the 
surface of the water in their bottles tilt at an angle to the horizontal, or d id the 
handles hanging down from the ceiling lean fonvards or backwards. lf you asked 
C lare these questions she would say no, while Amaya and Binh would say yes. So it 
was Amaya and Binh that accelerated and not C lare. 

Although it is often called a paradox, there is actually no thing impossible or 
illogical about this story. Einstein himself pointed out that, due to the Earth's 
rotation, and therefore centripetal acceleration, a dock on the Earth's equator would 
run a little more slowly than one at the poles. This has now actually been found to 
be the case. In fact, in 197 1 accurate atomic clocks were flown around the world o n 
commercial Hights. \Vhen compared \\~th those left behind, the difference o f about 
a q 11arrer of a micrMeconci w::11. j111.t wh::it F.in1.tein '1. theory predicted . Now there are 

many satellites in orbit around the Earth, so the theory has been well and truly tested 
many times. Indeed, global positioning systems (GPS) must take the relativistic 
corrections into account to ensure their accuracy. 

Explaining high-altitude muons 
\Vhen certain unstable particles (like p ions, which have a precisely known 
decay rate) are accelerated to almost the speed o flight, their life spans are measured 
to be longer than when the particles are stationary. For example, the mean lifetime 
of the positive pion, n+, is 0.000000026033s (26.033 ns) when it is stationary 
relative to the atomic clock that is measuring it. However, when it is moving at 
99% of the speed of light, its mean lifetime as measured by the stationary atomic 
clock is 184.54 ns. ibis means that the moving pion exists seven times longer than 
a stationary pion. 

0 Even if you ignore the 
accelerated part of the spaceship 
twin's motion, you still find that 
the traveller ages less than the 
twin that remains on Earth. The 
reason is because the traveller's 
journey actually takes place in two 
frames: the frame of the outbound 
journey and that of the inbound 
one. The reduced journey time 
experienced by the traveller is 
consistent with the fact that they 
experience a length contraction of 
their distance covered relative to 
that measured by the observer on 
the Earth. 

PHYSICSFILE 

Is light slowing down? 
Recently there has been publicity given 
to research that has suggested that the 
speed of light is slowing down. Some 
have even suggested that Einstein's 
theory of relativity itself is under threat. 
The research, based on analysis of 
light from very distant quasars, actually 
suggests that there have been very 
small changes in what is called the fine 
structure constant, which ts made up of 
three more basic constants: the speed 
of light, the charge on an electron and 
Planck's constant. 

Prominent theoretical physicist 
Professor Paul Davies and others 
have suggested that if the evidence is 
correct, then it is probably the speed 
of light that is changing. If proved 
correct, no doubt this new data will 
modify some aspects of relativity, but to 
suggest that it will overturn relatNity is 
a wild exaggeration. 
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In the Earth's atmosphere, h igh-energy cosmic rays interact with the nuclei of 
oxygen atoms 15 km above the surface of the Earth to create a cascade of high
velocity subatomic particles. One of these particles is a muon, which is unstable. 
~lne mean lifetime of a stationary muon, as measured by an atomic clock, is 
0.000002 196 s (2. 196µs). The muons created by cosmic radiation typically travel 
at 99.97% of the speed of light, so at this speed Newtonian physics would predict 
that a muon would travel about 659 m: 

s; v /'11 

;Q.9997x3.00x 108 x2.196x 10-<> 

; 658.6m (or roughly 659m) 
After IO lifetimes, you can expect there to be essentially no muons remaining. So 

after beginning at a height of 15km and travelling through a distance of 6.58km, to 
a height of about 8.42 km above the surface of the Earth, you would expect that no 
muons would be detected. 

However, muons created by cosmic radiation are actually detected at the surface 
of the Earth. This means that the fast-moving muons have existed for a much longer 
period of time than they should have. A muon that strikes the surface would have 
existed at least 22.8 times its predicted life span as a stationary muon, based on 
Newtonian physics. Once again, Ne\\10 nian physics and Galilean relativity cannot 
explain this observation. 

This surprising observation could only be explained if the mean lifetime of the 
short-lived particles were extended far beyond their normal mean lifetime. TLn1e 
dilation p rovides the explanation for this unusual observation. 

The 'normal' mean lifetime ofa muon is about 2.2µs. Howe\·er, this is the mean 
lifetime when measured in a stationary frame of reference. Muons travel very fast; 
in fact a speed as great as 0 .999cis possible. At this speed, an observer on Earth will 
measure the lifetime of a muon as far greater than 2.2µs: 

/;'oY ;K 
_ 2.2x t0 .. 

- ~ (0.999c)1 ----;,-

- 2.2 x l0_. 

- J i - 0.9991 

= 49.21 µs (which is more than 22 times as long 
as in the stationary frame!) 

An observer on Earth would see the muon's time run much slower. The slower 
time means that many muons li\·e long enough to reach the Earth's surface. 

LENGTH CONTRACTION 
Because uf the c uusta11cy uf t..111; s peed uf li~ht, t..liis dft:Cti\'dy 111ca11s t..l1at lune 

appears to have slowed in a moving frame relati\·e to the frame of an observer. 
Einstein describes how space and time are interrelated, so it follows then that space, 
and therefore length, is not absolute (Figure 12.2.7) . 

.. -~~--------~ 
... 

FIGURE 12..2.1 Length is relative to the frame of reference and the direction of motion 



11te light clock analysis is appropriate to compare the proper time on the clock 
in the moving frame o f reference and the time measured on a clock in the stationary 
frame (wi1h Clare) . The light clock was used as it only depends on light, not some 
complicated mechanical arrangement that may well include other factors that are 
altered by relative motion . There was, however, o ne other condition in this clock 
analysis-that both Amaya and Clare would agree on the distance, d, between the 
mirrors. T his enabled the two expressio ns for d to be equated in order to find the 
relationship between proper time, lo, and time, I. 

·11te clock was deliberately set up in the spaceship so that this light path, of 
distance d, was perpendicular {at right angles) to the velocity. Distances in this 
perpendicular directio n are unaffected by motion. indeed, Einstein showed that 
while perpendicular distances are unaffected, relati,·e motion affects length only in 
the direction o f travel (Figure 12.2.8). 

Length contraction 
Consider the situation in which C lare is standing o n a train platform while Amaya 
and Binh pass by at a speed v. Both C lare and Binh want to measure the length 
of the train platform on which C lare is standing. Using a measuring tape, Clare 
measures the length of the platform (which is at rest according to her) as fo, and says 
that Binh and Amaya cover this distance in a time equal to: 

1="-
Binh obsen ·es the platform passing in a time l o, as he and Amaya move past the 

station. '11te relationship between the time in Binh's frame of reference and the time 
that Clare measures is: 

'o = ~ 

= l\~ 

Substiruting the first equation into the equation above gives us: 

1o ='!R 
Binh sees the platform moving at a velocity o f v relative to him, so he can say that 

the distance from the start to the end of the platform is: 

l =v1<, 
Substiruting the previous equation for lo into the equation abo,·e gi,·es us: 

' lltis simp lifies 10: 
l =v x';-g 

~ l =J,,./' - 7 
' lltis is Einstein's length contrac tion equation that incorporates the Lorentz 

factor. rOtis equation shows that an object with a proper length of lo, when 
measured in its own frame of reference, will have a shorter length /, parallel to the 
motion of its m oving fram e of reference when measured by an observer. The proper 
length is contracted by a factor off· Length contraction can be represented as: 

where 

r= i g 
/0 is the proper length, i.e. the length measured at rest, in the stationary 

frame of reference 

/ is the length in the moving frame, measured by an observer 

-I . . 
I ...... 

I 
1 

j~ 
I ---

I 
,,__, OJ -" 0 

-
FIGURE 12.2.8 Einstein showed that the length 
of a moving object tS foreshortened by the 
Lorentz factor, r The height and width of the 
carriage though remain unchanged 

0 The effects of time dilation a1d 
length contraction would not be 
' seen' in a real•world sense. If 

you were to watch the relativistic 
train used in this example as it 
approaches, the light reflecting off 
each end of the train would reach 
you at different times; as the 
speed of light is finite, the light 
travelling from the front of the 
train would reach you before that 
reflecting off the back of the train. 
This causes an optical aberration, 
distorting the image. As the train 
is moving towards you it will 
appear elongated or stretched; 
while it moves away it will seem to 
be squished. 

I 
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Worked example 12.2.2 

LENGTH CONTRACTION 

A stationary observer on Earth measures a very fast car travelling by at 
2.50 x 1e>8ms-1. When stationary, the car is 3 .00m long. Calculate the length 
of the car as seen by the stationary observer. Use c = 3.00 x 108ms-1

. 

Thinking Working 

Identify the variables: the length I=? 
measured by the stationary observer is fo=3.00m 
I, the proper length of the car is 4-,, and 

v = 2.50 x 108ms-1 
the velocities are v and the constant c. 

c = 3.00 x 1C>8ms-1 

Use Einstein's length contraction I = ',, 
formula and the Lorentz factor. r 

=1oR 

Substitute the values for lo, v and c 
I= 3.QQ X Ji (2.50xl~~ into the equation and calculate the (3.00xl 

answer, I. = 3.QQ X 0.553 
=l.66m 

Worked example: Try yourself 12.2.2 

LENGTH CONTRACTION 

A stationary observer on Earth measures a very fast scooter travelling by at 
2.98 x H>8m s- 1• The stationary observer measures the scooter's length as 
45.0cm. Galculate the proper length of the scooter, measured when the scooter 
is at rest Use c = 3.00 x 108 ms-1• 

Length contraction of distance travelled 
So far you ha\"e been looking at situations in which objecrs that are in a moving 
frame of reference are seen as being shorter in the direction of the motion according 
to an obser\'er that is in a stationary frame of reference. You can also apply 
length contraction to the distance that a moving object cO\·ers as it tra\'els at \"ery 
high speed. 

Recall that no inertial frame of reference is special. Consider Amaya and Binh 
in their spacecraft. According to them, they are stationary and it is space itself that 
rushes by at high speed. As space zooms by Amaya and Binh, they are travelling 
a proper distance of 384400km from the Earth to the Moon. This is the proper 
length as it is measured by a device that is in the same frame of reference as the 
Earth and the Moon . As Binh looks out of the \\~ndow. he sees a much shorter 
distance to travel. 



Worked example 12.2.3 

LENGTH CONTRACTION or DISTANCE TRAVELLED 

A pilot of a spaceship travelling at 0.997c is travelling from the Earth to the 
Moon. The proper distance from the Earth to the Moon is 384400km. When 
the pilot looks out of the window, the distance between the Earth and the Moon 
looks much less than that. Calculate the d istance that the pi lot measures. 

Thinking Working 

Identify the variables: the length seen I=? 
by the pilot is I, the proper length of /0 = 384400km 
the distance is lo and the velocity is v. 

v -= 0.997cms-1 

Use Einstein's length contraction I=,._ 
formula and the Lorentz factor. 7 

= 10H 
Substitute the values for 10 and v into 

, = 384 400 x F-eo3:1cr the equation. Cancel c and calculate 
the answer, I. 

= 384400 x J!-(0.997)2 

= 384400 X 0.0774 

=29800km 

Worked example: Try yourself 12.2.3 

LENGTH CONTRACTION or DISTANCE TRAVELLED 

A stationary observer on the Earth sees a very fast train approaching a tunnel 
at a speed of 0.986c. The stationary observer measures the tunnel's length as 
123 m long. Calculate the length of the tunnel as measured by the train's driver. 

The result from \Vorked exam ple: Try yourself 12.2 .3 leads to an interesting 
phenomenon. If the proper length of the train is 100m, then the driver could park 
the train in the 123 m tunnel with I I .Sm of tunnel extending beyond each end o f the 
train . But when the train is moving at 0 .986c, then according to the train driver the 
train wiU not fit in the tunnel. There wiU be approximately 39.8m of train extending 
past each end of the tunnel. This phenomenon is illustrated in Figure 12.2.9. 

Similarly, a train that is longer than the tunnel ,,~ll fit completely inside the 
tunnel if its length was measured by a stationary observer as it was moving past 
very quickly. ln this scenario, the length of the train would be contracted according 
to the stationary observer (Figure 12.2.10) . 

PROPER TIME AND PROPER LENGTH 
The time r0 and the length lo are referred to as the p roper time and proper length. 
They are the quantities measured by the observer, who is in the same frame of 
reference as the event or the object being measured. 

Proper time 
The proper time is the time between two e,·ents that occur at the same poim in 
space. For example, when a light bulb in the train flashes and Amaya measures 
the time for the flash to reflect off a mirror and return to her, then she has measured 
the proper time. This is because the sto pwatch remained at the point in space inside 
the frame of reference where the light originated and where it ended up. Proper time 
is illustrated in Figure 12.2. 11. 

It is important that a clock isn't moved from o ne place to another if you want to 
measure p roper time. This is because, as soon as the clock is in motion, the time for 
that clock slows slightly. 

FIGURE 12.2.9 The train both fits in the tunnel 
and doesn't fit in the tunnel. depending on 
your frame of reference. In (a). both train and 
tunnel are stationary: in (b). the tunnel is moving 
towards the observer in the train. 

~ 
FIGURE 12.2.10 The train both doesn't fit in the 
tunnel and does fit in the tunnel, also depending 
on your frame of reference. In (a), the stationary 
train does not fit in the tunnel; in (b}, the 
fast-moving train is contracted according to a 
stationary observer. 

hghl --= @starts out 

mirror[ 

FIGURE 12.2.11 A dock measuring proper time. 
The dock is positioned at the place where the 
event started (the light starting out) and is at 
the same place when the event ends (the light 
returning). 
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Proper length 
The proper length is the distance between two points whose positions are measured 
by an obserYer at rest with respect to the two points. 

Recall the example of Amaya on a train and Clare on the platform observing 
the passing train. As Amaya reads her m easuring tape at either end of the carriage 
and is at rest with respect to the train, her measurement of the carriage is the proper 
length. C lare's measurement of the carriage will be o f the contracted length. 

Clare, o n the other hand, measures the length of the platform as the proper 
length, while Amaya and Binh measure the p latform as contracted in length. 
Remember that length contractio n occurs only in the direction of travel, not in any 
perpendicular direction . To Clare, the carriage will appear shortened, but its width 
and height (the dimensions of the train perpendicular to the direction of travel) will 
remain unaltered. 

An example of length contraction is shown with a tennis ball in Figure 12.2.12. 
~fne length in the direction of the motion is contractedj but the height is not. 

v =O V = 0.8JC 

1=0.5/
0 

V = 0.995c 

I= 0.25/0 

,, = 0.999c 

/=0.045/
0 

/-0 

FIGURE 12.2.12 As the tennis ball moves faster to the right, its length in this dimension is contracted, 
but its height and depth remain the same. 

FINAL THOUGHTS 
Length contraction and time dilation are easy to confuse. When viewed from a 
frame o f reference where objects are seen to be m oving, they appear shorter and 
their clocks tick slower. All lengths and all clocks seem normal when viewed from 
within their own frame of reference. 



12.2 Review 

f1'1:i:tlii 
The pulses in a tight clock in a moving frame of 

reference have to travel further when observed 
from a stationary frame. 

Because of the constancy of the speed of light, 
this effectively means that time appears to have 
slowed In a moving frame. 

Time in a moving frame seems to flow more 
slowly according to the equation: t = for 
where to is the time in the moving frame (proper 
time), tis the time observed from the stationary 

frame and yis the Lorentz factor: 

r=h 
J'- 2" 

Two observers in relative motion both measure 
time slowing in the other frame of reference; that 

is, each sees the other ageing more slowly. 

If one observer accelerates in order to return to 
meet the other, then that accelerated observer 
will have aged less than the other. 

Time dilation explains how muons can reach 

the Earth's surface after originating 15 km up 
in the upper atmosphere, when they should all 

decay within 7 km of their journey according to 
classical physics. 

■:iii·i'ifiii·i:fi 
For the following questions, let c = 3.00 x 1a8ms-1 unless 
stated otherwise. 

1 Complete the following sentences by selecting the 
correct term from those in bold. 

In a device called a light/mechanical/ digital clock. 
the speed/oscillat ion/ wavelength of tight is used as a 
means of measuring time/mass, as the speed of light 
is unknown/ variable/constant no matter from which 
inertial frame of reference it is viewed. 

2 To what does the term 'proper time', to, refer? 

3 An observer is standing on a train platform as a very 
fast train passes by at a speed of 1.75 x 108 ms-1

. The 
observer notices the time on a passenger's phone as 
the passenger drops the phone to the floor. According 
to the clock on the phone, it takes 1.05s to hit the 
floor. Calculate how much time has passed on the 
platform's clock during this time. 

Observations of the lifetimes of subatomic 

particles that are accelerated to high speeds 

indicate that they exist for longer than when they 
are stationary. 

The theory of special relativity states that time 
and space are related. Motion affects space In the 
direction of travel. 

A moving object will appear shorter, or appear to 

travel less distance, by the inverse of the Lorentz 
factor, r Einstein's length contraction equation 
is given by / =!i., where lo is the proper length in 

the stationary frame, I is the contracted length 
as measured in the moving frame and y is the 

Lorentz factor. 
The proper time, to, is the time measured by an 

observer at the same point in an inertial frame of 

reference. 

The proper length, lo, is the length measured 
by an observer at rest with respect to the object 

being measured. 

4 An observer standing on a comet is watching as a 
satellite approaches at a speed of 2.30 x 1a8ms-1. 

The observer times on her watch that the solar panels 
on the satellite unfold in 75.0s. Calculate how much 
time the observer measures as having passed on the 
satellite's clock. 

5 If Anna measured Ben flying by at 0.5c, how long, in 
her frame, would it take Bcn'5 clock to tick l 5? 

6 Briefly explain why Einstein said that a clock at Earth's 
equator should run slightly slower than one at the 
Earth's poles. Why do we not find this to be a problem? 

7 To what does the term 'proper length', Jo. refer? 

8 An observer is standing on a train platform as a very 
fast train passes by at a speed of 1.7 5 x 1a8ms- 1. 

The observer notices that a passenger is holding a 
metre ruler in line with the d irection that the train is 
moving. Calculate the length of the metre ruler that the 
stationary observer would measure. 
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reference in which it is measured. 
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12.3 Momentum and energy 
ln classical physics and chemistry, the conservation of mass is assumed: the particles 
that start out in a chemical reaction are still there at the end, and applying a force to 
an object classically does not change its mass (Figure 12.3.1). ~Inis section refers to 
both energy and momentum being conserved. You will learn about the implications 
of Einstein's relativistic principles, to show the development of Einstein's most 
famous equation relating energy, mass and the speed of light, E =a mc2. In order to 
do this, this section will first look at what happens to the momentum of an object as 
its speed approaches the speed of light. 

APPROACHING THE SPEED OF LIGHT 
Recall the Lorentz factor that was introduced in Section 12.1: 

y= I g 
At low speeds, y is so close to 1 that the effects of special relativity can be 

ignored, but yrapidly increases as the speed, v, comes closer to the speed of light, c. 
At 99.9% of the speed of light, yhas a value o f approximately 22, and so anything 
moving at that speed, relative to a stationary observer, will appear to ha,·e shrunk 
to 'ii of its no rmal length. As you watch the action inside a spaceship tra,,elling at 
that speed, events would appear to be going 22 times more slowly than they would 
if they occurred in a stationary observer 's frame of reference. 

The closer that the speed of the spaceship gets to the speed of light, the more the 
Lorentz factor increases towards infinity. It is reasonable to wonder what happens 
at the speed of light. According to Einstein's equations, the length of the spaceship 
shrinks to zero and time inside it appears to stop altogether. Einstein took this 
to mean that it is not possible to reach the speed of light in any real spaceship. 
However, the difficulties with time and length for the spaceship were not the only 
reasons Einstein came to this conclusion. 

RELATIVISTIC MOMENTUM 
If a rocket ship like the one in Figure 12.3.2 is travelling at 0.99c, why can't it 
simply turn o n its rocket motor and accelerate up to c, or more? A full answer to 
this question was not given in Einstein's original 1905 paper on relativity. Some 
years later he showed that as the speed of a spaceship approaches c, its momenrum 
increases, but this is not reHected in a corresponding increase in speed. 

Although his analysis is beyond the scope of this course, you can get a feel for his 
approach if you take some short cuts. 

~Ifie acceleration, a, of any object is inversely proportional to its mass m, the 
mass that appears in Newton's second law: 

F;ma 

Newton originally stated this law as: a force, F, is equal to the rate of change in 
momentum p. That is: 

A change in momentum is classically defined as the change in the product of the 
mass, m, and the velocity, v . If you rearrange the above equation and substitute the 
relationship Ap = mAv, you get: 

FAt=mflv 

Now you can see that time is involved, but at relativistic speeds you know that 
time is not the constant entity it was once believed to be. 



rlGURE 12.1.2 This rocket ship is moving at 0.99c and accelerating, and yet it can never reach a 
speed of C 

Imagine that you ha,,e a rocket ship accelerating from rest to a high speed as 
viewed by an obsen·er in a stationary frame of reference.You can say that the change 
in momentum of the ship wiU be given by: 

FAto= mrP,v 
where 10 is the time in the ship's frame of reference, and 111(/J,.v is just the classical 
Newto nian change in momentum. 

1n the stationary observer's frame, the time is dilated: 

61= )610 

Ato = ~ 

Substituting A10 in to the change of momentum equation above: 

F~=,1robv 

FA1= rmoflv 
T hat is, the impulse as measured by the stationary observer is equal to the 

product of the Lorentz factor, y, and the change in Newtonian momentum. This 
means that as the spaceship approaches the speed o f light, the impulse is multiplied 
by a factor that grows very rapidly. You can interpret this as meaning that the change 
in momentum in the stationary observer's frame o f reference is eq ual to: 

6p= ym.e,.v 
= yt,.Po 

If we assume an object starts at zero velocity, the final relativistic momentum 
becomes: 

0 P, = rmov = TT,) 
;\1-~J 

P = YPo 

where 

p0 is the momentum m0v, as you would define it in dassical mechanics, 
i.e. where mo is the mass measured at rest. in the statK>nary frame of 
reference 

p., is the relativistic momentum in the moving frame measured by an 
observer 

PHYSICSFILE 

Travel at the speed of light 
Einstein said that at the speed of light 
distances shrink to zero and time 
stops. No ordinary matter can reach c, 
but light always travels at c. Strange 
though it may seem, for light there 
is no time. It appears in one place 
and disappears in another, having got 
there in no time (in its own frame of 
reference, not ours!). When you s1ay 
s1ill , you travel through spacetime in 
the time dimension only. Light does 
the opposite: all its spacetime travel is 
through space and none through time. 
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nGURE 12.3.3 The relationship between 
dassic.al momentum and velocity, and the 
relationship between relativistic momentum and 
velocity. for a 1 kg mass 

PHYSICSFILE 

Getting beyond c 
A rocket ship travelling at 0.99c (speed 
U) fires a small ship at 0.02c relative 
to tt (speed v). Isn't the small ship 
moving at 1.0 le? No! First you need 
to be careful to specify in which frame 
of reference you are measuring the 
speeds. The rocket ship has speed U 
in your frame, while the small ship has 
speed v in the frame of the rocket ship. 
(Capital letters for your frame, small for 
the rocket frame.) Because of length 
contraction you measure the small ship 
fired at much less than 0.02c. Einstein 
showed that in these cases the speed 
IV) of the small ship in your frame is 
given by: 

V - U+v 
-.,-,;. 

1+7 

You can use this expression to show 
that you measure the small ship 
travelling at 0.9904c. 
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If velocity, v, is needed when the mass and relativistic increase in momentum is 
known, the formula p" = ym0v can be rearranged to give the following: 

t,;.._1(¼) 
The momentum increases very rapidly as a spaceship approaches the speed 

of light. You might argue that this is expected-after all, momentum is a function 
of ,·elocity. If you graph the relati\.istic momentum, p"' against the velocity, v, and 
on the same graph show the classical momentum, you can see that the relati,~stic 
momentum increases at a rate far greater than it would if it were due to the increase 
in ,·elocity alone (Figure 12.3.3). 

1nis result can be interpreted by thinking of the mass as a quantity that also increases 
at high speeds. Thus there is a relationship between the rest mass, m, which is the mass 
measured while the object is at rest in the frame of reference, and the relativistic mass, 
ym01 which is the m ass measured as the object is moving relative to the observer. 

As the Lorentz factor increases with the increase in the ,·elocity, then the relati,~stic 
mass also increases. Einstein was never happy with the term •relativistic mass', and 
preferred that people o nly spoke of the relativistic momentum of an object. 

Notice too how the classical treatment allows the object to have a speed greater 
than the speed of light, but the relativistic treatment causes the mass to become very 
large so that the speed of light is never actually reached. 

Now return to the example of the rocket ship that is attempting to increase 
its ,,elocity to the speed o f light. \Vith the increase in the relativistic mass of the 
rocket ship, it becomes harder for the force of the engines to cause a change in 
velocity. The closer the rocket ship approaches c, the greater the amount of impulse 
that is required to accelerate the ship to the speed of light. In fact, as the velocity 
approaches c, the relativistic mass, ymo, approaches infinity. You can now see why 
your rocket ship cannot reach the speed of light. 

\Vorked example 12.3.1 illustrates this point. Notice that the result in part (b) 
shows that if you double the impulse required to get the rocket ship to 0.99c, 
then you will only add 0.007c to your top speed. \Vhen you've completed \Vorked 
example:Try yourself 12.3.1 , consider the change in ,·elocil)' achie,·ed by tripling 
the impulse. 

Worked example 12.3.1 

RELATIVISTIC MOMENTUM 

a calculate the momentum, as measured by a stationary observer, provided to 
a rocket ship with a rest mass of 1000kg. as it goes from rest up to a speed of 
0 .990c. Use c = 3.00 x 1a8ms- 1. 

Thinking Working 

Identify the variables: the rest mass is p.., = ? 
mo, and the velocity of the rocket ship m0 = 1000kg 
is V. 

v; 0.990 x 3.00 x lo" 

Use the relativistic momentum p = rmov 
formula. 

Substitute the values for m0 and v P,=g m,,• into the equation and calculate the 
answer, Pr 

1- ¢ 

;~ x IOOOx 0.990x 3.00 x 108 

•-~ 
= 2.11 x 1012 kgms-1 



-
b If twice the relativistic momentum from part a is applied to the stationary 

rocket ship, calculate the new final speed of the rocket ship in terms of c. 

~ ing Working 

Identify the variables: the rest mass is P.,=2x2.ll x 1012 

mo, and the relativistic momentum of =4.21 x 1012kgms-1 

the rocket ship is p. 
m0 = 1000kg 

V=? 

Use the relativistic momentum P= rmov 
formula, rearranged. I ·Fr~v 

V = .. J(,:~l 
Substitute the values for m0 and p into 

V= .. J[,:~l the rearranged equation and calculate 
the answer, v. 

= 4.21 x UY1 

0000).)i- &'•IO"~ 
l (3.00xl 'I 

4.21xto'1 

= l000xl4.07 

= 2.99 x !o'ms- 1 

'--
= 0.997c 

Worked example: Try yourself 12.3.1 

RELATIVISTIC MOMENTUM 

a Calculate the momentum, as measured by a stationary observer, provided to 
an electron with a rest mass of 9.11 x Io-31 kg, as it goes from rest to a speed 
of 0.985c. Use c = 3.00 x Io'ms-1. 

b If three times the relativistic momentum from part (a) is applied to the 
electron, calculate the new final speed of the electron in terms of c. 

EINSTEIN'S FAMOUS MASS-ENERGY EQUATION 
As the momentum of an object increases, so does its kinetic energy. rifle classical 
relationship between the two can be written as: 

K=½m,.,Z 
=½(,,,v)xv 

=½pv 
rlflis form of the equation shows that the kinetic energy of an object is related to 

an object's momentum as well as its ,·elocity. 
Einstein showed, however, that the classical C."<pression for kinetic energy was 

not correct at high speeds. The mathematics invoked is beyond the scope of this 
course, but Einstein, working from the expression for relari,-istic momentum and 
the usual assumptions about work., forces and energy, was able to show that the 
kinetic energy of an object was given by the expression: 

K= (r - ! )me' 
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Although it is not ,·ery obvious from this expressio n, if the velocity (which 
is hidden in the y term) is s mall, this expression actually reduces to the classical 
equation for K of !..,,,.,; . A small velocity in this context means small in comparison 
to,. But even for lpeeds up to 0.IO,, the classical expression is accurate to bener 
than ±1%. 

Einstein's expression can be expanded to: 
K= ynu!- mt! 

This kinetic energy equation, in turn, can be rearranged as: 

ymc1=K+mc1 
Einstein interpreted the left-hand side of this expression as being an expression 

for the total energy of the obiect: 
l;otal = ym,2 

11te right-hand side appeared to imply that there were two parts to the total 
energy: the kinetic energy, K, and another term that o nly depended on the rest mass, 
m. The second term, mt?, he referred to as the rest energy of the object, as it does 
not depend on the speed of the object. ~11t.is appeared to imply that somehow there 
was energy associated \\~th mass (Figure 12.3.4) . This would be an astounding 
proposition to a classical physicist, but as you have seen, in relativity, mass increases 
as you add kinetic energy to an object. The conservation of energy relationship 
is therefore: 

£,...,= K +E,... 

0 E,,... = ymc2 

where 

ym is t he relativistic mass {kg) 

c is the speed of light (m s - 1
, 

E....t is the total energy (J) 

You will ha,·e seen part of this equation before: 

FIGURE 12.3.4 Einstein's famous equation. 

This equatio n tells you that mass and energy are totally interrelated. In a sense, 
you can say that mass has energy, and energy has mass. 

Converting mass to energy or energy to mass 
Nuclear reactions involve vastly more energy per atom than chemical ones 
(Figure 12.3.5). \'(/hen a u ranium atom splits into two fission fragments, about 
200 millio n electron volts of energy are released. By comparison, most chemical 
reactions involve just a few electron \'olts. 



rtGUAE 12.3.5 In a nuclear bomb, a few grams of mass are converted into energy. As the uranium 
undergoes fission, it releases the equivalent of hundreds of gigajoules (1012 J) of energy. Millions of 
tonnes of a chemical explosive (TNT) would be required to produce this much explosive energy 

In the fissio n of uraniwn, it is possible to find the original mass of the uranium 
nucleus and the fission fragments accurately enough to determine the mass defect 
(change in mass). This difference in mass agrees exactly with the prediction of 
Einstein 's famous equation. 

Likewise, nuclear fusion reactio ns deep inside the Sun release the huge amounts 
of energy that stream from the Sun, resulting in a co nversion of about 4 million 
tonnes of mass into energy every seco nd (Figure 12.3.6) . 

Nuclear fusion 
Nuclear fusion occurs when two light nuclei are combined to form a larger nucleus 
(Figure 12.3.7). 

FIGURE 12.3.6 Nuclear fusion in the Slll 
results in about 4 million tonnes of mass being 
converted into energy every second, which is 
radiated from the Sun. 

(a) 

fi!j 
a) -- ~ He + energy 

//717 

As in the cases o f radioacti,·e decay and nuclear fissio n, the mass of the reactants (b) 

is slightly greater than the mass of the products when the nuclei combine during 
fusio n. 

The energy created by this missing mass-known as the mass defect---can 
again be determined from: 

where 
A£ is the change in energy 0) 
ll.m is the mass defect (kg) 
c is the speed of light (3.0 x I08 m s- 1

) . 

Nuclear fusion is a very difficult process t.o recreate in a laboratory. The main 
problem is that nuclei are positively charged, and thus repel o ne another. 

Slow-moving nuclei with relatively small amounts o f kinetic energy will not be 
able to get close enough for the strong nuclear force to come into effect, and so 
fusio n will not happen. OnJy if nuclei ha,·e enough kinetic energy to o,·ercome the 
repulsive force can they come close enough for the strong nuclear force to start 
acting. lf this happens, fusion will occur (Figure 12.3.8 on page 328) . The process 
of fusion will be discussed in greater detail in C hapter 16 . 

Typically, temperaru.res of the order of hundreds of millions o f degrees are 
required. These are exactly the conditions that are present inside the Sun. 

FIGURE 12.3.7 (a) When two isotopes d 
hydrogen fuse to form a helium nudeU$, energy 
is released. (b} The binding energy of the 
nudeus appears as a loss in mass, &n, which 
can be calculated using M = litrtf:!. 

I GO TO ► I Section 16.3 page 437 
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(a) 

(b) 

8 
~ 

~ fusion! 

nGURE 12..3.8 (a) Slow-moving nuclei do nol 
have enough energy to fuse together. The 
electrostatic forces cause them to be repelled 
from each other. (b) If the nudei have sufficient 
kinetic energy, then they will overcome the 
repulsive forces and move dose enough 
together for the strong nuclear force to come 
into effect. At this point. fusion will occur and 
energy will be released. 

(a) 

(bl 

(c) 

't) .,,. neutrino 

~ - 8 "• positron 

lH +:H -iH +,..~e + 311 
~ 

~ _ ~ .r-gamma ray 

~a, 
:1-1+fH - ~He+ gy 

~(l> 
1Hc + ~He - ~He + IH + [H 

nGURE 12.3.9 The three main fusion reactions 
taking place inside the Sun. 
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Fusion in the Sun and similar stars 
ln the Sun, many different fusion reactions are taking place. The main reaction 
is the fusion of hydrogen nuclei to form helium. Each second, about 657 million 
tonnes of hydrogen and hydrogen isotopes fuse m form about 653 million tonnes 
of helium. Each second, a mass defect of 4 million tonnes results from these fusion 
reactions. The amount o f energy released is enormous, and can be found by using 
the equation f1E = fl.mt!. A tiny proportion of this energy reaches Earth and sustains 
life as we know it. 

The sequence of fusion reactions shown in Figure 12.3.9 has been occurring 
inside the Sun for the past 5 billion years and is expected to last for another 5 billion 
years or so. Hydrogen nuclei are fused together and, after several steps, a helium 
nucleus is formed. This process releases about 25 MeV of energy. 

The Sun is a second- or third-generation star. It was formed from the remnants 
of other stars that exploded much earlier in the history of the gala..xy. As this giant gas 
cloud contracted under the effect of its own gravity, the pressure and temperature at 
the core reached extreme \1llues, sufficient to sustain these fusion reactions. 

Worked example 12.3.2 

FUSION 

Consider the fusion reaction shown below. A proton (a hydrogen nucleus) fuses 
with a deuterium nucleus (a hydrogen nucleus with one neutron) in the Sun. A 
helium nuclide is formed and a y-ray is released. 20 MeV of energy is released 
during this process. 

:p+fH-+~e+r 

a How much energy is released in joules? 

Thinking Working 

leV = 1.602 x 10-1• J 20MeV = 20 x 106 x 1.602 x 10-19 

= 3.2 X 10-12 J 

b Calculate the mass defect for this reaction. 

Thinking Working 

Use A£= Amd'. I Aln=7 
3.2 X 10- 12 

I 
Worked example: Try yourself 12.3.2 

FUSION 

= (3.0xl08 )2 

= 3.6 X 10-29kg 

A further fusion reaction in the Sun fuses two helium nuclides. A helium nucleus 
and two protons are formed, and 30 MeV of energy is released. 

~He + }ie -+ ;He+ 2:H 

I a How much energy is released in joules? 

b Calculate the mass defect for this reaction. 



Electron-positron annihilation 
The positron is the antiparticle of the electron. It has the same mass as an electron 
but has a positi\·e charge that is equal in mag nitude to the charge on an electron. 
Positrons are produced when proron-rich radioactive nuclei decay (through the 
weak interaction) as the result of a proton decaying to a neutron. 

If a positron collides with an electron at low energies, annihilation occurs and 
gamma rays are produced. This is shown in the foUowing equation: 

-~e + +~e ➔ r + r 
where -~e is an electron and +~e is a positron. 

In this annihilation event, charge is consen·ed as the to tal charge prior to the 
e,·ent is zero (+I for the positron and - 1 for the electron) and the total charge 
after the event is also zero as gamma rays do not ha\·e charge. lv\omentum is also 
conserved, as the total mo mentum of the positron and electron p rio r to the event 
will equal the l'Otal momentum of the gamma rays after the event. 

Initially, mass appears not to be conserved in this process, as the positron and 
electron both have mass, but the gamma rays do not. 

Einstein 's equation shows us that the mass o f an object or objects is a measure 
of its energy content. ~In.us, the mass of the electron and positron are converted into 
energy, or gamma rays. 

'l '"ak.ing the rest mass o f an electron (and positron) to be 9.1 x 10-31 kg, the energy 
produced during an electron-positron annihilation event can be determined. 

E= mc2 

PHYSICSFILE 

Feynman diagrams 

; 2 X (9 .1 X 10-31) X (3.0 X 108) 2 

; 1.638 X 10- 12
] 

; 1.02MeV 

Richard Feynman (19UHl8) was an American theoretical physicist. 
He is known for his work on quantum electrodynamics, as well as 
for his contribution to the Manhattan Project (the development 

Time 

of the atomic bomb) and for being a member of the Rogers 
Commission that investigated the Challenger Space Shuttle disaster. 

Feynman developed what has now become known as Feynman 
diagrams. These diagrams can be used to show the behaviour of 
subatomic particles and their interactKms, such as the positron 
and electron annihilation discussed in this section and shown in 
Figure 12.3.10, through a simple pictorial representation. 

FIGURE 12.1.10 An electron (el and a positron (ej collide. Antipartides 
like the positron are always shown as travelling backwards in time 

Fuel combustion 
Einstein's equation, E = ml , does not o nly apply to nuclear reactions, but also to 
other mass-energy scenarios. In many situations, the mass difference is so small that 
the change in mass goes unnoticed. 

Fo r example, the heat of combustio n of coal is approximately 34MJkg- 1
• ln 

other words, 3.4 x 1071 is p roduced for every kgof coal that is burnt. If I kg of coal 
is burnt, what is the difference in mass before and after the combustion process? 

E; 3.4 x I 07 J for I kg o f coal 

tJ.£; tJ.ml 

3.4 X I07 = fim X (3.0 X 108
)

2 

llm = 3.8 x i o-10kg 
Considered as a percentage o f the original mass of coal, this is only 3·

8 ; _~o-•• x 100 = 
3.8 x 1 O..g %. This is a very small percentage and therefore the difference in the mass of 
coal before combustion and mass of the p roducts after combustion is not significant. 

CHAPTER 12 I LIGHT AND SPECIAL RELATMTY 329 



12.3 Review 

l1't:t:t\ii 
Relativistic momentum includes the Lorentz factor, 

y. and hence, as more impulse is added, the mass 

seems to increase towards infinity as the speed 
gets closer, but never equal, to c. The relativistic 
momentum equation is: 

Pv = rmov = YPo 
A term called relativistic mass, ym, may be used to 
indicate the mass of an object which is moving. 

Einstein found that the total energy of an object 
was given by: 

Etota1=K+Eres1 = rmc2 
The kinetic energy of an object is given by: 

K= (r - l)mc2 

The rest energy, which is the energy associated 
with the rest mass of an object, is given by: 

E,... =mc2 
Mass and energy are seen as different forms of 
the same thing. This means that mass, m, can 
be converted into energy, and energy can be 
converted into mass. 

l:◄ ii·Ulilil·i:ti 
1 Calculate the relativistic momentum of the Rosetta 

spacecraft as observed by the scientists at the 
European Space Agency. Rosetta's rest mass was 
1230kg and its speed was 775ms·1

. 

2 Calculate the relativistic momentum of a carbon-12 
nucleus in a linear accelerator if its rest mass is 
I.99264824 x 10·26 kg and it is travelling at 0.850c. 

3 Calculate the relativistic momentum of another 
carbon-12 nucleus in the solar wind if its rest mass is 

I.99264824 x 10-26kg and it is travelling at a speed of 
800ms· 1. 

The following information relates to questions 4-6. 

A very fast arrow has a rest mass of 12.3g and a speed of 
0.750c. 

4 Calculate the relativistic kinetic energy of the arrow. 

5 Calculate the kinetic energy of the arrow according to 
the classical equation. 
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Nuclear fission and fusion reactions result in a 

mass defect (change). It is this difference in mass 

that is converted to the energy released in nuclear 
reactions. This mass defect is related to the 

energy produced according to I!.£. = Mlc2. 

Nuclear fusion Is the combining of light nuclei to 
form heavier nuclei. Extremely high temperatures 

are required for fusion to occur. This is the 

process occurring in stars. 

Hydrogen nuclei fuse to form deuterium. Further 
fusions result in the formation of isotopes of 

helium. 

Particle-antiparticle interactions cause mass to 
convert into energy. For example, the mass of a 

positron-electron interaction is converted into 

gamma rays. 

The combustion of fuel such as the burning of 
coal is another example of converting mass into 

energy. 

6 What accounts for the difference between the kinetic 
energy of the arrow in the relativistic calculation and 
the kinetic energy in the classical calculation? 

A the difference in the arrow's velocity in the two 
calculat ions 

B the difference in the arrow's momentum in the two 
calculations 

C the difference in the arrow's rest mass in the two 
calculations 

D the presence of the Lorentz factor in the relativistic 
calculat ion 

7 Calculate the total energy of a very fast vintage Vespa 
scooter if its rest mass is 2 10kg and it is travelling at a 
speed of 2.55 x !o"ms-1. 

8 Calculate the energy produced by the Sun in one day i1 
4.00 million tonnes of matter is converted into energy 
every second. 



Chapter review 

I KEY TERMS I 
aether 
classical physics 
frame of reference 
inertial frame of reference 
length contraction 

I REVIEW QUESTIONS I 

Lorentz factor 
mass defect 
medium 
paradox 
postulate 

Prove that for an object travelling at any possible 
velocity, the value of the term below must be less than 1. 

2 One of the fastest objects ever made on Earth was 
the Galileo Probe which, as a result of Jupiter's huge 
gravity, entered its atmosphere in 1995 at a speed of 
nearly S0OOOms-1. Give an estimate of the Lorentz 
factor for the probe to nine decimal places. (You may 

use the expression 1 • 1 + f .) 
3 In 1905 Einstein put forward two postulates. Which 

two of the following best summarise them? 
A All observers will find the speed of light to be the 

same. 
B In the absence of a force, motion continues with 

constant velocity. 
C There is no way to detect an absolute zero of 

velocity. 
D Absolute velocity can only be measured relative to 

the aether. 

4 Whereabouts on the Earth's surtace are we closest to 
an inertial frame of reference? 

5 Which of the following is closest to Einstein's f irst 
postulate? 
A Light always travels at 3 x 1a8ms- 1

• 

B There is no way to tell how fast you are going unless 
you can see what's around you. 

C Velocities can only be measured relative to 
something else. 

D Absolute velocity is that measured with respect to 
the Sun. 

6 Very briefly explain why Einstein said that we must 
use four-dimensional spacetime to describe events 
that occur in situations where high speeds and large 
distances are involved. 

7 Imagine that Amaya is at the front end of a train carriage 
moving forwards at lO.Oms-1

. She shines a laser 
towards Binh, who is at the other end of the carriage. 
Clare is watching this from the side of the track. At what 
velocity does Clare measure the l ight travelling? 

proper length 
proper time 
simultaneous 
spacetime 
time d ilation 

8 Which one or more of the following conditions is 
sufficient to ensure that we will measure the proper 
time between two events? We must: 
A be in the same frame of reference 

B be in a frame of reference which is travelling at the 
same velocity 

C be stationary 

D not be accelerating with respect to the frame of the 
two events 

9 Spaceships A and B leave the Earth and travel towards 
Vega, both at a speed of 0.9 c. Observer C back on 
Earth measures the crews of A and B moving in 
'slow motion'. Describe how the crew of A measures 
the change in t ime for both the crew of B and the 
stationary observers back on Earth (C). 

A B will appear normal, C will be sped up. 
B B will appear normal, C will be slowed down. 
C 8 will appear slowed down, C will be normal. 
D 8 will appear sped up, C will be slowed down. 
E None of these. 

10 If you were riding in a very smooth, quiet train with 
the blinds drawn, how could you tell the difference 
between the train (i) being stopped in the station, 0i) 
accelerating away from the station, (iii) travelling at a 
constant speed? 

11 You are in a spaceship travelling at very high speed 
past a new colony on Mars. Do you notice time going 
slowly for you; for example, do you find your heart rate 
is slower than normal? Do the clocks on Mars appear 
to be moving normally? Explain your answers. 

12 A passenger is sitting in a very fast jet plane looking 
out of the window at a clock placed on top of a 
mountain. The passenger, using the mountain's 
clock, notes that it takes a goat 2O.Os to run along 
a rocky slope. If the plane is flying at a speed of 
2.00 x loBms-1, calculate how much time has passed 
on the passenger's clock. 
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13 A spectator is standing next to the pool clock 
and watching as a swimmer races at a speed of 
2.25 x l08 ms·1

. The spectator times on the pool clock 
that the swimmer completes one stroke in 1.50s. 
a Calculate how much time the spectator measures 

on the swimmer's wristwatch. 
b Calculate how much time the swimmer measures 

on the pool clock. during which time her own 
wristwatch shows that 1.50s have passed. 

14 a At what speed would a rocket ship be travelling if it 
is observed to be half its normal length? Give your 
answer to four significant figures. 

b The same rocket ship is then observed to accelerate 
to a certain speed so that its length halved again. 
Did that mean that it doubled its speed? To what 
speed did it accelerate? 

15 Binh and Amaya are playing table tennis in their 
spaceship. They rush past Clare in her space station at 
a relative speed of 240000 km s· 1. Binh says that after 
he hits the ball it returns to his bat after l.OOs. Their 
table is 3.00m long in the direction of their spaceship' s 
motion and is 1.00 m high. 
a Calculate the time between hits, as measured by 

Clare. 
b Calculate the length and height of the table, as 

measured by Clare. 

16 Star Xquar is at a d istance of 5 light-years from the 
Earth. Space adventurer Raqu heads from the Earth 
towards Xquar at a speed of 0.9c. 
a For those watching from the Earth, how long will it 

take for Raqu to reach Xquar? 
b From Raqu's point of view, how long will it take her 

to reach Xquar? 
c Although Xquar was 5 light-years from the Earth 

and Raqu travelled at 0 .9c, her journey took much 
less time than might be expected from these figures. 
Explain why this is. 

17 A space shuttle travels at close to 8000ms· 1. Imagine 
that as it travels east-west it is to take a photograph 
of Australia, which is close to 4000km wide. Because 
of its speed, the space camera will see everything on 
Earth as slightly contracted. 
a About how much less than 4000km wide will 

Australia appear to be in this photograph? 

b Will the north-south dimension of Australia be 
smaller as well? 
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18 Imagine that as we watch a traveller from Earth to the 
star Vega travelling at 99.5% of the speed of ligh~ we 
find that their clocks slow down by a factor of about 10 
times. 
a Explain how this factor of 10 was arrived at. 

b Does this mean that the traveller experiences this 
slowing down of time? 

c Vega is about 25 light-years from Earth, so in our 
frame of reference it takes light from Vega 25 years 
to reach us. How long will it take our space traveller 
to reach Vega? 

d How long will the traveller find that it takes to travel 
to Vega? 

e Does your answer to part d imply that they were 
able to get to Vega in less time than light? Explain 
your answer. 

19 Muons are high-speed particles that are created some 
15 km above the Earth's sur1ace. Classical physics 
dictates that due to their short life spans, muons 
should not ever reach the Earth's surface even though 
they travel at incredible speeds (approx. 0.992c). 
However. they do. Explain how this is possible, referring 
to each of the frames of reference of an observer on 
Earth and the muon itself. 

20 If a spaceship is travelling at 99% of the speed of light, 
which of the following best explains why it can't simply 
turn on its engine and accelerate through and beyond 
the speed of light, c, as the increase in momentum 
should be equal to the impulse applied? 
A The law that impulse equals the change in 

momentum does not apply at speeds close to c. 
B While the momentum increases with the impulse, 

it is the mass rather than the speed that is getting 
greater. 

C The spaceship does actually exceed c, but it doesn't 
appear to from another frame of reference because 
of the length contraction of the distance it covers. 

D Given enough impulse the spaceship could exceed 
c, but no real spaceship could carry enough fuel. 

21 Find the speed of a proton if it has kinetic energy equal 
to its rest-mass energy. 

22 Find the relativistic mass of the proton described in the 
question above. if mp= 1.67 x lff27 kg. 

23 Calculate the relativistic kinetic energy of a bus with a 
rest mass of 5.30 tonnes and travelling at a speed of 
0.960c. 

24 A student standing by the side of a road sees a very fast 
MG sports car d riving past The driver times on his car's 
clock that it takes 5.50s for the student to pick up her 
bag. If the MG is moving at a speed of 2.75 x 1a8ms· 1, 

c.alculate how much time the driver sees has passed on 
the student's watch as she picks up the bag. 



25 Anna's light clock has a height of 1 m between 
the mirrors, and relative to Chloe her spaceship 
is travelling at 90% of the speed of light 
(c = 3.0 x lOSms- 1). One tick is the time for l ight 
to go from one m irror to the other. 
a How far does the light flash travel in Anna's frame of 

reference in one tick, tA? 
b What is the tick time, tA, for the clock in Anna's 

frame? 
As the l ight takes a zigzag path in her frame, Chloe 
sees the clock ticking at a slower rate, fc. 
c In terms of c and fc what is the length of the zigzag 

path that the flash travels in one tick in Chloe's 
frame? 

d What is the tick time of the clock in Chloe's frame? 

e What is the ratio of Chloe's tick to Anna's tick? 

26 A muon created at an altitude of 15.0km above 
the Earth is moving at a speed of 0.992 times the 
speed of light The mean lifetime of a muon at rest is 
2.20 X Jo-6s. 
a Calculate the l ifetime of the moving muon as timed 

by a stationary observer. 
b Using classical physics equations and the results 

from part a, calculate the non-relativistic distance 
and the relativistic distance travelled by the moving 
muon during one lifetime. 

27 A stationary observer on a platform measures the time 
with a stopwatch for a train carriage, moving at 0.99c, 
to pass her by. What time has she measured, tor to? 
Explain. 

28 A jet plane zooms past an observer standing on the 
ground at a speed of 660ms-1

. If the length of the jet 
is 23.5 m when it is parked on the tarmac, how long 
does the jet appear to be to the observer? 

29 Natural gas in Australia consists mainly of methane. If 
the heat of combustion of methane is approximately 
50MJ~1, and 5kg of natural gas is burnt, what is the 
difference in mass before and after the combustion 
process? 

30 After completing the activity on page 300. reflect on 
the inquiry question: How does the behaviour of l ight 
affect concepts of time, space and matter? 
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REVIEW QUESTIONS 

The nature of light 
Multiple choice 
1 WhtCh of the following images show emission spectra? 

A 

B 

C 

D 

2 A gamma ray is composed of an electric and magnetic 
field which are: 
A perpendicular to each other and to the direction 

of motion 
B perpendteular to each other and parallel to the 

direction of mot.on 
C parallel to each other and perpendicular to the 

direction of motk>n 
D parallel to each other and to the d irection of motion 

3 The light of which of the options A-0 is: 

a generated by the electrons in individual atoms as 
they drop one or more energy levels? 

b generated by random thermal motion of atoms in 
the material? 

c generated as electrons fall from the conduction band 
to the valence band in a semtConductor? 

d coherent 
A an incandescent light bulb 

B a sodium vapour lamp 
C a laser 

D a light-emitting d iode 

4 Which of the following has the longest wavelength? 

A electron, m • 9 .109 x 10-31 kg, v = 7.5 x l 06 ms- 1 

B blue light, l = 470nm 
C X-ray, I = 5 x 10 17Hz 
D proton, momentum= 1.7 x 1o-21kgms- 1 

5 Radiation of wavelength 3.0 x lo-5m is detected. 
What type of light is this? 

A X-ray 

B ultraviolet 
C vtSible 

6 Unpolarised hghl with intensity /f) is passed through 
three polarising filters shown below. The angles given 
are in relation to the first axis of polarisation. What is 
the intensity of light. /3, after it has passed through the 
third filter? 

'· 
A ¼lo 

8 ¼lo 

C "jilo 

D }2lo 

,, 

7 Laser light with a wavelength of 555 nm is d irected 
through a pair of slits separated by 5.00µm. The slits 
are I.Om from the screen. What is the angle to the third 
bright fringe from the centre of the interference pattern? 

A 19.0-
B 19.5° 
C 20.0-
D 20.5° 

8 The following data was taken of the intensity of light 
after a polariser was added to the set-up. Each polariser 
was rotated by the same angle from the previous 
polarisation axts. What is this angle? 

Polariser 

'• ,-.-,, 
,, 
,, 
,. 
,, 
~ 

A 5' 
B 10-
C 15° 
D 20-

I 
... 
'• 
1.0 

0.97 

0.94 

0.91 

0.88 

0.86 
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The following information relates to questions 9- 11 
Light passing through a yellow filter is incident on the 
cathode in a photoelectric--effect experiment as shown in 
diagram a. The reverse current in the circuit can be altered 
using a variable voltage. At the stopping voltage. Vo, the 
photocurrent is zero. The current in the circuit is ~otted as a 
function of the applied voltage in diagram b. 

(a) yellow filter 

(b) Current (µA) 

.. A ; . 
0 Potential difference between 

emitter and collector (V) 

9 Which of the following changes would result in an 
increase in the size of V0? 
A replacing the yellow filter with a red filter 
8 replacing the yellow filter with a blue filter 
C increasing the intensity of the yellow light 

10 Which one of the following options best describes why 
there is zero current in the circuit when the applied 
voltage equals the stopping voltage? 

A The threshold frequency of the emitter increases to a 
value higher than the frequency of yellow lighl 

B The work function of the emitter is increased to a value 
higher than the energy of a photon of yellow light 

C The emitted photoelectrons do not have enough 
kinetic energy to reach the collector. 

11 Which of the following descriptions of the graphs X and 
Y in diagram b are correct? 

A Both graphs are produced by yellow light of different 
intensities. 

B Graph X is produced by yellow light, while graph Y is 
produced by blue light. 

C Each graph is produced by light of a di fferent colour 
and different intensity. 

12 Which one or more of the following phenomena can be 
modelled by a pure wave model of light? 

A the photoelectric effect 

B refraction 
C the double-slit interference of light 
D reflection 
E diffraction 

13 A star is losing mass at the rate of 4 x 109kgs-1. How 
much energy in total radiaUon is being produced per 
second? 

A 3.6x lo"'J 
B 3.7x!o'6J 
C 3.8x!o'6J 
D 3.9 x Jo"'J 

14 One of the fastest human-made objects was the Galileo 
Probe which, as a result of Jupiter's huge gravity, 
entered its atmosphere m 1995 at a speed of nearty 
500CX>ms- 1• Which of the following is the best estimate 
of the Lorentz factor for the probe? 

A Less than 1 
B 1.00000000 
C 1.00000001 
D I.I 

15 In 1905 Einstein put forward two postulates. Which two 
of the following best summarise them? 

A All observers will find the speed of light to be the same. 

B In the absence of a force. motion continues with 
constant velocity. 

C There is no way to detect an absolute zero of velocity. 
D Absolute velocity can only be measured relative to the 

aether. 

16 You are in interstellar space and know that your velocity 
relative to Earth is 4 x I06 ms·1 away from it You then 
notice another spacecraft with a velocity, towards you, of 
4 x 105ms· 1• Which one or more of the following best 
describes the velocity of the other craft relative to Earth? 

A Away from Earth at 3.6 x I06ms-• 
B Towards Earth at 3.6 x !o"ms- 1 

C Away from Earth at 4.4 x 106ms· 1 

D Towards Earth at 4.4 x 106 ms· 1 

17 Which one of the following best represents the basis of 
Einstein 's considerations, which eventually led to the 
theory of special relativity? 

A The results of numerous experiments to determine 
the speed of light. 

B The work of Isaac Newton and Michael Faraday. 
C His consideration of the consequences of accepting 

the implications of Maxwell's equations. 

D His own experiments in electromagnetism. 

18 According to a speed versus distance travelled graph, 
which of the following is true? 

A At the maximum speed, the distance travelled is the 
largest 
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19 If you are standing on Earth and observe a speeding 
rocket ship, what do you notice about its dimensions? 
Select from the following: 
A its length (in the d irect.on of travel) is shorter 

than normal 
8 its length (in the d irection of travel) is longer than 

normal 
C its height (at right ang1es to the direction of travel) is 

shorter than normal 
D its width (at right angles to the direction of travel) is 

shorter than normal 

20 What is the result of a large increase in the impulse 
provided to an object moving at a speed near that 
of light? 

A a large change in the velocity of the object 

8 a proportional increase in the velocity of the object 
C a very small increase in the velocity of the object 

D no change in the velocity of the object at all 

Short answer 
21 

a At what speed do the waves shown in the diagram 
travel in air? 

b What is the wavelength of waves with a frequency of 
1016Hz? 

c What specific type of waves are those described in 
part (b)? 

d Explain one helpful use of the waves described in 
part (b). 

22 Explain briefly why a m icrowave oven is tuned to 
produce electromagnetic waves of a particular frequency. 

23 A Young's double-slit experiment is perlormed using reel 
light and the resulting interterence pattern is observed. 
What is the effect on the observed interlerence pattern of: 

a halving the separation of the slits 
b doubling the distance between the slits and 

the screen 
c halving the frequency of the light used 

d covering one of the slits? 

24 Two polarising sheets are placed together, with their 
polarising axes parallel, and are held up to a light 
source. One of the polarising sheets is rotated through 
360° while the other 1s held still. The transmitted light 
alternates between maximum and zero intensities for 
different alignments of the polartSing sheets. 

a What alignment of the two polarising sheets produces 
the maximum light intensity? 

b Why are there two maximums and two zeros of 
intensity during a 36()0 rotation? 

25 At the time when Thomas Young carried out his famous 
double-slit experiment there were two competing 
models claiming to ex~ain the nature of l ight 

a What were the names of the two competing models? 

b Explain how Young's experiment supported one of 
these models and not the other. 

26 Physicists replicating Young's famous double-slit 
experiment determine that particular adjacent dark 
bands on the interference pattern (e.g. the third dark 
fringe and the fourth dark fringe) are different in their 
distance from one of the slits by only 500nm. Determine 
the wavelength of the monochromatic light being used. 

27 When investigating the photoelectric effect, the 
relationship between the maximum kineltc energy of 
emitted photoelectrons and the frequency of the light 
incident on the metal plate is: 

K"""=hf-~ 
a Explain the meaning of the terms Km.a, f and ~ in thtS 

equation. 
b If the intensity of the light striking the metal is 

increased, but the frequency is unaltered, what effect 
does this have on the value of Kmu? 

c If the intensity of the light striking the metal is 
increased, but the frequency is unaltered, what effect 
does this have on the value of the current flowing in 
the apparatus? 

28 You are in a spaceship travelling at very high speed 
past a new colony on Mars. Do you notice time going 
slowly for you; for example, do you find your heart rate 
i:; :;lower th.in norm.ii? Do the people on Mar:; appear to 
be moving normally? Explain your answers. 

29 A high-speed subatomic particle is accelerated by 
a linear accelerator to a speed of 2.83 x 1a8ms-1

. 

A researcher measures that it only leaves, on average, 
a track that is 2.50cm long in the bubble chamber. 
Calculate the mean lifetime of the same particle if it 
were at rest relative to the researcher and her timer. 

- ----------- -- - -- - -- - -- -- - --- -- - - - - --- -- - - ----- ----- ----------------
336 M0OutE 7 I 't£ NAT\.llE <J l.G<T 



30 Complete the following sentences by selecting the 
correct term in bold. 

Muons have very short/prolonged lives. On average, 
muons live for approximately 2.2 s/JJs. Their speeds 
are measured as they travel through the atmosphere. 
A muon's speed is about a tenth of/very similar to the 
speed of light According to Newtonian laws, muons 
should/ should not reach the Earth's surtace However 
many do/ do not. - ' 

31 An astronomer is analysing the foUowing spectrum. 

a Explain what is meant by the term redshift and how 
you could analyse the spectrum of the star to find its 
translational velocity. 

b List three other qualities of a star that can be found 
by analysing its spectrum and describe how the 
spectrum of light can provide this information. 

c By comparing it to the OBAFGKM classification 
system, what colour do you expect this star to be, and 
in what temperature range? 

32 A student carries out an experiment similar to Young' s 
double-slit experiment They shine a laser light of 
wavelength 600nm through a double slit with a 

separation of 45µm towards a screen which is 60cm 
away from the slits. 

a Create a diagram of the experimental set-up the 
student used. 

b Create a ray d iagram to describe how the fringes of 
bright and dark bands are created on the screen. 

c Calculate the d istance between the bright bands. 

d If the laser light is changed to one with a wavelength 
of 500nm, what is the percentage increase or 

decrease in the band separation? 

33 When conducting a photoelectric effect experiment, a 
student correctly observes that the energy of emitted 
electrons depends only on the frequency of the incident 
light and is independent of the intensity. 

a Explain how the particle model accounts for this 
observation. 

b Explain why the wave model cannot account for this 
observation. 

c Make three statements about how the particle 
(photon) model of light is supported by features of 
the photoelectric effect and discuss the implications 
for the wave model of light in each case. 

d The student obtains the following data. 

Wavelencth (nm) I Maximum kmet1c energy (~V) 

350 

400 

450 

500 

1.4 

0 .91 

0 .60 

0.25 

Copy this table into your workbook and add a column 
containina the frequency for each of these values. 

e Create a graph of the energy as a function of 
frequency. 

f Analyse the graph to find a value of Planck's constant 
and the work function of the metal. 

g If there is an uncertainty of ±0.1 in the analysis of the 
work function, use the table below to find which metal 
was used in this experiment 

Met.al I Work function 

alum inium 

carbon 

copper 

potassium 

4.08 

4.8 

4.7 

2.3 

2.1 

34 The star Xquar is at a distance of 5 l ight-years from 

Earth. Space adventurer Raqu heads from Earth towards 
Xquar at a speed of 0 .9c. 

a For those watching from Earth, how long will it take 
for Raqu to reach Xquar? 

b From Raqu's point of view, how long will it take her to 
reach Xquar? 

c Explain why it is that. although Raqu knew that Xquar 

was 5 light-years from Earth, and that she was to 
travel at 0 .9c. it took much less time than might be 
expected from these figures. 

d Why was the development of atomic clocks important 
to the advancement of Einstein 's special theory of 
relativity? 

35 The fusion reaction that powers the Sun effectively 
combines four protons (rest mass 1.673 x 1o-27 kg) to 
form a helium nucleus of two protons and two neutrons 
(total rest mass 6.645 x 10"27kg). The total power 

output of the Sun is a huge 3 .9 x 1026 w. 
a How much energy is released by each fuskm of a 

helium nucleus? 

b How many helium nuclei are being formed every 
second in the Sun? 

How much mass 1s the Sun losmg every day? 

d The Sun shoots out mass m the solar wind Calculate 
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MODULE 

(o) From the universe to 
(Q) the atom 

Humans have always been fascinated with the finite or infinite state of the 

universe and whether there ever was a beginning to time. Where does all 

the matter that makes up the universe come from? Ideas and theories about the 
beginnings of the universe, based on sound scientific evidence, have come and 
gone. Current theories such as the big bang theory and claims of an expanding 
universe are based on scientific evidence available today through investigations 

that use mcx:tern technologies. Evidence gathered on the nucleosynthesis 

reactions in stars allows scientists to understand how elements are made in the 
nuclear furnace of stars. On scales as large as the universe to those as small as 
an atom, humans look to the sky for answers through astronomical observations 

of stars and galaxies. 

Beginning in the late 19th and early 20th centuries, experimental discoveries 
revolutionised the accepted understanding of the nature of matter on an 

atomic scale. Observations of the properties of matter and light inspired the 
development of better models of matter, which in tum have been modified or 

abandoned following further experimental investigations. 

By studying the development of the atomic models through the work 
of Thomson and Rutherford, who established the nuclear model of the 

atom-a positive nucleus surrounded by electrons----you will come to a better 
understanding of the limitations of theories and models. The work of Bohr, de 

Broglie and, later, Schrodinger demonstrated that the quantum mechanical 
nature of matter was a better way to understand the structure of the atom. 

Experimental investigations of the nucleus have led to an understanding of 
radioactive decay, the ability to extract energy from nuclear fission and fusion, 

and a deeper understanding of the atomic model. 

Particle accelerators have revealed that protons themselves are not fundamental, 
and have continued to provtde evidence in support of the Standard Model of 

matter. In studying this module, you will appreciate that the fundamental particle 
model is forever being updated and that our understanding of the nature of 

matter remains incomplete. 

Outcomes 
By the end of thi~ module you will be able to: 

• analyse and evaluate primary and secondary data and information PH12-5 

• solve scientific problems using primary and secondary data. critical thinking 
skills and scientific processes PH12-6 

• communicate scientific understanding using suitable language and 
terminology for a specific audience or purpose PH12-7 

• explain and analyse the evidence supporting the relationship between 
astronomical events and the nucleosynthesis of atoms and relate these to the 

development of the current model of the atom PH12•15 





Astrophysics attempts to answer some of the biggest questions often asked about the 
universe, such as how old it is, how it began, whether it will last forever, and whether 
this is the only universe. Astrophysics is a fascinating mix of basic physics. the very 
latest theories and new technology. The development of supercomputers. aloni;: 
with space travel, has given access to methods of seeing the universe in wa'jS never 
dreamed of before. 

This chapter identifies the theories that provide the most current and best answers 
to some of the big questions about the universe: from the big bang to the formation 
of stars. 

Content 

W·Hll·ii·i'ifiil•I:■ 
What evidence is there for the origins of the elements? 
By the end of this chapter you will be able to: 

• investigate the processes that led to the transformation of radiation into matter 
that followed the 'big bang' 

• investigate the evidence that led to the discovery of the expansion of the universe 
by Hubble (ACSPH 138) 

• analyse and apply Einstein's description of the equivalence of energy and mass 
and relate this to the nuclear reactions that occur in stars (ACSPH031) 

• account for the production of emission and absorption spectra and oompare 
these with a continuous black-body spectrum (ACSPH137) 

• investigate the key features of stellar spectra and describe how these are used to 
classify stars 

• investigate the Hertzsprung-Russell diagram and how it can be used to determine 
the following about a star. c:.J IIliJ 
• characteristtcs and evolutionary stage 
- surface temperature 
- colour 
- luminosity 

• investigate the types of nucleosynthesis reactions involved in main-sequence and 
post-main-sequence stars. including but not limited to: 
- proton-proton chain 
• CNO (carbon-<>itrogen-oxygen) cycle. 



13.1 The big bang 

14h&114iW·i'foii 
The expanding universe 
What evidence is there for the origins of 
the elements? 

COLLECT THIS ... 

balloon 

sticky dots. or small pieces of paper with tape on them 

permanent marker 

string 

ruler 

DO THIS ... 

1 Inflate the balloon a small amount and twist it to keep 
the air in. Do not tie yel 

2 Draw a grid on the side of the balloon. This will be your 
reference frame. 

3 Stick a cluster of four dots on the grid side of the 
baUoon, separated by a couple of centimetres each, so 
that some are closer to each other than others. Measure 

the separation between each of the dots by using the 
string on the curved surface, and then measuring the 

string with the ruler. Each dot represents a galaxy. 

4 Draw a sinusoidal wave on the other side of the balloon. 
Measure its wavelength. 

5 Untwist the balloon and inflate it further. Measure the 
dtStance between the galax.e5 and the wavelength again. 
Repeat thts step one or two times depending on the 
stretchiness or the balloon. 

RECORD THIS ... 

Describe how the change in wavelength can be evidence for 
an expanding universe. 

Present a table of your results, including the galaxies that 
are moving away from each other faster than others. 

REFLECT ON THIS 

What evidence is there for the origins of the elements? 

What is the difference between a Doppler redshift and the 

cosmological redshift? 

What limitations does this inflating balloon analogy have in 
explaining the expansion of the universe? 

What other evidence extsts for the origin of the elements? 

·11troughout recorded history, scientists have always sought to find an answer to how 
the uni,-erse began. lltey han~ also wondered if, when and how it will end. Astronomers 
ha,·e constructed hypotheses called cosmological models to try to find the answer. In 
the 1940s, the steady state theory and the big bang theory were the two contenders. 

The big bang theorists won out in the end, and it's now the main theory explaining 
the origins of the universe we see today. This section looks at the big bang theory 
(Figure 13.1.1) and how the e,;dence supports this theory. 

nGuRE u .1.1 The big bang is often mestakenly thooght of as an expk:)ston, but it's much more 
complicaled than thaL 
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PREDICTION OF A DYNAMIC UNIVERSE 
Scientists in the early 1900s worked to develop theories to explain the origin of 
the fearures o f the universe they could obser\'e. Using Einstein's theory of general 
relativity, the Russian scientist Alexander Friedmann developed a mathematical 
proof that predicted the unfrerse was either expanding o r contracting . At the time 
even Einstein did not think this was correcl. 

For scientists to decide if the uni\·erse was expanding, contracting or static, 
they needed some evidence. In a flat universe the expansion would slow and could 
eventually stop (Figure 13.1.2). ln an open universe the expansion would speed 
up, and in a closed unfrerse the expansion would eventually reverse and contract. 
Obscr\'ational or experimental evidence that supported one of these models would 
allow scientists to reach a consensus on which prediction was correct. 

Modelling the expanding universe 
The idea that space itself is expanding is complicated. It is easy enough to think of 
things expanding in space-a balloon being blown up, for example. Space seem s 
so permanent and fixed, but this is not the case. It can be helpful to think of a two
dimensional analogy of what is really a three-dimensio nal problem. Imag ine a little 
ant on the surface of the balloon as it is being blown up, as shown in Figure 13.1.3 . 

.. llte balloon is so big the ant thinks o f the surface as flat (as we do o f the Earth's 
surface) . The balloon has little paper stars stuck o nto it. As the balloon expands 
the ant would see all the stars moving away from it. \'\fherever it wandered on the 
balloon's surface the sam e pattern would apply-and the further apart the stars the 
faster they would be receding. 

The stars on the balloon were stuck o n and not drawn on for a good reason. As 
the balloon expands, drawn stars would expand also, but the stick-on stars stay the 
same size. This is how astrophysicists picture the expansio n o f space. It is space that 
is expanding, no t the stars and galaxies in it. 

EVIDENCE FOR EXPANSION 
ln the 1920s astrono mers were discovering that the universe was a much bigger 
place than they had previously thought. Astronomers had not yet d etermined that 
objects they called 'spiral nebulae' were actually other galaxies like our Milky \\;Tay 
but vast distances away (Figure 13. 1.4). Edwin H ubble pioneered a technique to 
find the distance to these other galaxies and showed they were outside our own . 

ln Chapter 9, absorption and emission spectra were introduced. Imagine passing 
a whole visible spectrum of light through a gas. \'\!hen light passes through the gas, it 
doesn' t pass through unchanged. Different gases will absorb different wa,·elengths 
of the light. If the light that has passed through a gas is examined, any wavelength 
that was absorbed by the gas will be missing from the spectrum. This will appear 
as a black line correspo nding to the absorbed wavelength. A quantitative analysis of 
how these spectra are produced will be d iscussed in Chapter IS. 

FIGURE 13.1.4 The Andromeda galaxy is one of 
hundreds of billions of galaxies in the universe. 
It is the closest galaxy of similar size lo our own 
Milky Way ga~xy. 

rtGURE 13.1.5 Notice that the black lines in 
both spectra form the same arrangement but the 
bottom set of lines are 'shifted' slightly to the 
right when compared to the lines in the spectrum 
from the Sun. This is known as 'redshift'. 

Evolution of the un iverse 

open 

time 
FIGURE 13.1.2 Predictions like friedmann's 
proposed different fates for the universe. Are 
there other possibilities on the graph thal are 
more catastrophic? 

FIGURE 13.1.3 As the balloon is blown up 
the stars all move apart. The more distant stars 
will move away faster than the doser ones. 

I GO TO ► I Section 9.2 page 249 

I GO TO ► I Section 15.1 page 392 
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\'(/hen H ubble carefully examined the light from stars in the galaxies he found 
that it showed the familiar spectra of the elements, such as hydrogen and helium, 
that we know on Earth, but all the lines were redshifted, or in o ther words moved 
towards the red end of the spectrum (Figure 13.1.5, page 343). Astronomers 
interpreted this redshift as meaning that the galaxies were receding from us at huge 
speeds. T his allowed them to calculate a velocity of recession from the redshift. 

~lll.ey are not moving through the universe relative to us. T hey appear to be 
moving away from us because the universe between us and them is getting bigger. 
Astronomers know today that the redshift of light from distant galaxies is d ue to 
the expansion of the universe. This effect is called cosmological redshift and is 
illustrated in Figure 13.1.6. As light travels, the wa,·elength of light is stretched by 
the expansion of the universe, and the further it travels the more it is Stretched. 

FIGURE 13.1.6 As the universe expands, so too does the wavelength of light travelling through the 
vast distances between galaxies. 

PHYSICSFILE 

Parallax and parsecs 
Hold your arm out straight and point towards the corner of the 
room, where the ceiling and two walls meet. Close one eye and 
line up your finger so it points exactly into the corner. Now open 
that eye and close the other without moving your finger. You will 
find that your finger is no longer pointing to the corner. If you keep 
your arm still, but keep swapping eyes, it will seem as though your 
finger is moving compared with the corner. This is an example of 
parallax movement. 

With the development of better telescopes 1n the nineteenth 
century, rt was noticed that some stars showed a very small 
movement against the background stars over the course of a year. 
It was realised that this was actually due to the Earth's rotation 
around the Sun causing parallax. 

As shown in Flgure 13.1.7, the parallax angle, p, is clearty a measure 
of the distance to the star. The larger the angle, the closer the 
star. In fact, the key measure of distance in space is defined as the 
reciprocal of the parallax ang1e measured in arc seconds (that is ~ 
of a degree). Stated simply, a star with a parallax angle of 1 arcsec 
is said to be at a distance of one parsec (l pc). Astronomers define 
the parallax angle as the angle subtended by the radius of the Earth's 
orbit (l astronomical unit, or 1 AU). A comparison of different 
astronomical distances is given in Table 13.1.1. 
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Eanh injanuary 

view in January 

I • 
view in June 

FIGURE 13.1.7 The parallax movement of a dose star relative to the 
background 'fixed' stars. The parallax angle, p, is half the total apparent 
shift in angle 

TABLE 13.1.1 Relationships between astronomical distance units. 

Distance m : 

!AU 1.496x 1011 1 0.000016 0.000005 

l light-year 9.461 x 1015 63240 0.3066 

I parsec 3.086x 1016 206265 3.2616 



HUBBLE CONSTANT 
Combining his data o n the distance 10 gala.xies and their redshift, Hubble produced 
a graph (Figure 13.1.8) which made it clear that there was a relationship between 
the properties of the galaxies he had measured. H ubble found that the further away 
the galaxy, the faster it seemed to be m oving. \Vhen Hubble g raphed his data, he 
found that the 'speed of recession' was actually proportional m the distance away. 
This has become known as H ubble's law and is expressed by the simple equation: 

0 v=Hrt:1 
where 

vis the speed of recession (kms- 1) 

H0 is Hubble's constant (kms- 1 Mpc-1) 

dis the distance away (Mpc) 

Ho is the H ubble constant and corresponds to the gradient of the graph. 
It is usually g iven in units of km s- 1 per megaparsec. It has a value of around 
?Oknis- 1 Mpc- 1• So, for example, a "typical' galaxy at a distance of 100i\1pc would 
be rushing away from Earth at 7000kms~1.That's about the same as travelling from 
Perth to Sydney in half a second! 

40000 

~ 30000 

"' -g 
j 20000 

~ 
~ 10000 

& 
100 200 300 400 500 600 700 

Distance to galaxy (Mpc) 

rtGUAE 13.1.8 Hubbfe discovered that the galaxies were receding (rushing away) from Earth and that 
their recessional velocities were proportional to their distance from Earth. 

·- -- -- -- - -- - ---- - - -- ---- -- ---- - - -- - - - - -- -- - - -- -- - - - - -- - --- -- -- - - -- -- - - - - -- - - - - -- -- - -- - -- - . 
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DETERMINING THE SLOPE FROM A LINE 
OF BEST FIT 

There are many examples in science where there is a 

linear relationship between two variables measured in 
an experiment Plotting this data. finding a line of best f it 
through the data and determining the slope of the line of 
best f it is often useful. 

Decide on a scale to use for each axis that will allow a11 
data points to be plotted. 

2 Clearly label each axis with the name of the quantity 
and its unit 

3 Plot each data point on clearly labelled, unbroken axes. 

4 Identify and label but otherwise ignore any suspect 
data points. 

5 Draw, by eye, the line of best fit for the points. The points 
should be evenly scattered either side of the line. Recall 
that a c.traight line graph fitc. the equation y • mx I c. 

6 Locate the vertical axis intercept and record its value as c. 
7 Choose two points on the line of best fit to calculate the 

gradient, m. Do not use two of the original data points, 
as this will not give you the grad ient of the line of best 
fi l The gradient is equal to ~ = ~ - If you are using 
a computer or graphics calculator, it will be able to 
calculate the gradient for you. 

8 Write the equation for your straight l ine using y = mx + c, 
replacing x and y with appropriate symbols, and use 
this equation for any further analysis. 

Note: Do not force your line of best fit through the origin 
(0,0) or even consider it as a data point as this is rarely val id. 
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Worked example 13.1.1 

CALCULATING THE HUBBLE CONSTANT 

Astronomers have found the following data for the speed of distant galaxies: 

Distance (Mpc) Velocity (kms 1) 

10 

31 

80 

84 

207 

730 

2200 

5600 

6000 

15000 

a Analyse the data to find a value for the Hubble constant. 

Thinking Working 

Construct a graph The Hubble constant 
of the distance 
versus the velocity 16000 
and draw a line of 
best fit. 14000 

12000 

~ l0000 

l 800) 

6000 

4000 

2000 

50 100 150 
Distance (Mpc) 

200 250 

Interpret the 
graph. 

The gradient of the graph is equal to 72.6. This means that 
for this data the Hubble constant is equal to 73 (to the 
correct number of significant figures). 

Ho = 73kms-1 Mpc--1 

b Using the Hubble constant found in part a, calculate the recessional speed of 
a galaxy that is 450Mpc from the Earth. 

Thinking Working 

State Hubble's law. V= Hr,i 

Substitute the given values into Hubble's law. V= 73 X 450 

Calculate the speed. v = 33000kms- 1 (to two significant 
figures) 
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Worked example: Try yourself 13.1.1 

CALCULATING THE HUBBLE CONSTANT 

Astronomers have found the following data for the speed of distant galaxies: 

Distance (Mpc) I Velocity (kms-1) 

20 

50 

65 

120 

160 

1300 

3400 

4300 

8100 

11000 

a Analyse the data to find a value for the Hubble constant 

b Using the Hubble constant found in part a, calculate the recessional speed of 
a galaxy that is 700Mpc from the Earth. 

THE EARLY UNIVERSE 
Logically, if space is expanding, then at some time in the past it must ha,·e occupied 
a much smaller space. If this is true then all the matter and energy in the uni\'erse 
must have been contained in this small space. This tells us that the early universe 
must have been ,·ery hot, with all the energy and matter in the uni,·erse packed into 
a much smaller space. lf we take this further there must ha,•e been a time when the 
uni,·erse was created. \~le call this creation e,·ent the big bang. 

Throughout the 1930s and 1940s physicists de,·clopcd the basis for the modem 
big bang theory. George Gamow proposed the first serious theory that the uni,·ersc 
began as a point, which expanded outwards in a hot big bang and which has been 
expanding e,·er since. He suggested that initially the uni,·crsc was full of energy. 
\Vhen it expanded and cooled, nuclei and atoms formed and this sowed the seeds 
for the universe we sec today. 

Two competing theories 
Nol e,·cryone agreed with the ideas put forward by Gamow. In 1949 astronomer 
Fred Hoyle made this \"Cry clear and soon put forward what became known as the 
stead y st ate theor y. 

He suggested that the uni\"crsc is: 
infinite-the 'outer' stars would ne,·er reach infinity and so could go on moving 
away from us forc,·cr. 
expanding-matter is being created all the time at just the right rate to keep the 
density of the uni\·ersc constant. 
11,,c big ba ng theor y was the main competitor to Hoyle's steady state theory. It 

stated that galaxies outside the Milky W'ay were moving away from us.1flis implied 
that if time is run backwards, at some instant in time, the universe and everything 
in it was contained in a single point. In other words, e,·erything was created from 
nothing in one 'big bang'. 

It was in fact Hoyle who first used the expression 'big bang' to describe a 
uni\"erse that started off from a 'primordial atom'. At the time, he was intending to 
be derogatory, but the name stuck. 

Searching for the evidence 
The astrophysicists of the day really were caught in a dilemma. Either way they had 
lO accept the unacceptable: that matter just came into being out of nothing--cither 
continuously or in one 'big bang'. 

It seemed impossible to resoh-c this dilemma. If Hoyle was right, then the new 
matter being created should be able to be found somewhere. And as for the big 
bang, the only obserYationaJ C\"idcncc--that the uni,·crse was cxpanding-,,-as 
consistent with either theory. 

PHYSICSFlLE 

Time, space, matter and ... 
It is important to understand that the 
big bang was not seen as some sort of 
explosion from a small point in space. 
It was more an explosion of space, 
or, more correctly, the creation of 
space-time. 

Einstein had already shown that time 
and space were not separate entities. 
So the big bang would not have 
occurred at some point in time any 
more than rt would have occurred at a 
pomt m space. Time, space and matter 
were all created together in the one 
event we call lhe "big bang'. 
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!Go TO ► I Section 11.l page 284 

If matter was being created at a steady rate, it was not too difficult to calculate 
that about two or three atom s of h ydrogen would n eed to be created every day in 
a volume about the size of a large sports arena to account for the obser ved density 
and expansion. That didn't seem too impossible, but there was not much point in 
trying to look for it. The universe is so big, it would be hard to know where to look. 

If the big bang theory was true, the universe wouJd ha,·e been denser a t an earlier 
time. It seemed that on1y some means of looking back in rime could resol\-e the problem. 

EVIDENCE FAVOURS THE BIG BANG 
In the 1960s physicists at Princeton Unfrersit)• were trying to resolve the question of 
the steady state theor y versus the big bang theory. They decided that if the big bang 
did iu fact haµµc:11 , it mus t have l.xx11 e;,i;lntun..li11a1·ily hut al llu: lx.:gi111U11g. If su, il 

would have produced large amounts of radiation, as d oes any hot object. (More 
detail about how objects radiate heat can be found in Chapter 11.) 

~lll.ey also proposed that, as the universe expanded, this radiation would have 
been stretched by the expansion. They calculated that the wavelength would have 
increased to around a millimetre by now. That means that, in effect, the apparent 
temperature of the radiation would ha,·e fallen from billions of degrees to just a few 
degrees abo\·e absolute zero. 

As it happened, two other physicists, Robert \Vilson and Amo Penzias, at the 
nearby Bell Telephone labs, had discovered that their new antennas, d esig ned to pick 
up radio signa1s from satellites, seemed to be picking up 'interference• from space. 
It turned out that this radiation was at just the sort of wa,·elength that Princeton 
physicists were looking for. Furthermore, it had the characteristics o f heat radiation 
of just 2. 7 K (that is, 2. 7 degrees above absolute zero) as predicted. This was solid 
evid ence in fa,·our of the big bang theory at last, as there was no mechan ism by 
which the steady srate theor y could produce this sort of radiation. 

\Vilson and Penzias were not sure at first where the interference picked up by the 
antenna was coming from. They thought it could ha,·e come from the Sun, but then 
ruled this o ut after some investigation . They made sure the interference wasn't from 
sources in the cities. They e\·en ruled out any effect from pigeons by removing them 
and their droppings fro m around the antenna. Their realisatio n o f what actually 
caused the interference was unexpected and absolutely gro undbreaking . 

~Ill.is lefto\"er radiation came to be ca1led the cosmic microwave background 
radiation, or C M.B radiation for short. Arno Penzias and Robert \Vilson won 
the Nobel Prize for this discovery. Special satellites have mapped it carefully 
(Figure 13.1. 9), as it is, in effect, a radio fingerprint of the early universe. 

FlGURE 13.1.9 (a) The WMAP satellite mapped the cosmic microwave background radiabon and 
discovered tiny fluctuations in it, which probably marked the beginning of the formation of galaxies. 
(b) The cosmic microwave background radiation. 

~Ille C~IB radiation is \"Cry uniform from all directions in the universe. 'In.is is 
to be expected, because it filled the early universe and still does today. Howe,-er, it is 
no t totally uniform. The tiny variatio ns in the CMS radiation represent differences 
in temperature of only about 0.0003 K, but they are , ·ery significant because it means 
the early universe was not totally uniform. Had the early universe been uniform, 
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it would not have been able to create stars and galaxies. The small variations meant 
that matter was slightly clumped together in some places and so its unbalanced g ravity 
could gradually pull it together to form the stars and, on a larger scale, galaxies. 

Inflation 
In o rder to explain the initial stages of the big bang, astrophysicists found that 
there must have been an incredible period o f 'infla tion' right at the beginning. 
This period only lasted about 10-24 s, but during that time the size o f the universe 
expanded to about 1050 times its original size. 

']ltis short period of inflation was necessary in order to prevent a \·ery rapid 
collapse of the initial universe back into a black hole. H ad the inflation lasted any 
lo nger, however, the greater expansion would ha\·e meant that atoms would have 
never formed. 

Matter and antimatter 
To understand where the matter in the early universe came from, a brief introduction 
to the Heisenberg uncertainty principle is needed (this will be discussed in greater 
detail in Chapter 15). It says that there is a fundamental uncertainty in the position I GO TO ► I Section 15.2 page 409 
and momentum of any object. 1lte more accurately one variable is known, the less 
accurately we can know the other variable. 

It can also be interpreted as an u ncertainty between mass and time. So in any 
very short time there is a fundamental uncertainty about mass. This is proportional: 
the shoner the time, the g reater the uncertainty. The actual meaning of this is that 
in a very short time, mass can come in and out of existence. 

Furthermore, when particles are created, they always come in pairs. For every 
matter particle there is an antima tter particle. But because they are so close when 
they pop into existence, they immediately annihilate each other ( convert to energy). 
So matter and antimatter particles are actually popping in and out of existence 
everywhere all the time (Figure 13.1.10). All of this sounds like science fiction, but 
we know these pairs of particles are created and annihilated as we can measure it in 
the lab. Particle physicists have been studying them for almost 100 years. 

Creation of matter 
To return to the or igin of our universe, the two ideas just discussed can be combined
the inflation at the very beginning, and the continual creation and annihilation of 
matter. As two opposite particles are always produced in this creation, the process 
is called pair production. Due to annihilation, normally pair production doesn't 
result in the creation of any lasting matter. However, during the period of inflation, 
because of the extremely rapid expansion of space, pairs of particles rapidly became 
separated and didn't get a chance to annihilate. And so in that tiny fraction of a 
second of inflation, huge amounts of matter were created. 

ln those first moments after inflation, the universe was absolutely chaotic, with 
particles and antiparticles annihilating each other and producing high-energy gamma 
photons (electromagnetic radiation) . Those photons themselves again collided \vith 
others and their energy formed new particle pairs (Figure 13.1.11 ). 

Particle creation Pa rticle annihilation 

FIGURE 13.1.10 Electron;,ositron pairs were 
rapidly going in and out of existence in the early 
universe, but as they met they annihilated. 

gamma-ray photon electron positron gamma-ray photon 

~ , I, ~ 
~ 'l'Gt_______ 

o.:-__ ,,, ~ 
~ , ,,~ 

gamma-ray photon positron electron gamma-ray photon 

FIGURE 13.1.11 In the first 0.0001 s of the universe, matter-antimatter pairs of particles were raptdly 
going in and out of existence. Here, two photons first produce an electron-positron pair, but then an 
electron-positron pair annihilate, producing more photons. 
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As the temperature of the expanding universe fell to about 1012 degrees and 
became too low for the creation of new particles, there was a great amount of 
annihilation of matter \\~th antimatter and a huge reduction in the total amount 
of matter. The annihilation also produced an enormous increase in the amount of 
radiation. This radiation filled all of space and dominated the universe for the next 
few hundred thousand years. It was, of course, the origin of the C1\1.B radiation 
seen today. 

PHYSICSFILE 

Antimatter 
Antimatte, particles are similar tu ordinary matter particles, t,ul have the opposite sign. 
An 'antielectron' is called a posrtron and is the same as an electron except that it is 
positively charged. An antiproton has the same mass and other properties as a proton, 
but it has a negative charge. When a matter particle and an antimatter partide come 
together they annihilate each other, releasing all their mass as high-energy photons 
(electromagnetic radiation). Theoretically we could construct ordinary objects out of 
antimatter, but as soon as they came into contact with normal matter the two would 
annihilate with the release of absolutely huge amounts of energy. 

Formation of simple elements 
Since the 1930s physicists have worked to develop theoretical predictions o f the 
creation and evolution of matter based on the idea of a hot big bang origin of the 
uniwrse. One example is that the energetic early universe should ha,·e produced 
a composition of approximately 25% helium and the remainder hydrogen 
(Figure 13.1.12) . Spectroscopic studies in the 1960s and 1970s showed that stars 
and galaxies were composed of approximately 24% helium. Numerous other 
predictions from theory were slowly supported by evidence as better observations 
were made. Today, many of the predictions are tested directly in particle accelerators 
like the Large Hadron Collider at C ERN. The energetic conditions of the early 
universe are recreated billions of times each day, and particle physicists probe the 
conditions that existed in the universe only a tiny fraction o f a second after the b ig 
bang. All of this has led to what we think is the history of the uni,·erse as told by 
the big bang theory. 

FIGURE 13.1.12 The percentages of the elements measured in one of lhe universe's oldest stars. II 
has approximately 75% hydrogen, 25% helium and onty a tiny fraction of other elements. which is in 
good agreement w;th predictions made by the big bang theory. 
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In the first few seconds of the uni,·ersc, while the temperature: remained o,·cr a 
billion degrees or so, elementary particles known as quarks combined to form 
promns and neutrons. ProLons and neutrons were forced close enough to fuse (join) 
together, forming hydrogen, helium and lithium nuclei. After a few more minutes 
the tempe.raturc dropped below that needed for this fusion and no further nuclei 
were formed (Figure 13.1.13). 

CMB radiation released when neutral atoms form approximately 400 000 years after lhe big bang 

energy converted into particles in the first few minutes 

IO"" s 10--s 10--s 10-- s 10'"6s lo-'s I s 100 s 3 min 3'X)OO()y 3Gy 13Gy 

IQ'-JK 10-""K IOl"K IOUK l01:K 10-K H1 K JO'K .){O)K IOK 2.7K 

• quarks • antiprotons • electrons 

• protons • neutrons • positrons 

• neutrinos 

FIGURE 13.1.13 The 13.8 bilhon year history of the universe. 

., photons 

c' galaxies 

Q atomk nuclei 

So how was any matter left after all the annihilation of maner and antimatter? 
Strangely, there was not qui te an even balance of maner and antimatter in the early 
uni,·erse and so after the initial rapid annihilation, there was actually matter left o,·er. 
~Inc imbalance between mancr and antimatter has been estimated at only about one 
extra mauer particle in a billion particles-but that one in a billion now makes up 
all the mane.r in our unh·crse. 

\Vithout that very slight imbalance between matter and antimatter, the uni,·erse 
would be empty-except for the CMS radiation. 

For around 300 000 years the universe was too hot for atoms to form. Any 
electron captured by a proton was soon knocked away by an energetic photon. But 
by that time, the expansion of the universe resulted in the temperature dropping 
to about 3000 K. This meant phomns were now in the red or infrared part of the 
spectrum. They did not ha,·e enough energy to ionise (strip electrons from) atoms 
so they stopped being scattered by atoms and became what we now detect as the 
CMB radiation. Now, atoms of hydrogen, helium and lithium could form as these 
nuclei captured free electrons. OnJy these three types of nuclei had formed in the 
first few minutes while the universe was hot enough for fusion to occur. 
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MATTER FORMS STARS, GALAXIES AND EVENTUALLY US 
For the next billion years or so the uni\·erse was expanding and cooling, and was 
very dark. However, due to very slight irregularities in the original 'quantum foam' 
in which all those early particles came into existence, matter was starting to clump 
together. This p rocess accelerated as the matter came closer and gravitational 
attraction increased. 

The m atter eventually started to form huge clumps, which are now the galaxies 
(refer back to Figure 13. 1.13 to put this stage into context). \Vithin the galaxies matter 
collapsed into many smaller clumps. As these smaller clumps collapsed, energy was 
released when the matter (mostly hydrogen and helium) crashed together.This raised 
the temperature within the 'clumps' to millions of degrees. At these temperatures, the 
fusion (joining) o f atoms was reignited- with hydrogen n uclei fusing to form new 
helium nuclei and releasing yet more heat. Stars were born. 

1ll.ese early stars were h uge and very hot. They burnt out relatively quickly, and 
after using up all their hydrogen fuel they collapsed.~lll.is collapse, howe,·er, resulted 
in the release of yet more energy in huge supernovae explosions (Figure 13.1.14). 
~Inese explosions were so energetic that they resulted in the fusion of lighter elements 
into the heavier ones, a crucial process for the eventual formation of life. 

FIGURE 13.1.14 Early galaxies contained short•lrved very hot (blue) stars. They collapsed as huge 
supernovae whk:h resulted in the aeation of the heaviei- elements. 

Our Sun and solar system formed from the gravitational collapse o f the 'dust' 
from some o f these earlier supernova explosions and so contain heavier e lements. 
Fo rtunately for us, the heavier elements were concentrated in the terrestrial (rocky) 
planets, including the F.arth. And thus, eventually, life evolved. 
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I PHYSICS IN ACTION I 
Cosmological modelling 
Studying the ev~utton of the universe is known as cosmology. Without being 
able to make direct observations of the very earty universe, physicists use 
computer modelling to make predictions. 

Utilising supercomputers with extremely fast processing power, scientists 
create models by inputting different initial conditions. and allowing their 
mOdel to evolve. In Figure 13.1.15, this computer model shows the clumping 
together of matter where galaxies would form. If the output of the model 

matches the conditions that can be observed in the universe today, it can be 
assumed that the model works. 

nGURE 13.1.15 Physicists use computer modelling to study the evolution of the universe. 
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13.1 Review 

f1'l:i:t\ii 
General relativity predicted an expanding universe 
and Edwin Hubble found the evidence that 

supported this prediction. He saw that the further 

away a galaxy was, the faster it seemed to be 
receding from us. 

Last century. two different theories of the evolution 
of the universe seemed possible. Either the 
universe was in a 'steady state' with matter being 

continuously created or matter was all created 
with a 'big bang'. 

The big bang theory predicts many features of 
the early universe and there are numerous pieces 

of evidence that support its predictions; for 
example, the existence of the cosmic microwave 
background radiation and the abundance of 

simple elements in the universe. 

Space and time were created in the big bang. 

l:iii·l11!-Jii·W~i 
The steady state theory assumes the universe has 
a constant density. How does this theory take into 
account the expansion of the universe? 

2 Why is the discovery of cosmic m icrowave background 
radiation seen as supporting evidence for the big bang 
theory and not the steady state theory? 

3 Describe the formation of matter in the early universe. 

4 The inflation period in the early universe lasted only 
for an incredibly short time. What might have been a 
consequence had it lasted for a longer time? 

5 What happens when an electron meets a positron? 
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Energy was transformed into matter in an 
extremely short time called inflation. The 

expansion was so rapid that matter and antimatter 

pairs of particles could not annihi late until the 

expansion slowed. 

In the early universe there was sl ightly more 
matter than antimatter, and that excess is the 
matter that makes up the universe today. 

Galaxies and stars formed from matter as the 
result of very small irregularities in the early 

universe. The irregularities allowed gravitational 
attraction to 'pull' matter together. 

The heavy elements necessary for life came later 

with the explosive supernova of heavy stars. 

6 At only a few thousandths of a second after the big 
bang, matter and antimatter annih ilated almost 
completely. What is the reason there was some matter 
left over? 

7 All matter in the universe was created in the first few 
hundred thousand years and yet few of the elements 
essential for life existed then. 

a What elements d id exist at that time and why? 

b How were the elements needed for l ife created? 

8 Explain how Hubble's findings from studying galaxy 
redshi fts support an expanding universe. 



13.2 The life cycle of a star 
Astrophysicists use spectroscopy to analyse light from distant stars. Spectroscopy 
invoh·es spreading out the spectrum of light (both visible and invisible light) 
received from a star and then analysing panems in the data collected. The spectra 
are compared with others from Earth that are known to scientists. From spectral 
analysis, the properties and even the life cycle of stars can be determined. f..1lany of 
these properties were introduced in C hapter 9. I GO TO ► I Section 9.2 page 249 

l 'be absorption spectra from other stars are quite similar to the solar spectrum 
in most respects. T his confirms that the basic chemistry and physics understood 
o n the E arth seem s to apply throughout the universe. No s trange new lines have 
e,·er been discovered in any other stellar spectra. There are subtle differences, 
however, and it is these d ifferences that tell astro nomers an enormous amount 
about o ther stars. 

CLASSIFYING STARS 
The method of classifying stars based o n the presence or absence of certain lines 
in the spectra (the sequence OBAFGKM.) was introduced in Chapter 9 and is 
repeated in Table 13.2. 1. 

The differences in the stars' spectra also correspond to different temperatures, 
with the O stars being the hottest and the M stars being comparatively cooler. ~lltis 
can be found by analysing the black-body s pectrum from stars. The peak intensity 
of a black-body spectrum coincides with a specific wavelength that is inverSely 
proportional to the temperature. 

TABLE u.2.1 The spectral type or spectral class classification of stars based on the absorption lines 
l)(esent in their spectra 

Spectral type Approximate temperature 
(K) 

Main characteristics Spectrum 

0 50000-28000 relatively few l ines; the l ines of 
ionised helium 400 450 

B 28000-10000 the lines of neutral helium 
400 450 

A 10000-7500 very strong hydrogen lines 
400 450 

F 7500-W()() strong hydrogen lines; ionised 
calcium lines; numerous metal 400 450 
lines 

G 6000-4900 strong ionised calcium lines; 
numerous strong lines of ionised 400 450 
and neutral iron and other metals 

K 4900-3500 strong lines of neutral metals 
400 450 

M 3500-2000 titanium oxide streaks 
400 450 

It was shown that the changes between the classes were associated with the 
fact that d ifferent atoms become ionised 0ose electrons) at different temperatures. 
At cooler temperatures the light may not have enough energy to excite the atoms 
sufficiently to create some of the lines. So it was realised that some lines may appear 
over a certain temperature range but not at higher or lower temperatures, as shown 
in Figure 13.2.1. 

@ The spectral lines observed i11 

emission and absorption spectra 
are generated through the 
transitions of electrons between 
energy Jevels within atoms. This 
is discussed in greater detail in 
Section 15.1. 

0 A star emits light across a range 
of wavelengths and it can be 
described as a black body. A 
black body does not reflect any 
radiation. 

Colour 

blue 
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FIGURE 13.2.1 ! he relative strength of common spectral lines cs soown tor each spectral type or 
spectral dass. By comparison with Table 13.2.1 the r~tionship between dominant spectral lines and 
temperature can be deduced. 

A careful analysis of a spectrum reveals much important information about 
the star, not just its temperature. The mind map in Figure 13.2.2 sums up the 
relationship between some of these measurements and quantities. 

parallax(p) 

distance (d) 

apparent 
brightness (b) 

surface 
temperature (7) 

Stefan-Boltzmann law 

radius(R) 

spectrum 

chemical 
compoSition 

FIGURE 13.2.2 A mind map illustrating what particular aspects of stars' light can tell astronomers 
about a star. 

If the surface temperature of a star is known fro m the spectrum, a basic law 
of physics (the Stefan-Boltzrnan law) can be used to determme the amount of 
energy given off each second by each unit area of the surface. Knowing this and 
the luminosity (the total energy given o ff by the star) enables the total surface area 
and hence the radius of the star to be calculated. The luminosity is found using the 
apparent brightness and the distance determined by stellar parallax. 

THE HERTZSPRUNG-RUSSELL DIAGRAM 
Once data for many stars had been collected, it was natural to look for patterns in 
the data. In 1911 and 1913, the astronomers Ejnar Hertzsprung in Denmark and 
Henry Russell in America independently discovered a pattern that brought o rder to 
the apparent chaos. The graph they prcxluced is now known as the H e rtzsprung
R ussell diagram., or H- R d iagram for short. In effect they ploned the luminosity 
of a star against its temperature and found a distinct pattern. 
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Figure 13.2.3 shows the common way of arranging the H-R diagram with 
luminosity on the \·crtical axis and temperature on the horizontal axis. f.ach axis is 
labelled with two different scaJes.Tempe.rature is derfred from spectral type, so these 
are both plotted on the horizontal axes. Luminosity is deriYed from the absolute 
magnitude, so these arc plotted together on the ,-ertical axes. 

You'll notice from the H- R diagram that the stars are not randomly distributed. 
10.e band of stars from the lower-right comer to the upper-left comer is called the 
main sequence and includes 90% of the stars in the sky. Main-sequence stars 
go from dull, cool stars at the bottom right to bright, hot stars at the upper left of 
the diagram. ~In.ere is a clear relationship between the brightness Ouminosity) and 
temperature of a star. Generally, it was found that hot stars in the top-left comer of 
the H-R diagram arc brighter and bigger, but there were important exceptions to 
this rule as you can sec. 

In one sense this is hardly surprising-if two stars are the same size it is 
reasonable to expect the hotter star to be brighter. However, stars in the upper right 
of the diagram, such as Betelgeuse, are ,·cry large. They need to be large in order to 
be so bright, gin:n that their temperatures are relati,·ely low. This group of stars are 
called giants or supcrgiants and are over one thousand times the size of the Sun. 
On the other hand, stars in the opposite lower-left corner must be small as they are 
not bright, despite being ,·cry hot. These stars are only about one-thousandth the 
size of the Sun and are called white dwarfs. 
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FIGURE 13.2.3 The Hertzsprung-Russell (H-R) d.agram JS one of the astronomer's baStC tools. The 
lumillOSlty scale takes the Sun's value as 1, whteh rorresponds to an absolute magnitude of about 
+4.8. The temperatures corresponding to the spectral types are plotted along the bottom. Hotter 
stars are to the left, mdteated also by the colours of the stvs throughout the diagram. 
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Worked example 13.2.1 

DETERMINING THE LUMINOSITY OF A STAR USING THE H-R DIAGRAM 

A main-sequence star is observed to have a surface temperature of 4000 K. 
What is its approximate luminosity? 

Thinking Working 

Determine where on the H- R diagram I The main sequence is a band that runs 
this star would si t. from bottom right to top left on the 

H- R diagram, and a temperature of 
4000K should be at the bottom right 
of this band. 

Draw a vertical line from the required The star's luminosity is approximately 
temperature on the x-axis to intersect 0.01 times that of the Sun. 
with the luminosity curve. Draw a 
horizontal line from the intersection of I 
the luminosity curve to the y-axis. 

Worked example: Try yourself 13.2.1 

DETERMINING THE LUMINOSITY OF A STAR USING THE H-R DIAGRAM 

A main-sequence star is observed to have a surface temperature of 20000K. 
What is its approximate luminosity? 

M ost stars are on the main sequence, and the honer they are, the brighter they 
are. The Sun is ap proximately in the middle of the main sequence. By adding up the 
stars in the main sequence on the H- R diagram (Figure 13.2.3), you can see that 
most stars are both cooler and dimmer than the Sun- there is a greater d ensity of 
stars on the lower righl of the main sequence. Only about I% of stars are giants or 
supergiants (Figure 13.2.4), and a further 9% are white dwarfs. 

FIGURE 13.2.4 The brightest star, at centre left of this image, is Antares (Alpha Scorpiij, a red 
supergiant star 500 light-years from the Earth. 

Placing stars on the H-R diagram 
If measurements of a star are made, it can be planed on the H-R diagram. If the star 
is close enough to Earth, luminosity and temperature can be determined directly. If a 
star is much further away, its temperature can still be determined from its spectru m 
but its luminosity can 't be determined directly. This means its position on the vertical 
ax.is of the H- R diagram is not known. Luckily the spectral lines in lhe star's spectrum 
provide add itional information that allows luminosity to be determined. 
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The brightness of stars 

Astronomers measure the apparent brightness of stars 
on a scale that actually originated with Hipparchus in the 

second century BCE! He called the brightest stars he could 
see 'first-magnitude' stars(+ 1). those about half as bright 
'second-magnitude' (+2) and so on to those barely visible, 
whteh were 'sixth-magnitude' (+6). 

When astronomers sailed into the Southern Hemisphere 
they discovered brighter stars, and so the scale had 

to be extended 'upwards' to O magnitude and then -1 
magnitude and so on. 

When the telescope was invented the scale went 
'downwards' to +7 and beyond. 

The scale is referred to as the apparent magnitude 
scale. Don't be confused by the fact that the scale seems 
'backwards'~immer stars have a numerically higher 
magnitude. 

In the nineteenth century when astronomers were better 

able to measure the brightness of stars, they defined 
apparent magnitude more precisely by saying that a 
difference 1n magnitude of 5 corresponds exactly to a 
factor of l 00 times 1n apparent brightness-which agreed 
roughly with the old values. In other words, it would take 
JOO stars of magnitude +6 to equal the brightness of one 
star of magnitude +J. Mathematically, this means that 
each level of magnitude represents a change in brightness 
of about 2.5 times (instead of Hipparchus's 'double1. 
Therefore it would take 2.5 stars of magnitude +6 to equal 
the brightness of a single +5 star, for example, or it would 
take 2.5 x 2.5 = 6.3 stars of magnitude +6 to equal the 
brightness of a +4 star. Figure 13.2.5 shows the scale 
with some examples. You might like to check with your 
calculator that it would take about 13 billion Sirius A stars 
to equal the apparent brightness of the Sun! (What we call 
'Sirius' is actually two stars very close together-Sir ius A 
and the much dimmer Sirius B.) 

Clearly there must be & relationship between the 
apparent br ightness of a star, its distance from Earth and 
its intrinsic brightness (actual brightness). Once the actual 
distances of a number of stars were known, it was possible 

to determine their intrinsic brightness. It was soon found 
that stars vary enormously in intrinsic brightness. For 
example, Sirius and Canopus are the two brightest stars 
in the sky; however, although Canopus appears almost 
as bright, it tS actually about 36 times further away than 

Sirius. To make up for this big difference in dtstance, it 
can be calculated that Canopus must be about 3000 
times brighter than Smus. The very closest star, Proxima 
Centauri, is not even visible to the naked eye and so must 

be a very dim star. In fact. it 1s intrinsically only about 10~ 
as bright as Sirius. The 1ntnnste brightness of stars vanes 

over a huge range. 
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FIGURE 13.2.S The apparent magnitude scale IS based on an ancient 
Greek scale with nineteenth-century mathemabcal correcborts. Vrsible 
star.. range &om -1 44 (Sinus A) to aboot ~ fo, star.. barely visible 
under the best tX>nd11JonS. 
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PHYSICSFILE 

Indigenous astronomy 
Well before Western science 
understood the processes of how 
stars formed, their movement across 
the sky influenced the knowledge and 
understanding of the natural world in 
many different cultures. For example, 
Greek astronomers studied the cosmos 
in depth, and Indigenous Australians 
observed the night sky. Indigenous 
observations over thousands of years 
informed Indigenous knowledge 
systems to navigate, find food and 
predict tidal movements. These systems 
of knowledge aimed to explain and 
predict natural processes which have 
been passed down through generations. 

In general, much of the a5tronomical 
information has informed knowledge 
and understanding of seasonal 
calendars. For example, the beginning 
of the dingo breeding season for the 
Pitjantjatjara people is signalled when 
the Pleiades star cluster rises in the 
morning. Similarly for Torres Straight 
Islanders, when the stars of the Big 
Dipper reach the horizon in the evening 
it tells people to steer clear of the water 
as it is now shark-breeding season. 

Spectral lines in stellar spectra tell us more than just the elements p resent. The 
pressure of the gas from which the light originated has a subtle effect on the width 
of spectral lines as they are sensiti\-e to the nu mber of collisions the atoms are 
experiencing. The collisions tend to slight1y increase or decrease the energy and 
hence the wa,·elength of the em itted light. This in tum slightly broadens the spectral 
line (F igure 13.2.6) . A giant star will tend to have a less-dense photosphere, and 
hence the atoms will experience fewer collisions. ~Ill.is means that the spectral lines 
are less broadened than those of a main-sequence or dwarf star. 

/ 

giant star- more 
tenuous 
atmosphere 

\ 
• 

dwarf star: denser 
atmosphere 

13.2.6 The pressure in the atmosphere of a star is proportional to the bl'Oadening of the absorption 
lines seen in their spectra. The higher the pressure in the atmosphere, the more broadened the 
absorption lines are. 

Known relationsh ips between the amount of line broadening due to pressure and 
the luminosity of stars ha,·e led to a classification system using luminosity classes 
as shown in Figure 13.2.7. This system uses Roman numerals I to V. A numerical 
way of classifying a star from its spectral features then consists o f its spectral class 
and luminosity class, e.g. our Sun has a spectral class G2 and a luminosity class V. 
This allows the position of the Sun to be located o n the H- R diagram on both a.xes. 
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FIGURE 13.2.7 luminosity dass provides an estimation of the vertical position of a star on the H-R 
diagram when a direct measurement of luminosity is not available. 
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13.2 Review 

f1'l:t:t\ii 
The continuous spectrum of a star provides 
information about the temperature of its surface, 
and the absorption lines tell us what elements are 
present and under what conditions. 

The spectra of stars are quite similar to the 
spectrum of the Sun. indicating that they have 
similar characteristics and processes. 

Stars are classified according to a system 

which uses the absorption lines visible in 
stellar spectra to organise them according to 
surface temperature (OBAFGKM; hot to cool 
respectively). 

ltii·i1ifiii·U~i 
Which properties of a star are plotted on an 
H- R diagram? 

2 According to the H- R diagram, how does the 
luminosity of a main-sequence star relate to its 
temperature? 

3 What information does the continuous spectrum 
emitted by a star and its absorption spectrum reveal 
about the star? 

4 Compare emission and absorpt ion spectra with a 
continuous black-body spectrum. 

5 A new star has been discovered and astronomers 
wish to place it on the H-R diagram. It's observed 
that the spectral lines on the spectra of the star are 
significantly less broadened than those from the Sun 
and the spectrum has a peak intensity towards the 
red end of the visible spectrum. What type of star has 
been observed? 

The Hertzsprung-Russell (H- R) diagram plots 
stars according to surface temperature and 

colour on the horizontal axis. Surface temperature 
increases to the left as colour goes from red 
to orange then yellow to white and finally blue. 
Luminosity or absolute magnitude is on the 
vertical axis and increases upwards. 

Alt stars fall into three main groups: main sequence; 

giants and supergiants; and white dwarfs. 

Moving up the main sequence from right to left 
on the H-R diagram, the stars become hotter, 
brighter and larger. 

6 In general, which of the following is true for most stars? 
A luminosity increases with the surface temperature 

B luminosity decreases with the surface temperature 
C luminosity is not related to the surface temperature 
D luminosity is directly proportional to the surface 

temperature 

7 How do the luminosity and surface temperature of 
an A-type main-sequence star compare with those of 
the Sun? 

8 Which of the following best describes what is plotted 
on the Hertzsprung-Russell d iagram? 

A absolute magnitude against the luminosity of the stars 
B apparent magnitude against the temperature of the 

stars 

C temperature against the spectral type of the stars 
D luminosity against the spectral type of the stars 
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FIGURE 13.3.1 The apparent movement of 
sunspots and other features across the Sun's 
surface make its rotation clear. Sunspots and 
flares reveal the active and ongoing processes 
within the Sun. Nudear fusion reactions 
deep inside the Sun release huge amounts of 
energy that stream from the Sun, resulting in 
a conversion of about 4 million tonnes of mass 
into energy every second. 

I GO TO► I Section 12.3 page 326 

13.3 The life and death of stars 

THE SUN: EARTH'S CLOSEST STAR 
It was only afler the time o f Galileo and Newton that scientists realised that the stars 
were actually Sun-like objects a very long way away. The best way to learn about 
stars, then, was to look at the closest one. 

Galileo's disco,·ery of sunspots led to the understanding that the Sun rotates 
on its axis (Figure 13.3.1) . However, the equator o f the Sun was seen to ha,·e a 
period of about 25 days, while regions of higher latitude took several more days for 
a full cycle, indicating that the Su n is not a solid body like the Earth. Because it is 
obviously so hot it was assumed to be gaseous, but just how it produced so much 
heat wasn 't understood. 

It was knO\\<n that life had existed o n the Earth for at least several hundred 
million years and so that meant that the Sun must have been radiating energy at 
fairly much the same rate for at least that time. The problem was that any known 
mechanism for producing heat couJd not possibly have generated so much energy 
over such a long period o f rime. 

~The English physicist Lord Kelvin (who also determined the temperature 
of absolu te zero) and the German physicist Hermann von Helmholtz proposed 
that vast amounts of heat would be generated from the enormous weight of gas 
collapsing into the Sun. As it fell, the potential energy would be co nverted into 
kinetic energy and would produce heat. This was good physics, but again it could 
not possibly last for the billions of years that the Sun has been producing energy. 
Scientists now know their theor y was wrong, but the Kelvin- Helmholtz contraction 
does turn out 10 be important in the formation of new stars-and in the d eath of 
old ones. 

THE EQUIVALENCE OF MASS AND ENERGY 
C alculations based o n the mass and energy output of the Sun showed that the 
amount of energy being produced for each atom in the Sun was around a hundred 
million times greater than the energy produced by each atom in chemical reactions. 
So mething very different was go ing on in the Sun. 

The clue came with Einstein's theory of special relativity. Einstein's equation 
E = mil is well known, but the real meaning o f this equation is not so simple. A 
reasonable interpretation for our present purposes is that there is a huge amount of 
energy locked up in mass. T he factor c1- is the speed oflight squared and so is a ver y 
large number (approximately 9 x 10 16 m2 s- 2) .This means that if this energy can be 
released, a small loss of mass could produce a huge amount o f energy. 

It was thought that the Sun was somehow tapping into this so-called 'mass
energy' . An enormous amount o f energy is being radiated from the Sun. Assuming 
the energy was being produced mainly in the core, it was calcuJated that the 
temperature at the centre of the Sun must be millions o f degrees. This would mean 
that the atoms at the centre would be stripped of their electrons and there wouJd 
be just a frenzied mass o f charged nuclei and electrons flying around at enormous 
speeds. Since the density o f the Sun was relatively low, it was assumed that it must 
be composed mostly of hydrogen with perhaps some helium. 

l n the 19 20 s, British astrophysicist Robert Atkinson put all of this together 
and suggested that in the conditions at the centre of the Sun the h ydrogen nuclei 
may ' fuse' togethe r, creating heavier helium nuclei. If this were the case, huge 
amounts of energy would be relea sed. This process is called nuclear fusio n and 
results in the formation of the nuclei o f heavier elements, so it is o ften called 
n u cleosynthesis. 

11te p rocess of fusion was discussed in greater detail in Chapter 12. 
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Worked example 13.3.1 

MASS-ENERGY EQUIVALENCE 

The Sun is producing about 4.0 x 1026 J of energy every second as visible and 
invisible radiation. At what rate is the Sun losing mass due to this total energy loss? 

(Use c = 3.0 x 108ms-1.) 

Thinking Working 

The energy comes from the fusion E=mc2 
of hydrogen into helium with a E = 4.0 x ! 0'6Js- • 
corre5ponding 1055 in the potential c =3.0 x 108ms-1 
energy of the nuclei. This loss of 
energy will correspond to a mass loss m=? 

given by Einstein's equation E = mc2. 

Rearrange E = mc2 in terms of mass E=mc2 
and solve. m=? 

4.0:,c}~ 
=~ 

= 4.4 x 109 kgs- 1 

So the Sun is losing mass due to 
visible and invisible radiation at a rate 
of 4.4 x 10•1<gs-1. 

Worked example: Try yourself 13.3.1 

MASS-ENERGY EQUIVALENCE 

The visible portion of the energy the Sun is producing each second is 
approximately equal to 5.0 x 1025Js- 1. At what rate is the Sun losing mass 
due solely to this energy loss? 

(Use c = 3.0 x 108ms-1.) 

FUSION SHAPES THE STRUCTURE OF THE SUN 

PHYSICSFILE 

Einstein's £ = rnc2 

It is often stated that in nuclear 
reacUons 'mass is converted 
into energy'. This is actually an 
oversimplification of Einstein's ideas. 
There is no mass 'shaved off' the 
particles and somehow mysteriously 
turned into energy. What is true is that 
the total mass of the particles in a 
helium nucleus is a little less than the 
total mass of the equivalent particles 
in hydrogen nuclei. They are exactly 
the same particles as before, except 
that they now have a little less total 
potential energy. 

Einstein showed that mass is actually a 
property not of the individual particles, 
but of the system of particles including 
the energy bound up in the forces 
between them. As some of the energy 
has been released, so also has the 
equivalent mass. 

The combination of Einstein's theory of relativity and an improved model of the 
atom (Bohr's quantum atom was suggested in 1913) enabled astrophysicists to 
understand the processes occurring in the Sun. Bohr's model of the atom will be I GO TO ► I Section 1 S.1 page 392 
discussed in detail in Chapter 15.Today,computer models have enabled considerable 
insight into the mechanisms that keep the Sun 'burning' in the sky. 

~Ille basic principle used in modelling the Sun is that any part of it must be in 
what is called hydrosta tic equilibr ium (Figure 13.3.2 on page 364) . That means 
that on any 'piece' of Sun, the inward pressure from the weight of all the material 
above it must be balanced by the outward thermal pressure and radiation pressure 
originating from the nucle:ir re:ictions in the core below. 

Computer modelling suggests a number of theories about the Sun's structure 
and production of energy. Nuclear fusion occurs in a zone that extends from the 
centre out to about 0.25 of the Sun's radius (Re). ~Ille temperature in this region 
is above 10 million degrees, the density is about 160000 kgm-3 and the pressure is 
about 340 billion times the Earth's atmospheric pressure. 

The energy flows o utwards from this zone by a combination of com·ection and 
radiative diffusion. Radiative diffusion is a process in which light bounces around, 
transferring energy in the process. It is the main mechanism for energy transfer 
out to about 0.7Ro, where convection takes over. At this point the temperature is 
down to around one million degrees and the protons and electrons come together to 
form hydrogen atoms, which absorb the light more effectively and so the radiative 
diffusion becomes less effective. The density is only 80 kg m-3 (much less than water, 
but about 60 times that of air) and the pressure is down to about 10 million times 
Earth's atmospheric pressure. Most (99%) of the S un's mass is below this le,,el. 
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radiation pressure' 
forcing gas outwards . _ 

gra\l'lty squeezmg 
gas inwards ' / 

flGURE 13.3.2 The Sun is amently in a state of hydrostatic equilibfium, where at any radius from the 
centre the inward pull of gravity is balanced by the pressure pushing outwards. The outward pressure 
is mostly the thermal pressure within the plasma with some contribution from radiation pressure. 

At the surface, the temperature is down to approximately 5800 K. There is 
actually no real 'surface', just a layer where the churning hot gases start to sink again 
as they lose their energy by radiation into space. This layer, called the photosphere, 
is a thin layer from where the Sun's visible light is emitted (Figure 13.3.3) . The whole 
process may sound rapid, but it has been calculated that energy produced by the 
nuclear fusion in the Sun's core takes about 170000 years to tra,·eI out to the surface. 
It then takes just over eight minutes to reach the Earth. The energy recei,·ed from the 
Sun today was actually generated inside the Sun when humans were just beginning 
to diverge from the apes! Some properties of the Sun are Listed in ~fable 13.3.1. 

450km 

698450km 420000km 

170000km 

photosphere 

V!f--\~ k--- convective 
layer 

radiative 
layer 

flGURE 13.3.3 The photosphere is a thin layer from where the Sun's visible light is emitted 
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TABLE 13.3.1 The phys,cal propertJes of the Sun. 

Averaa:e d1st.ance between the 
Earth and the Sun (1 AU) 

Diameter of the Sun 

Surface temperature 

Averaa:e density of the Sun 

Energy output o f the Sun 

1.496 x 1011 m (390 times as far as the Moon) 

o.s• (same as the Moon) 

1.99 x }()lOkg (300000 times the mass of the Earth) 

1.4 x 109m (109 Earth diameters) 

5780K 

1.4 x lO'kgm--' (Earth ,s 5.5 x IO'kgm--') 

3.86 x } ()26W (Js-1) 

MODELS AND OBSERVATIONS UNCOVER STELLAR 
EVOLUTION 
Before the twentieth century it had generally been thought that the stars were basically 
permanent features of an unchanging eternal universe. Scientists now understand 
the processes that fuel the nuclear reactions inside starS. As this understanding has 
developed, it has become obvious that while stars last a very long time, they do 
not last forever. The Sun, for example, will not last forever. The changes it will 
experience through its life cycle are depicted in the artwork in Figure 13.3.4. 

., ••.••• 
~ .• ' ... ... r 

• • • • Q. · .. 
flGURE 13.3.4 The hfe cycle of a star, SUCh as the Sun. from ITH:1'eaiLar gas cloud in lhe beginning to the predlded red gsant 
which will eventually swallow up the inner ptanets. Once the Sun is on the red giant branch it may then turn mto a yeHow 
giant before forming a planetary nebula and finally becoming a white dwarf. 

~Ifie story of how as1rophysicists ha,·e come to interpret the H-R diagram and 
to build up a picture of the life and death of stars is one of the most fascinating in 
physics. At the current rate at which the Sun is fusing its hydrogen, it should run out 
of fuel in about a hundred billion years. However, models of the nuclear processes 
occurring and the changing conditions with its core throughout its life pr'roict a 
much shorter life span. 

As the hea,;cr hdium nuclei build up in the core of a star, the nuclear fusion 
reaction zone mo,·es outwards. Once around 10% of the hydrogen is consumed, the 
star becomes unstable and the outer layers expand until the star becomes about ten 
times the size. ln other words, the star becomes a giant. The Sun is due to do this in 
around fh·e billion years and, when it does, it will engulf the F.a.rth. 
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nGURE 13.3.5 (a) The Pleiades star cluster, 
also known as the Seven Sisters Of M45. It 
includes over 500 young stars, induding the 
seven brightest visible to the naked eye. It can 
be seen in the constellation Taurus. (b) This 
famous photograph of the Eagle Nebula taken 
by the Hub~ telescope shows huge gaseous 
pillars several light•years high. The pillars are 
evaporating gaseous globules and are thought 
lo be regions in which stars are fOfming. The 
nebula can be found near the constellation 
of Sagittarius. 

For this reason, it was originally thought that the stars are 'born' on the main 
sequence o f the H- R diagram and then eventually moved into the giant phase. 
Heavier stars were expected to bum their fuel more rapidly than lighter stars. 
Although they ha,·e more fuel, computer models predict heavier stars will run oul 
of fuel sooner and so they should have a shorter life span. 

Confirming these models' predictions can't be achieved by watching what 
happens to a particular scar through its lifetime as the time im·olved is millions or 
billions of years. Scientists have to infer, from the different types of stars thal can 
be seen, which stars are examples of which d ifferent stages within their life cycles. 
T hen they need to check whether their properties fit the predictions of the models. 

~Ill.ere are groups of stars, called star clusters, which seem to have all been 
born at about the same lime out of the same cloud of "dust' and gas. The Ple1ades 
group, or Se,·en Sisters as it is more commonly known, is one such cluster. The 
famous 'Starbirth' photograph shows another cloud where clusters of stars could be 
forming. Images of both are shown in Figure 13.3.5. 

~lll.ese clusters provide the opportunity to look for differences between stars of 
similar ages but different masses. If the modelling that suggests more massive stars 
will have shorter lifetimes is correct, there should be evidence of this in dusters. The 
bluer, honer and more massive stars should be mo,'lng off the main sequence and 
becoming giants sooner than the less massive, cooler stars. 

1\Aany clusters were studied in this way in the 1950s and this is just what was 
found. Stars at the upper end of the main sequence were more likely to have mo,·ed 
towards the giant area than those further down. 

The number of stars seen in the ,-arious areas on the H- R d iagram is presumably 
an indication of the amount of time srars spend in that area. Because there are many 
more stars in the main sequence than in the giant phase it is assumed that stars spend 
most of their life as reasonably stable main-sequence stars.1ll.ere are few stars between 
the main sequence and the giam phase, and so it can be deduced that after reaching 
the end of their main-sequence life, they fairly rapidly expand to become red giants. 

NUCLEOSYNTHESIS AND STELLAR EVOLUTION 
\Vith the aid of computer modelling, a fairly complete picture of the birth, life and 
death of stars has been built up that agrees well with observational evidence. 

A star begins its life as a protostar, a large mass of gas and dust that has come 
together as a result of gra,'l.tational attraction.The heat generated in this gravitational 
collapse (the so-called Keh'ln--Helmholtz contraction mentioned earlier) causes the 
protostar to become ,·cry hot. As the gravitational collapse continues, the gra\'ity 
becomes stronger, and accelerates the collapse e,·en further (Figure 13.3.6). 

FIGURE 13.3.6 The Horsehead Nebula in the constellation Orion. This nebula is part of the Orion 
Nebula comptex. an eoo..-mous starbirth region some 1500 light•years from Earth. 
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En:ntually the interior of the new star becomes hot enough, at about 1 O million 
kehrin, to ignite the nuclear fusion reactions. The e:1..-ua heat generated by these 
reactions e\"cntually stops the gra,;tational collapse. This is as a result of the 
outward thermal pressure from the plasma and the radiation pressure from the 
radiation streaming outwards from the core. At this point, the protostar has become 
a new main-sequence star and remains in a fairly stable condition for a time that is 
dependent on the mass of the star. This time \\ill be measured in millions of years 
for ,·ery massive stars, billions of years for stars like the Sun, and tens of billions of 
years for the majority of stars lower down the main sequence. 

During the main-sequence phase of the life of a star the energy generated within 
a star comes from hydrogen fusion in its core. 11te mass of the star determines 
the temperature within the core and therefore which fusion reactions can occur. 
Figure 13.3.7 shows the relath-e rates of energy production via the two dominant 
fusion reactions that occur \\rithin main-sequence stars. These reactions are the 
proton-proton (PP) chain and carbon-nitrogen-o!l..·ygen (CNO) cycle reactions. 

CNO cycle 

"' crossover, 
18 million K 

10 15 20 25 30 
Coretemperann(xl<1' K) 

nGURE 13.3.7 The relaoonstup between temperature and the rate of energy release is shown on thts 
graph lor the two hydrogen IUSK>n processes that are dominant in main-sequence stars. Higher-mass 
stars generate higher core temperatures, so as you move to the top-jeft comer of the matn sequence 
oo the tHl diagram the CNO cycle domnates energy J>'oductioo within the core. 

Both the PP chain (Figure 13.3.8) and CNO cycle achi~·e the same result of 
combining four hydrogen nuclei to form one helium nucleus. The energy that holds 
a star up is released due l'O the mass defect between the prcxlucts and the reaaants. 
The series of reactions in the proton-proton chain dominates energy production in 
main-sequence stars "rith core temperatures below 18 million kelvin. 'He-__ v :H y 

1
He +-•- 4- It fi 'H.- . / A 'H. • 

•H---- v :H y 
1
He 

+-•- 4- ~ •" 'H.- • / 
'H. • proton y gamma ray 

• neutron v Mutrino 

e positron 

nGURE 13.3.8 The proton-proton ctan takes foor t,,,,drogen oodei an::I creates one heium nudeus. 
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FIGURE 13.3.10 The life cydes of l and 10 solar 
mass stars are plotted on this H-R diagram. 
Once stars reach the end of their life on the 
main sequence they move up into the giants 
along the red g;.,nt branch (RGB) Depend;ng 
on their mass. they may fade and produce a 
white dwarf Of explode in a supernova and leave 
behind a neutron star Of black hole. 

In more massive stars the more complex CNO cycle is dominant. The series of 
reactions invoh·ed can be seen in Figure 13.3.9. Carbon atoms act as a catalyst in 
this cycle as they are converted into nitrogen, then oxygen and back to carbon again. 
~lnese more massi\-c scars have much shorter lives than their lighter counterparts as 
the rate of reactions occurring increases drastically as temperature increases. Even 
though these more massive stars contain much more hydrogen, the rate of fusion far 
exceeds this increase in fuel and they use it up in a much shorter time. 

"N 

• proton Y gamma ray 

• neutron v neutrino 

e positron 

"N 

•t · 

FIGURE 13.3.9 In the CNO cyde. carbon atoms are converted into nitrogen. then oxygen and back to 
ca1bon ag.,:,in. 

As a main-sequence star ages it builds up non-fusing helium in its core. This 
causes the energy output to decrease and the star contracts. This contraction 
causes heating which increases the temperature and therefore the energy 
output. This process causes the star to slowly increase in luminosity O\'er its 
main-sequence lifetime. Eventually the core contains so much non- fusing helium 
that contraction and heating cause a shell o f hydrogen fusion to form around a 
no n-fusing helium core. This marks the end of a star's life o n the main sequence, 
and a shift up and to the right on the H- R d iagram along the red giant branch 
(RGB) can be seen in Figure 13.3. 10. This part of a star's life can be classified 
as post-main-sequence. 
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Once a star becomes a red giant a new process starts to occur in the core. The 
further gra\'ltational collapse of the he.avy core heats it to e\·en higher temperatures. 
At around one hundred million degrees, new nuclear reactions start to occur: three 
helium nuclei combine to form carbon, as shown in Figure 13.3.11 . 

• proton 

. neutron 

y gamma ray 

FIGURE 13.3.11 The two fusion reactions resulting in the formation of a carbon nudeus are together 
known as the triple alpha J)focess. 

--------------------
This is the origin of clements that ha\·e made our existence possible. The general 

trend of the reactions inside stars is to fuse lighter nuclei to produce heavier ones. 
11tis nucleosynthcsis is responsible for producing the elements that make up most 
of the mass in your body. Since the on1y clements formed in the early uni\·ersc were 
hydrogen and helium, you could not exist un1ess stars produced carbon, oxygen, 
nitrogen, phosphorus and other clements that you require for life. 

Stars less than eight solar masses 
Once a star has reached the red giant phase, the fate of stars more or less than eight 
times the mass of the Sun (8A1fo) is \·cry differenL Further development of a hydrogen 
fusing shell and a non-fusing core cause another series of changes to the stellar 
structure. A star with a mass ofless than 8A'fo will become unstable and will lose a large 
portion of its mass during pulsations of its diameter, forming a planetary n ebula 
(Figure 13.3. 12). \Vhat is left be:hind is a white dwarf; then the nebula dissipates and 
the white dwarf cools, as shown on the OOttom left of the H- R diagram. 

FIGURE 13.l.12 The Helot Nebula IS dassed as a planetary nebula and lies around 700 light-years 
from the Earth m the constelabon Aquarius_. ____________ _ 
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At this stage, the star has colJapsed into electron degenerate matter that basicalJy 
means that the atoms have collapsed into a mass of protons, neutrons and electrons 
with a density about a million times that o f water. They gradually radiate their 
remaining heat away, become cooler and redder, and slide down and out of the 
H-R diagram at the lower right. 

Stars greater than eight solar masses 
The previous picture of stellar evolution is appropriate for most stars, but a more 
spectacular fate awaits some. A supernova is the explosive end of a massive 
star. There have been a number recorded in history, and some have been visible 
to the naked eye as a bright star that appears and then disappears weeks later. 
There was a notable supernm'a in the constellation Cassiopeia in 1572 that was 

observed by Tycho Brahe, who was so fascinated he went on to become one of 
the g reat astronomers of the period. A 1604 supernova had a similar effect on 
another great astronomer, Johannes Kepler. i n 1987, a new supernova (shown in 
F igure 13.3.13) suddenly appeared in the Large ~ lagellanic Cloud, a fuzzy area 
near the Southern Cross. The Large Magellanic C loud is actually a satellite galaxy 
of the Milky Way. 

FIGURE 13.3.13 The remnants of Supernova 1987a. The rings are thought to be gk>wing gas that 
was ejected when the star was a red giant, and whkh was ionised by the intense UV light from 
the explosion. 

Huge pressure is created inside more-massive stars. After the initial hydrogen
burning phase, the temperatures created by the contracting star can reach 
600 million degrees, at which point new nuclear fusion reactions can cake place. 
In these reactions, the carbon produced by the helium fusion is fused to produce 
oxygen, neon, sodium and magnesium. Depending on the mass of the star, various 
heavier elements are produced and burnt in a series of reactions that occur at 
temperatures up to billions of degrees. The effect of these reactions is to mo,·e the 
star around o n the H- R diagram as it changes brightness and temperature with each 
new set of reactions. Sta rs o,·er about 25M0 eventually become so large and bright 
that they form the supergiants at the top right of the H-R diagram. Betelgeuse and 
Rigel in O rion are examples of these supergiants. 

There is an upper limit to the nucleosynthesis that can occur in stars. Once 
silicon has fused and iron has been produced, no further fusion reactions will occur 
as they would require a net input of energy. The star begins gravitational collapse 
again , generating more heat. 
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Neutron stars and pulsars 
In an amazing sequence of events not totally understood, the core, largely composed 
of iron by this stage, rapidly skyrockets to many billions of degrees in a fraction of 
a second. This results in the proto ns and electrons in the core being forced together 
with such ferocity that they combine to form neutrons and small almost-massless 
particles called neutrinos. 

'l fle core by this stage is about 20 km in diameter but with a mass many times 
that of the Sun. ln this state the core can co llapse no further, bm the rest of the mass 
of the star is still collapsing in on it, building up enormous pressure which creates 
an absolutely huge 'bounce back'. This sends the o uter layers of the star flying off 
into space at enormous speeds, partly p ropelled b y the neutrinos trying to escape 
from the core. The energy released in this explosion is an incredible 1046J, which is 
far more than the Sun will produce in irs entire life. 

\Vhat is left of the star after this gigantic explosion is an extremely dense core 
made of'neutron matter•. This is matter in which all the electrons and protons have 
collapsed to form neutrons. A neutron star with a diameter o f 30 km would have 
the same mass as the Sun. A few cubic centimetres would ha\"e a mass of hundreds 
of miUio ns of tonnes. 

In the 1960s a number of pulsars were found. These were objecrs producing 
extremely regular pulses of radio emissions. Later, it was found that these pulses 
could also be seen as flashes in visible light. They are now thought to emanate 
from rotating neutron smrs about 20km in diameter but with about 1.4M0 . The 
frequency of romtion of a star is greatly increased as it collapses, in just the same 
way that skaters or dancers can spin faster by pulling their arms closer to their body 
as they spin. 

T he periods of pulsars are measured in seconds or e\·en fractions of a second
they are spinning at an incredible rate for their size. As they spin, leftover charged 
matter interacrs with their powerful magnetic field s and produces a beam of intense 
radiation that sweeps around the sky like the beam from a lighthouse. lf obser\"ers 
happen to be in line with the beam, a flash is seen each time it sweeps past. 

The other remains from supernovae are nebulae (dust and gas clouds). An 
example of such a nebula is the Crab Nebula (seen in Figure 13.3.14). The Crab 
Nebula is the remnant of a supern0\'3 that was first seen from Earth in I 054. 
Nebulae are the ejected gases that glow for possibly hundreds o f years after the 
supernova. Gradually they fade and d isperse into space to form more of the dust 
and gas clouds out of which new stars wiU be born. Many of these remnanrs can 
only be seen by radio telescopes, as their temperature drops and the wa\·elength of 
their radiation becomes longer than that of visible light. 

Black holes 
\Vhat is most fascinating is what happens to really m assi\"e stars, i.e. over 201Wo, once 
they run out of fuel. There is a point at which even the neutrons in a super-heavy 
neutron star will collapse. It seems that this further collapse has no end point at all 
and matter simply collapses into what is called a b lack h ole . M ore particularly it is 
referred to as a 'singularity'-a point of infinitely small volume and infinite density. 
The force of gravity around such an object is so strong that nothing , including light, 
can escape. A radius exisrs around the singularity where the escape velocity exceeds 
the speed of light. This is called the event horizo n and it is essentially the point of no 
return for anything, even light. 

Black holes are not visible like smrs but there ha\·e been many observations of 
gas and stars in the vicin ity of an object that can only be a black hole due to irs 
small size and enormous gravity. Our gala.xy alone may contain as many as a million 
black holes. They are the remnants of the largest stars our galaxy has ever produced. 
Galaxies themseh-es are all thought to ha\·e huge black holes at their centres which 
have been growing since the galaxies were formed. The one at the centre of the 
Milky \'v'ay is about 4 million times the m ass of the Sun. 

FIGURE 13.3.14 An image from the Hubble 
Space Telescope of the Crab Nebula, denoted 
MI. The nebula is the remnants of a supernova 
that was visible from Earth in 1054 and was 
bright enough to be seen during the daf. 
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13.3 Review 

f1'l:i:t\ii 
The Sun, like other main+sequence stars, produces 
energy by the fusion of hydrogen nuclei to form 

helium nuclei. 

Calculations based on the mass and energy 

output of the Sun showed that the amount of 
energy being produced for each atom in the Sun 
was around a hundred million times greater than 
the energy produced by each atom in chemical 

reactions. This can be explained by mass-energy 
equivalence and can be found by Einstein's 
equation E = mc2-. 
Most stars begin their lives on the main sequence 
of the H-R diagram, eventually become giants and 
then move downwards to become dwarl stars. 

As stars age, the products of nuclear fusion within 

■ :◄D·\114ii(l)iti 
1 Why can the nuclear reactions involving hydrogen in 

the Sun produce so much more energy than hydrogen 
burning in oxygen on the Earth? 

2 A star is losing mass at the rate of 6 x 109 kgs· 1• How 
much energy is being produced per second in total 
radiation if this is the case? (Use c = 3.0 x 108ms· 1.) 

3 What is the order of stellar evolution for most stars? 

4 The equation for the fusion of two isotopes of 
hydrogen (deuterium and tritium) is shown below. 

fH + fH ➔ ;He+ ~H 
Explain why energy is released during this process. 
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the star change. Young stars fuse hydrogen to 
form helium through the proton-proton (PP) chain 

or carbon-nitrogen-oxygen (CNO) cycle. As stars 
age they produce increasingly heavy elements. 
For example, reel giants fuse helium into carbon 
throuR;h the triple alpha process. Once sil icon 
starts to be fused to produce iron, further nuclear 
fusion reactions would require a net input of 
energy and thus do not occur. The star begins to 
collapse under gravitational forces. 

Some very large stars end their lives as 
supernovae, which create the heavier elements, 
allowing the creation of new stars, planets and l ife 

itself. 

Some massive stars collapse to form super--dense 
neutron stars, pulsars and black holes. 

5 Near the end of their lives, some stars, with masses 
less than 8Mo, shed some of their mass as a series of 
shells of gas. What are these shells of gas called? 

6 The most likely scenario for the end of the Sun once it 
has exhausted its fuel supply is to finish as what kind 
of astronomical object? 

7 Describe the forces that are balanced in the Sun in its 
current state of hydrostatic equilibrium. 

8 Explain how the nucleus of a carbon atom can be 
converted during a fusion reaction into the nucleus of 
a nitrogen atom. 



Chapter review 

! KEY TERMS I 
absolute magnitude 

annihilate 
antimatter 
big bang theory 
black hole 
fusion 
giant 

I REVIEW QUESTIONS I 

Hertzsprung-Russell 
diagram 

Hubble constant 
Hubble's law 
hydrostatic equilibrium 
inflation 
intrinsic brightness 
luminosity 

1 Describe the evidence that Hubble fou nd to support 
the idea of an expanding universe. 

2 Name the process responsible for the initial formation 
of matter from energy after the big bang and the stage 
in the evolution of the universe characterised by rapid 
expansion. 

3 Sketch a graph showing Hubble's law and write an 
expression illustrating how the slope is related to 
Hubble's law. 

4 What evidence 1s there that the big bang theory 
correctly describes the origin of the simplest elements 
on the periodic table? 

5 Explain how an expanding universe implies there was 
a hot dense beginning for the universe-what we now 
refer to as the big bang. 

6 Describe the effect a larger Hubble constant would 
have on our estimate of the age of the universe. 

7 Name the radiation that was predicted and 
subsequently observed that is strong evidence 
supporting the big bang theory. 

8 Which characteristics of a star can you directly 
determine from its spectrum? 

9 As the stars are so far away, how can scientists be so 
sure that they are not made of totally new elements 
never seen before on Earth? 

10 Referring to Figure 13.2.3 on page 357, order the 
following stars from smallest to largest 

Betelgeuse 
Arcturus 

Rigel 

Polaris 

11 Justify the presence of strong absorption lines from 
molecules 1n the spectrum of a star classified as 

spectral type M. 

main sequence 

neutron star 
nucleosynthes,s 
pair production 

parallax movement 
photosphere 
planetary nebula 
protostar 

pulsar 
quark 
steady state theory 
supernova 
white dwarf 

12 Below is a representation of the Hertzsprung-Russell 
(H-R) diagram in which stars are grouped by 
luminosity and temperature. Identify the types of stars 
shown by the labels a-d on the diagram. 

13 Rigel is a blue superg1ant star located in the middle
top of the H-R diagram. Based on this information, 
describe briefly, in Point form, the main stages of its 
expected li fe cycle. 

14 In terms of the H-R diagram, where are stars 'born'? 

15 The Sun is an 'average' star. In what sense is this 
statement true in regard to the H-R diagram, and in 
what sense is it not true? 

16 A star is losing mass at the rate of 4 x I 09 kgs- 1• How 

much energy is being produced per second in total 
radiation? 

17 Compare the main fusion reactions that occur in main
sequence and red giant stars. 

18 Explain how stars are responsible for forming most of 

the elements on the penochc table. 
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19 Assess the big bang theory's accuracy in explaining 
the origin of the elements using examples of available 
evidence. 

20 In relation to the formulation of the big bang theory, 
what role does experimental evidence and observation 
play in the scientific method? 

21 Describe the change within the interior of a star that 
marks the end of i ts main-sequence life. 

22 Compare neutron stars to black holes. 

23 After completing the activity on page 342, reflect on 
the inquiry question: What evidence is there for the 
origins of the elements? 
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In this chapter you will develop an understanding of the theoretical models and 

experimental studies that explored and explained the nature of the atom. The 
chapter follows the development of the concept of the atom from a single, hard, 

indivisible component of matter to a mcx:tel of a nucleus coml)OSed of protons and 
neutrons surrounded by a cloud of electrons. 

Content 

WH111·11·11if111·1~1 
How is it known that atoms are made up of protons, neutrons 
and electrons? 
By the end of this chapter you will be able to: 

• investigate, assess and model the experimental evidence supporting the existence 

and properties of the electron. including: 
- early experiments examining the nature of cathode rays 

- Thomson's charge-to-mass experiment 
- Millikan's oil-drop experiment (ACSPH026) 

• investigate, assess and mcx:tel the experimental evidence supporting the nuclear 
mcx:tel of the atom, including: 

- the Geiger~arsden experiment 
- Rutherford's atomic model 
- Chadwick's discovery of the neutron (ACSPH026). 



14.1 The electron 

141141[4il:i•l1lli\l 
Chilled atoms 

'] 

How is it known that atoms are made up of 
protons, neutrons and electrons? 

COLLECT THIS ..• 

large mixing bowl 

two half-spherical jelly moulds or other container to set 

the models in 

clear gelatine 

shiny metal beads that reflect light 

hundreds and thousands 

laser pointer 

white paper 

DD THIS ... 

1 Choose an element to make. Research the number of 

protons, neutrons and electrons in the element In this 

model the electrons will be rep resented by hundreds 
and thousands, and the protons will be represented by 

metal beads. Count out two lots of electrons and one 
lot of protons in preparation for making two models of 

the element. 

2 Mix gelatine according to the directions on the container. 

Place the gelatine in the refrigerator until it is half set Oil 
the sides of the moulds. 

3 Create a plum pudding atomic model by pouring half of 

the gelatine into one of the moulds and stirring in the 
hundreds and thousands to represent electrons. Place in 

the fridge to finish setting. To unmould, heat the outside 

of the mould with a warm wet towel or by placing the 
mould in warm water. Upturn the mould onto a plate. 

4 Create a Rutherford atomic model by pouring some 
gelatine into the other mould until it is half full. Gently 
place the beads into the centre of the mould. Pour the 

remaining gelatine in carefully to cover the beads. Place 

in the fridge to finish setting. Turn out onto a plate. 
When the edge is still soft. gently press the hundreds 

and thousands into the side. 

5 Set up the gelatine models of the atom with white 
paper behind to be a detection screen. Shine the laser 

into each model along different paths and record the 

path of the l ight. Only Class 1 and Class 2 laser pointers 
are permitted in schools. Discuss with your teacher any 

safety precautions around using lasers. 

RECORD THIS ..• 

Describe how observing the beam path can provide 

evidence of atomic structure. 

Present your models and observations, highlighting the 

d ifferent results between the two models. 

REFLECT ON THIS ... 

How is it known that atoms are made up of protons, 

neutrons and electrons? 

What knowledge of the atom was needed before the 

evidence from the Geiger-Marsden experiment was able to 
be interpreted? 

What does the gelatine represent in each of the models? 

From observations of lightning to the temporary electric charges created by rubbing 
certain substances together, electrical phenomena have been studied for many 
years. During 1874, the Irish physicist George Stoney estimated the unit charge 
of electricity from the application of Faraday's laws, and later named the •atom of 
electricity' the elec tro n (from the electric ion) . At the time it was unclear if there 
were both positive and negative charges to carry electricity, and if these charges could 
be separated fro m atoms. Two key discoveries from the Cavendish Laboratoq, of 
Cambridge Uni,·ersity helped to further our understanding of electrons and atomic 
structure. 

Prior to these discoveries, the atom was thought to be indivisible, known as 
the solid-ball model. ln fact the word atom comes from the Greek word acomos, 
which means indivisible. These new discoveries showed that atoms were actually 
composed of smaller components. 

CATHODE RAYS 
A cathode ray tube (Figure 14. 1.1) is a sealed glass tube from which most of the 
air has been evacuated, with two electrodes inside arranged as an electron gun 
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(Figure 14.1.2). Electrons are released from a negative terminal, o r cathode , in a 
vacuum, and accelerated across a potential difference towards a positive terminal, 
or anode. 

ln Chapter 5 it was shown how a charged particle will act within an electric I GO TO ► I Section S. I page 147 
potential. A negative charge will move towards a positi\·e plate, while a positive 
charge will move towards a negative p late (Figure 14. 1.3) . 

ln 1897 Joseph John Q. j.) Thomson was studying electric discharges from 
cathode ray tubes. T homson found that the rube glowed more when the gas was at 
a lower pressure. This showed that something was exciting the gas. \'(/hen the tube 
was painted with phospho rescent paint, the paint opposite the negatively charged 
cathode sparked and glowed. 

Thomson placed two electrically charged plates above and below the cathode ray 
rube, and the cathode ray deflected towards the positively charged plate, indicating 
the beam was negatively charged. He also changed the material o f the cathode, and 
the same beam emerged. Tho mson concluded that the beam was composed of a 
stream of negatively charged particles, but he could not be certain if these were 
charged molecules, atoms, o r something smaller. 

FIGURE 14.1.1 A calhode ray tube. formed from a glass ball with a low-pressure gas. (a) The electron 
gun produces a beam, visible as it ionises the gas which emits photons. The beam excites the 
phosphor. (b) When a magnetic field is applied, the cathode ray deviates at some angle. 

accelerating plates 
+ 

f :- i: ---1 

filament e- -----.. F 

~;~~::; : ~ 

I lf---L-------"-----11--1P 
FIGURE 14.1.2 An electron gun. The negatively charged heater circuit emits electrons, which 
accelerate towards the aoode. The etectrons emerge through the gap in the anode. 

CHARGE-TO-MASS RATIO 
In 1897, Thomson demonstrated that cathode ray particles are fundamental 
constituen ts o f every atom .To indicate their impor tance, cathode rays were renamed 
electrons. 

I + + + + + + + I 

ii f E 

I - - - - - - - I 
FIGURE 14.1.3 The direction of the electric field 
E indicates the direction in which a force would 
act on a positive charge. The positive charge 
is attracted to the negative plate; the negative 
charge is attracted to the positive plate. 
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11tomson 's experiment was to try to measure the mass of the particle 
(Figure 14.1.4). He could not directly measure its mass or charge, but the degree of 
deflection of the beam would reyeal the ratio of the charge of the particle to its mass, 
e/m. (In this case the charge is represented bye, as the charge o f the electron, rather 
than the usual symbol for charge q.) 

magnetic 
deflection coils 

fluorescent screen 

cathode rays 
deflected up 
by electric fi•:r· 
7 

cathode rays 
undeflected 

flGUAE 14.1.4 Thomson's apparatus for finding the charge-to-mass ratio for cathode rays. Thomson 
used an e4ectroo gun and cathode ray tube to measure the degree of deflection of the beam. 

The experiment was performed in two stages. At first the forces on a beam of 
electrons were balanced using an electric and a magnetic field, as shown by the 
central doned line striking the fluorescent screen in Figure 14. 1.4. This enabled 
Thomson to find the speed of the electrons. Then the magnetic field was switdted 
off, and the beam was deflected under the influence of the electric field alone, as 
shown by the upper doned line in Figure 14.1 .4. The deflection of the beam was 
measured, allowing ~lnomson to find the charge-to-mass ratio for the cathode rays. 
Thomson repeated the experiment with a variety of different cathodes to show that 
all cathode rays yielded the same value. His resu lt produced a value for the ratio of 
about 1 x 1011 Ckg-1; theaccepted value tcxlay is 1.76 x 1011 CI<g-1• 

~lltis was astonishing. ln the previous year the German physicist Emil \X'iechert 
had measured the e/m ratio for charged hydrogen atoms (what we would now call 
H+ or a proto n), and Thomson's result for the ratio of the cathode particles was 
more than one thousand rimes larger. Either cathode rays carried an enormous 
charge or they were , ·ery light compared to their charge. 

MOTION OF PARTICLES IN FIELDS 
ln Chapter 5, the motion of charged particles in electric and magnetic fields 
was analysed. The following equations were deri,·ed, which are also useful when 
investigating Tho mson 's charge-to-mass experiment. 

0 The force on a charge in an electric field: f = qf 
The electric field strength between two charged plates a distance d apart: E = ~ 
The final velocity of a charge accelerated from rest through an electric field is 
given by the electron-gun equation: K = ½mv2 = qV 

The force on a charge moving within a magnetic field: f = qvB sin8 

If a moving charge experiences a force o f constanl magnitude that remains at 
right angles to its motion, it will experience circular motion. Thus, the electrons will 
follow a curved path of radius r. in this case, the net force acting o n the charge is 
given by Newto n's second law: ~ = mii. This is equivalent to the magnetic force 
on the charge, so that 

qvB = ma 

~lli.e acceleration in this situation is centripetal (towards the centre o f the 
circular path) a nd has the magnitude 

378 MOOULE 8 I FROM THE l.,t,llVERSETO HE ATOM 



Substituting this relationship into the pre,ious equation and rearranging gi\"es 
an expression that predicts the radius of the path of an electron tra,·elling at right 
angles to a constant magnetic field. rlnis relationship can be used to calculate the 
radius of the path followed by a charged particle tra,·elling at right angles to any 
magnetic field. 

0 A charged particle moving in a magnetic field turns with a radius, ,, given by: 

r =~ 

where 

, is the radius of the path (m) 

mis the rest mass of the partide (kg; for an electron m.= 9.109 x lo-31kg) 

vis the speed of the charge (ms-1) 

q is the charge on the particle (C; for an electron q. = - 1.602 x l 0-19C) 

8 is the strenglh of the magnetic field 11) 

Worked example 14.1.1 

MOTION OF A CHARGED PARTICLE 

A 500.0V electrical field is appl ied to an electron that is initially at rest. 

a Calculate the final speed of the electron. 

Thinking 

Write out the information relevant to 
the final velocity. Note that the particle 
starts at rest. so its initial velocity 
is zero. 

Working 

q: J.602 X 10-19C 

V= 500.0V 

m: 9.109 X lQ-31 kg 

u = Oms-1 

v=? 

Select the equation that best fits the ½mv2 = qV 
information you have. 

~~a;ange, substitute values and solve v = ~ 

---

: /~~x~l~.002~"1~0-~"'x~SOO~ 

i 9.109xtc?1 

= l.326x 107 ms- 1 

b The electron enters a magnetic field of 30.0mT and moves in a curved path. 
Calculate the radius of curvature of the electron's path. 

Thinking I Working 

Write out the information relevant to q: 1.602 X 10-19C 
the final radius. B = 30.0mT = 0.030T 

m: 9.109 X lQ-31 kg 

V= l.33x 107 m s-1 

Select the equation that best fits the r = !!!! 
information you have. .. 
Substitute values and solve for r. r = 9.109xl041 xl..326xH>7 

1.602xl0-1
' x0D30 

=0.00251 
: 2.51 X lQ-lm 

0 It is assumed here that the 
electrons are not travelling at 
relativistic speeds. The effects 
of relativity on the motion of 
particles are dtscussed in greater 
detail in Chapter 12. 
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PHYSICSFILE 

Water-drop experiment 
Before Millikan's oil-drop experiment, 
physicist J. J. Thomson had completed 
a similar investigation instead using 
water droplets. 

Water is a more volatile substance than 
oil, i.e. it evaporates more easily, so 
that the mass and size of the droplets 

change rapidly. In order to improve on 
the accuracy of the results, the mass 
of the droplets needed to be measured 
to a high degree of precision, so water 
was replaced with oil. 

ncuRE 14.1.6 (a) The archaic dessert, the 
plum pudding (b) Thomson's atomic model 
Discrete elections are distributed in a diffuse. 
positively charged space. This model met 'ffllh 
the observations, although the nature of the 
positive-charged part of the atom remained 
poorly defined. 

Worked example: Try yourself 14.1.1 

MOTION OF A CHARGED PARTICLE 

The Australian synchrotron accelerates electrons using an electron gun at 90kV. 

a Calculate the final velocity of the electrons. 

b The electrons enter a circular storage ring with a magnetic field of strength 
30 µT. Calculate the radius of curvature of the electrons' path. 

THE OIL-DROP EXPERIMENT 
ln 1909 ::tl the U niversity of Chic3go, Robert i\•lillik.:m and h is student Harvey 

Aetcher created the oil-drop experiment to measure the charge o n the electron. 
A spray of oil drops was introduced between two metal plates (Figure 14. 1.5). 

\Vhen an electrical potential was applied to the metal plates, charged drops became 
suspended between them .10 do this, the drop must have been in equilibrium-the 
magnitude of the upward force (due to the electrostatic force experienced by the 
charge in the electrical field) balanced the d ownward force (due to gravity). This 
gives the equation qE:;;: mg. 

Some drops would become inadvertently charged due to friction from the 
oil spray device. By varying the degree of ionisation or irrad iating the air with 
X-rays to induce mo re ionisation, the drops could be charged to higher lnels, 
and therefore a weaker electrical field would be needed to suspend the same 
sized d rop. 

Howe\·er, Millikan found that the charge on a drop was always a multiple of 
1.6 x I 0-19 C. This showed the smallest unit of charge must be equal to the charge of 
a single electro n. (The modern value of the charge on the electron is - 1.602 x I0-19C, 
less than a I% difference from t\4illikan's calculation). 

°c51~;;~y 
0-+n•rJ-id ~ microscope( ,. 

several thousand[ '\ 
voles -= uniform electric field 

nGuRE 14.1.5 Schematic of Millikan's experiment. As the charged drops enter the electric field. the 
upward electrostatic force balances out the downward weight force due to gravity. 

Physicists were now able to combine the experimental result for the charge on 
an electron with its charge-to-mass ratio so that its mass could be calculated and is 
now known to be me= 9.109 x 10-31 kg. 

AN ATOMIC MODEL 
Thomson also knew that atoms were electrically neutral, and therefore there 
shou ld also be a positively charged component within atom s to balance out 
the negati\'e charge from electrons. In 1904 he proposed an a tomic model to 
address this idea. It consisted of a diffuse ball of positive charges with negatively 
charged par ticles floating within, and T homson named it the plum pudding 
model (Figure 14.1.6) . 

In the same year, Hamara Nagaoka at the University ofT'okyo proposed the 
Saturnian model in which the negati\·e charged particles orbited around the outsid e 
of a positi\·ely charged centre, like the rings around the planet Saturn. 
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The Cavendish Laboratory 

The Cavendish Laboratory was a key institution for early 
research in atomic physics. The Cavendish Latx>ratory is a 
part of the University of Cambridge, and opened in 1874. 
Cambridge is a collegiate university, effectively an alliance 

of teaching and research institutions. 

Up until the earty 19th century, physics was mainly 
theoretical and was regarded as the province of 

mathematicians. The rise of an industrial society meant 
there was a need for a focal point for training scientists and 
engineers in experimental physics, rather than research by 

individuals or small collaborations. 

James Clerk Maxwell, of electromagnetism fame, was 

the university's first Cavendish Professor of Experimental 
Physics. He was succeeded in 1879 by John Strutt, Lord 

Rayleigh, then the long tenure of Thomson (Figure 14.l.7a) 

from 1884 to 1919. The early years of the Cavendish 
produced a number of the next generation of researchers, 

such as Ernest Rutherford (Figure 14.l.7b; atomic 
structure) and Charles Wilson (the cloud chamber). The 

Australian William Bragg (X-ray crystallography) succeeded 
Rutherford as director, and during Bragg's directorship 

Francis Crick and James Watson determined the structure 
of ONA. 

Known d iscoveries from Cavendish include the electron 
(1897). nuclear disontegrat,on (1900), X-ray diffraction 

(1912). chemical isotopes ( 1920). the ionsphere 

(1924), electron diffraction (1927). the neutron (19321 
superfluidity (1937). ONA structure (1953), haemoglobin 
structure (1959), neutron stars (1968), polymer LEDs 

(1990), and more. Practical companies and devices spun 

out of the Cavendish include early television and radio 
manufacturers (1920s), aircraft glues (1938) and CT 

scanners (1956). There are few better examples for the 
benefit of 'blue sky' research to bring a range of often 

unexpected practical outcomes than the Cavendish. 

Of course the Cavendish was not the only group in early 

atomic research. The universities of Manchester (UK), 
G6ttingen and M0nchen and the Kaiser Wilhelm Institute 

(now the Max Planck Institute) in Berlin (Germany), 

and the universities of Paris (France). Chicago (USA) 
and Copenhagen (Denmark), and~ater into the l 93Os 

following the flight of many scientists from Europe
Cornell, Caltech and Princeton (USA) all included 

researchers who made s1gn1ficant contributions. At these 
handful of institutions scientists with the most advanced 

thinking couk:t easily share their Ideas and collaborate. 

FIGURE 14.1.7 (a) Thomson and (b) Ruthertord. two leade<s on early SludteS of the atom and two 
directors of the Cavendish Laboratory. 
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14.1 Review 

f1'l:i:t\ii 
A cathode ray tube creates a negatively charged 
beam, whose component electrons have a kinetic 

energy and velocity described by the electron•gun 

equation, K = ½mv2 = qV. 

Charged particles in a magnetic field move in a 
circular path described by r=~-

Thomson demonstrated an atom is composed of 

negatively and posi tively charged components, 

and that the negatively charged component is 
substantially lighter in mass than the positively 
charged component. 

■:i41·11i¥UH:~i 
To answer thes.e questions use qe = -1.602 x J0-19 C and 
me = 1.109 x Jo-31 kg. 

1 An electron-gun assembly emits electrons with 
energies of 10.0keV. 

a Calculate the magnitude of the predicted exit 
velocity of the electrons. (Ignore any effects of 
relativity.) 

b Upon exiting the electron-gun assembly, the 
electrons enter a uniform magnetic field of l.50mT 
oriented perpendicular to their motion. Galculate 
the predicted radius of the electron beam. 

2 A muon, a particle of mass 1.88 x 1 Q-28 kg and the 
same charge as an electron, encounters the same 
10.0kV accelerating voltage and l .50mT magnetic 
field as in Question 1. What is its exit velocity and the 
radius of curvature of its path? 
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Millikan's oil♦drop experiment quantified the 
charge on the electron as - 1.602 x 10-19C. This 

led to the calculation of the magnitude of the 
positive charge (i.e. the charge of a proton) and 
the mass of the electron. 

The mass of an electron. m.,, is 1.109 x lD-31 kg. 

3 An earlier version of Millikan's oil♦drop experiment 
used water, which is a more volatile substance. Why 
does this make it less preferable than oil for this 
experiment? 

4 Research online or in other appropriate sources in 
order to complete the following table. 

Atomic model I Description 

solid-ball model 

plum pudding model 

nuclear model 

planetary model 



14.2 Nuclear model of the atom 
After New Zcalandcr Ernest Rutherford ,;sited the Cavendish Laboratory and 
contributed to 111omson's research on the electron, his research focus shifted to 
radioactivity. Hjs work on radioacti\lity was to win him the Nobel Prize in Chemistry 
in 1908. 

GOLD FOIL EXPERIMENT 
Rutherford had found earlier that alpha p articles Oater found to be composed of 
two protons and two neutrons) were produced from the decay of many radioacth·e 
isotopes. and could be de.fleeted in electric and magnetic fields. Rutherford 
conducted an experiment where he measured this deflection by finding the final 
positions of the alpha particles on a piece of photographic film. lf the aJpha particles 
first passed through a thin slice of mica (a mineral), they were deflected and the 
images on the photographic film were blurred. 

·rhis result made sense from Thomson's plum pudding model. If a fast-moving 
alpha particle collided with an atom in the mica slice, it would be affected only by 
the atom's electrical field. As the alpha particle was much heavier than an electron 
and moving rapidly, the particle wouJd be scattered (deflected) by a small amount, 
enough to blur the image. 

Rutherford's associate Hans Geiger impro\"ed this experiment by replacing the 
mica slice with gold foil (Figure 14.2. 1). Because gold could be beaten into a film 
comprising only 400 atoms in \\idth, the experiment would produce a larger angle 
of deflection. Geiger also added a fluorescent screen to detect the particles. \'(/hen a 
particle hit the scrttn it ga\"e a tiny flash of light, so that these experiments needed 
to be conducted in the dark. Geiger next de,·eloped a de,'lce that com·erted the 
radiation into an electrical signal, which meant the experiment could be done under 
normal light. In any event most of the alpha particles were scaner«I by Jess than 2°. 

ln 1909 Geiger and his student Ernest Marsden explored the idea of looking for 
aJpha particles scattered at large angles. Rutherford didn't think it lik.dy that there 
would be any scanering; in science a negatfre result can be just as helpful to test 
a theory. After just a few days Geiger and .t\'1arsd.en found evidence of large•angle 
scattering, with some particles bouncing back nearly to the source! About one in 
10000 particles were found to ha,·e an angle of deflectio n greater than 90°. 

RUTHERFORD'S ATOMIC MODEL 
The gold foil experiment made sense if the mass and electric charge were 
concentrated in the centre of the atom, known as an ato mic nucleu s. Ruthe.rford 
proposed an atomic model of a charged nucleus surrounded by a cloud of electrons. 
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The Geiger-MUiier counter 
In 1928, some 20 years after the nuclei experiments, Geiger and 
his student Walther MOiier improved on Geiger's original idea 
to measure radioactivity, and developed the Geiger-MUiier tube 
(G-M tube), known commonly today as the Geiger counter and 
the principle tool to measure radioactivity. 

A Geiger counter consists of a Geiger-MOiier tube filled with argon 
gas, as shown in Figure 14.2.2. 
A volt.1ge of .1hn11t 400V i~ m::1inf;1ine'1 hfl'tween thP. pn~itively 

charged central electrode and the negatively charged 
aluminium tube. When radiation enters the tube through the 
thin mica window, the argon gas becomes ionised and releases 
electrons. These electrons are attracted towards the central 
electrode and ionise more argon atoms along the way. For 
an instant, the gas between the electrodes becomes ionised 
enough to conduct a pulse of current between the electrodes. 

This pulse is registered as a count. The counter is often 
connected to a small loudspeaker so that the count is heard 
as a 'click'. 

chin mica posicively charged 
window electrode 

~/- IJ p: 
argon negatively charged 
gas aluminium tube 

FIGURE 14.2.2 A schematic diagram of a Geiger counter used for 
detecting ionising radiation. 

Accompanying the model, Rutherford de\·eloped an equation to predict the 
scattering angles, which was supported by funher experimental testing by Geiger and 
Marsden (Figure 14.2.3). Using differem metals, they showed that the abilil)• of the 
nucleus to block the alpha particle was not greatly affected by the atomic mass. ~Ibey 
had found that the nucleus occupied less than I fr14 m; that is, the atom was mostly 
empty space.1bis is what enables the alpha particles to pass through the foil undetected. 

By 1913 the scattering experiments also demonstrated that the nucleus was 
positively charged. None of these observations matched the Thomson model, and 
the plum pudding mcxtel could then be rejected . 

{a) {C) 

(b) 

alpha part.Kie 
source 

/ \ . \ • • • -+-------.J_ 
.. 8 . 

FIGURE 14.2.3 Explaining the Geiger-Marsden experiment. (a) In Thomson's atomic model the alpha 
partides travel through the atom. affected only weakly by electrical forces. and (b) only low angle 
scattering is possible. (c) In Rutherford's atomic model most alpha particles travel through the atom. 
but some impact the nudeus and scatter, (d) which is observed in the gold foil experiment. 
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All scientific models reflect the evidence available at the time, and Rutherford's 
atomic model was no exception. \Xfhile the model explained scattering and the 
location of the protons, it did not address what sto ps the negati,·ely charged electrons 
from combining with the positively charged nucleus. The model assumes that the 
electrons orbit the nucleus, like planets around the Sun. Newtonian mechanics 
requires that as the electrons would lose energy they would eventually spiral into 
the nucleus. The energy that the electrons emit should be detectable as a continual 
outflow of electromagnetic radiation. The model could also not explain the atomic 
absorption and emission spectra. The answer to these wo uld come with Niels Bohr's 
atomic model, discussed in greater detail in Chapter I 5. 

DISCOVERY OF THE NEUTRON 
Rutherford had recognised another problem with the nuclear model. lf the nucleus 
contains positively charged prot0ns, electrical repulsion should not allow stable 
atomic nuclei. \'Vhile collaborating with Niels Bohr during the early 1920s, he 
developed two hypotheses to explain this. The first hypothesis was that an uncharged 
particle must be exerting an attractfre force within the nucleus to bind the pro tons. 
He dubbed this theoretical particle the •ne utron ' .11le second hypothesis was that 
there existed electrons constrained in the atomic nucleus, ' nuclear electrons', to 
shield and reduce the electrical repulsion between the protons. How electrons could 
enter the nucleus wo uld need to be explained. Howe,·er, during some radioactive 
processes, electrons were known to be emitted, meaning the nuclear electron 
hypothesis was the stronger choice. 

Further developments in quantum theory provided several objections to the 
nuclear electron hypothesis. The ideas of wave-particle duality implied that electrons 
could not be constrained to a space as small as an atomic nucleus without requiring 
impossibly high energy barriers. \'('ave-particle duality will be discussed in greater 
detail in Chapter 15. 

ln 1931, \'Valther Bothe and Herbert Becker in Berlin obsen·ed that when light 
elements such as lithium, beryllium and boron were bombarded by alpha particles, 
a new kind of radiation emerged. 11lis radiatio n was unusually penetrating and 
was unaffected by an electric field. The assumption was that the emissions were 
gamma rays. In the next year, Irene Joliot-Curie and Frederic Jolio t in Paris used 
alpha particles from a polonium source on hydrocarbons, such as paraffin wax, to 
generate Bothe's radiation, and found that the new radiation caused high-energy 
protons to be ejected with energies o f 5.3 MeV. They captured photographic 
evidence for the proton ejection, but unfortunately did not interpret the data 
correctly (Figure 14.2.4). 

James C hadwick, one of Rutherford 's former students and then his collaborator 
at the Cavendish Laboratory, investigated collisions between alpha particles and 
the element beryllium. llle principle of conservation of momentum was used to 
interpret the data from the C urie--Joliot experiments. 

Chadwick had studied gamma rays as a student and knew that protons were too 
heavy to be dislodged by gamma rays. He calculated that the radiation consisted of 
particles ,vith a mass close to the proton's mass, but without an electric charge
the neutron. Subsequent investigations confirmed his experiments. \'Vith no electric 
charge the neutron could not be investigated through the interactions of charged 
particles with electric fields. 

\'Vith Chadwick's announcement, models for atomic nuclei composed of p rotons 
and neutrons soon followed. Proposed models included arranging the protons and 
neutrons packed in together in the nucleus like in Figure 14.2.5; or a shell model, in 
which the par ticles are arranged ,vithin the atomic nucleus in a specific order akin 
to the defined arrangements of electrons around an atomic nucleus. 

I GO TO ► I Section 15.1 page 392 

FIGURE 14.2.4 The experiment and firsl 
photographic evidence fOf the existence of 
the neutron, taken by Irene Joliot.Curieand 
Frederic Joliot. 

FIGURE 14.2.5 From Chadwick's discoYery, the 
model of the atomic nucleus now included both 
protons and neutrons 
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Neutron decay 
In 1934 Enrico Fermi finally excluded the nuclear electron hypothesis. He explained 
that the beta particles observed from radioactive processes were from the radioactive 
decay of a neutron. Theory suggested that a neutron would decay into a positively 
charged proton, a negatively charged electron, sometimes gamma radiation, and 
a then-theoretical particle (called the neutrino) to preserve energy and momentum 
considerations; experimental proof of the idea took another 20 years. 

I PHYSICS IN ACTION I 
Uses of the neutron 

Neutrons are very penetrating because they are uncharged, and they can be 
fired into an atomic nucleus without being repelled. 

A neutron can even be absorbed by an atomic nucleus. If sufficient 
neutrons enter a nucleus, the nucleus can become destabilised and 
fission (split), in a process known as atomic fission. When the nucleus 
fissions, energy is released. If at least one neutron is released, a second 
fission reaction may be triggered. This is the basis for nuclear reactors. If a 
substantial number of free neutrons are produced, these neutrons can be 
used for other purposes. Uses of neutrons include the following: 

Neutron diffraction to probe the structure and arrangements in materials, 
much like X-ray d iffraction. Neutron diffraction studies provide similar 
structural information from X-ray diffraction; however, lighter atoms like 
hydrogen that are invisible to X-ray scattering can be detected. 

Neutron spectroscopy to probe nuclear vibrations. 

Neutron chemical analysis to detect elements in a sample. Neutron 
activation analysis characterises the atomic nucleus and ignores the 
chemical nature of an element (bonding, material state). No sample 
preparation is needed, and it is useful in 'messy' industrial, geological or 
forensic samples. 

Neutrons in medicine provide more energy to a focused area than 
electromagnetic radiation treatments for cancers. A beam of low-
energy neutrons can also be used once a patient has been treated with 
boron-10-----the boron captures the neutrons and decays to lithium-7 with 
the production of an alpha particle with enough energy to kill the cancer. 

There are. of course, limits to the use of neutrons. The production of 
neutrons generally requires a nuclear reactor. In Australia the OPAL research 
reactor at ANSTO remains the only source of research neutrons. Neutron 
irradiation has a tendency to render the samples somewhat radioactive if 
certain less-stable elements are present. 
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Discovery of the positron 

Following the discovery of cosmic rays-high-energy 
protons and atomic nuclei-in the 1930s, a young 
physicist called Carl Anderson built an improved version of 
the cloud chamber that was being used by researchers to 
study the tracks of ionising radiation like cosmic rays. By 
placing his cloud chamber in a magnetic field, Anderson 
photographed the curved path of charged ionising 

particles (like protons and electrons) that were created by 
bombarding cosmic rays. 

Perhaps due to the improvements he had made to the 
design and the composition of the vapour, Anderson could 
collect very clear photographic evidence (Figure 14.2.6). 
In one of his photos, Anderson noticed that one particle, 
with the same mass as an electron, curved in the opposite 
direction to what was expected due to the direction of the 
magnetic field i t was passing through. 

After further refinements of his experiment to exclude 
the possibility that the particle was a proton, Anderson 
and his colleagues concluded that it was indeed a 
positively charged equivalent of an electron. They dubbed 
it the positron. The antimatter positrons that Anderson 
discovered were created when a cosmic ray spontaneously 

14.2 Review 

fi'l:i:t\ii 
The Geiger-Marsden scattering experiment 
showed that the mass of an atom is not 
distributed throughout the space occupied by the 
atom but is rather constrained to the nucleus. 

Rutherford proposed a nuclear model of the atom 
to replace Thomson's plum pudding model. 

l:◄ii·UJfiit·i:ti 
1 Predict the paths that would be taken by alpha 

particles that were fired at atoms with a Thomson's 
plum pudding model structure. Explain why you would 
expect the alpha particles to take these paths. 

2 If alpha particles of higher energy than those in 
Question 1 are fired at plum pudding atoms, predict 
how their paths will differ from the lower-energy alpha 
particle paths. 

created an electron-positron pair. For this discovery, 
Anderson was awarded the 1936 Nobel Prize in Physics 
at the age of just 31. 

FIGURE 14.2.6 The first photographic evidence for the existence of the 
positron, taken by Carl Anderson. The particle is known to be positive 
because of the direction of the curve. and the radius of the curve 
shows that its mass is the same as that of an electron. 

Rutherford's nuclear model d id not explain 
electron arrangement or how positive charges in 
the nucleus did not mutually repel. 

Chadwick used conservation of momentum 
to interpret experimental results to discover 
the neutron. 

3 The Geiger-Marsden experiment determined that the 
nucleus has a radius of less than 10-14m. Why could 
the experiment determine a maximum size and not an 
actual size of the nucleus? 

4 Which has a greater mass: a neutron or a proton? 
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Chapter review 

I KEY TERMS I 
alpha particles 
anode 
atomic model 

I REVIEW QUESTIONS I 

cathode 
electron 
neutron 

To answer the following ques.tfons, use electron mass 
m, = 9.109 x la-31 kg and charge q, = - 1.602 x 10-19C. 

1 Why are atoms electrically neutral? 

2 In a cathode ray tube the electrons come off the 
cathode and travel towards the anode. Why do the 
electrons not simply stop at the anode? 

3 In a cathode ray tube, what provides the centripetal 
acceleration to change the direction of the electrons in 
the cathode ray? 

4 EJectrons in a cathode ray tube are accelerated through 
a potential difference of 2.5 kV. Calculate the speed at 
which they hrt the screen ol the cathode ,ey tube. 

S Electrons in a cathode ray tube are accelerated 
through a potential difference from a cathode to 
a screen. Calculate the speed at which they hit 
the screen 1f the potent.al difference between the 
electrodes IS 4.5 kV. 

6 a Calculate the force exerted on an electron travelling 
at a speed of 6.4 x 106ms-1 at right angles to a 
uniform magnetic field of strength 9.1 x Io--3T. 

b Calculate the radius of the electron's path. 

7 An electron with a speed of 4.3 x 106ms-1 travels 

through a uniform magnetic field and follows a 
circular path of diameter 8.4 x I 0-2 m. Calculate the 
magnitude of the magnetic field through which the 
electron travels. 

8 In an experiment similar to Thomson's for determining 
the charge-to-mass ratio (e/m) of cathode rays, electrons 
trnvP.I ;<:1t rieht ;<:1ne1P.!,;, thm11eh ;<:1 m;<:1gnAtir. fiP.k1 of 
strength 1.50 x Io-41 Given that they travel in an arc of 
radius 6 cm and that elm= 1.76 x I011 Ckg""1, calculate 
the speed of the electrons. 

9 In the Millikan oil-drop experiment, the magnitude of 

the upward force of electrical attraction is balanced 
by the downward force of gravity, at which qE = mg 
(where q is the charge on an electron, Vis the electric 

potential, E Is the magnitude of the electric field 
strength, m is the mass of the 011 drop and g is the 
magnitude of the accelerabon due to gravity). 

a Denve an expression for the charge in terms of the 
variables d (the distance between the two charged 

platesi m, g and V. 
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nucleus 

proton 

b The mass, m, of an oil drop is d1ff1Cult to measure, 
but its size (radius r) Is nol Given oil of density p, 
express the above expression for q in terms of p. r, 
d, g and V. (Assume the drops of oil are spherical.) 

c Oil droplets, all of density 900kgm..J and radius 

O.SOµm, are injected into an oil-drop experiment 
with plates 5.0cm apart. What difference in 
electrical potential will suspend the droplets 

between the plates? (Assume the droplets all have 
the same charge q.). 

d In Millikan's oil-drop experiment. the charges on the 
drops were not all equal. Calculate the electrtcal 
potential needed to suspend a droplet with a charge 

of 3q .. 

10 Order the work of the followmg scienttsts from earliest 
to latesl 

A Ernest Rutherford 

B Niels Bohr 

C Joseph John Thomson 

11 What did Ernest Rutherford discover about the 
arrangement of mass in an atom? 

12 Of the three common partocles-electrons. protons, 
neutrons-which one could not be explamed by 
Rutherford's atomic model? What was the key evidence? 

13 What might Rutherford have concluded if Geiger and 
Marsden had not detected any backward scattering? 

14 Using the Sydney Cricket Ground as a model for 
an atom, consider a capacity crowd of 51436 fans 
that are either supporting Team Proton or Team 
Electron. If the fans are apportioned according to the 
relative masses of the electron and proton, how many 

'Electron' and 'Proton' fans are there? 

15 While atoms are now known to be divisible, what 

changes to the structure of the atom occur when it 
is divided? 

16 What is the main difference between protons and 
neutrons? 

17 An electron travels through a uniform magnetic field 
of 9.4 x 10""4T and follows a circular path of diameter 
92 x lo-2m. Calculate the tangential velocity of 
the electron. 



18 A muon, a particle of mass 1.88 x l0-28kg and the 
same charge as an electron. is accelerated through 
a 5.00kV potent~I difference before it encounters a 
magnetic field of strength 1.55 m T. What is its velocity 
as 1t enters the magnetic field and its resultant radius 
of curvature? 

19 A proton 'gun' accelerates protons by means of a 
potential difference of 3.5 kV. The protons follow 
a circular arc with a radius of curvature of 5.0cm. 
(ffip c 1.67 X JQ•2'kg. Qp l,6Q X JO• l9 C). 
a Find the speed at which the protons enter the 

cyclotron. 
b Determine the strength of the magnetic field in 

the cyclotron. 

20 After completing the activity on page 376, reflect on 
the inquiry question: How Is It known that atoms are 
made up of protons. neutrons and electrons? 
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The nuclear model of the atom suggested that a positive nucleus was surrounded 
by electrons. This work was pioneered by Thomson and Rutherford. Through further 
studies and investigations, Bohr, de Broglie and Schrodinger showed that a better 

method for understanding the structure of the atom was throuih utilisine quantum 
mechanics. 

Content 

WH111·11·11ifiii•I:■ 
How is it known that classical physics cannot explain the 
properties of the atom? 
By the end of this chapter you will be able to: 

• assess the limitations of the Rutherford and Bohr atomic models 
• investigate the line emission spectra to examine the Balmer series in hydrogen 

(ACSPH l38) 
• relate qualitatively and quantitatively the quantised energy levels of the hydrogen 

atom and the law of conservation of energy to the line emission spectrum of 
hydrogen using: 

• E=hl 

- E=T 
· ½=R[i -¼] (ACSPHl36) 

• investigate de Broglie's matter waves., and the experimental evidence that 
developed the following formula: 

· A=;;;;(ACSPH l40) 

• analyse the contribution of Schrooinger to the current model of the atom. 



15.1 Bohr model 
. -- - -- - --- - -- - -- - - - - --- - -- - ---- - ------ --- -- -- - -- -- - -- ----- -· 
' l!lllllll!ll!!l!!l!~""!Wm ' 14Hfii4iW·\ill;\I m Cll 

Electron probability 
How is it known that classical physics cannot explain the 
properties of the atom? 
COLLECT THIS ... 

marker pen 

• A3 plain paper 

• exercise book or other item to cushion the fall 

DO THIS ... 

1 Draw a circle of radius 1 cm in the centre of the paper. Around this circle 
draw a series of concentric circles with their radii increasing by 1 cm each. 

This will be the target for the activity. 

2 Place the paper on the exercise book. 

3 Stand above the target with your arm outstretched holding the felt t ip 
marker d irectly above the centre circle. 

4 Drop (do not throw) the marker so it lands on the target and makes a mark. 
Repeat to c reate 100 marks. 

5 Count the number of marks in each circle for both drop heights. If a mark 
lands on the border, include it in the ci rcle that most of it sits in. If it is 
exactly on the line, include the mark in the count for the smaller circle. 

RECORD THIS ... 

Describe the d istribution of the position of the marks for both drop heights, 
relating it to the probability of the pen being in that position. 

Present a table of the number of dots per cm3 in each circle. Plot a graph with 
the ring number on the X•axis and the probability on the y•axis. 

REFLECT ON THIS •.. 

How is it known that classical physics cannot explain the properties of the atom? 

How does the two•d imensional area of your probability compare with the 
three--dimensional orbita l of hydrogen? 

What could you do to improve your probability d istribution? 

In the p revious chapter, the Rutherford atomic model was introduced. His nudear 
model of the ato m suggested that electrons surround the nucleus of the atom, and 
that the electrons revolve around the nucleus in circular paths which he named 
orbits. Although Rutherford's model was based on experimen tal observations, it 
failed to explain certain things. 

Rutherford's model p roposed that electrons revoke around the nucleus in 
circular orbits. According to the law of conservation of energy, the orbiting electrons 
should emit energy due to their motion. That energy loss would in rum cause the 
circular orbit to shrink. \~hile Rutherford's model of circular orbits did explain how 
electrons could stay away from the nucleus, the stability of an atom could nor be 
explained. Further I.imitations of Rutherford's model were related to the splitting of 
spectral lines (the Zeeman effect), the existence of faint spectral lines, and the fact 
that the model could only really be accurately applied to single-electron atoms (e.g. 
hydrogen) . For these reasons, a more complex quantum approach was required. 
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EMISSION SPECTRA AND ENERGY LEVELS IN ATOMS 
Toward s the end of the nineteen th cenrury, scientists had devised a variety o f ways 
of making ato ms produce light.1ltese methods included: 

heating substances until they glowed 

applying high voltages to gases in glass tubes causing the gas to glow 
burning salts in gas flames causing the sa1t to produce a bright flash of light. 
\Vhen the light that was em itted from the atoms was analysed using a 

spectroscope, a d istinctive emission spectrum was obsen·ed for each different atom . 
Thus the emission spectrum of an atom became a unique property of the atom . 
See, for exam ple, the two emission spectra in F igure 15.1. 1, which can be used to 
disting uish between sodium a n d m e rcury. 

Recall that white light is actually made up o f an infinite number of d ifferent 
frequencies (or wa,·elengths) of light. If white light from an incandescent light 
globe is passed through a spectroscope, a continuous rainbow o f colours is seen . 
The rainbow will contain all the shades of the visible light spectrum from red to 
violet. T he emission spectra for sodium and mercury in Figure 15 . I . I do not show 
con tinuous rainbows, just some specific colours (frequencies). For many years, 

,., I 

(b) 

I I 
scientists could not explain why atoms emitted only d iscrete frequencies of light nGuRE 1s.1.1 The emission spectra of 
rather than continuous spectra. (a) sodium and {b) mercury. 

ln 191 2, Niels Bohr devised a sophisticated model of electron energy levels for 
the atom. He was later awarded a Nobel Prize in Physics for this work. Energy levels 
can be shown as horizo ntal lines o n a graph. The graph in Figure 15.1.2 shows the 
energy levels for sodium gas. 

ionisation 
5.13 eV 

} many levels 

n = 5 3.75eV 
n =4 ----------------< 3.61 ev 

n =3 ----------------l 3.19 eV 

n=2 ----------------< 2.11 eV 

ground state, n = l ----------------l o eV 

nGURE 1s.1.2 Energy levels in a sodium atom 

Dohr's m ain idea s were as follows. 

T he electron mO\'eS in a circular orbit around the nucleus o f an atom. 

i 
~ 
~ 

~lne force keeping the electron moving in a circle is the electrostatic force of 
attraction (the positi,·e nucleus attracts the negative electron) . 

A nu mber of allowable orbits of different radii exist for each atom and are 
labelled n = I, 2, 3 etc. The electron may occupy only these orb its. 
An electron o rdinarily occupies the lowest energy orbit available. 

An electron can jump to a higher energy le,·el by absorbing some energy. The 
absorbed energy must be exactly equal to the d ifference between the electro n's 
initial and final energy levels. 
Electromagnetic radiation is emitted by an excited ato m when an electron falls 
from a higher energy level to a lower energy level. T he energy of the emitted light 
will be exactly equal to the energy d ifference between the electron's initial and 
final levels. 

0 In Rgure 15.1.2, when an 
electron receives enough energy 
so that ionisation occurs 
(i.e.£= 5.13eV for the sodium 
atom), this means that the 
electron will have enough energy 
to escape t he atom. 
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Labelling energy levels 
There are two systems in use for 
labelling the energy levels of an atom. 
Sometimes the ground state (n := 1) 
is allocated O eV and therefore the 
higher levels have positive values. 
Alternatively, sometimes the ground 
state is allocated a negative energy 
value and the ionisation energy level 
has a value of O eV. 

11tese ideas are shown in Figure 15.1.3. In this particular example, the electron 
absorbs energy from light that strikes the atom. The energy absorbed is just the right 
amount for the electron to make the jump from its ground state to a higher level. In 
this diagram, the light is labelled as a photon. 

electron falls 

FIGURE 15.1.3 (a) If the incident photon (light) carries an amount of energy equal to the energy 
difference between two levels. the photon's energy can be absorbed, allowing the electron lo jump lo 
the higher level. The pholon ceases to exist. (b) An atom will remain in an excited state for less than a 
millionth of a second. The electron will then fall to its ground state. The electron may fall in one step, 
or in a number of stages. emitting a photon or photons as it falls. 

Each possible electron transition (jump) produces light of differem energy. The 
energy co rresponds to a different coloured line in the emission spectrum for that 
atom. The greater the energy emitted, the higher the frequency of the light. 

Worked example 15.1.1 

ENERGY LEVELS 

The energy levels for sodium gas are shown. Work out the energy of the light 
that is produced as an electron drops from the n = 4 to the n = 2 state. 

ionisation 
5.13 eV 

} many levels 

n = S 3.7SeV n = 4 ____________ _, 3.61 eV 

n = 3 ----------------l 3.19eV 

n = 2 ----------------l 2.11 eV 

ground state, n = 1 ____________ _, o eV 

Thinking Working 

Using the figure, find the energy n =4,£4 =3.61eV 
(in eV) of each level involved. n = 2, £2 = 2.lleV 

Calculate the d ifference between 6-E = £4 -£2 
these levels. = 3.61 - 2.11 

= l.SOeV 
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Worked example: Try yourself 15.1.1 

ENERGY LEVELS 

The energy levels for sodium gas are shown. Work out the energy of the light 
that is produced as an electron drops from the n = 4 to the n = 3 state. 

ionisation 
5.13 eV 

} many levels 

n =S 3.75 eV 
n = 4 3.61 eV 1 
n "'3 3.19eV Eil 

n = 2 
s 

2.11 eV 

ground state, n = 1 OeV 

SPECTRAL ANALYSIS 
Recall from Chapter 9 that an emission spectrum is the result of electrons absorbing I GO TO ► I Section 9_2 page 250 
energy (the electrons become 'excited') and then releasing energy in the form of a 
photon. An emission spectrum can be analysed in terms of the energy o f the photons ~ 
produced. In his work on the photoelectric effect (see Chapter 11), Einstein used ~ Section 11.2 page 290 
Planck's equation for the energy of a photon: 

where 

A£. is t he energy of the photon produced (J) 

h is Planck's constant (6.626 x 10- 34 J s or 4.14 x 10- 15 eVs) 

f is the frequency of the photon (Hz) 

c is the speed of light (3.00 x I 08ms-1) 

A is the wavelength of the photon (m) 

Notice that l!i.E has been used in this equation instead o f £ . l!i.E corresponds 
to the difference in energy between the excited State and the ground State o f the 
electron that released the photon, and so it is used to represent the energy of 
the photo n. 

\Vorked example 15.1.2 relates to the emissio n spectra of m etal vapour lamps. 
Metal vapour lamps prcxluce light as their atoms are excited and then emit a 
photon as they rerurn m their ground State. The emitted photons have wavelengths 
characteristic of the metals whose atoms are being excited in the lamp. A commo n 
type of metal vapour lamp is the sodium lamp.T hese are often used in street lighting 
and emit a distinctive yellow colour (Figure 15.1.4) . 

FIGURE 15.1.4 Sodium vaJX)Ur lamps are 
commonly used as street lights and ha\-e a 
distinctive yellow colour due to the yellow 
wavelengths of the sodium emission spectrum. 
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Worked example 15.1.2 

SPECTRAL ANALYSIS 

The emission spectrum of a sodium vapour lamp is analysed and shows that 
most of the l ight is emitted with a frequency of around 5.1 x 1014 Hz. Calculate 
the energy of these photons in joules. 

Thinking Working 

Recall Planck's equation. &=hf 

Substitute in the appropriate values t,.£ = 6.626 X Jo-3" X 5.J X 1014 

and solve for fl£ = 3.4 X 10- )g J 

Worked example: Try yourself 15.1.2 

SPECTRAL ANALYSIS 

In the Sun's absorption spectrum, one of the dark Fraunhofer lines corresponds 
to a frequency of 6.9 x 1014 Hz. Calculate the eneW, (in joules) of the photon 
that corresponds to this line. Use h = 6.626 x HJ J s. 

The energy of the photon emitted or absorbed can also be expressed in electron
volts (eV). See the SkillBuilder in C hapter 11 to refresh yourself on converting 
between joules and electron-volts. To simplify calculations, Planck's constant can be 
restated in rerms of electron-volts (It= 4.14 x l0- 15eVs), and this figure can be used 
to calculate the energy directly in electron-\·olts. 

0 Planck's constant h = 4.14 x 10- 15eVs = 6.626 x 10-34 J s 

HYDROGEN'S ABSORPTION SPECTRUM 
ln the late 19th century, the emission and absorption spectra of hydrogen were of 
particular interest to scientists as it had been recognised that lines in the absorption 
spectrum of hydrogen matched lines in the solar spectrum (Figure 15.1.5) . 

(a) 

(b) 

FIGURE 15.1.5 In the absorption spectrum of hydrogen (a) there is a background of continuous white 
light (broken into a spectrum of colours). with black lines that correspond to wavelengths of the 
radiation absorbed by the hydrogen atoms. In the emission spectrum of hydrogen (b) there is a b!ack 
background against which lines corresponding to the wavelengths emitted by the hydrogen atoms 
can be observed 

Although some scientists were able to come up with an empirica1 (based on 
experimental data) formula that predicted the wavelength o f the lines in the hydrogen 
spectra, no one was able to provide a theoretical explanation for the production of 
these lines using a wave model for light. 
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BOHR MODEL OF THE ATOM 
In 1913, the Danish p hysicist N iels Bohr proposed an explanation for the emission 
spectrum of hydrogen that drew on the quantum ideas p roposed by Planck and 
Einstein, including Planck's quantum relation equation, l1£ = /if. Bohr realised that: 

the absorption spectrum of hydrogen showed that the hydrogen atom was only 
capable of absorbing a small number of different frequencies oflight and therefore 
energies of very specific values; that is, the absorbed energy was quantised 

the emission spectrum of hydrogen showed that hydrogen atoms could only 
emit quanta with the same exact energy value lhat the atoms were able to absorb 
hydrogen atoms have an ionisation energy o f 13.6eV; light of this energy or 
greater C3I1 remove a n e lectron from a hydrogen :itom, creating :1 positive ion 

photons of light with all energies above the ionisation value for hydrogen are 
continuo usly absorbed. 

Bohr labelled the possible electron orbits for the hydrogen atom with a quantum 
number (11), and he was able to calculate the energy associated with each quantum 
number. Remember that the wavelengths (Figure 15.1.6) of all of the lines of the 
hydrogen emission spectrum can be calculated using P lanck's equation: 

A£;;T 
Figure 15.1. 7 shows the energy levels for the hydrogen atom. These energies are 

expressed in terms of how strongly the electron is bound to the nucleus. The ground 
level ( 11 ;; I) represents the orbit that is closest to the nucleus, i.e. the unexcited 
state. An electron in this orbit has an energy of (- )13.6eV, which means that it 
would need to gain 13.6eV of energy for it to escape the atom. Higher energy le\"els 
represent orbits that are further from the nucleus. 

E=O 
--0.85 

- l.5 

-3.4 

- 5 

- 10 

- 13.6 

- 15 

n =S 
n=4 

n =3 

n=2 

n = 1 

ionised atom, n = "" 
(continuous energy levels) 

I 

! ! 
Balmer 
series 

ly~an 
series 

' ' ' ' }·-'------,----J states 
Paschen 
series 

ground state 

rlGUAE 15.1.1 An energy level diagram for hydrogen. An electron in the ground state (n ;; 1) has an 
energy of (- )13.6eV For higher ene,gy leve~ (n > 1). the energy levels can be seen to crowd together. 

FIGURE 15.1.6 A diagram showing hydrogen 
spectrum emission levels based on the Bohr 
model of the atom. Bectrons may only orbit in 
specific energy orbits, shown by the concentric 
circles. Electrons absorb energy to mow to 
higher levels in their excited states and emit 
light in specific wavelengths characteristic of the 
element when returning to the ground state. 
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\'(/hen a hydrogen atom gains energy, either by heating or from an electrical 
current, its electron moves from the ground state to o ne of the higher energy le,·els
the atom becomes excited. Eventually, the electron will drop from the higher energy 
level to o ne of the lower le,·els and will emit a photon with an energy equal to the 
difference in energy between the le,·els. 

In Figure 15.1. 7 the energy le,·els within the atom are negative in value. A free 
electron (at 11::; oo) must have zero porential energy as it has escaped the electrostatic 
attraction of the proton in the nucleus. To raise an electron from one energy level to 
another, the appropriate amount of energy must be delivered. As an electron then 
falls back to its previous energy level, its energy value decreases. That is, it becomes 
a larger negative number. 

Figure 15. l. 7 also shows that the spectral Imes of hydrogen can be explained m 
rerms of electron transitions. The different series shown on the diagram (Lyman, 
Balmer, Paschen) represent specific transitions. ~11te Balmer series, for example, 
shows transitions back to 11::; 2 from various excited energy levels. These transitions 
represent wavelengths of the visible lines of the hydrogen emission spectrum. 

Worked example 15.1.3 

USING THE BOHR MODEL OF THE HYDROGEN ATOM 

calculate the wavelength (in nm) of the photon produced when an electron 
drops from the n = 4 energy level of the hydrogen atom to then= 2 energy level. 
Identify the spectral series to which this line belongs. 

Use Figure 15.l.7 to calculate your answer. 

Thinking Working 

Identify the energy of the relevant n = 4, f 4 = -0.85eV 
energy levels of the hydrogen atom. n = 2, £2 = -3.4 eV 

calculate the change in energy. 6£= £4 -£2 

= -0.85 - (-3.4) 

= 2.55eV 

calculate the wavelength of the photon f::;!!£. 
with this amount of energy. ; 

.·.A= ~ 
E 

= 4 14 x l0.15 x3.0xlcf ~·· = 4.87 X 10-7 m 

= 487nm 

= 490nm (to two significant 
figures) 

Identify the spectral series. The electron drops down to the n = 2 
energy level. Therefore, the photon 
must be in the Balmer series. 

Worked example: Try yourself 15.1.3 

USING THE BOHR MODEL OF THE HYDROGEN ATOM 

Calculate the wavelength (in nm) of the photon produced when an electron 
drops from the n = 3 energy level of the hydrogen atom to the n = 1 energy level. 
Identify the spectral series to which this line belongs. 

Use Figure 15.1.7 to calculate your answer. 

398 MODULE 8 I FROM THE lJ',llVERSE TO THE ATOM 



I PHYSICS IN ACTION I 
How lasers work 
lasers use the principle of stimulated emission of 
radiation. In fact. laser is an acronym for Light Amplification 

by Stimulated Emission of Radiation. Lasers produce a 
coherent and very intense light beam that is the result of a 
chain reaction, where photons cause identical photons to 
be produced. 

tube: one mirror reflects all the photons back; the other 
mirror is partially silvered, making it reflect some, but 

not all, of the photons. The mirrors cause the photons 

There are a number of conditions necessary for laser 
light to be produced: 

to be reflected back and forth through the lasing 
medium, stimulating further emissions. This is the 'light 
amplificatlon· part of the process. At the same time, 
some light escapes through the partially reflective mirror. 
This is the laser beam. 

1 There must be more atoms in the excited state than in 
the ground state. This is not the normal condition of 
matter and it is achieved by 'pumping' the 

The entire process is illustrated in Figure 15.1.8. 

lasing material with energy from an external 
source (bombarding electrons (electrical 
pumping) or bombarding photons (optical 
pumping)). 

2 The excited state used must be metastable 
(a relatively stable energy level where the 
electron remains excited for longer than 
normal and takes longer to drop to a 
lower level). 

energy source 
(elearons or photons) 

I I I I 
~\ i~ 
~ ~ 

~ 

fl 
~ 

fully I parti ally 
reflective lasing reflective 

mirror medium mirror 

laser beam 

3 The photons emitted as the electrons 
jump back down to ground state must 
be used to continue the chain reaction 
of photon emissions. This is achieved by 
placing mirrors at the end of the laser 

FIGURE 1s.1.a As the emitted photons re"ect back and forth between the mirrors. 
further stimu\aled emissions occur and a laser beam is produced. 

Balmer and Rydberg-mpirical equations 
In 1885, the Swiss mathematician Johann Balmer found an empirical equation that 
predicted the wa\'elength of the visible lines of the hydrogen emission spectrum: 

A=h 
where ,l is the wavelength of light (run) 

his a constant with a value of 365 nm 
m couJd take va1ues of 3, 4, 5 or 6 
11=2. 

\Vhen Balmer put m = 7 into the equation, it gave an answer of 397 nm, 
which corresponded to a spectral line that had been independently observed by 
Anders Angstrom. Consequently, this set of spectra1 lines in the visible part of the 
electromagnetic spectrum came to be known as the Ba1mer series. 

In 1888, Johannes Rydberg realised that Balmer's formula was a special case of 
the more genera) formula: 

0 "-=cl.!,--:',] 
,l "l,., I\ 

where 

R is the Rydberg constant for hydrogen (1.097 x 107 m-1
) 

n, and ni are any two integers where n; > n, 
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11tis equation predicted that there should be spectral lines in other parts of the 
electromagnetic spectrum. The ultraviolet series was later observed by Theodore 
Lyman and two different infra.red series were observed by Friedrich Paschen and 
Frederick Bracken. 

Worked example 15.1.4 

USING THE RYDBERG FORMULA 

Using the Rydberg formula, calculate the wavelength (in nm) of the photon 
produced when an electron drops from the n = 2 energy level of the hydrogen 
atom to then = l energy level. Identify the spectral series to which this 
line belongs. 

Thinking Working 

Identify the known variables. n1= l 

n1 = 2 

R = 1.097 x 107 m- 1 

Recall the Rydberg formula. 
~=Rl~-~j 
; " . 

Solve for the wavelength, A.. !=R[-'---'-] 
A n/ 1'1 

= 1.097 X 10 7 
X [~-~] 

= 1.097 X 10 7 X 0.75 

.! = 1.21 x H,7 

= 121nm 

Identify the spectral series. The electron drops down to then = l 
energy level. Therefore, the photon 
must be in the Lyman series. 

Worked example: Try yourself 15.1.4 

USING THE RYDBERG FORMULA 

Using the Rydberg formula, calculate the wavelength (in nm) of the photon 
produced when an electron drops from the n = 4 energy level of the hydrogen 
atom to the n = l energy level. Identify the spectral series to which this line 
belongs. 

ABSORPTION OF PHOTONS 
The Bohr mcxlel also explains the absorption spectrum of hydrogen (Figure 15. l .5a 
on page 396). 

You have already seen that the missing lines in absorption spectra correspond 
to the energies of light that a gi\·en atom is capable of absorbing. This is due 10 the 
energy differences between the atom's electron o rbits. Only incident light carrying 
just the right amount o f energy to raise an electron to an allowed level can be 
absorbed. 

An electron ordinarily occupies the lowest energy o rbit. Incident light that does 
not carry enough energy to raise an electron from this lowest energy level to the next 
level cannot be absorbed by the atom. Incident light below a certain energy value 
would simply pass straight through. If light with greater energy than the ionisation 
energy of an atom is incident, then the excess energy provided by the photon will 
simply translate to extra kinetic energy for the released electron. 

For hydrogen, then, if a hydrogen atom absorbs a photon with 13.6 eV or more, 
as this is the energy required for the electron to escape the atom completely, the 
hydrogen atom is said to be ionised . 
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Worked example 15.1.5 

ABSORPTION OF PHOTONS 

Some of the energy levels for atomic mercury are shown in the diagram below. 

E (cV) 

- 1.6 ~ -----n=4 

- l.7~ ----- n - J 

- B L------ns2 

-J0.4L------ n = I 

Ultraviolet light with photon energies 4.9 eV, 5.0 eV and 10.50 eV is incident on 
some mercury gas. What could happen as a result of the incident light? 

Thinking 

Check whether the energy of 
each photon corresponds to any 
differences between energy levels 
by determining the d ifference in 
energy between each level. 

Compare the energy of the 
photons with the energies 
determined in the previous 
step. Comment on the possible 
outcomes. 

Working 

£ (eV ) 

0 
-1.6 

- 3.7 

- 5.5 

-l0.4 ~~:P 
n n n ~ 

, ,~::. ! 
11 

N Y 
n= 3 

:... :.... .. n=2 - Y ~ ~~ 

00,0i..,. 
n on 
<<< 

n=I 

<<<~ 

A photon of 4.9eV corresponds to the ener1 
required to promote an electron from the 
ground state to the first excited state (n = I 
to n = 2). The photon may be absorbed. 

A photon of 5.0eV cannot be absorbed since 
there is no energy level above the ground 
state that corresponds exactly to 5.0 eV. 

A photon of 10.SeV may ionise the mercury 
atom. The ejected electron will leave the 
atom with 0.1 eV of kinetic energy. 
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PHYSICSFILE 

The special case of hydrogen 
The hydrogen atom was a relatively 
simple place to begin the development 
of the field that would come to be 
known as 'quantum mechanics'. The 
hydrogen atom contains two charged 
particles-the positively charged 
nucleus (which usually contains 
a single proton) and the electron 
!Figure 15.1.9). This means that only 
one electrical interaction (i.e. between 
the electron and the nucleus) needs to 
be considered. 

In more complex atoms, such as 
helium, electrical interactions between 
the electrons are also significant. 
This makes the construction of 
mathematical models for these atoms 
vastly more complicated than for 
hydrogen. 

FIGURE 1s.1.9 The hydrogen atom 
contains only two particles: the proton in 
the nucleus and the electron. 

Worked example: Try yourself 15.1.5 

ABSORPTION OF PHOTONS 

Some of the energy levels for atomic mercury are shown in the diagram below. 

£(eV) 

- l.6t------ n =4 

-3.7t------•- 3 

- 5.St------ n s 2 

- 10.4t------n=I 

Light with photon energies 6.7eV, 9.0eV and 11.0eV is incident on some mercury 
gas. What could happen as a result of the incident light? 

LIMITATIONS WITH BOHR'S MODEL 
Bohr's model of the hydrogen atom applied a quantum approach to the energy 
levels of amms to explain a set of important, previously unexplained phenomena
the emission and absorption spectra of hydrogen. In p rinciple, Bohr's work o n the 
hydrogen atom could be extended to other atoms and, in 1914, the German scientists 
James Franck and Gustav Hertz demonstrated that mercury atoms contained energy 
le\"els similar to hydrogen atoms. Bohr's model signified an important conceptual 
breakthrough. 

Howe,·er, Bohr's model was limited in its application, for the following reasons: 
It could only really be accurately applied to single-electron atoms-hydrogen 
and ionised helium-as it modelled inner-shell electrons well but could not 
predict the higher-energy orbits of multi-electron amms. 
It could not explain the varying intensity and thickness o f the spectn1m lines of 
hydrogen (thought, by some scientists, to be caused by the elliptical instead of 
circular orbit of electrons). 

It could not explain why spectral lines were split in the presence of a magnetic 
field (known as the Zeeman effect). Some of the obser\"ed emission lines could 
be resolved into two very close spectral lines, and Bohr's model could not explain 
this. 
It could not explain why some spectral lines split into a series of spectral lines with 
a spacing proportional to the magnetic field strength (known as the anomalous 
Zeeman effect). 
It could not explain the d iscovery of the continuous spectrum emitted by solids. 
As a result, a more complex quantum approach was required . 
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15.1 Review 

l1'lM#iii 
An em1ss1on spectrum 1s produced by energised 

atoms as electrons undergo transitions between 
energy levels. The spectrum for each element is 
unique. 

Atoms that followed Rutherlord's model of the 
atom would be unstable. so a new model-a 
quantum model-was needed. 

Niels Bohr suggested that electrons in atoms orbit 
the nucleus in specially defined energy levels, and 
no radiation ls emitted or absorbed unless the 
electron can jump from its energy level to another. 

An electron in an atom which drops between 

energy levels emits a photon (light) of energy 
equal to the difference between the energy levels. 

The energy of the photon determines the colour of 
the light. 

Bohr suggested that electrons in atoms orbit 
the nucleus in specially defined energy levels. 

l:◄ii·i'ifiiMU~i 
To answer these questions, use h = 6.63 x la-3"= 
4.14 x IIT" evs and R= 1.097 x UY m- 1

• 

1 Describe a typteal emission spectrum for an element 

2 What is the link between an atom's emission spectrum 
and its structure? 

3 How are the energy levels within an atom commonly 
represented on a graph? 

4 An emission line of frequency 6.0 x l014Hz is 
observed when looking at the emission spectrum of a 
particular elemental gas. What is the energy, in joules, 
of photons corresponding to this frequency? 

No radiation 1s emitted or absorbed unless 
the electron can Jump from one energy level 
to another. Electron energies are said to be 
quantised, smce only certam values are allowed. 

The wavelength of the spectral Imes for the 
hydroeen atom are aiven by the Rydbera formula 

½=1¾-¾t 
The frequency of a photon emitted or absorbed 
by a hydrogen atom can be calculated from the 

difference between the energy levels involved, i.e. 

f 2- f1 • hf =T-
The Bohr model of the atom is limited in its 
application, but was a significant development 
at the time as it took a quantum approach to 
the energy levels of atoms and incorporated the 
quantum nature of electromagnetic radiation. 

5 Photons o f energy 0.42eV are emitted by a 
particular atom as it returns from the excited to the 
ground state. What is the corresponding wavelength 
of these photons? 

6 Calculate the energy of the photon required to mo,-e 
an electron in a hydrogen atom from its ground state 
(n = 1) to then= 4 energy level. Refer to Figure 15.1.7 
on page 397. 

7 Using the Rydberg formula, calculate the wavelength of 
the emitted photon when an electron transitions from 
then • 5 energy level to the ground state (n = 1). 
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I GO TO ► I Section 11.2 page 290 

nGURE 1s.2.1 An artist's attempt to represent 
wave----particle duality. 

15.2 Quantum model of the atom 
The photoelectric effect and the quantum model for light were introduced in 
C hapter 11 and the first part of this chapter. ln order to explain the photoelectric 
effect, Einstein used the photon concept that Planck had developed. Howe,·er, like 
many great discoveries in science, the development of the quantum model of light 
raised almost as many questions as it answered. It has already been well established 
that a wa,·e model was needed l'O explain phenomena such as diffraction and 
interference. How cou ld these two contradictory mcxlels be reconciled to form a 
comprehensive theory of light? 

Answering this question was one of the g reat scientific achievements of the 20th 
century and led to the extension of the quantum model to matter as well as energy. 
It led to a fundamental shift in the way the universe is viewed. 

WAVE-PARTICLE DUALITY 
In many ways, the wave and particle models for light seem fundamentally 
incompatible. \X'aves are continuous and are described in terms of wavelength and 
frequency. Particles are discrete and are described by physical dimensions such as 
their mass and radius. 

In order to understand how these two sets of ideas can be used together, it is 
important to remember that scientists describe the universe using mcx!els. Models 
are analogies that are used to illustrate certain aspects of reality that might not be 
immediately apparent. 

Physicists ha\"e come to accept that light is not easily compared to any other 
physical phenomenon. ln some situations, light has similar properties to a wa,·c; in 
other situations, light behaves more like a particle. This understanding is called \\--ave
particle duality (Figure 15.2.1). Although this may seem somewhat paradoxical and 
counter-intuitive, in the century since Einstein did his work establishing quantum 
theory, many experiments have supported this duality and no scientist has (ret) 
come up with a better explanatio n. 

De Broglie's wave-particle theory 
ln 1924, the French physicist Louis de Broglie proposed a groundbreaking theory. 
H e suggested that since light (which had long been considered to be a wave) 
sometimes demonstrated particle-like properties, then perhaps matter (which was 
considered to be made up of particles) might sometimes demonstrate wave-like 
properties. 

He quantified this theory by predicting that the wa,·elength of a particle would 
be given by the equation: 

0 -<=; 
where 

..t is the wavelength of the particle (m} 

pis the momentum of the particle (kgms-1) 

his Planck's constant (6.63 x 10-34 J s or 4.14 x 10-1seVs} 

This is also commonly written as: 

..t=-!; 
where 

m is the mass of the particle (kg) 

v is the velocity of the particle (m s- 1) 

~Ille wavelength that de Broglie described, A., is referred to as the de Broglie 
wavelength of matter. 
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Worked example 15.2.1 

CALCULATING THE DE BROGLIE WAVELENGTH 

The Davisson-Germer experiment was a famous experiment that showed that 
electrons have wave-like properties. The electrons in this experiment travelled at 
about 4 Ox I06 ms· 1 

I Calcula;e the de Bro~lie wavelength of these electrons if the mass of an electron I 
is 9.)09 X Jo-JI kg. 

Thinking Working 

Recall de Broglie's equation. A--¾ 
Substitute the appropriate values into l=,ii; 
the equattOn and solve it 

= 6.63xl0-l-l 
9.l09xlo-11x4xlcf' 

= 1.8 x 10- 10m or 0.18nm , __ 

Worked example: Try yourself 15.2.1 

CALCULATING THE DE BROGLIE WAVELENGTH 

Galculate the de Broglie wavelength of a proton travelling at 7.0 x 105ms· 1. 

The mass of a proton is 1.67 x 10-27 kg. 

Worked example 15.2.2 

--

CALCULATING THE DE BROGLIE WAVELENGTH or A MACROSCOPIC OBJECT 

I Calculate the wavelength of a cricket ball of mass m = lfiOg travelling at 150kmh-1• 

~ hinking Working 

Convert mass and velocity to SI units. m = 160g = 0.16kg 

L--
v=~=42ms· 1 

Recall de Broglie's equation. A=¾ 
Substitute the appropriate values into ).=;;;; 
the equation and solve il 

_ 6.63x10..w 
- 0.16x42 

= 9.9 X 1Q-35 m 

Worked example: Try yourself 15.2.2 

CALCULATING THE DE BROGLIE WAVELENGTH or A MACROSCOPIC OBJECT 

Calculate the de Broglie wavelength of a person with m = 66kg running at 36kmh-1. 

It can be seen from worked examples 15.2. l and 15.2.2 that the wa,·elength 
of an elccuon is smaller than that of \'isible light, but is still large enough to be 
measurable. HO\\-c,·cr, the wa\"elength of an e,-c11·day object such as a cricket ball is 
extremely small (9.9 x 10-35m). Hence, you will nC\·er notice the wa,·e properties 
of e,·eryday objects. To illustrate this, consider the obscr\"able wa,·e behaviour of 
diffraction. Recall that for diffraction to be noticeable, the size of the ,,11,-clength 
needs to be comparable to the size o f the gap or obstacle. Therefore for an C\"eryday 
object, with its tiny wa\"elength, to produce a noticeable diffraction, it would need l'O 

pass through a gap much smaller than a fraction of a proton diameter! 
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nGURE 15.2.3 An electron diffraction pattem 
like the one observed by Davisson and Germer 
can be built up over time from repeated 
observations. 

incident reflected electrons 
electrons produce interference 

pattern 

• 
• • • • • • 
• • • • • • ~ 

atoms are regularly spaced 

nGURE 15.2.4 Electrons reflecting from 
different layers within the crystal structure create 
an interference pattern like those pfOduced by a 
diffraction grating. 

ELECTRON DIFFRACTION PATTERNS 
De Broglie's prediction that maner could exhibit wave-like behaviour was 
contrO\·ersial. Howe\·er, it was experimemally confirmed by the Americans Davisson 
and Germer in 1927 when they obserYed diffraction patterns being produced when 
they bombarded the surface of a piece of nickel with electrons (Figure 15.2.2) . 

accelerating 
potential (V) 

vacuum ~---- -----1· I I ii -

filament 

--moveable electron detector 

nGURE 1s.2.2 The Davis.son and Germer apparatus 10 show electron scattering. 

11tey used an dectron 'gun' which provided a beam of electrons. The speed 
of the electrons was kno\l,n because they had been accelerated through a known 
,·oltage. The detector could be swung around on an axis so that it could intercept 
electrons scattered from the nickel target in any direction in the p lane shown. 

Davisson and Germer fou nd that as they mo,·ed their detector through the 
different scattering angles, they encountered a sequence of maximum and minimum 
intensities (Figure 15.2.3). 

Clearly, the electrons were being scattered by the d ifferent layers within the 
crystal lattice o f the target (Figure 15.2.4) and were undergoing interference. \'(!hen 
Davisson and Germer analysed the d iffraction pattern to determine the wa,·elength 
of the 'electron wa\"es', they calculated a value of 0.14 nm, which was consistent 
with de Broglie's hypothesis. 

Worked example 15.2.3 

WAVELENGTH OF ELECTRONS FROM AN ELECTRON GUN 

Find the de Broglie wavelength of an electron that has been accelerated from rest 
through a potential difference of 75V. The mass of an electron is 9.11 x lo-31 kg 
and the magnitude of the charge on an electron is 1.6 x 1O- 19c . 

Thinking Working 

calculate the kinetic energy of the electron from W=qV 
thP. wnrk c1nnP. on it hy thP. P.IP.drir. potP.ntii'II. - 1.6 X 10-19 

X 75 
Recall from earlier chapters that W = qV. = l.2 x 10-17J 

calculate the velocity of the electron. K =.!.mv2 
2 

•=Fm 

= t xl.2x::;iu 
9.llx I 

= 5.1 x lO6 ms- 1 

Use de Broglie's equation to calculate the ). = t; 
wavelength of the electron. 

6.63x 10--M = 
9.11 X toJI X S.l X to' 

= 1.4 x l0-10m 
=O.14nm 
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Worked example: Try yourself 15.2.3 

WAVELENGT H OF ELECTRONS FROM AN ELECTRON GUN 

Find the de Broglie wavelength of an electron that has been accelerated 
from rest through a potential difference of 50V. The mass of an electron is 
9.11 x 10..JI kg and the magnitude of the charge on an electron is 1.6 x 10-19C. 

Comparing the wavelengths of photons and electrons 
In the same year that Davisson and Germer conducted their experiment, other 
supporting evidence came from G. P. Thomson (son of J. J. Tho mson, discoverer 
o f the electron ) . Rather than scatter a n electron beam from a crystal, ~lflo mso n 

produced a diffraction pattern by passing a beam of electrons through a tiny crystal. 
Thomson then repeated his experiment, using X-rays of the same wa\·elength in 
place of the electrons. The X-ray d iffractio n pattern was almost identical to the one 
made with electrons, as shown in Figure 15.2.5. 

As the diffraction panems obtained for the X -ray photons and electrons were 
the same, and as both were passed through the same 'gaps' to obtain this diffraction 
pattern, then an important conclusion could be made. 0The electrons must have a 
similar wavelength to the X-rays. Since their wavelengths are similar, the momenta of 
the electrons and the X -ray photons must also be comparable (but not their speeds). 

I PHYSICS IN ACTION I 
Electron microscopes 

The discovery of the wave properties of electrons had an important practical 
application in the invention of the electron microscope. Just as an optical 
microscope makes use of the wave properties of photons to magnify tiny 
objects, so too can the wave properties of electrons be used to create 
magnified images (Figure 15.2.6). 

One of the limitations of an optical microscope is that it can only create 
a clear image of structures that are similar in size to the wavelength of the 
light being used. This is because the light diffracts around these structures. 
So a light microscope is only useful for seeing things down to about 390 nm, 
the lower wavelength end of the visible-l ight spectrum. 

However, the wavelength of a beam of electrons is often smaller than the 
wavelength of a beam of visible l ight. This means that electron microscopes 
can create images with much finer detail than optical microscopes. 

FIGURE 15.2.6 Images formed by an electron mK:roscope: rod-shaped bacteria (orange) 
dustered on the point of a syringe used to administer injections. The magnifications are 
(a) x9. (b) x36 and (c) x560at 35mm size. 

r1GURE 15.2.5 These diffraction patterns were 
taken by using (a) X-rays and (b) a beam of 
electrons with the same target crystal. Their 
similarity suggests a wave-like behaviour for 
the electrons and a similar electron de Broglie 
wavelength to that of X-rays. 
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STANDING WAVES AND THE DUAL NATURE OF MATTER 
\Vave behaviour can be used to indicate the probability of the path of a particle. If 
particles can be thought of as matter waves, then these matt.er wa,·es m ust be able to 
maintain steady energy values if the particles are to be considered stable. 

De Broglie applied his approach to the d iscussion of Bohr's model for the 
hydrogen atom. He viewed the electrons orbiting the hydrogen nucleus as matt.er 
wa\·es. He suggested that the electron could only maintain a steady energy le\'el if it 
established a s tanding wave. 

De Broglie reasoned that if an electron o f mass m were moving with speed v in 
an orbit with radius r, this o rbit would be stable if it matched the conditio n 

where II is an integer. 

This can be rearranged to 

• IIMJT = '"zi 

2,rr = .. -;; 
Since 2m- is the circumference, C, o f a circle, and using the de Broglie equation, 

A=;;;, this equation can be rewritten as C = 11A. 

In other words: 

0 The stable orbits of the hydrogen atom are those where the circumference is 
exactly equal to a whole number of electron wavelengths. 

This can be visualised by imagining a con\'entional standing-wave pactern, 
like that o f a vibrating string, being looped around on itself in three d imensions as 
shown in Figure 15.2.7. 

(a) .---,...,,--,...,,--,...,,--,...,,--""",--"""--, 

(b) 

·\ __ _ 

FIGURE 15.2.7 A standing-wave pattern (a) can be looped around on itself to form (b) if the 
circumference of the circle is equal to a wh<>'e number of wavelengths. 

lf the circum ference o f the circle is not equal to a whole number o f wavelengths, 
th e n rle.-::rr11c 1-ive inte rference occn~, :l i:.mnrline -w:1ve p:1nem c:1nn o1 he e.-::r:1hli!merl 
and the orbit cannot represent an energy level (Figure 15 .2.8) . 

FIGURE 15.2.8 A circular standing-wave pattern cannot be established if the circumference of the 
cirde is not equal to a whole number of wavelengths 
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HEISENBERG'S UNCERTAINTY PRINCIPLE 
In the early 20th century, scientists struggled to interpret the e,;dence of the dual 
,,-a,·e-particle nature of energy and matter. \'(lan!s and particles arc fundamentally 
different- ,,-a,·cs arc extended and continuous, whereas particles are discrete. How two 
such different models could be combined to describe the fundamental building blocks 
of nature was a serious p uzzle. As scientists deh ·ed into this mystery, they discov-c:rcd 
fundamental limitations to their ability to explore the 'quantum' uni,·ersc. 

A QUANTUM INTERPRETATION OF THE ELECTRON 
ln 1925, the Austrian physicist Erwin Schrodinger built on the work of Niels Bohr 
by developing a mathematical equation that could describe the wa,·e behaviour of 
electrons in situations other than the simple hydrogen atom. 

In Schl'Od ingcr's model, the wave properties of electrons arc interpreted as 
representing the probability of finding an electron in a cenain locatio n. 

Q uantum m echan.ics is the name now g i,·en to the area of physics in which 
the wave properties of electrons are studied. Schrodinger's equation (Figure I S.2.9) 
has been used to calculate the regions of space in which an electron can be found in 
a hydrogen atom. ~lliesc arc now known as orbitals rather than orbits because they 
are complex three-dimensional shapes, as shown in Figure I 5.2. IO, rather than the 
simple circular paths once imagined by Rutherford and Bohr. 

,1,2...'¥ = ii'¥ 
iJt 

FIGURE 15.2.9 SchrOchnger's w1Ne equation. While outside the scope of this course, it is interesting 
to see what SchrOdinger's equat10J1 looks hke. The Greek symbol lf' (ps,1 represents the wwve 
function of the electron. 

. . , . -
FIGURE 15.2.10 The shapes of the first five electron orbitals of a hydrogen atom. 

PHYSICSFILE 

Schrodinger's cat 
Schrodinger described the strange, counter-intuitive nature of quantum mechank.al 
systems using .1 now·fomous .1n.1logy known as Schrodingcr's cat. 

This is a thought experiment (i.e. Schrodinger did not actually perform the experiment) 
in which a cat is placed in a closed box with a flask of poison. A quantum mechanical 
system is set up such that there is a 50% chance of the flask being broken and the 
cat killed. 

Schrodinger argued that until the box is opened to reveal the outcome of the 
experiment, the cat is considered as simultaneously alive and dead. 

In a manner similar to the dual nature of light, the outcome (for the cat being alive 
or dead; for light being a wave or a partde) does not exist until an observation or 
measurement is made. 

CHAPTER 15 I QUANT\.M MEOWICAI. NATUlE CJ' nE ATC»< 4 09 



rlGUAE 15.2.11 Werner Heisenbefg won 
the Nobel Prize in 1932 for his work on the 
uncertainty principle. Heisenberg is regarded 
as a founder of quantum physics. 

@ According to Heisenberg's 
uncertainty principle, t he 
more exactly the position of a 
subatomic particle is known, 
the less is known about its 
momentum. Similarly, t he more 
precisely the momentum of a 
particle is measured, the less 
certain is its exact position. 

LIMITS TO MODELS AT VERY SMALL SCALES 
It was becoming clear to scientists thal the nature of the universe al the very 
smallest scale is fundamentally different to the way the universe is perceived at the 
macroscopic scale. 

In everyday life, each object has a clearly definable position and motion. The 
classical laws of physics, developed by scientists from Newton through to Ma.xwell, 
are all based on this assumption, which is so fundamental to human experience that 
it is hard to imagine a uni,·erse where this is not the case. 

However, this is exactly what is needed in order to explore the quantum uni,·erse. 
There is no particular reason why tiny particles such as electrons and photons should 
he. sim ilar tn larger nhjec:rs like h alls nr planets; scie n tists initially ju s t extrnp nl:nM 

from their experience until the evidence showed that their assumptions were wrong. 
\Vhenever a measurement is taken, a degree of error or rmcertaimy is involved. 

T he certainty of the measurement is limited by measuring the resolution of the 
device used to make the measurement. For example, a ruler with markings one 
millimetre apart will have an uncertainty in any measurement o f about half a 
millimetre. This is taken into account when commenting on the errors in a practical 
experiment or calculating the final uncertainty in a result. If more precision is 
needed in a final result, then a more p recisely marked measuring device such as 
a micrometer or ,•ernier caliper is needed to make the initial measurements. The 
smaller the divis ions, the smaller the final uncertainty in the result. 

However, according to quantum mechanics there is a physical limit to the 
absolute accuracy of particular measurements. This limit is inherent in narure and 
is a result of both w3\·e--particle duality and the interactions between the object 
being obsen•ed and the effect of the observation on that object (as Schrodinger tried 
to explain). The first scientist to clearly identify this limit was the German physicist 
\Verner Heisenberg (Figure 15.2.11). ~Iltc Heisenberg uncertainty principle 
describes a limit to which some quantities can be measured. 

Imagine trying to find a ball in a pitch-black room. The only way to do so, 
assuming there is no light, is to feel around. The more you search and feel around, 
the more confident you can be that the object remains in the area o f the room yet 
to be searched---until you actually touch it. Then there is every chance that it will 
roll away, the ball having been given momentum by your touch. You'll no longer 
know its furure position. The ,·ery act of determining the position of the ball made 
knowing its future position less certain. 

Similarly, at the quantum level, to measure the exact location of an electron it 
would be necessary to hit the electron with another particle such as a photon oflight. 
H owever, as soon as the photo n strikes the electron, it would cause the electron to 
move as the photon transfers some or all of its energy to the electron. l ltc aa of 
measurement causes a change in the value being measured. This is a general problem 
when trying to measure the location or motion of all subatomic particles. 

Heisenberg's uncertainty principle applies particularly at the quantum level 
precisely because electrons aren't particles. The whole dual nature of matter idea 
means that electrons, and in fact all matter, behave both as a wave and as a particle. 
T he uncertainty p rinciple applies a limit to the simplified idea o f electrons as 
particles; i.e. that the position and the velocity of an electron cannot both be known 
at exactly the same time, and that the amount of energy at a particular time, ,, is also 
uncertain. For the normal-sized world around us, the inclusion of Planck's constant, 
h, in the measure of uncertainty means that the level of u ncertainty in determining 
the position of everyday objects is extremely small- in fact, vir tually insignificant. 

However, at an atomic scale, this level o f uncertainty is substantial. And since 
everyday objects are made up of atoms containing subatomic particles such as 
electrons, the basic understanding of matter comes down to this fundamental 
property of all q uantum mechanical systems. 
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The uncertainty principle 
Heisenberg went on to explain his uncertainty principle 
with a formula that states that the product of the 

uncertainties in the position (Ax) and momentum (¥) of 
a particle must always be greater than a certain minimum 
value related to Planck's constant. That is: 

Axllp2:i;-

or alternatively in terms of energy (since the photon may 

transfer some or all of its energy to the electron): 

llEAt 2: ..!!.... .. 
where 6£ is the uncertainty in the energy of an object 

and At. is the uncertainty in the time taken for the energy 

transfer to occur. 

You may see this equation stated differently in some 
references. The d ifference is due to the way in which the 
variables are defined. The important part of the relationship 
is the fact that Ax and 6/J are inversely proportional. When 
either Ax or ll(J increases, the other must decrease. 

I PHYSICS IN ACTION I 
Viewing an electron 
Imagine trying to view an electron with an optical 
microscope like that shown in Figure 15.2.12. For the 
electron to be seen, a photon would have to strike the 
electron and be reflected back to the observer. As noted 
earlier in this chapter when looking at X-ray diffraction, 
objects can be seen at their best when the wavelength 
of the electromagnetic radiation used is at least as small 
as the object. Since a short wavelength corresponds to 
a high frequency and high energy (i.e. £=hf=~). the 
photons needed to observe the electron would have high 
energy and thus would impart more momentum to the 
object being observed. The higher the energy, the shorter 
the wavelength and the better the potential resolution, 
but the more likely it would be that the photon would 
knock the electron off course and hence the object's 
position would be subject to greater uncertainty. Just 
attempting to observe the electron introduces significant 
uncertainty in either the position or the momentum of 
the electron. 

How then can an electron be viewed? 

This equation is sometimes called the ' indeterminacy 
principle'. It states that lt is not possible to know both the 

position and the momentum of an object at exactly the 
same time (Table 15.2.1). The more accurately the position 
is measured, the greater the uncertainly in the momentum 
and vice versa. Note that this doesn't infer that an absolute 

measure of position cannot be made. Just that, in doi~ so, 
its momentum at that same time wouldn't be known and 
hence there is no way of knowing what the position would 
be a second tater . 

TABLE 1s.2.1 It is not possible to accurately know lx>th the position and 
the momentum of an object at exactty the same time. 

scenario 1 

scenario 2 

Pos1t1on I Momentum 

known 

unknown 

electron 

expected 
path 

unknown 

known 

incident 
photon 

1/ 

original path 

FIGURE 15.2.12 A thought experiment considering how an electroo 
could be observed. The reflection of the photon needed to observe the 
election introduces uncertainty in the position of the electron, making 
it unobservable. 
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A QUANTUM VIEW OF THE WORLD 
Bohr's model of the atom was a mi..xture of classical and q uantum theories, partially 
recognising the wave-particle d uality of light and m aner. Howe,·er, it allowed for 
the development of new, more-radical theories to be developed by physicists such as 
Schrod.inger and Heisenberg. And, intriguingly, quantum mechanics has confirmed 
certain aspects of the Bohr model, such as ato ms existing only in discrete stat~ of 
definite energy and the emission or absorption of photons of light when electrons 
make transitions from o ne energy state to another ,,~thin an atom. 

However, quantum mechanics goes m uch further- very m uch further than the 
brief introduction in this section. According to quantum mechanics, electrons don't 
exist in well.-defined circular paths as we so regularly depict them in books. Because 
electrons are not particles, they don't follow particular paths in space and time at 
all. Rather, because of the wave nature of an electron, the paths can be thought of 
more as clouds, where the particular location of an electron at any point in time is 
based on probability since to measure a precise point, accord ing to Heisenberg, only 
introduces uncertainty, pre,·enting you from knowing where the electron would be 
at the next moment in time (Figure 15.2.13). 

electron cloud 

FIGURE 15.2.13 Ari atom as quantum mechanics views it. This conceptual image depicts the position 
of an electron around an atomK: nucleus as an electron doud or probability distribution of the 
location of the electron at any point in time. 

~Ille classical view of the world is a Newtonian one, where once the position 
and speed of an object are known, its future position can be pred icted. This 
is termed a •deterministic' model and works particularly well in pred icting the 
positions of ordinary objects. This model suggests that the future o f the universe, 
made up of par ticle-like objects, is completely knowable. Quantum mechanics 
proposes something ,·cry different, where the dual nature o f particles- particularly 
fundamental particles such as the electron-pre,0ents us from knowing the position 
and speed of an object at the same time. \Ve can only calculate the probability that 
an electron will be observed at a particular place around an atom. In this view of 
the world there is some inherent unpredictability. In fact, it becomes meaningless to 
ask how an electron gets from one state to another when an atom emits or absorbs 
a photon of light- it just does. 
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15.2 Review 

f11J:i:t\il 
On the atomic level, energy and matter exhibit the 
characteristics of both waves and particles. 

Afl matter, like light, has a dual nature. Through 
everyday experience matter is particle-like, but 

under some situations it has a wave-like nature. 
This symmetry in nature-the dual nature of 
light and matter-ts referred to as wave---parttcle 
duality. 

de Broglie viewed electrons as matter waves. His 
standing-wave model for electron orbits provided 
a physical explanation for electrons only being 
able to occupy particular energy levels in atoms. 
He suggested that the only way that the electron 
could maintain a steady energy level was if it 
established a standing wave. 

Quantum mechanics is the study of the wave 
properties of electrons. These wave properties are 
mterpreted as describing the probability of finding 
an electron at a particular pomt m space. 

The wavelength of a partJCle ,s given by the de 

Broglie equation: A.=~ i.e. ,t,.. j;. 

1:J41'11if1it·l:&i 
To answer these question~ use h = 6.63 x ur.J• = 
4.14 x ur"evs and R = 1.097 x HYm-1. 

1 What is the de Broglie wavelength of an electron 
travelling at 1.0 x la6ms· 1? 

2 Whtch of the following conclusions can be drawn from 
Louis de Broglie's investigation into the existence of 
matter waves? 

A all particles exhibit wave behaviour 
B only moving particles exhibit wave behaviour 
C only charged particles exhibit wave behaviour 
D only moving charged particles exhibit wave 

behaviour 

3 In an experiment to determine the structure of a 
crystal, identical diffraction patterns were formed 
by a beam of electrons and a beam of X-rays with 
a frequency of 8.6 x I018Hz. 
a CalctJlate the wavelength of the electrons. 
b CalctJlate the speed of the electrons. 

4 In a particular experiment, if the uncertainty about 
the position of a particle were decreased, then what 
will happen to the uncertainty about the speed of 
the particle? 

Heisenberg's uncertainty principle results from 
wave-particle duality and states that it is not 
possible to know the exact position and momentum 
of a particle simultaneously. The more precisely the 
position of a subatomic particle is known, the less 
tS known about its momentum. Similarly, the more 
precisely the momentum of a particle is measured, 
the less certain is its exact po51bon. 

The electron-diffraction experiment provides an 
example of the application of the uncertainty 
principle. The diffraction pattern is not produced 
by photon interactions but rather the probability 
of where a single photon may end up. Some 
positions are more likely than others, hence there 
is a larger central maximum intensity. 

In the quantum mechantcal view of the atom, 
electrons are not particles and do not have 

clearly defined orbits. Their paths, due to their 
wave nature, can be explained as a probability 
d1stnbution of their positions as particles or an 
electron cloud. 

5 Explain why Newtonian (classical) laws of physics are 
not appropriate when describing what occurs at the 
subatomic level. 

6 Which of the following statements is not consistent 
with Heisenberg's uncertainty principle? 
A The position and momentum of a particle can 

never be exactfy known at the same time. 
B The more exactfy the position of particle is 

measured, the more uncertainty there is about 
its momentum. 

C If the momentum of a particle is precisely 
measured. its position will be unknown. 

D It is possible to precisely measure the momentum 
and position of a particle simultaneously. 
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Chapter review 

I KEY TERMS I 
de Broglie wavelength 
energy levels 

Heisenberg's uncertainty 
principle 

I REVIEW QUESTIONS I 

ionise 
laser 

metal vapour lamp 
orbit 

1 Electrons in sodium gas are in the n = 2 excited 
state. As the electrons drop back to the ground state, 
what is the energy (in eV) of the emitted light? Use 
Figure 15.1.2 on page 393. 

2 Electrons in sodium gas are in the n = 4 excited state. 
As the electrons drop back to ground state, what is the 
highest energy photon of l ight ( in eV) that is produced? 
Use Figure 15.1.2 on page 393. 

3 Can an atom emit photons (l ight) of any energy when 
an electron falls from a higher energy level to a lower 
energy level? Explain your answer. 

4 Students are using spectroscopes to analyse the l ight 
emitted by a light globe and a sodium vapour lamp. 
Compare their observations. 

5 By referring to the behaviour of electrons, explain 
how light is produced in an incandescent (filament) 
light globe. 

6 Calculate the speed of an electron that has a de 
Broglie wavelength of 4.0 x lo-9m. 

7 Heisenberg's uncertainty principle was a contributing 
factor in showing Bohr's model of the atom to be 
inaccurate. How does the uncertainty principle 
contribute to the inaccuracy of Bohr's model? 

8 How is the orange light that is produced by a sodium 
vapour street light created? 

9 What is the de Broglie wavelength of a 40g bullet 
travelling at 1.0 x la3ms- 1? 

10 Would wave behaviours such as diffraction be 

noticeable for the bullet described in Question 9? 

11 A particular atom has four energy levels. In this 
context, what does it mean to say that the levels 
are quantised? 

12 Calculate the frequency of the photon produced 
when an electron in a hydrogen atom drops from 
then = 3 energy level to its ground state, n = 1. Use 
Figure 15.1.7 on page 397. 

13 Explain why the development of the Bohr model of the 
hydrogen atom was significant in the development of a 
comprehensive understanding of the nature of light 
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orbital 
quantum mechanics 
standing wave 

14 Describe the relationship between the colours seen in 
the emission and absorption spectra of hydrogen. 

15 According to Heisenberg's uncertainty principle, if the 
uncertainty in position is decreased, what will happen 
to the uncertainty in momentum? 

16 If a photon of a very short wavelength were to collide 
with an electron, what would be the effect on the 
uncertainty of the position of the electron? 

17 Bohr's quantised model of the atom was a signif icant 
development However, it was limited in application. 
What was the Bohr model unable to explain? 

18 When an electron drops from the n = 5 energy level of 
the hydrogen atom to then= 2 energy level, a 434 nm 
photon is released. If the n = 2 orbit has an energy of 
- 3.4 eV, what is the energy of then= 5 orbit? 

19 Explain why a cricket player does not have to consider 
the wave properties of a cricket ball while batting. 

20 At what speed would a proton be travelling if it were 
to have the same wavelength as a gamma ray of 
energy 6.63 x 10- 14 J? (Use the mass of a proton 
mp= J.67 X i0 .. 27kg.) 

21 A charge q of mass m is accelerated from rest through 
a potential d ifference of V. Derive an expression that 
defines the de Brogl ie wavelength of the mass. A. in 
terms of q, m and V. 

22 A corollary of de Broglie's work on matter waves is 
that photons can be considered to have momentum. 
The momentum of photons. although small. has 
been measured under laboratory conditions. Use 
de Broglie's equation to find an equation for the 
momentum of a photon of wavelength .l 

23 Why can an electron microscope resolve images in 
finer detail than an optical m icroscope? 

24 After completing the activity on page 392, reflect on 
the inquiry question: How is it known that classical 
physics cannot explain the properties of the atom? 



CHAPTER n@ .. Properties of the nucleus 

This chapter examines the nature and properties of alp ha, beta and gamma 
radiation. It also explains the natural causes of nuclear instability, including 
the importance of the rate of decay, half-life of radioactive substances and 
penetratina: power of the radiation. The half-lives of radioactive substances are 
also examined. In addition, nuclear fusion and nuclear fission reactions are 
discussed, including the forces that act within the nucleus and energy transfer 

and transformation phenomena in t he production of nuclear energy. 

Content 

WH1Jl;ii·l1ifiii•l: ■ 
How can the energy of the atomic nucleus be harnessed? 
By the end of this chapter you will be able to: 

• analyse the spontaneous decay of unstable nuclei, and the properties of the alpha, 

beta and gamma radiation emitted (ACSPH028, ACSPH030) 
• examine the model of half-life in radioactive decay and make quantitative 

predictions about the activity or amount of a radioactive sample using the 
following relationships: 

- N,=Ncr'' 
. l=o-a> ·~ 

where N1 = number of particles at time t 
N0 = number of particles present at t = 0 
A = decay constant 
t112 = time for half the radioactive amount to decay 

• model and explain the process of nuclear fission, including the concepts of 
controlled and uncontrolled chain reactions. and account for the release of energy 
in the process (ACSPH033, ACSPH034) 

• analyse relationships that represent conservat ion of mass-energy in spontaneous 
and artificial nuclear transmutations, including alpha decay. beta decay, nuclear 
fission and nuclear fusion (ACSPH032) 

• account for the release of energy in the process of nuclear fusion (ACSPH035, 

ACSPH036) 
• predict quantitatively the energy released in nuclear decays or transmutat ions. 

including nuclear fission and nuclear fusion, by applying: (ACSPH031, ACSPH035, 

ACSPH036) 
- the law of conservation of energy 
- mass defect 

- binding energy 
- Einstein's mass-energy equivalence relationship(£= mc2). 

PhY'l(SStaae6s,c.tiusONSW£.due&IMlnseand¥dlAuthonty 
tor and on behalf of the Clown in rct,toi' ll'le Stlite ol NSW, 2017. 



16.1 Radioactive decay 

141141liil:i•l1lli\l 
Sweet decay 
How can the energy of the atomic nucleus 
be harnessed? 

3 Place the remaining lollies back in the cup and tip them 

out again. Record the number of lollies with a mark facing 
up, and remove the ones without the mark facing up. 

COLLECT THIS ... 4 Repeat step 3 until no lollies are left. 

50 button•shaped lollies with a mark on one side, such 
as Skittles or M&M's. Coins could also be used. 

RECORD THIS ... 

cup that fits all 50 lollies in it 

A3 piece of paper 

DD THIS ... 

Draw a graph of the percentage of sweets left after each 
throw. 

Describe the proportion of lollies that was removed after 
each throw and the resulting shape of the graph. 

Fold the edges of the piece of paper up to create a 

shallow container to contain the lollies. 
REFLECT ON THIS ... 

How can the energy of the atomic nucleus be harnessed? 

What is the probability of a particular lolly being discarded 

after each throw? 

2 With 50 lollies in the cup, tip them into the paper 

container. Record the number of lollies that have 
the mark facing up. Remove the lollies without a 

mark facing up, and put them to the side. Do not eat 
them yeL 

Would changing the initial number of lollies affect 

the graph? 

Can it be predicted when a particular lolly will be d iscarded? 

I GO TO ► I Section 14.2 page 383 

Human senses cannot detect the radiation from radioactive atoms. High-energy 
radiation in h igher than normal doses can be damaging to living tissue. Radiation and 
radioactive elements can also be used in a variety of applications that are beneficial. 
These rad ioactfre atoms, or radioisotopes, will be discussed in this section. 

ATOMS 
If an atom is radioactive, it will spontaneously emit radiation from its nucleus. 
F igure 16.1. 1 shows this radiation emitted in the form of particles and electromagnetic 
energy (light). To understand radiation and radioactivity, it is necessary to know 
about the structure of the atom. Recall from Chapter 14 that the central part of an 
atom, the nucleus, consists of particles known as protons and neutrons. CollectiYely, 
these particles are called nucleons and are almost identical in mass and size. 

nGURE 16.1.1 A radioactive nucleus is capabk! of emitting different types of radiation, although not 
all simultaneously. 
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The nucleons ha,·e ,·cry different electrical properties. Protons ha\"e a positi\"e 
charge. Neutrons arc electrically neutral so they ha,·e no charge ... Inc nucleus 
contains nearly all of the atom's mass. 

i\<\ost of the atom is empty space occupied only by negati\"ely charged particles 
caUed electrons. --rncsc arc much smaller and lighter than protons or neutrons. 
Figure 16.1 .2 shows the structure of a typical atom. 

/ 
electron cloud 

proton neutron 

FIGURE 1&.1.2 The nucleus of an atom cx:cupies about 10-12 of the VO,ume of the atom, yet it contains 
more than 99% of its mass. Atoms are rnosdy empty space. (Note that this atom is not drawn to scale.) 

A particular atom can be identified by using atomic symbols that have the format 
shown in Figure 16.1.3. 

mass number ----

1X- -- element symbol 

atomic number -----
nGuRE 16.1.J Atomtc notahon. 

l"be mass number (A) is the total number of protons and neutrons in the 
nucleus. 

1lle atomic number (Z ) is the number of protons in the nucleus. 
Atoms with the same number of protons belong to the same element. For 

example, if an atom has six protons in its nucleus (i.e. Z = 6), then the atom must 
be carbon. The number of neutrons does not affect which elemem the atom is, 
but it does affect the mass of the atom. Figure 16 . 1.4 shows how the size of the 
nucleus depends on the mass number. The more protons and neutrons there arc in 
a nucleus, the heavier and larger it is. 

(a ) (b) 

0 

ncuRE 10.u (a) and (b) are both oodel; howe,er, the hydrogen atom (a) has a ve,y different size 
nudeus to a uraniom atcm (b). (Note: the nude• are not drawn to scale.) 
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PHYSICSFILE 

Heavy water 
A compound of oxygen and deuterium 
has identical chemical properties to 
ordinary water. However, the molecular 
mass of ordinary water is about 
18 (16 + l + l }, while the molecular 
mass of water containing deuterium 
is 20 (16 + 2 + 2). Thus, water that 
conta ins deuterium has a higher density 
(by about 11%) and is commonly known 
as 'heavy water' . One use of heavy 
water is in nuclear reactors. 

In an electrically neutral atom the number o f electrons is equal to the number of 
pro tons. For example, any neutral atom of uranium (Z = 92) has 92 protons in the 
nucleus and 92 electrons in the electron cloud. 

ISOTOPES 
All ato ms of a particular element will have the same number o f protons, but may 
ha\·e a different number of neutrons. For example, lithium exists naturally in two 
different forms. One form has three protons and three neutrons. The other has three 
pro tons and four neu trons. These different forms of lithium are called isotopes of 
lithium . Isotopes have the same chemical properties but different physical properties 
such as density and volume.11tese isotopes are illustrated in Figure 16. 1.5. 

(a ) (b) 

FIGURE 16.1.5 Two different isotopes of lithium: (a) ;u and (b} ~Li. 

~Ifie term n u clide is used when referring to a particuJar nucleus. For example, 
lithium-6 is a nuclide which has three p rotons and three neutrons. 

~lfiere are three isotopes of hyd rogen: the nuclide with one proton is called 
hydrogen; the nuclide with one proto n and o ne neutro n is called deuterium; and the 
nuclide with o ne proton and two neu trons is called tritium. 

Worked example 16.1.1 

WORKING WITH ISOTOPES 

Consider the isotope of molybdenum, ?~Mo. Work out the number of protons, 
nucleons and neutrons in this isotope. 

Thinking Working 

The lower number is the atomic atomic number = 42 
number. This nuclide has 42 protons. 

The upper number is the mass m ass number - 95 
num ber. This ind icates the number 
of particles in the nucleus, i.e. the 

This nuclide has 95 nucleons. 

number of nucleons. 

Subtract the atomic number from the This isotope has 9 5 - 4 2 = 53 
mass num ber to find the number of neutrons. 
neutrons. 

Worked example: Try yourself 16.1.1 

WORKING WITH ISOTOPES 

Consider the isotope of thorium, 2~ Th. Work out the number of protons, 
nucleons and neutrons in this isotope. 
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RADIOISOTOPES 
Most o f the atoms that make u p the world around u s are stable. Their nuclei have 
not altered in the billio ns of years since they were formed. These atoms will stay 
unchanged in the future. There are about 270 stable isotopes in nature. T in (Z = 50) 
has ten stable isotopes, while aluminium (Z = 13) has just one. 

There are also many naturally occurring isompes that are unstable. An unstable 
nucleus may spontaneously become more stable by emitting a particle and as a 
result change into a d ifferent element or isotope. Unstable atoms are radioactive. An 
individual radioactfre isotope is known as a radioisotope. Carbon has two stable 
isotopes: carbon-12 and carbon- I 3. Carbon also has one naturally occurring isotope 
that is unstable: carbon- 14.1fle nucleus of a carbon- 14 atom may spontaneously 
decay into a different substance, emitting high-energy particles that can be harmful. 
A known radioactive substance is identified by the radiatio n warning symbol shown 
in Figure 16.1.6. 

Figure 16.1. 7 shows that every isotope of every clement with an atomic mass 
greater than that of bismuth (Z = 83) is radioactive. ~Ille first 92 elements are 
naturally occurring. 

Group 

10 II 12 

Period I []J 
3 4 

Li Be 
6.941 9.012 

II 12 

Na Mg 
22.99 24.31 

19 20 21 22 23 24 25 26 27 28 29 30 

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn 
39.IO 40.08 44.96 47.87 50 ... 52.00 54.94 55.M 58.93 58.69 6].55 65.38 

37 38 39 40 41 42 43 44 45 46 47 48 

Rb Sr y Zr Nb Mo Tc Ru Rh Pd Ag Cd 
M.47 87.61 88.91 91.22 92.91 95.96 198\ IOI.I 102.9 106.4 107.9 112.4 

" 56 51 72 73 74 15 76 n 78 79 80 

Cs Ba La Hf Ta w Re Os Ir Pt Au Hg 
132.9 137J JJ8.9 178.5 180.9 183.9 186.2 1902 192.2 195.1 197.0 200.6 

87 88 89 IOI !05 106 107 108 109 110 Ill 112 

Fr Ra Ac Rf Db 
'~ ' 

Bh Hs Mt Ds Rg Cn 
(223} 1226} ,22n (261} 1262} 1264} {267} 1268) 1271} 1272) 1285\ 

Lanthanides 
51 " 59 60 61 62 63 64 65 

La Ce Pr Nd Pm Sm Eu Gd Tb 
138.9 140.1 140.9 144.2 

D Every isotope of these 
elements is radioactive 

145 150.4 152.0 157.3 158.9 

Actinides 

89 90 91 92 93 .. 95 96 97 

Ac Th Pa u Np Pu Am Cm Bk 
232.0 (231.0) 238.0 (237) (U4) (2-13) (247) (247) 

FIGURE 16.1.7 The periodic table of the elements 

:"1.ost of the clements found on Earth ha\·e naturally occurring radioisotopes; 
there are about 200 of these natural radioisotopes. During the twentieth century, 
an enormous number of radioisotopes were also artificially produced. Most of the 
radioisotopes used in industry, in medicine and for scientific research are artificially 
produced. Artificial radioisotopes are produced in nuclear reactors or particle 
accelerators. 

FIGURE 16.1.6 This symool is used to label and 
identify a radioactive source 

13 14 15 16 17 18 -,-
He 
4.003 

5 6 7 8 9 10 

B C N 0 F Ne 
l0.81 12.01 14.01 16.00 19 .00 20.18 

13 14 15 16 17 18 

Al Si p s Cl Ar 
26.98 28.09 .l0.97 32.07 35.45 39.95 

]I 32 33 34 35 ]6 

Ga Ge As Se Br Kr 
69.72 72.64 74.92 78.96 79.90 83.80 

49 ,0 51 " 53 54 

In Sn Sb Te I Xe 
114.8 118.7 121.8 127.60 126.9 131.J 

81 82 83 84 " 86 

Tl Pb Bi Po At Rn 
2<M.4 2012 209.0 (2IO) (2IO) f'"'2) 

113 114 115 116 117 118 

Nh Fl Mc Lv Ts ~ (28-0 (289) 1289) (292} 1294\ 

66 67 68 69 70 71 

Dy Ho Er Tm Yb Lu 
162.5 164.9 167.3 168.9 173. 1 175.0 

98 99 100 IOI 102 103 

Cf Es Fm Md No Lr 
(251) (252) (257) (258) (259) (262) 
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RADIOACTIVITY 
Around the rum of the twentieth century, scientists such as J\1arie Curie (Figure 16.1 .8) 
were investigating the newly discovered radioactive substances polonium and radium. 
Ernest Rutherford and Paul Villard found that there were three different types of emission 
from these mysterious substances. ~Iney named them alpha, beta and gamma radiation . 

Further experiments showed that the alpha and beta emissions were actually 
particles expelled from the nucleus. Gamma radiation was found to be high.energy 
electromagnetic radiation Oight) also expelled from the nucleus. The term radioacti,·e 
decay refers to the process that emits these particles and radiation from a nucleus. 

The nature o f these radiations will be discussed in this section . 

Alpha (u) decay 
\Vhen a heavy unstable nucleus undergoes radioactive decay, it may eject an alpha 
particle. This is a positively charged p article that consists of two p rotons and two 
neutrons. An alpha particle, symbol a, is identical to a helium nucleus and can also 
be written as i He. 

Uranium- 238 is radioactive and may decay by emitting an alpha particle from its 
nucleus. Figure 16.1.9 shows the unstable nucleus of uranium-238 ejecting an alpha 
particle. This can be represented in a nuclear equation, which shows the changes 
occurring in the nuclei. Electrons are not considered in these equations, only the 
nucleons. The equation for the alpha decay of uranium-238 is: 

2:u ➔ 2:Th +i He+ energy 

The parent nucle us 2:u has spontaneously emitted an alpha particle (a ) and 
nGURE l6.l.8 Marie Curie conducted research has changed into a completely d ifferent element, 2~ Th. Thorium-234 is called the 
of different radK>active substances. daughter nucleus. The energy released is mostly kinetic energy carried by the 

fast-moving alpha particle. 

uranium-238: unstable 

flGURE 16.1.9 Alpha emission from uranium-.238. 

iflNllk 
W[JfJfj}' 
thorium-234 

alpha particle 

0 In any nuclear reaction, induding 
radioactive decay, atomic and 
mass numbers are conserved. 
Energy is released during these 
decays. 

\Vhen an atom changes into a different element, it is said to undergo a nuclear 
transmutation. In nuclear transmutations, electric charge is consen-ed. Ths results 
in the conservation of atomic number, i.e. the number of protons.llte sums of atomic 
numbers on both sides of a nuclear equation must be equal. ln the uranium decay 
equation, the atomic number is consen·ed: 92 = 90 + 2. 11te mass number is also 
conserved: 238 = 234 + 4. 

PHYSICSFILE 

Radioactive lamps 
The wicks or mantles (Figure 16.1.10) used in old-style camping lamps are slightly 
radioactive. They contain a radioisotope of thorium, an alpha-particle emitter. They 
have not been banned from sale so far because they contain only small amounts of 
the radioisotope and can be used safely by taking simple precautions such as washing 
hands and avoiding inhalation or ingestion. 

However, a scientist from the Australian National University in Canberra has called for 
these mantles to be banned because they tend to crumble and turn to dust as they age. 
If this dust were inhaled, alpha particles could settle in someone's lung tissue, possibty 
causing cancers to form. 
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Beta (~) decay 
J\1any radioacti\-c materials emit beta p articles. There are two different types of 
beta particles: beta minus (/1-) and beta p lus (/J-+). 

Beta minus ((,) 
11tis type of beta decay occurs when an electron is emitted from the nucleus of a 
radioactin~ atom, rather than from the electro n cloud. This type of beta particle can 
be written as -~/l 

The atomic number of -1 indicates that the beta particle (the electron) has a 
single ncgatfre charge. "Ille mass number of zero indicates that its mass is far less 
than that of a proton or a neutron. 

"fypically, beta-minus decay occurs if a nucleus has too many neuuons to 
be stable. A neutron spontaneously changes into a proton, a beta-minus particle 
<P-, an electron), and an uncharged massless antimaner particle called an 
antineutrino (v). This makes the nucleus more stable. 

An example of an isotope that u ndergoes beta-minus decay is carbon-14. The 
other isotopes o f carbon, i.e. carbon-12 and carbon-13, are both stable. Carbon- 14 
is u nstable. It has too many neutrons and undergoes a beta-minus decay to become 
stable. In this process, one o f the neutrons changes into a proton. Nitrogcn- 14 is 
then formed and energy is releascd. llte beta-minus decay of carbon- 14 is shown 
in Figure 16 .1.11. 

c.arbon-14: 
unstable 

nGURE 16.1.11 The beta-menus decay of carboo-14. 

The nuclear equation for this decay is: 

niuogen-14: 
stable 

1tc➔ 1; N+_~l3+V+energy 

The transformation taking p lace inside the nucleus is: 

~n➔:p+_~p+v 

antineutrino V 

Notice that, in all these equations, the atomic and mass numbers are consen·ed. 
~llte antineutrino has no charge and has so little mass that both its atomic and mass 
numbers are zero. 

Beta plus <P•) 
A different form of beta decay OCCUTS when a nucleus has too many protons. In this 
case, a proton may spontaneously change into a neutron and emit a neutrino ( v) 
and a positi,·ely charged beta particle. This p rocess is known as fJ+ (beta-positi,·e) 
decay. ~llte positively charged beta particle is called a positron. 

Positrons ( .~13) have the same properties as electrons, but their electrical charge 
is positi,·e rather than negativ·e. 

Gamma (r ) decay 
After a radioisoto pe has emitted an alpha or beta particle, the daughter nucleus 
usually has excess energy. The proto ns and neutrons in the daughter nucleus 
then rearrange slightly and o ffload this excess energy by releasing a gam.ma 
ray, ~Y· 
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Gamma rays are high-energy electromagnetic radiation and so have no mass, are 
uncharged and travel at the speed of light (3.00 x 1c>8ms- 1) . 

A common example of a gamma- ray emitter is iodine-131 . It decays by beta and 
gamma emission to form xenon- 131, as shown in Figure 16.1 .12. 

iodine-131: 
unstable 

antineutrino V 

xenon-131: 
excited 

FIGURE 16.1.12 The gamma and beta decay of iodine-131. 

1fle equations for this decay are: 
1t;1 ➔1txe• + _~13 

• xenon-131: 
stable 

111 xe• ➔ 1t!Xe + gy 
1fle asterisk indicates that the nuclide is in an excited state. 
Since gamma rays carry no charge and have no mass, they have no effect when 

balancing the atomic or mass numbers in a nuclear equation. 

Worked example 16.1.2 

RADIOACTIVE DECAY 

Strontium-90 decays by radioactive emission to form yttrium-90. The equation is: 

~Sr ➔ ~Y+ X 

Determine the atomic and mass numbers for X and identify the type of radiation 
being emitted. 

Thinking Working 

The mass numbers of 90 are already The mass number of X is zero. 
balanced. 

Balance the atomic numbers. 38 = 39 + a 
a = 38-39 = -1 

X has an atomic number of - 1 and a X is a beta-minus particle, -~ll-
mass number of zero. 

Worked example: Try yourself 16.1.2 

RADIOACTIVE DECAY 

Polonium-218 decays by em itting an alpha particle and a gamma ray. The 
nuclear equation is: 

2~Po➔ x+;a+ y 
Determine the atomic number and mass number for X, then use the periodic 
table in Figure 16.1.7 on page 419 to identify the element. 

WHY RADIOACTIVE NUCLEI ARE UNSTABLE 
In Figure 16.1.13, the stable nuclides that exist in nature are indicated by purple 
squares. The radioisotopes that are alpha and beta emitters can be identified by the 
black plus and minus symbols. Most of these radioisotopes also emit gamma radiation. 
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nGURE 16.1.13 A chart showing stable and radioactive isotopes, plotted according to their number 
of protons (atomic number} and number of neutrons. 

\Vith in the nucleus, protons a.re in close proximity to other protons. This should 
seem odd since proto ns exert stro ng electros tatic forces of repulsio n o,·e.r each 
other. It might be thought that the nucleus should simply blow apart. As it doesn 't, 
there must be other factors to consider. A force known as the strong nuclear force 
is also acting. This is a force of attract-ion that holds the nucleus together. 

Electrostatic forces act between charged particles and can act over rclati\"ely 
large diSlanccs. In the nucleus, this means that each proton strongly repels e\·ery 
other proto n so this force is trying to make the nucleus break apart. . eutrons are 
unaffected by electrostatic forces. 

1lle strong nuclear force is a force of attraction that acts between e,·ery nucleon 
regardless of their charge. This force acts like 'nuclear glue'. Neutrons arc attracled 
to nearby neutrons and protons. Protons arc also attracted to nearby neutrons and 
protons. Howc,·er, this force only acts over rclati,·ely short distances, so for nucleons 
on the opposite sides of a large nucleus, this force is not significant. 
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(a) 

6p. 6n 

Cb) 

92p. 92n 

(c) 

(d ) 

92p, 146n 

nGURE 16.1.14 Stable and unstable nudei. 
(a) A small nucleus such as carbon-12 is 
stable. This is because the electrostatic force 
of repulsion that acts between the protons 
is overcome by the slfong nuclear force of 
attraction. (b) and (c) A large nucleus with equal 
numbers of protons and neutrons cannot exist. 
The ekctrostatic forces of repulsion between 
the protons woukt overcome the strong nuclear 
forces. (d) Additional neutrons iooease the 
stability of large nudei. The extra neutrons 
increase the influence of the strong nudear 
force and act like a 'nudear glue', holding the 
nucleus together. 

In a stable nucleus, there is a delicate balance between the repulsive electric force 
and the attractive strong n uclear force. For example, bismuth-209, the hea,·iest 
stable isotope, has 83 protons and 126 neutrons. Here, the electrostatic repulsion of 
the protons is balanced by the strong attractive nuclear forces between the nucleons 
to make the nucleus stable. Compare this with bismuth-21 1. Its two extra neutrons 
upset the balance between forces. The nucleus of 21 1 Bi is unstable and it ejects an 
alpha particle in an attempt to become more stable. 

From Figure 16.1.13 on page 423 it is evident that there is a ' line of stability' 
(indicated by the cun ·ed red dashed line on the g raph) along which the stable nuclei 
tend to cluster. Nuclei away from this line are unstable. 

For small nuclei with atomic numbers up to about 20, the ratio of neutrons to 
protons m stable nuclei 1s close to one. However, as the nuclei become bigger, this 
ratio increases for stable nuclei. Zirconium (Z;:::: 40) has a neutron-to-proton ratio of 
about 1.25, while for mercury (Z;:::: 80) the ratio is close to 1.66. This indicates that 
for higher numbers of protons, nuclei must have even m ore neutrons to remain stable. 
These neutrons act to dilute the repelling forces that exist between the extra protons. 

Elements with more protons than bismuth (Z ;:::: 83) simply ha,·e too many 
repulsi,·e charges in the nucleus. Additio nal neutro ns are unable to stabilise these 
nuclei. All o f these elements are unstable and radioactive. Figure 16.1.14 illustrates 
stable and unstable nuclei. 

I PHYSICS IN ACTION I 
Detecting radiation 
Our bodies cannot detect alpha, 
beta or gamma radiation. 
Therefore, a number of devices 
have been developed to detect 
and measure radiation. 

A common detector is the 
Geiger counter. This can be used: 

by geologists searching for 
radioactive minerals such 
as uranium 

to monitor radiation levels in 
mines 

to measure the level of 
radiation after a nuclear 
accident, such as the accident 
at Fukushima, Japan, in 2011 

to check the safety of nuclear 
reactors 

FIGURE 1s.1.1s Thermoluminescent dosimeters 
are used by doctors, radiologists and scientists 
who work with radiation to monitor their exposure 
levels. 

to monitor radiation levels in hospitals and factories. 

People who work in occupations that involve ongoing exposure to levels of 
ionising radiation usually pin a small radiation-monitoring device to their 
clothing. This is usually a thermoluminescent dosimeter (TLD), as pictured 
in Figure 16.1.15. These are used by personnel in nuclear power plants, 
radiotherapy departments at hospitals, airport security gates and uranium 
mines. 
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I PHYSICS IN ACTION I 
How technetium is produced 

Technetium-99m is the most widely used radioisotope in nuclear medicine. 
It is used for diagnosing and treating cancer. However, this radioisotope 

decays relatively quickly and so usually needs to be produced close to where 
it will be used. Technetium-99m is produced in small nuclear generators that 
are located in hospitals around the country. In this process, the radioisotope 
molybdenum-99 is used as the parent nuclide. Molybdenum-99 decays 
by beta emission to form a relatively stable (or metastable) isotope of 
technetium, technetium-99m, as shown below: 

nMo➔n-"Tc+_~p+v 

Technetium-99m is flushed from the generator using a saline solution. 
The radioisotope is then diluted and attached to an appropriate chemical 
compound before being administered to the patient as a tracer. Technetium-
99m is purely a gamma emitter. This makes it very useful as a diagnostic tool 
for locating and treating cancer. Its decay equation is: 

~ Tc -+ ?1Tc + y 

PROPERTIES OF ALPHA, BETA AND GAMMA RADIATION 
In the early exper iments with radioactivity, emissions from a sample o f radium 
were direc ted through a magnetic field as shown in Figure 16. 1. 16. T he 
emissions followed three distinct paths, which suggested that there were three 
different form s o f radiatio n being emitted. The emissio ns each had different 
charges, masses and speeds. 

Alpha (a ) particles 
Alpha particles consist of two protons and two neutrons. This means that they are 
relatively heavy and slow moving. Alpha particles are emitted from the nucleus al 
speeds ofup to 20000 kms-1 (2.0 x 107 m s-1) , just less than 10% of the speed of 
Light (Figure 16.1.1 7). 

Alpha particles have a double positive charge .This,combined with their relatively 
slow speed, makes them very easy to stop. They only tra\·el a few centimetres in air 
before losing their energy, and will be completely absorbed by a thin card or a 
human hand (Figure 16.1.18). T hey have a poor pene trating ability. 

An example of an isotope that emits a radiation (or undergoes a decay) is the 
isompe of americium ':;Am.Americium can be found in ionisatio n smoke detectors. 

Beta (/3) particles 
Beta particles are fast-moving electro ns (/r) or positrons (/Jt) . Beta-minus particles 
are created when a neutron decays into a proton. Beta-plus particles are created 
when a proton decays into a neutron. 

Beta particles are much lighter than alpha particles. As a result, they leave the 
nucleus with far higher speeds- up to 90% of the speed of light (c), as shown in 
Figure 16.1.19. 

-0.9c 

_\'ll 

FIGURE 16.1.19 The speed and structure of a beta particle. 

FIGURE 16.1.16 Applying a magnetic field shows 
that there are three different types of emissions 
from a radium source. 

• 

-0.lc ----}: =~ 
1« 

FIGURE 16.1.17 The speed and strudu1e of an 
ex particle. 

aluminium lead 

FIGURE 16.1.18 The penetrating ability of alpha 
radiation. 
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aluminium lead 

FIGURE 16.1.20 The penetrating ability of beta 
radiation. 

aluminium lead 

FIGURE 16.1.23 The penetrating ability of y 
radiation. 

Beta particles are more penetrating than alpha particles. They are faster and 
have a smaller charge than alpha particles. Beta particles will travel a few metres 
through air and through a human hand.Typically, a sheet of aluminium about I mm 
thick will stop them, as shown in Figure 16.1.20. 

Gamma (r ) rays 
Gamma rays are electromagnetic radiation with a very h igh frequency. Figure 16.1.21 
shows where gamma rays lie along the electromagnetic spectrum. ~11tey have 
no rest mass and travel at the speed o f light: 3.0 x 1a8m s- 1 or 300000krns-1 

(Figure 16.1.22). 

Wavelength (m} 

10' 101 l01 100 10-1 10-1 J0-1 10-- 10-s 10"6 10-7 JO-• lo-" JO-JO 10-11 10-11 I0-1l 10-u 

~I radio waves I~ : I visible light I: I gamma rays 

' ' ~ --~--

microwaves I! l I ultraviolet 11 ~ · 
-~ · : infrared : 
' ' 

10' 10' )01 IOI IC, 1010 JOH 1012 JOU 1ou JOIS 101• 1011 1011 JO'' 
Frequency (Hz] 

FIGURE 16.1.21 The electromagnetic spectrum contains many different types of radiation that 
differ in their wavelength and frequency. Gamma rays have very high frequencies and very short 
wavelengths, making them very energetic and highly penetrating. 

::., ray 

FIGURE 16.1.22 The speed and nature of gamma radiation. 

Gamma rays ha,·e no electric charge. Their high energy and uncharged nature 
make them a very penetrating form of radiation. Gamma rays can tra,·el an almost 
unlimited distance through air and even through a human hand, an aluminium 
sheet and a few centimetres of lead (Figure 16.1.23) . Even a metre of concrete 
would not com pletely absorb a beam of gamma rays. 

''J1te properties of alpha (a ), beta (jJ) and gamma ()? radiation are summarised 
inTable 16.1.1. 

TABLE 16.1 .1 A compartSOn of the properties of alpha, beta and gamma radiation. 

A44 i+i,@i 11-ifiMI 44 
Mass heavy light none 

Speed up to 20000kms-1 about 90% of the the speed of light 
or about I 0% of speed of light 
the speed of light 

Charge +2 - 1 or+l 0 

Range in air a few centimetres 1 or2m many metres 

Penetration in matter - 10-2 mm a few millimetres high 

426 MODULE 8 I FROM THE U'IIVERSETO THE ATOM 



16.1 Review 

f11l:i:t\ii 
The nucleus of an atom consists of positively 
charged protons and neutral neutrons. Collectively, 
protons and neutrons are known as nucleons. 
Negatively charged electrons surround the 

nucleus. 
The nucleus of the atom is extremely small but 

contains most of the atom's mass. 

The atomic number, Z, is the number of protons in 
the nucleus. The mass number, A, is the number 
of nucleons in the nucleus, i.e. the combined 
number of protons and neutrons. Elements are 
represented as 1X. 
Isotopes of an element have the same number 
of protons but different numbers of neutrons. 
Isotopes of an element are chemically identical to 
each other, but have different physical properties. 

An unstable isotope-a radioisotope-may 
spontaneously decay by emitting alpha, beta or 
gamma radiation from its nuclei. 

An alpha particle (a) consists of two protons and 
two neutrons and is emitted from the nuclei of 
some radioisotopes. It is identical to a helium 
nucleus and can be written as ~He. 

A beta-minus particle (P- or -~P) is an electron 
that has been emitted from the nucleus of 
a radioactive atom as a result of a neutron 
transmutating into a proton. An antineutrino is 
always emitted with a beta-minus particle. 

134i·UJf-Ut·i:~i 
What is the collective term used for protons and 
neutrons? 

2 How many protons and how many neutrons are in the 
1~ Au nuclide? 

3 How many nucleons are there in the 2:~u nuclide? 

4 How is the number of electrons in a neutral atom 
determined? 

5 Determine the nature of the unknown, X, for the 
following transmutation: 

2~ Rn ➔ 2~Po + X 

6 What type of beta decay occurs in this nuclear 
reaction? 

A beta-plus particle (p+) or positron is a positively 
charged electron ( .. ~P) that has been emitted from 

the nucleus of a radioactive atom as a result of a 
proton transmutating into a neutron. A neutrino is 

always emitted with a beta-plus particle. 
A gamma ray, y, is high-energy electromagnetic 
radiation that is emitted from the nuclei 
of radioactive atoms. Gamma rays always 

accompany alpha or beta emission. 

In any nuclear reaction, both the atomic and mass 
numbers are conserved. 

Nuclear stability is the result of the strong nuclear 
force between nucleons over a very short distance, 
which opposes electrostatic repulsion between 
protons. 

Alpha (a) particles are ejected from the nucleus 
at around 10% of the speed of lighl They have a 
double positive charge and are relatively heavy. 
Alpha particles have poor penetrating power. 

Beta (P) particles emanate from the nucleus at 
up to 90% of the speed of lighl They are much 
lighter than a particles. Beta-minus 03-) particles 
have a single negative charge. Beta-p1us (P'") 
particles have a single positive charge. Beta 
radiation has a moderate penetrating ability. 

Gamma (1' rays are high-energy electromagnetic 
radiation and so travel at the speed of light and 
have no charge. They have high penetrating power. 

7 What type of decay occurs when a nucleus has too 
many protons? 

8 Which type of radiation (alpha, beta or gamma): 
o can easily penetrate aluminium foil 
b is ejected when a neutron decays into a proton 
c travels relatively slowly at typically around 10% of 

the speed of light 
d travels at speeds of up to 90% of the speed of light 
e has no charge? 
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30 minutes later 

(bl 

u' 
- - u 

IO years later 

nGURE 16.2.1 The activity of (a) polonium-218 
and (b) uranium-235. 

0 The hatt-life (tv,) of a 
radioisotope is the time that it 
takes for half of the nuclei of the 
sample radioisotope to decay. 

Key: Q = I million m Po nuclei 

■ Initially: 
100 m illion m Po nuclei 

■ After 3 minutes: 
- 50 million i 1•Po nuclei 

■ After 6 minutes: 
- 25 million :••Po nuclei 

FIGURE 1&.2.2 The decay of polonium-218 over 
two half-lives, showing how only one-quarter 
(25%) of the original radioisotope remains after 
two half-lives 

16.2 Half-life 
Different radioisotop es will emit radiation and will decay at \"er y different rates. A 
Geiger co unter held close to a small sample of polonium-218 will initially detect a 
very high le,·el of radiation. Half an hour later, this count rate will h ave dropped to 
almost zero. 

Compare this with a similar sample o f uranium-235. A G eiger counter held 
close to the uranium will show a low count rate. Howe\"er, as time passes, the count 
rate d oes not seem to change. If you came back decades later, the count le,·el would 
still be the same . Figure 16.2.1 illustrates this. 

The hn1£- li£c of o rodioisotope describes how long it tokes for holf of the otoms 
in a g i\"en mass to decay. The count rate is the activity of the sample. These ideas 
will be studied in this section . 

HALF-LIFE 
All radio isotopes are unstable but some are more unstable than others. In the 
previou s example, polonium-21 8 is more unstable than uranium-235. One way of 
determining this instability is by measuring the half-life ( 11,V of the radio isotope. 

The half-life o f polonium-218 is 3 minutes. Consider a sample of polo nium 
that initially contains 100 million undecayed polonium-218 nuclei, as shown in 
F igure 16.2.2. Over the first 3 m inutes about half of these will ha\"e d ecayed, leaYing 
around 50 million polo nium-2 18 nuclei. Over the next 3 minutes half of these 
SO million polonium-21 8 nuclei will decay, leaving approximately 25 million of the 
original rad ioacti,·e nuclei. The process continues as time passes. 

0 The number of particles remaining at a point in time can be found using the 
following formulae: 

where 

Nt= Nc,e-At 

l = •<•> ,., 

N, is the number of radioactive nuclei remaining at time t 

No is the initial number of particles present (i.e. t = 0) 

A is the decay constant 

t is the period of time that the radioactive nuclei has decayed 

t112 is the half-life, i.e. the time for half the radioactive sample to decay 

0 The number of half-lives in a period of time can be found using: , 
n = -•w 

where 

n Is the number of half-lives elapsed 

t is the period of time that the radioactive nuclei has decayed 

fm is the half-life 

By combining some of these equations, it is possible to produce an equatio n for 
the number of particles remaining in terms of the number of half-lives elapsed: 

N, =Noe-A'= Noe-ffl(2).,, = NoGr 
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0 N,=No(½)" 
where N1 is the number of radioactive nudei remaining 

N0 is the initial number of radioactive nuclei 

n is the number of half-lives elapsed 

As time passes, a smaller and smaller proportion of the originaJ radioisotope 
remains in the sample. The graph in Figure 16.2.3, known as a decay cun·e, 
shows this. 

fa·en a \·ery small rad.ioactfre sample will contain billions of atoms. It is 
important to know that although the behaviour of such a large sample of nuclei can 
be mathematically predict«l, the behaviour of one particular nucleus cannot. It has 
a SO% chance of decaying in each half-life. The half-life of a radioisotope is constant 
and cannot be changed by chemical reactions, heat and so on. Half-life is solely 
determined by the instability of the nuclei of the radioisotope. 

100 

Decay curve 

N,=N,,.. 
where N0 "' original amount 

N, "" final amount 

--------►------ 

·-······•--------.. ------

Number of half.fives 

nGUR[ 16..2.3 A decay OJNe for a radiotsotope. 

i-1:◄i!l :i'lll·M ·i 
Natural logs 

logarithm 

/ 
100 = 10' 

I \ 

A logarithm is a way of describing the power 
or index of a function. For example, in the 

figure to the right the 2 is the logarithm with 
a base of 10. This can be shown with the 
formula: log1o (100) = 2. numerical value base 

The base of the natural logarithm, In, is the constant e. For example, 
log. (2) • In (2) • 0.69 (to two significant figures). 

Scientific calculators may have a button titled In which can be used to 
calculate the natural log function. 

A few logarithm rules are outlined below: 

eln•=x 

• ln(l)•O 
• In (e)• 1 
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0 Activity is measured in 
becquerels, Bq. 

1 Bq = 1 disintegration per second. 

PHYSICSFILE 

Measuring radioactivity 

Worked example 16.2.1 

HALF-LIFE 

A sample of the radioisotope thor ium-234 contains 8.0 x 10 12 nuclei. The half-li fe 
of thorium-234 is 24 days. 

a Calculate the decay constant for thorium-234. 

Thinking Working 

Recall the formula for the decay A. = ln(2) 

constant '= 
Substitute t1n into the equation and .l = n (2) 

solve for ,l As the half-life given for '= 
thorium is in days, your answer wlll be = .. 2~) 

in day-1. 
= 0.029 day-1 

b How many thorium-234 nuclei will remain in the sample after 120 days? 

Thinking Working 

Recall the formula for the number of Nt = Nc,e-lt 
nuclei remaining after time t. 

Substitute No = 8.0 x 1012 and the Nt = Nc,e-At 
decay constant from part (a) into the = 8.0 x 1012 x e-0.029x 120 
equation. Calculate the number of 

= 2.5 x 1011 nuclei 
nuclei remaining. 

Worked example: Try yourself 16.2.1 

HALF-LIFE 

A sample of the radioisotope sodium•24 contains 4.0 x 1010 nuclei. The half-life of 
sodium-24 is 15 hours. 

a Calculate the decay constant for sodium-24. 

b How many sodium-24 atoms will remain in the sample after 150 hours? 

Uranium-235 has a half-life of 700000 years. Its activity will 
remain virtually constant for decades and will certainly not change 
over 3 minutes. 

A Geiger counter can be used to record the number of radioactive 
decays occurring in a sample each second. It measures the activity 
of the sample. 

The same hatf·life equation can be used to calculate the final 
activity of a radioactive sample after a number of half·lives. 

The activity of the nuclei remaining after a number of hatf-lives can 
be found mathematically using: OvP.r timP., thP. ;tdivity of ;t !.amf!IP. of ;t r;trtioisotor,P. will c1P.r::rP.;tSP.. 

More and more of the radioactive nuclei will have decayed, and at 
some point it will no longer emit radiation. 

If a sample of polonium-218 (tl/2 = 3 minutes) has an initial 
activity of 2000 Bq, then after one half-life its activity will be 
l 000 BQ. After a further 3 minutes, the activity of the sample will 
have reduced to 500 Bq, and after a further 3 minutes it will be 
250 Bq, and so on. 
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where 

A is the activity of the radioactive nuclei remaining (Bq} 

,¾ is the initial activity of the radioactive nuclei {Bq) 

n is the number of half-lives elapsed. 



PHYSICSFILE 
TABLE 16.2.1 Some c.ommon rachoisotopes and thetr half-lives 

Common radioisotopes and 
their applications Isotope Em1ss1on H,1lf-hfe 

The half-lives of some common 
radioisotopes are shown ,n 
Table 16.2.1. The half-life of a 
radioisotope will determine what 
it is used for. For example, the 
most commonly used medical 
tracer, technec,um-99, has a short 
half-life of just 6 hours. The short 
half.life means that rad1oact1v1ty 
does not remain in the body any 
longer than necessary. On the other 
hand, the radioisotope used in a 
smoke detector, americium-241, is 
chosen because of its long half-life, 
461 years. The smoke detector 
can continue to function for a very 
long time, as long as the battery is 
replaced each year. 

DECAY SERIES 

Natural 

po,omum-214 

slronllum-90 

rachum-226 

carbon-14 

uranrum-235 

uramum-238 

thorium-232 

Artificial 

technetium-99m 

sodtum-24 

iodine-131 

phosphorus-32 

cobalt•60 

americium-241 

plutonium-239 

p 

p 

p 
p 
p 
p 
p 
a 

0.00016s 

2as years 

1630 years 

5730 years 

700000 years 

4.5 bllhon years 

14 billion years 

6h 

!Sh 

8 days 

14.3 days 

5.3 years 

460 years 

24000 years 

Generally, when a radionuclide decays, its daughter nucleus is not completely stable 
and is itself radiooct.h-e. This daughter nucleus ,,ill then undergo further decay. 
fa·entually a stable isotope is reached and the sequence ends. This is known as 
a decay series. An example o f a decay series is shown in Figure 16.2.4. ~mis 
particular series shows the decay of u.-anium- 238 (sho\\n at the top of the chart) 
into lcad-206 (shown at the bottom of the chart) . 

238 .. ,. .. ~#"" 236 

234 

232 p 24 days a 2.5 x IOS 

230 ~ years 

228 8 x 10' years 

S 226 .E.6 x IO'years I 224 

222 
~ 8days ~ 220 

i 218 a3mln 
216 / 19min 

214 

212 P27mi~ al60µs 

210 

208 ~20yea P 2.6 x JC, years 
a 138 days 206 

82 84 86 88 90 92 
Atomic number (Z} 

nGURE 16.2.4 The uranium decay seoes. The half.life and emissions are indicated on each ol the 
decays as radioactNe uranoum-238 ~ gradualy transformed into stable lead-206. Mirwlg companoes 
find significant quantrtJes o_f_lead_ a_t_uran_ ,u_m_m_ ones. ___________ _ 

Apphcallon 

nothmg at this bme 

cancer therapy 

once used in lummous pamts 

carbon dabng of fossils 

nuclear fuel, rock dating 

nuclear fuel. rock dating 

fossil datmg. nuclear fuel 

medical tracer 

medical tracer 

medical tracer 

medic.at tracer 

radiation therapy 

smoke detectors 

nuclear fuel. rock datmg 
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11te Earth is 4.5 billion years old-old enough to have only four naturally 
occurring decay series that remain acti,·e. These are: 

the uranium series in which uranium-238 e,·entually becomes lead-206 
the actinium series in which actinium-235 eventually becomes lead-207 
the thorium series in which thorium-232 eventually becomes lead-208 

the neptunium series in which neptuniurn-237 e,·entually becomes bisrnuth-209. 
(Since neptunium-237 has a relatively short half-life, it is no longer present in 
the crust of the Earth, but the rest of its decay series is still continuing.) 
Geologists analyse the proportions of the radioacti,·e elements in a sample of 

rock to gain a reasonable estimate of the rock's age. This technique is known as rock 
dating. 

I PHYSICS IN ACTION I 
Radiocarbon dating 

Garbon dating is a technique used by archaeologists to 
determine the ages of fossils and ancient objects that were 
made from plant matter. This method involves measuring 
and comparing the proportion of two isotopes of carbon, 
carbon-12 and carbon-14 in the specimen. 

Garbon-12 is a stable isotope but carbon-14 is radioactive. 
Garbon-14 only exists in trace amounts in nature. Garbon-12 

atoms are about 1000000000000 (1012) times more 
common than carbon-14 atoms. 

Garbon-14 has a half-life of 5730 years and decays by 
beta-minus emission to nitrogen-14. Its decay equation is: 

1tc ➔ 1:N+fr + v 

Both carbon-12 and carbon-14 can combine with other 
atoms in the environment For example, they both combine 
with oxygen to form carbon dioxide. Plants and animals 
take in carbon-based molecules from the air and food. This 
means that all living organisms contain the same percentage 
of carbon-14. In the environment, the production of 
carbon-14 is matched by its decay and so the proportion of 
carbon-14 atoms to carbon- 12 remains constant 

After an organism dies, the amount of carbon-14 it 
contains will decrease as these atoms decay to form 
nitrogen-14 and are not replaced from the environment 
The number of atoms of carbon-12 does not change as 
carbon-12 is a stable atom. So, over time, the proportion of 
carbon-14 to carbon-12 atoms decreases. 

The proportion of carbon-14 to carbon-12 in a dead 
organism can be compared with that found in living 
organisms and the approximate age of the specimen can be 
determined from the half-life of carbon-14. 

Consider this example. The count rate from a 1 g sample 
of carbon that has been extracted from an ancient wooden 
spear is l0Bq. A 1 g sample of carbon from a living piece 
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of wood has a count rate of 40 Sq. We can assume that 
this was also the initial count rate of the spear. For its 
count rate to have reduced from 40 to l0Bq, the spear 
must be (40 ➔ 20 ➔ 10) two half-lives of carbon-14 old, 
i.e. about 11500 years old. 

In 1988, scientists used carbon-dating techniques 
to show that the Shroud of Turin (Figure 16.4.5) was 
probably a medieval forgery. It had been claimed that 
the Shroud of Turin was the piece of cloth that was the 
burial shroud of Jesus Christ. Garbon-dating tests on 
small samples of the cloth established that there was 
a high probabil ity that it was made between 1260 and 
1390, not around the time of Christ's death. 

FIGURE 16.2.5 The Shroud of Turin. 



16.2 Review 

f111:i:t-iiii 
The rate of decay of a radioisotope is measured 
by i ts half-life, t112• This is the time that it takes for 

half of the radioisotope to decay. 

The number of nuclei, Nb remaining after some 
time, t. is given by the equation: 

Nt a:.=N0e- 4t 

The decay constant, A, can be calculated with the 

equation: 
A = ln(2) 

tin 

The activity of a sample indicates the number 

of emissions per second. Activity is measured in 

l:◄=D·i'ifiii·i:~i 
1 What is meant by the activity of a radioisotope? 

2 Technetium-99m has a half-life of 6.0 hours. A sample 
of the radioisotope originally contains 8 .0 x 1010 

atoms. How many technetium-99m nuclei remain 
after 6.0 hours? 

3 lodine-131 has a half-life of 8days. A sample of the 
radioisotope initially contains 2.4 x 1012 iocline-131 
nuclei. How many iodine-131 nuclei remain after 
24 days? 

4 Radioactive materials are considered to be relatively 
safe when their activity has fallen below 0.1 % of the 
initial value. 
a How many half-lives does this take? 
b Plutonium-239 is a by-product of nuclear reactors. 

Its half-l ife is 24000 years. How long does the 
plutonium-239 have to be stored as nuclear waste 
before it is considered safe to handle? 

5 If a particular atom in a radioactive sample has not 
decayed during the previous half-l ife, what is the 
percentage chance that it will decay in the next 
half-l ife? 

6 A hospital in Alice Springs needs 12µg of the 
radioisotope technetium-99m. The specimen has to 
be ordered from Sydney. The half-life of technetium-
99m is 6hours and the delivery takes 24 hours. How 
much must be produced in Sydney to satisfy the Alice 
Springs order? 

7 The activity of a radioisotope changes from 6000Bq to 
375Bq over a period of 60minutes. Galculate the hal f
life of th is radioisotope. 

becquerels (Bq), where l Bq = l emission per 
second. 

The number of atoms of a radioisotope will 
decrease over time. Over one half-life, the number 
of atoms of a radioisotope will halve. 

When a radionuclide decays, its daughter nuclcu:; 

is usually itself radioactive. This daughter will then 
decay to a granddaughter nucleus, which may 
also be radioactive, and so on. This is called a 
decay series. 

8 A Geiger counter is used to measure the radioactive 
emissions from a certain rad ioisotope. The activity of 
the sample is shown in the graph. 
a What is the half-l ife of the radioisotope according to 

the graph' 
b What would the activity of the sample be after 

40 m inutes have elapsed? 
Decay curve 

1000 
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g 600 

"' :~ 
~ 400 <( 

200 

0 

0 10 15 20 

Timefminl 

25 

9 According to Figure 16.2.4 on page 431, what type of 
decay does lead-2 10 undergo and what is its half-lrfe? 

10 In the uranium decay series shown in Figure 16.2.4, 
2~~U decays to eventually produce stable ~ Pb. How 
many alpha and beta-minus decays have occurred? 
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16.3 Nuclear fission and fusion 
ln 1905, Albert Einstein theorised that mass, m, and energy, E, are equivalent 
through the equation E= mc2. This led to the realisation that vast amounts of energy 
lie unharnessed within the nuclei of atoms. The ramifications of Einstein's work and 
the discovery of nuclear fission were realised in 1945 with the explosion of the fir st 
atomic bomb in the desert near Alamogordo in New Mexico, USA. In this section, 
nuclear fission and the energy that it can unleash (Figure 16.3.1) will be explored. 

rlGURE 16.3.1 An atomic bomb explosion and its associated mushroom cloud. Nuclear fission ra, 
release huge amounts of energy. 

INSIDE THE NUCLEUS 
~lne current understanding of the basic properties and structure of the nucleus is 
the result of intense scientific im·estigation in the early part of the twentieth cenrury. 
Physicists such as Becquerel, Rutherford, Chadwick, Geiger, Marsden and Hark.ins 
were instrumental in the development of the model o f the nucleus that exists today. 
These renowned scientists are shown in Figure 16.3.2. 

FIGURE 16.1.2 (a) Henri Becquerel. (b) Ernest Rutherford, (c) James Chadwick, (d) Hans Geiger, 
(e) Ernest Marsden and (Q w;mam Harluns. 
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Recall that within the nucleus, there are protons in close proximity to other 
protons, explained by the strong nuclear force (see Section 16.1 ) .An example of how 
the electrostatic and strong nuclear forces act in a nucleus is shown in Figure 16.3.3. 

NUCLEAR FISSION 
The discovery of the neutron by James Chadwick in 1932 enabled scientists to 
explore the behaviour of larger atomic nuclei. Up until then, physicists such as 
Enrico Fermi had been firing alpha particles at target nuclei and analysing the 
results. C had,vick found that with larger target nuclei_, the positive alpha particles 
were too strongly repelled from the positi,·ely charged nuclei and collisions did 
not occur. 

·nu: a1.Jva11lage uf a 11euu-u 11 is c.hal it is ueuu.il a11J su is uul rq,dkJ l.,y a11y 
target nucleus. The bombarding neutrons can be absorbed into the nucleus of the 
target arom_, as shown in Figure 16.3.4. 'lb.is makes neutrons ,·ery useful as a form 
of radiation. They are used in many experiments to artificially transmutate (change 
the form of) different isotopes. 

(al 

(bl 

l n 

nGURE 16.3A (a) Charged alpha partides are repelled by a nucleus. (b} Uncharged neutrons are abk! 
to smash into a nudeus. 

Nuclear fission occurs when an atomic nucleus splits into two or more pieces. 
This is usually triggered o r induced by the absorption of a neutron, as shO\\-n 
in Figure 16.3.5. Nuclides that are capable o f undergo ing nuclear fission after 
absorbing a neutron are said to be fissile. Only a handful of fissile nuclides exist 
in nature. 

incident 
neutron 

fissile 
nucleus 

... 
fission 

fragments 

nGURE 16.3.5 Nuclear fission is the splitting of a nucleus 

released 
neutrons 

neutron proton 

FIGURE 16.3.3 Proton A both attracts and repets 
proton B, but, at short distances, the attraction 
due to the strong nuclear force is much greater 
than the repulsion due to the efectrost.tic force. 
Proton A also both attracts and repels proton 
C, but because of the greater distance between 
them, the force of repulsion is larger. However, 
proton A and proton C do not fly apart due to 
the strong attractive forces exerted on them by 
adjacent neutrons. 

PHYSICSFILE 

Strong nuclear force 
The existence of the strong nuclear 
force was first proposed by Japanese 
theoretical physicist Hideki Yukawa 
in 1935. However, the properties of 
this force are so complex that it took 
until 1975 for physicists to develop 
a mathematical model that could 
successfully describe it. 
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Uranium-235 and plutonium-239 are fissile and can be made to split when 
bombarded by a slow-moving neutron. Uranium-238 and thorium-232 require a 
very high-energy neu tron to induce fission, so they are regarded as fissionable, but 
no n-fissile. 

RELEASE OF NEUTRONS DURING FISSION 
Uranium-235 and plutonium-239 are the fissile nuclides most commonly used in 
nuclear reactors and nuclear weapons. They are more fissile than uranium-238 and 
thorium-232. 

\Vhen a uranium-235 or p!Ulonium-239 nucleus absorbs either a slow- or 
fast-mO\ring neutron, it becomes unstable and spontaneously undergoes fission. 
Huwen:r, fissiuu is m un: likdy lu UC: imluce<l by a sluw-111uYi11g 11eulJ·u11 lx:cause il 
is more easily captured. 

A uranium-235 nucleus may split in many d ifferent ways. \Vhen a sample of 
uranium-235 undergoes fission, a ,,ride variety of fission producrs are produced. 
Figure 16.3.6 shows one outcome, but many others are possible. Usually either two 
or three neutrons are released. For uranium-235, an average of 2.47 neutrons per 
fission has been determined. 

In (j-
three 
neutrons 

FIGURE 16..3.6 One possible outcome for the neutron-induced fission of uranium-235. This example 
shows three neutrons released along with krypton-91 and l>arium-142 daughter nudides 

A typical fission reaction for uranium-235 is: 

~n+ 2t/u ➔ 2~U➔:Kr + 
1
~Ba+3~n+energy 

Krypton-91 and barium-142 are known as the daughter nuclei or fis sion 
fragments . Three neutrons are freed from this uranium nucleus when it splits. 
Note that, in the same way as for radioacti,·e decay, both the atomic number, Z, and 
mass number, A, are conserved in these nuclear reactions. For the reaction equation 
shown, the atomic numbers on eilher side of the arrows add up co 92 and the mass 
numbers add up to 236. 

In the end, the decay productS of the nuclear fission process form a lethal cocktail 
of radioactive isotopes. It is these radioactive fission fragments that comprise the 
bulk of the high-level waste produced by nuclear reactors. 

Plutonium-239 will also undergo fission in a variety of ways. It releases an 
average of 2.89 neutrons per fission, slightly more than uranium-235. 

~Ill.ere are two types o f nuclear fission reactions: uncontrolled and controlled. 
During a nuclear fission reaction, neutrons are ejected: these neutrons can create 
further nuclear fission reactions. During an uncontrolled nuclear fission reactioni the 
subsequent nuclear fission reactions are allowed to proceed without any moderation 
(such as removing neutrons released during the reaction) . During a controlled 
nuclear fission reaction, the subsequent nuclear fission reactions are moderated and 
controlled by removing ejected neutrons. 

43 6 MOOULE 8 I FROM THE l.,t,llVERSETO HE ATOM 



I PHYSICS IN ACTION I 
Enrico Fermi, Lise Meitner and nuclear fission 

Enrico Fermi, pictured in Figure 16.3.7, was born in Italy 
in 1901. He completed his doctorate and post-doctorate 

work in physics at the University of Pisa and in Germany. 
Fermi had immigrated to the USA by the time the nuclear 
age dawned in the 1930s. The neutron had just been 
discovered In 1932, which enabled scientists to fire neutral 
particles at atomic nuclei for the first time. Fermi was at the 
forefront of this research. 

Fermi bombarded uranium-238 atoms with neutrons 
and found that uranium-238 nuclei absorbed the neutrons 

and formed a radioactive isotope of uranium. This isotope 
then decayed by emitting a beta-minus particle to become 
neptunium, which then emitted another beta-minus particle 

to become plutonium, two completely undiscovered 
elements. Fermi had successfully produced the world's first 
artificial and transuranic (i.e. after uranium) elements. The 
nuclear reactions for this process are: 

in + z~ u ➔ z: u 

z:u➔z:Np+_~p 

2JjNp ➔ 2: Pu +_~p 

FIGURE 16.3.7 Enrico Fermi. 

In 1938, following on from Fermi's work. two German 
scientists, Otto Hahn and Fritz Strassmann, were also 

NUCLEAR FUSION 

bombarding uranium (Z = 92) in an attempt to produce 
some transuranic elements (Z > 92). They found that, rather 

than producing larger elements, they were getting isotopes 
of barium (Z = 56). Hahn wrote to his colleague Lise Meitner, 
pictured in Figure 16.3.8, about this unexpected result She 
then discussed this with her nephew Otto Frisch, a nuclear 
physicist. and realised that the bombarding neutrons were 
causing the uranium nuclei to split If barium (Z = 56) was 
one of the products, then krypton (Z = 36) must be another. 
This was found to be the case. It was Frisch who coined the 
term 'fission' and Meitner who proposed that energy would 
be released during this process. 

After the start of World War II, Enrico Fermi was 

commissioned by President Roosevelt to design and build 
a device that would sustain the fission process in the form 
of a chain reaction. In 1942, Fermi succeeded in this task. 
A squash court at the University of Chicago was used as 
the site for the world's first nuclear reactor. It produced 
less than 1 W of power-not even enough to power a small 
l ight globe! This sounds like a bit of a failure, but, in fact, 
achieving fission for the first time was a very important 
breakthrough. The reactor was later modified to produce 
about 200W. Fermi died of cancer in 1954. One year 
after his death, the element with atomic number 100 was 
artificially produced and named fermium, Fm, in his honour. 

FIGURE 16.3.8 Lise Meitner. 

Nuclear fusion is a process that has been occurring inside the Sun and other stars 
for billions of years. Fusion involves the combining of small nuclei such as hydrogen 
and helium to form a larger nucleus. T he example of nuclei fusing to form a helium 
atom is shown in Figure 16.3.9a on page 438. The amount o f energy released per 
nucleon with fusion is greater than with fission, and there is no radioacti,·e waste 
produced. Scientists are working on experimental fusion reactors such as ITER 
(International Thermonuclear E.xperimental Reactor) in France and the National 
Ignition Facility in the USA. 
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nGURE 16.3.9 (a) When two isotopes of 
hydrogen fuse to form a helium nudeus, energy 
is released. (b) The mass of the reactants is 
slightly greater than the mass of the products 
when the nudei combine during fusion. 

(a) 

(bl 

~ 18 
{£) fusion! 

nGURE 16.1.10 (a) Slow-rooving nudei do 
not have enough energy to fuse together. The 
electrostatic forces cause them to be repelled 
from each other. (b} If the nudei have sufficient 
kinetic energy, then they will overcome the 
repulsive fOfces and move dose enough 
together for the strong nuclear force to come 
into effect. At this point, fusion will occur and 
energy will be released. 
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:; 

energy barrier 

elearostat ic force 
dominant 
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strong nuclear 
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nGURE 16.3.11 If two hydrogen-2 (deuterium) 
nudei are to get close enough for the strong 
nudear force to act. they must overcome 
the energy barrtef presented by the 
electrostatic force. 

11te fusion process created so far has only lasted for a fractio n of a second, and 
it is not expected that a fusion reactor will successfully operate for many years. 
Researchers at Lockheed Martin in the USA are working on a compact fusion 
reactor. In 2014 they claimed a prototype will be running by 20 19. This claim has 
been met with scepticism by some in the scientific community. 

As in the cases of radioactive decay and nuclear fission, the mass of the reactants 
is slightly greater than the mass of the p roducts when the nuclei combine dwing 
fusio n. This mass difference is represented by the unbalanced scales shown in 
Figure !6.3.9b. 

Nuclear fusion is a very d ifficult process to recreate. The main problem is that 
nuclei are positively charged. They exert an electrostatic force of repulsion on each 
other; that 1s, they push each other away. As such, 1t 1s not easy to force the nuclei 
together. Remember that the electrostatic force is a long-range force and the strong 
nuclear force o f attractio n only acts at much shorter distances. 

As two nuclei approach each other, the electrostatic force will cause them to be 
repelled . Slow-moving nuclei with relatively small amounts o f kinetic energy will not 
be able to get close enough for the strong nuclear force to come into effect. Fusion 
will not happen, as can be seen in Figure 16 .3 .1 Oa. 

If the nuclei are travelling towards each other at higher speeds, as shown in 
Figure 16.3. tob, they may have eno ugh kinetic energy to overcome the repulsive 
force. The nuclei can now get close enough for the strong nuclear force to start 
acting. If this happens, fusion will occur. 

~Ifie graph in Figure 16.3.11 shows the effect of the electrostatic force and the 
strong nuclear force on the potential energy of a pair of deuterium <: H) nuclei. At 
large separation distances, the electrostatic force dominates and the nuclei repel each 
other (shown to the right of the energy barrier in the graph). At small separation 
distances, the strong nuclear force dominates and the nuclei can fuse together. 
However, to get the nuclei to this point, they need an enormous amount of energy. 
Temperatures in the hundreds of millions of degrees are required. ~lfiis enormous 
amount of energy enables the nuclei to overcome the energy barrier shown in the 
graph and fuse together. 

As in fission, in any fusion reaction the atomic numbers and mass numbers on 
either side o f the equation are conserved. T he fusion of two hydrogen-2 (deuterium) 
nuclei is shown below: 

:H + :H➔ : H+ :H 
11i.e atomic numbers add up to two on both sides and the mass numbers add up 

to four on both sides. However, the l'Otal mass of the reactants will be greater than 
the total mass of the products. 

PHYSICSFILE 

Hydrogen bomb 
In 1952, a fusion reaction was used to 
power the world's first hydrogen bomb. 
It had five times the destructive power 
of all the conventional bombs that were 
dropped during the whole of World War II. 
The high temperature achieved by a 
fissile fuel explosion was used to initiate 
the fusion reaction. In other words, an 
atomic bomb was used as the fuse for the 
hydrogen fusion bomb. A hydrogen bomb 
dropped at Bikini Atoll in 1956 is shown in 
Figure 16.3.12. FIGURE 16.3.12 The hydrogen bomb dropped 

at Bikini Atoll in 1956. 
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16.3 Review 

f111:i:t-iiii 
Within a nucleus., forces of attraction and repulsion 

are acting. The long-distance electrostatic force 

of repulsion acts between the protons. A short
distance strong nuclear force of attraction acts 

between every nucleon. 

Nuclear fission occurs when a nucleus is made 

to split into two or more fragments and release a 

number of neutrons. This can be induced by striking 

a fissile nucleus with a neutron. A relatively large 
amount of energy is released during this process. 

Nuclear fusion is the combining of light nuclei to 

form heavier nuclei. Extremely high temperatures 

are required for fusion to occur. 

li451·\iii11i·l:ti 
1 What is the strong nuclear force? 

2 Why is dangerous waste produced by nuclear 
reactors? 

3 Consider one particular neutron in the nucleus of 
a gold atom. Describe the forces that the neutron 
experiences from other nucleons. 

4 Which of these nuclides below are f issile and which 
are non-fissile? 

cobalt-GO, uranium-235, uranium-238, plutonium-239 

5 Determine the number of neutrons (a) released in this 
fission reaction: 

~n + 2/lu ➔ 1s1:La + fsBr + abn 

A small amount of mass is lost during a fusion 

reaction. 

Nuclei are positively charged and so repel each 

other due to electrostatic forces. In a fusion 
reaction, approaching nuclei must have enough 
speed to overcome the electrostatic forces and get 
close enough for the strong nuclear force to take 

effect. The energy that is required to achieve this 

is called the energy barrier. 

The amount of energy released per nucleon is 
greater for fusion than for fission. 

6 How does fusion d iffer from fission? 

7 Two slow-moving protons are travelling d irectly 
towards each other. Explain whether the protons will 
collide and fuse together. 

8 Two fast-moving protons are travelling directly towards 
each other. The protons collide and fuse together. 
Explain why this happens. 

9 What happens to the number of nucleons during the 
fusion reaction below? 

f H + l H ➔ ;He + ~p 
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rlGURE 16A.1 Albert Einstein. 

I GO TO ► I Section 12.3 page 325 

0 To calculate the percentage 
of mass that is converted into 
energy during fission or fusion, 
use the equation: 
% mass decrease= lniSSdelett x ~ 

iritillllniSS I 

16.4 Energy from nuclear reactions 
It is well established that the mass of any nucleus is always less than the mass of 
its individual nucleons. Two separate protons and two separate neutrons will have 
slightly more tota1 mass than a helium nucleus. 

AJbert Einstein, pictured in Figure 16.4.1, provided the explanation of the 
origins o f this missing mass. He showed that mass and energy were not completely 
independent quantities. Indeed, mass can be converted into energy and energy can 
be converted into mass. 

ENERGY RELEASED DURING NUCLEAR REACTIONS 
'fhe energy released as a result of a mass defect (mass decrease) is given by Einstein's 
famous equation, introduced in Chapter 12: 

0 E=mc:2 
where 

£ is energy (J} 

m is the mass defect (the decrease in mass; kg) 

c is the speed of light (3.00 x !o&ms- 1) 

The chemical reactions that you have probably performed at school typically 
release only a few electronvolts o f energy. Co mpared with this, an enormous amount 
of energy is released during nuclear reactio ns. This has made nuclear energy the 
focus of scientific research o,·er the past century. 

During radioacti\-e decay, millions of electronvolts o f energy can be released. 
Alpha-particle decay usually involves the release of 5-101\1.eV (5-10 million 
electronvo lts) o f energy. N uclear fission involves much more energy again
typically around 200MeV. This energy is mainly in the form o f the kinetic energy 
of the fission fragments and neutrons, as well as the emission of energy as gamma 
radiation. 

During any fission reactio n, the combined mass of the incident neutron and 
the target nucleus is always slightly greater than the combined mass o f the fission 
fragments and the released neutrons. For example, in Figure 16.4.2, the mass of 
the incident neutron and the uranium-235 nucleus is g reater than the combined 
masses of the fission products- barium-142, krypton-91 and the three neutrons. 

0 An electronvolt is the energy that an electron would gain if it were accelerated 
by a voltage of I volt and is equal to 1.602 x !0-19 J. 

To convert from eV to joules: multiply by 1.602 x 10---19 J 

To convert from joules to eV: divide by 1.602 x 10---19 J 

Only a ver y small proportio n of the original mass of the nuclei is available 
as usable energy- ty pically around 0.1%. If you had a 1.000kg block of pure 
uranium-235 that underwent fission completely, at the end you would have a block 
of radioactive fission fragments with a mass of around 0.999kg. 

0 The energy of moving objects such as cars and tennis balls is measured in 
joules. However, nuclei, subatomic particles and radioactive emissions have such 
small amounts of energy that the joule is inappropriate. 

The energy of subatomic particles and radiation is usually given in electronvolts 
(eV}. One electronvolt is an extremely small amount of energy. 
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flGURE 16.4.2 la) Each fission of a uranaum-235 nucleus releases a boot 200 MeV of energy. lb) The 
fission fragments have a lower combined mass than the innium nucleus. The m,ssmg mass is 
oorwerted onto the 200 MeV of energy aca>rdong to the equalJOO f = me'. 

Worked example 16.4.1 

FISSION 

Plutonium-239 is a fissile material. When a plutonium-239 nucleus is struck by and 
absorbs a neutron, it can split in many different ways. Consider the example of a 
nucleus that splits into barium-145 and strontium-93 and releases some neutrons. 

The nuclear equation for this is: 

~n + 2: Pu-+ 1~ Ba +~Sr+ ~n + energy 
·-

a How many neutrons are released during this fission process, i.e. what is the 
value of a? 

Thinking 

Analyse the mass numbers (Z). 

Working 

I +239 = 145+93 +(ax I) 

a= (I + 239) - (145 + 93) 

=2 
Two neutrons are released during 
fission. 
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b During this single fission reaction, there was a loss of mass (a mass defect) 
of 3.07 x 10-28kg. Calculate the amount of energy that was released during 
the fission of a single plutonium-239 nucleus. Give your answer in both MeV 
and joules. 

Thinking Working 

The energy released during the fission E=mc2 
of this plutonium nucleus can be = (3.07 X J0-28) X (3.00 X JCJ8)2 
found by using E = mc2. 

=2.76xl0--11 J 

To convert J into eV, divide by E = 1~~:11o;,1 
1.602 x 10-19• 

= 1.73 x Ja8ev 
Remember that 1 MeV = 106eV. 

= 173MeV 

c The combined mass of the plutonium nucleus and bombarding neutron was 
3.99 x 10-25kg. What percentage of this initial mass was converted into the 
energy produced during the fission process? 

Thinking Working 

Use the relationship % mass decrease = mass defect x !.QQ 
% mass decrease = mau detect x ~ 1111hal ~ l 

irvt01mass l . _ 3.07xl<r'8 X 100 
- ~ T 
= 0.0769% 

This is a very small percentage loss in 
mass. 

Worked example: Try yourself 16.4.1 

FISSION 

Plutonium-239 is a fissile material. When a plutonium-239 nucleus is struck by 
and absorbs a neutron, it can split in many different ways. Consider the example 
of a nucleus that splits into lanthanum-143 and rubidium-94 and releases some 
neutrons. 

The nuclear equation for this is: 

in+ 2,::Pu ➔ 15
4,3La + ;;Rb+ ain 

a How many neutrons are released during this fission process, i.e. what is the 
value of a? 

b During this single fission reaction, there was a loss of mass (a mass defect) 
of 4.58 x 10-28kg. Calculate the amount of energy that was released during 
fission of a single ptutonium-239 nucleus. Give your answer in both MeV and 
joules, to three significant figures. 

c The combined mass of the plutonium nucleus and bombarding neutron was 
2.86 x 10-2skg. What percentage of this initial mass was converted into the 
energy produced during the fission process? 

BINDING ENERGY 
The total mass of a stable nucleus is slightly less than the combined mass o f the 
individual protons and neutrons. Einstein realised that this mass defect is linked to 
energy using £ = mc2. 

During nuclear fusion when a nucleus forms, mass is lost and converted into 
energy. 
During nuclear fission when an unstable nucleus splits into fragments, mass is 
lost and converted into energy. 
~roe energy released per nucleon is greater during fusion than during fission. 
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1lle mass defect in nuclei can be com·erted into energy using £ = mc2.1llis is 
known as the binding e nergy of the nucleus. The binding energy of the nucleus 
indicates how much energy is needed to separate the nucleus into individual protons 
and neutrons. 

Each nucleus has its own binding-energy value, with a higher value indicating a 
more stable nucleus. A binding-energy-per-nucleon graph, as shown in Figure 16.4.3, 
allows a comparison of nuclear stabilities. 

10 

O-l-----------~---
0 50 I()() 150 200 250 

Number of nucleons. A (mass number) 

nGURE 16.4.3 The graph of bmdlflg energy per oodeon shows that elements with mass numbers 
between 40 and 80 are the most stable. 

Figure 16.4.3 can be analysed to better understand fission and fusion. 
Small nuclei hne lower binding energy per nucleon ,·alues, indicating that they 
arc easier to break apart compared to larger nuclei. Helium-4 has a relatively 
high value, indicating that it is stable. 
1lle binding energy per nucleon increases dramatically for the very small nuclei. 
As they fuse together, the binding energy per nucleon increases. This is the 
energy released during fusion. 
Elements with mass numbers between 40 and 80 ha,·e nuclei that arc tightly 
bound. It takes more energy to break these nuclei apart. These arc the most 
stable nuclei. These clements ha,·e the highest binding-energy-per-nucleon 
,11tues on the graph . 
Larger nuclei have lower binding energy per nucleon ,11lues, indicating rdati\'cly 
lower stabilities. 
l f a large nucleus such as uranium splits into two fragments, the binding energy 
per nucleon of the fragments increases. ~lllis is the energy released during fission. 
lron (Fe), with a mass number of 56, has the most stable nucleus. 
Nuclei smaller than iron undergo fusion and release energy. Nuclei larger than 
iron undergo fission and release energy. 
During nuclear reactions (e.g. nuclear fusion and nuclear fission), the principle 

of consen-ation of energy applies. \Vhen atoms lose some of their original mass, due 
to the consen -ation or energy that lost mass appears as generated energy, as noted 
by Einstein's equation£= uu?. 
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16.4 Review 

f1'i:i:t\ii 
When fission occurs, the mass of the fission 
fragments is always less than the mass of the 

original particles. This decrease in mass is 
p roportional to energy, as given by E = mc2. 

A small amount of mass is lost dur ing a fusion 
reaction. This mass is related to the energy 

produced according to E = mc.2. 
The energy of subatomic particles is measured in 
electronvolts (eV). 

Binding energy indicates how much energy is 
needed to separate the nucleus into ind ividual 
protons and neutrons. 

■ :◄ Si·Mflil·l:~i 
1 The mass defect during the following process is 

2.12 x 10-28kg. Give your answers correct to three 
significant figures. 

tn + 2Jlu ➔ 1~ L.a + J~Br + ac\n 
a Calculate the energy (in joules) released in this 

f ission process. 

b Express this energy in electronvolts. 

2 The fusion reaction that is most promising for use in 
nuclear fusion reactors is: 

f H + fH-+ ; He+ in 
Why is energy released during this process? 

3 Qualitatively describe how the amount of energy 
released per nucleon during a single nuclear fission 
reaction compares to the amount of energy released 
per nucleon for a single fusion reaction. 

4 During the process of nuclear fusion, mass is lost 
and this appears as energy. What is the approximate 
percentage of mass lost during a typical fusion 
reaction? 
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The binding energy per nucleon increases 
dramatically for the very small nuclei. As nucleons 

fuse together, the bind ing energy per nucleon 
increases. This is the energy released during 

fusion. 
If a large nucleus such as uranium splits into 
two fragments, the binding energy per nucleon 
increases. This is the energy released during 

fission. 

5 Consider the fusion reaction shown below. 

f H + ~-+ bX + in 
a Determine the values of a and band hence the 

symbol of the unknown element X. 
b 33 MeV of energy is released. What is the mass 

defect in kg? Give your answer to two significant 
figures and in scientif ic notation. 

6 The following fusion reaction is taking place in the Sun. 

~He + X -+ ; He + :p + :p 

During each fusion reaction, 23MeV of energy is released. 

a What are the atomic and mass numbers of particle 
X and what is its symbol? 

b Convert 23 MeV into joules. Give your answer to two 
significant figures and in scientific notation. 

c Determine the mass defect for this fusion process. 
Give your answer to two significant figures and in 
scientific notation. 

7 What happens to the binding energy and the stability 
of two hydrogen-2 nuclei when they are fused together 
to form hehum-4-~ 



Chapter review 

I KEY TERMS I 
activity 
alpha particle 
anti neutrino 
atomic number 
beta particle 
binding energy 

daughter nucleus 
decay series 

I REVIEW QUESTIONS I 

electrostatic force 
fission 
fission fragment 
gamma ray 
Geiger counter 
half life 

isotope 
mass number 

1 How many protons and neutrons are in the ~Ca 
nuclide? 

2 Give the meaning of the term ' fissile'. 

3 Use the periodic table in Figure 16.1.7 on page 419 
to determine the number of protons. neutrons and 
nucleons in cobalt-60. 

4 Determine the nature of the unknown. X, for the 
following transmutation: 

~Co➔~Co+X 
(60m means the nuclide is metastable and has a 
higher level of stability than very short-lived isotopes. 
The mass number is still 60.) 

5 What type of radiation does potassium-48 (atomic 
number 19) emit? Use Figure 16.1.13 on page 423 to 
answer this question. 

6 Are all atoms fissile? Give examples to support your 
answer. 

7 Consider one particular proton in the nucleus of a zinc 
atom. Describe the forces that the proton experiences 
from other nucleons. 

8 Identify each of these radiation types: 
a _pA 
b }B 

C ;c 
d bD 
e gE 
f fF 

9 Some nuclei can be made unstable by firing neutrons 
into them. The neutron is captured and the nucleus 
becomes unstable. The nuclear equation when the 
stable isotope boron-IO transmutates by neutron 
capture into a different element. X, by emitting alpha 
particles is: 

1gs + bn ➔ X + ;He 
Identify the unknown element, X, and its mass and 
atomic numbers. 

neutral 
nuclear transmutation 
nucleon 
nuclide 
parent nucleus 
pcnctmting ability 

positron 
radiation 

radioactive 
radioisotope 
strong nuclear force 

10 Identify each of the unknown particles X and Y in the 
following nuclear transmutations. 

a 1jN+a ➔ 1~0+X 
b fIAI + y ➔ f;Mg+ :H 

11 Both neutrons and alpha particles can be used to 
trigger nuclear fission. Explain why neutrons are better 
than alpha particles for inducing fission. 

12 A typical fusion reaction is fH + fH ➔ ~ + }H. 
Why are high temperatures such as 100 million 
degrees needed for this reaction to occur? 

13 Find the values of x and y in each of these radioactive 
decay equations. 

a ~Ti➔ ;Pb+p

b 1:Hg➔ ;?t +cr 

14 Fluorine-18 is a radioisotope that is used for detecting 
tumours. It is formed when radioactive neon-18 decays 
by positron emission. Fluorine-18 in turn also decays 
by positron emission. The equations are as follows: 

rnNe ➔ bX + ~1P 
bX ➔ dY+ ~tP 

Determine the values of a, b, c, d and identify X and Y, 
which are the daughter nuclei that result from this 
process. 

15 The radioisotope nitrogen-12 decays by emitting 

a positron and a neutrino. The decay equation for 
nitrogen-12 is: 

1~N-+ X + +~P + gv 
Identify particle X. 

16 A stable isotope of neon has 10 protons and 
10 neutrons in each nucleus. Every proton is repell ng 
all the other protons. Why is the nucleus stable? 

17 Which type of radiation out of alpha, beta and gamma: 

a is the fastest 

b has the greatest penetrating power? 

CHAPTER 16 I PflOPERTESOF THE NUO.£US 445 



18 Health workers who deal with radIat1on to treat cancer 
often have to wear a lead vest to protect their vital 
organs from exposure to radiatton. Which type(s) of 
radiation is the lead apron shielding them from? 

19 A nuclear physicist was bombarding a sample of 
beryllium-7 with a beam of electrons in an effort to 
smash the electrons into the beryllium nuclei. Why 
would it be quite difficult for a collision between the 
electrons and the nuclei to occur? 

20 A radioactive isotope X has a half-hfe of 20 minutes. 
A sample starts with 6.0 x 101' atoms of the isotope. 
What amount of the original tSOtope will remain after 
20 minutes? 

21 Protactinium-234 is a radioactive element with a 
half-life of 70s. If a sample of this radioisotope 
contains 6.0 x 1010 nuclei, how many nuclei of this 
element will remain after 140s? 

22 Radiotherapy treatment of brain tumours involves 
irradiating the target area with radiation from an 
external source. Why is cobalt-60 (a gamma emitter 
with a half-life of 5.3 years) generally used as the 
radiation source for this treatment? 

23 Consider this fission reaction of uramum-235: 

tn + ~ ➔ 1:Jcs + JjRb + 2J,n 
0urmg this fission reaction there Is a mass defect 
of 4.99 x 1 ~ 28 kg. How much energy m JOUies is 
produced per reaction? 
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24 Consider this fusion reaction: 

:H+ pie ➔ :He+ .~e+,, 
Hydrogen and helium-3 are being fused together 
and a helium-4 nucleus is being created along with a 
positron and a neutrino. 21 MeV of energy is released. 
a How does the combined mass of the hydrogen and 

helium-3 nucleus compare with the combined mass 
of the helium-4 nucleus, positron and neutrino? 

b Where has the energy that was released come from? 
c Convert the energy into joules. 
d What Is the mass defect of this fu~on reactton? 

25 Compare the waste and the energy per nucleon 
produced by fusion reactors with those of fission 
reactors. 

26 What happens to the binding energy per nucleon 
and the stability of the nucleus when a uranium-238 
nucleus spl its apart to form two smaller nuclei? 

27 The binding energy per nucleon for iron (mass number 
56) is higher than for other elements. What does this 
mean for the stability of iron nuclei? 

28 X-ray light produced by a synchrotron has energy of 
5.0 x lO'eV. What is the energy of this hght in joules? 

29 After completing the activity on page 416, reflect on 
the mquIry question: How can the energy of the atomic 
nucleus be harnessed? 



Physics is the story of how we know about the physical universe around us. It is a 
fascinating story that started with people like Aristotle over two thousand years ago, 
and is far from over. This chapter brings together the huge and the tiny. The largest 
machine ever built by man. the Large Hadron Collide, (LHC). is designed to detect 
the smallest particles in the universe. It does this by giving two beams of protons 
travelling in opposite directions huge amounts of energy and then colliding them. 
The energy density of these collisions is so high it enables physicists to re-create the 
conditions that existed right back to around a millionth of a millionth (10-12} of a 

second after the big bang and hence to see what sort of particles made up the very 
early universe-and how they evolved to become our current universe. 

Content 

W·l1ll;il·l11fill•I:■ 
How is it known that human understanding of matter is 
still incomplete? 
By the end of this chapter you will be able to: 

• analyse the evidence that suggests: 
• that protons and neutrons are not fundamental particles 
- the existence of subatomic particles other than protons, neutrons and electrons 

• investigate the Standard Model of matter, including: 
- quarks, and the quark composition hadrons 
- leptons 
- fundamental forces (ACSPH141, ACSPH142) 

• investigate the operation and role of particle accelerators in obtaining evidence 
that tests and/or validates aspects of theories, induding the Standard Model of 
matter (ACSPH!20, ACSPH121, ACSPH122, ACSPH146). 



■Aiif114il:i•l1lliil 
What's in the box? 

17 .1 The Standard Model 

3 Plan a test that could help you identify how many and 
what kind of objects are in the sealed boxes using 

How is it known that human understanding 
of matter is still incomplete? 

the one empty box, the test objects and detecting 
apparatus. 

4 Conduct the test on the four sealed boxes. Record the 
evidence obtained. COLLECT THIS ... 

five identical opaque boxes with lids that seal or can be 
taped shut 

5 Make sure your total number of predicted objects totals 

10. Decide if one or more of the objects are from the 
group of known objects. 10 different objects, chosen by someone else, that fit 

within the boxes. Ensure they are varied in size, shape 
and material. 

RECORD THIS ... 

four known test objects of different shape and material 

detecting apparatus such as magnets, scales and a 
metal detector 

Describe the process used to infer properties of hidden 
objects. 

Present a table of your results. 

DO THIS ... 
REFLECT ON THIS ... 

1 Get someone else to place the objects in four of the 
boxes and seal them so you cannot see what is in them. 
Some of the boxes should have one item in them, and 
some more than one. 

How is it known that human understanding of matter is still 
incomplete? 

What property is the easiest to measure and most reliable 
to interpret? 

2 Make initial observations about the contents of one of 
the boxes. Record your observations. 

What type of evidence is the most d ifficult to interpret? 

How would you convince your peers of your theory about 
the box contents? 

As a spin-off fro m the investigations into nuclear physics that were conducted 
towards the end of\X'orld \X'ar ll, particle physicists began to predict and discover 
new subatomic particles. Subatomic particles are those smaller than an atom. 
Physicists recognised that as the energy of bombarding particles was increased, new 
particles were being formed. 

At first, physicists built particle detectors and waited for high-energy cosmic 
rays from space to smash into their targets in order to see what nuclear fragments 
(pieces) they could identify. However, physicists recognised that in order to probe 
more effectively into the nucleus, they would need to build more powerful machines 
such as particle accelerators. Particle accelerators accelerate protons and electrons 
to energies high enough to form the particles that the physicists were p redictin g 

would exist. Figure 17 .1 .1 on page 449 shows the mo tion of particles detected in a 
par ticle accelerator. 

These new discoveries led to the development of the Standard Model of particle 
physics. The Standard Model is the best description so far of the fundamental 
building blocks of matter and the forces that go,·ern them. This section will explore 
the particles of the Standard Model. 

THE STANDARD MODEL OF PARTICLE PHYSICS 
Currently, the Standard Model of particle physics is the most successful theory for 
predicting the behaviour and properties of the particles that exist in nature. 'Irle 
Standard .Model was developed by experiment and theory together. As technology 
improved, new particles were found, and as the model developed, more particles 
were p redicted and were then found. The Standard Model is a mathematical 
description of all known particles and three of the forces acting between them. 
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rlGURE 17 .1.1 This image shows the paths of many partides in a particle accelerator. Energy is 
converted into mass as pairs of particles and their antipartides are created from a gamma ray. The 
big bang theory and the Standard Model of particle physics tell us that this is how the matter inside 
us was created in the first seconds of the universe billions of years ago. 

'Ibe essential components of the Standard Model are that forces between particles 
are mediated (caused) by other particles and that all matter is made of 12 fundamema1 
particles. 

'Tlie Standard Model consists of two types o f particles: fermions, which make 
up all matter, and gauge bosons, which mediate the various interactions between 
other particles. 

I PHYSICS IN ACTION I 
Quarks and other subatomic 
particles 

Our understanding of the atom has changed greatly in the 
past 100 years. It was once thought that atoms were like 

miniature billiard balls: solid and indivisible. That idea was 
changed forever when the first subatomic particles-the 

electron, the proton and then the neutron-were discovered 

in the period from 1897 to 1932. 

Since World War II, further research has uncovered about 
300 other subatomic particles! Examples of these include 
pi-mesons, mu-mesons, kaons, tau leptons and neutrinos. 

For many years, physicists found it difficult to make sense of 
this array of subatomic particles. 

Then in 1964 Murray Gell-Mann put forward a simple 

theory. He suggested that most subatomic particles were 
themselves composed of a number of more fundamenta l 

particles called quarks. Currently, it is accepted that there 
are six d ifferent quarks, each with d ifferent properties (and 

strange names!): up, down, charmed, strange, top and 

bottom. The latest quark to be identified was the top quark, 
whose existence was confirmed in 1995. The proton consists 

of two up quarks and one down quark, while neutrons 
consist of one up quark and two down quarks. Subatomic 

particles that consist of quarks are known as hadrons. The 
family of particles called the leptons has six members: 

nGURE 17 .1.2 The Large Hadron Coll kier particle accelerator is at 
CERN, the European centre for high-energy physics. It accelerates 
l)(Otons from rest to 99.99995% of the speed of light in under 20s. 

electron, electron-neutr ino, muon, muon neutrino, tau 
and tau neutrino. leptons are indivisible point particles; 
they are not composed of quarks. 

A significant amount of effort and money has been 

directed to testing Gell-Mann's theory-both theoretically 
and experimentally. This has involved the construction of 

larger and larger particle accelerators such as the ones at 

Fermilab in Chicago and CERN in Geneva (Figure 17.1.2). 

While the current theory suggests that quarks and 
leptons are the ultimate fundamental particles that 

cannot be further divided, the nature of scientific 
theories and models is such that they can change as 
new experimental data are obtained. Are quarks and 

leptons made of smaller particles again? Time will tell! 
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PHYSICSFILE 

The graviton 
Theoretical physics predicts that there 
should be a boson for gravity too, 
called a graviton. However, this has 
not yet been found. Luckily the effects 
of gravity-although familiar to us on 
a human scale-are negligible at the 
subatomic scale, meaning the Standard 
Model works accurately without this 
missing piece. 

GAUGE BOSONS 
T here are four forces that can act between particles and gO\·ern their behaviour: 

strong nuclear 
electromagnetic 
weak nuclear 

gra\ritationaJ. 
Each has a different strength and acts over different distances. For example, 

the s trong nuclear force actS over \·cry short distances (that is, o n the subatomic 
scale), but is very large. Gravity acts o\·er an infinite range, but is relati\·ely weak. 

~Ifie fundamental assumption in the Standard Model is that three of these forces 
(strong nuclear, electromagnetic and weak nuclear) arise through the exchange 
of particles called gauge bosons (or just bosons) . Bosons are often called force
carrying, force-mediating or exchange particles. 

Each force has its own boson. In this context, consider these forces as their 
particle equivalents, according to the notion of wa\·e-particle duality. In other 
words, consider these forces as particles. 

Forces through exchange of particles 
Previously, forces were thought of as being exerted on particles by fields. For 
example, there would be a region around a charged particle where another charged 
particle experiences a force. This may seem quite puzzling, as the force is applied 
without any direct interaction by the two particles. The same effect is felt when two 
magnets are brought together. The magnets do not need to touch in order to feel the 
force between them. In the Standard M odel this is resolved and forces are thought 
to be exerted through the exchange of other particles. 

~lo use an analogy to see how a force can be exerted o n two particles through 
the exchange o f another particle, consider Figure 17.1.3. Two inline skaters stand 
stationary and then begin to pass footballs back and forth to each other. As they do 
this, they will begin to move away from each other. This is due to the conservation of 
momentum each time they throw and catch the ball. This situation could be likened 
to two particles experiencing a repulsive (pushing away) force . 

• 

FIGURE 17 .1.3 lnline skaters exchanging footballs act as an analogy for particles experiencing 
repulsive fOl'ces due to the exchange of gauge bosons. 
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A force of attraction c.an aJso be illustrated using the same anaJogy as shown in 
Figure 17 .1.4. lf the two skaters now exchange the footbaJls by trying to grab them 
out of each other's hands, they will exert a force of attraction on each other. 'l"his 
would cause them to move together and can be likened to two particles experiencing 
an attractive force. 

Going back to a particle level, Figure 17.1.5 represents an electron approaching 
another electron. F.ach electron emits a photon that is absorbed by the other. This 
causes each electron to experience a force of repulsion. The photon has been 
responsible for the electromagnetic force acting on the two electrons. Table 17 .1.1 
gives a summary of the nature of these particles, their strength and the range over 
which they can exert a force. 

0 

electron A 

0 

o >< o 
exchange of 
photons 

0 electrons are deflected 
from original path, 
away from each other 

electron B 

0 
rtGURE 17.1.5 Two electrons approach each other, are repelled and then move away from each 
other. The two electrons exchange a photon that is the carrier of the electromagnetic force. 

TABLE 11.1.1 Features of the vark>us gauge bosons and the forces they are responsible for. - Nature Relative Range (m) 
strength 

strong nuclear bonds nucleons together; 1 
acts between quarks 

10-15 (- size 
of nucleus) 

,, .• 
gluon 

electromagnetic responsible for both 1 infinite photon 
electric and magnetic ill 
fields exerting forces of 
attraction or repulsion 

weak nuclear causes radioactive decay lo-6 10-18 (less Yr, W- and Z 
than the width 
of a proton) 

gravity a force of attraction that 6 x lo-39 infinite graviton 
acts between any two (theoretical) 
objects with mass 

FERMIONS 
The Standard Model states that all particles of matter are made o f one or more 
of the 12 fundamental or elementary particles and their antimatter opposites. 
Being a fundamental particle means that, to the best of scientific knowledge, it is 
not composed of other smaller particles. These fundamental particles are called 
fermions, which are defined by their quantum numbers. 

Fermions are d ivided into two groups of particles called quarks and leptons. Six 
of the 12 particles are quarks and combine in groups o f two or three to form the 
hund reds of known particles. 

Quarks 
All matter is made of particles comprising protons, neutrons and electrons. However, 
protons and neutro ns are actually made of even smaller particles called quarks. 
Quarks are the only things that interact using the strong nuclear force. 

High-energy particle physicists seem to be a creative bunch: not only do they 
choose unusual names for their new particles but they also choose unusual ways to 
describe them and their properties. The six different types of quarks are referred to 
as the six 'flavours' o f q uarks. 

FIGURE 17.1.4 lnline skaters trying to grab 
footballs act as an analogy f0< partides 
experiencing attractive forces due to the 
exchange of gauge bosons. 
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nGURE 11.1.6 This is an artist's representation 
of the three quarks that make up a proton (uud). 

PHYSICSFILE 

Naming quarks 
The name 'quark' was taken by Murray 
Gell-Mann from the book finnegans 
Wake, by James Joyce: 'three quarks 
for Muster Mark'. 

ilitiii4# 
up 

down 

strange 

charmed 

bottom 

top 

anti-down 

anti-strange 

11te six flavours of quarks are: 

up (u) 
down (d) 

strange (s) 
charmed (c) 
bottom (b) 

lOp (l). 

11te last four quark names also apply to new quantum numbers and their 
conservation laws, called strangeness (s), charm (c), bottomness (b) and topness ( t). 
Quarks have their antimatter opposites called antiquarks that have the opposite sign 
for all of their quantum numbers. Quarks hn.ve the propertieG of baryon number, 
spin and charge, which must add together to give the total baryon number, spin and 
charge of the particles that they combine to make (Figure 17.1.6). 

13.ble 17 .1.2 shows the quantum numbers for quarks. (In this table, e is the 
fundamental or elementary charge. Its magnitude is equal to the charge on a proton, 
i.e. e =a Qp =a - qe.) 

AU quarks experience the stro ng nuclear force, and this separates them fro m 
the leptons. Leptons do not experience the stro ng nuclear force. Quarks also have 
non-integer electromagnetic charges, meaning their electromagnetic charges are all 
fractions. Leptons have electromagnetic charges of - I or 0 . 

\'<fhen quarks bond together they form hadrons. Note that quarks have only been 
found bound into hadrons; they have never been found singly. 

Hadrons 

T he common feature of hadrons is that they all interact by exchanging gluons, 
which are the particles that mediate the strong nuclear force. Hadrons that carry an 
electromagnetic charge can also interact by exchanging photons, but the effect of 
the gluons far outweighs any other force-mediating particle. 

~11tis group of particles is further categorised into two groups, the b aryons and 
the m esons, based on a property called baryon number (B'), described below. 

TABLE 17.1.2 The quantum numbers for quarks. 

Symbol Electromagnetic 
charge (Q) 

Baryon Strangeness Charm Bottomness 
number (8) (S) (c) (b) Ell 

+!e 
3 0 0 0 0 

- ¼e 0 0 0 0 

-5e - 1 0 0 0 

+.!e 
3 0 +I 0 0 

- je 0 0 - 1 0 

+~e 0 0 0 +l 

-~e I 
0 0 0 0 -, 

il +! e I 
0 0 0 0 3 -, 

+¾e 
I 

+l 0 0 0 -, 
anti-charmed C - ~e 

I 
0 - 1 0 0 -, 

anti-bottom +~e I 0 0 +l 0 -, 
anti-top - ~e I 

0 0 0 - 1 -, 
452 MODULE 8 I FROM THE lJ',llVERSETO HE ATOM 



1\alesons are particles that ha\·e a baryon number of zero. In this group are many 
particles and their antimatter particles; for example, the pion (n+), antipion (Jr) 
and pi-zero (n<t}, the kaon (K+) and antikaon (K- ), and the eta (Tl°>- Note that the 
antimatter particle of the eta is considered to be itself. 

1"1.esons consist of a q uark and an antiquark pair. For example the pion-plus (n+) 
consists of an up q uark and an anti-down quark (ud}. Therefore the dectromagnetic 

charge of the pion-plus is (+f)+(+j):;;;:(+i);+l, but its baryon number is 

( +i-)+(-'i):;;;:(~) :;;;:o, as it should be for all particles that are not baryons. Table 17.1.3 
shows some of the many mesons and their constituent quarks. 

TABLE 17.1.3 Various mesons and their constituent quarks. 

iiM·l:ftM!IWWM:lttt Charm Bottomness ' Topness 
(c) (b) (t) -pion-plus .. 0 0 0 0 0 uil 

pion-minus ,r 0 0 0 0 0 Od 

kaon-plus K• 0 +l 0 0 0 "' kaon-minus K· 0 - 1 0 0 0 Od 

rho-plus p• 0 +l 0 0 0 uil 

rho-minus p· 0 - 1 0 0 0 Od 

phi • 0 0 0 0 0 <s 

D-plus o· 0 0 +l 0 0 cii 
D-zero rY' 0 0 + l 0 0 co 
D-plus-s o.· 0 +l +l 0 0 cs 
8-minus 8- 0 0 0 -1 0 bO 

upsilon y 0 0 0 0 0 bb 

Baryons are particles that ha\·e a baryon number of 1 for normal matter or 
- 1 for antimatter. In this group are the familiar proton (p+) and antiproton {p}, 
neutron ( n) and antineutron (ii), along with hu ndreds of other par ticles and their 
antiparticles; for example, the lambda-zero (A°) and antilambda-zero (A°), sigma-
plus (r), sigm a-zero (l:°) and sigma-minus (:E-), and the xi-zero (:::°) and omega-
minus en-). 

Figure 17. l. 7 shows the different groups of elementary particles covered so far 
and how the groups overlap. 

rtGUAE 11.1.1 The different groups of elementary particles 

Baryons, including the pro to n and neutron, consist of three q uarks. For example, 
the proton is made up of two up quarks and a down quark (uud), and the neutron 
is made up of one up quark and two down quarks (ddu), as shown in Figure 17.1 .8. 

proton neutron 

• • FIGURE 11.1.a The proton and neutron are both 
baryons which are made of three quarks. 
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Each of these quarks must ha,·e a d ifferent colour ch arge o f red, g reen or blue. 
T hey must always bond together to gi,·e a total colour charge of 'white', which 
means for baryons: 

• red + blue+ green (as with the proton and neutron shown abo,·e) 
• antired + antiblue + antigreen 

and for mesons: 
red+ antired 
blue + antiblue 
green + antigreen. 
~Ill.is is why there are never any 'free' individual quarks by themselves. 
They must also combine to have the total electromagnetic charge of the proton, 

which is one ' fundamental unit' (e or + 1.602 x 10~19 C). Therefore quarks must have 
an electromagnetic charge that is less than the fundamental uniL ln fact, quarks have an 

electromagnetic charge of either +ie (up, charmed and top) or - }e (down, strange and 
bottom), where e is the former fundamental unit of electromagnetic charge. 

~Ifie p roton 's electromagnetic charge is therefore made up of: 

(+f)+(+¾)+(-1)=(+1)=+! 
A neu tron is made up of two down quarks and an up quark (ddu) of different 

colours, which equates to an electromagnetic charge of: 

(-½)+(-½)+( +¾)=( +i)=O 
Note that the baryon number of each quark is +.!.. so three quarks add to gi\·e a 

baryon number of+ I. Antiquark.s have a baryon nur:iber o f - .!.., so three antiquarks 
add to give a baryon number of - 1. Adding the masses of th/ separate quarks in a 
pro ton is less than the mass of the pro ton. This is because most of the mass of the 
proton is stored in the gluo ns that hold the q uarks together. Table 17 .1.4 shows 
some o f the many baryons and their constituent quarks. 

TABLE 17.1.4 Some of the many baryons and their constituent quarks. - ---■ proton +1 0 0 0 0 uud 

antiproton p - 1 0 0 0 0 utrl 
neutron +1 0 0 0 0 udd 

antineutron " - 1 0 0 0 0 udd 
lambda-plus ,, +1 0 +I 0 0 udc 

lambda-zero •• +1 - 1 0 0 0 uds 

Sigma-plus ,:' +1 - 1 0 0 0 uus 

Sigma-zero r!' +1 - 1 0 0 0 uds 

Sigma-minus ,:- +1 - 1 0 0 0 dds 

Xi-zero ::;O +1 -2 0 0 0 USS 

Xi-plus :::+ +1 - 2 0 0 0 dss 

Omega-minus n - +1 - 3 0 0 0 sss 

MATTER AND ANTIMATTER 
As mentioned ,,~th the particles discussed so far, most particles have what is called 
an antiparticle. 'I'hese have the same properties of mass, spin, charge and life span 
as the particle . Howe,·er, their electric charge and their q uantum numbers are the 
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same in magnitude but ha\'e the opposite sign. For example, a positron has the same 
mass as an electron, but has a positi\'e charge. 

There are two com·entions used to indicate an antiparticle. 
The antiparticle of an uncharged particle is indicated by placing a bar abo,·e 
the symbol for the normal matter particle. An example is an electron n eu trino. 
This particle has the symbol Vt and its antiparticle, the anti-dectron neutrino, 
has the symbol Vt. 
The antiparticle of charged particles is given the s)mbol of the particle but 
with the o pposite sign; for example, the antiparticle of the muon (µ-) is the 
antimuon (µ''). 

Leptons 
The particles in this group are the o nes that interact by exchanging\V/ and Z bosons, 
which mediate the weak n uclear force. Lepto ns that carry a charge can also 
interact by exchanging photons, which mediate the electromagnetic force. Leptons 
do not interact via the strong nuclear force carriers. 

Electrons are a type o f lepton. These particles also include the muon and tau 
particles, as well as their corresponding neutrinos and the antimatter opposites of 
these six particles. In your studies o f nuclear physics, you will ha\'e seen that an 
electron, ejected from the nucleus in a beta-minus deca)', will always be emitted 
along with an antineutrino. In a beta-plus decay, an antimaner positron is emitted 
,,ith a normal neutrino. 

The LEP (Large Electron-Positron collider) at CER.i'J was the most powerful 
collider of leptons ever built. The ALEPH (Apparatus for LEP Physics) experiment 
determined the mass of the \V/ and Z bosons and found that the number of particles 
" ~th light neutrinos was three (Figure 17.1.9). 
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FIGURE 17.1.9 These three lines model the existence of two (green), tlvee (red) or four (blue) neutti'los. 
The data from ITlllions of Z particles, obsefved by the Alf PH e,periment at CERN, produced the orange 
dots. There is a strong correlation between the data and the three-neutrino model. 

\'<'hen nuclei undergo beta-minus decay (!3- ), an electron (e-) is emitted 
from the nucleus, along \\ith its corresponding electron antineutrino ( Vt). In a 
beta-plus decay (!3•), a positron (e•) is emitted alo ng with the electron neutrino (vt). 
Neutrinos are essentially massless particles that interact so weakly with matter that 
they can go through the entire Earth like photons (light) go through a pane of glass. 
Since neutrinos ha,·e zero charge they do not experience the electromagnetic force. 

Another lepton particle called the muon (Jr ) can also be emitted from the nucleus 
along with the muon antincutrino (V,_) in a similar way to the beta particle. Muons 
arc Yery similar to electrons, but a.re 207 times larger.11:tere is also an anti.muon <µ•) 
along with its associated muon neutrino (vJ.11:tese muon neutrinos an: found to be 
diffcn:nt to the electron neutrinos. 
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nGURE 17.1.10 This image records a proton 
and antiproton annihilabon. This event was 
recorded in 1955 in a photographic emulsion 
at the Bevatron acce~ator at the Lawrence 
Berkeley Laboratory, Galifornia. 

The last leptons are the tau (r ) with its corresponding antitau neutrino (Yr), 
and the ant:itau (-rt") with its tau neutrino (vJ. The tau is extremely massive in 
comparison to the electron, at 34 77 times its mass. ' fable 17 .1. 5 g ives a summary 
of lepto ns and their properties. Table 17.1.6 shows the six antileptons with their 
symbols, charges and conservation numbers. 

TABLE 11.1.s The properties of leptons. 

Lepton name Symbol Charge Electron lepton Muon lepton Tau lepton 
number number number 

electron -e - 1 -1 0 0 

electron neutrino .. 0 + l 0 0 

muon -µ - 1 0 +l 0 

muon neutrino ., 0 0 +l 0 

lau ,- -1 0 0 +l 

tau neutrino v, 0 0 0 +l 

TABLE 11.1.6 The properties of antileptons. 

Antiparticle name I Symbol I Charge Electron lepton Muon lepton I Tau lepton 
number number number 

positron .. +l -1 0 0 

electron antineutrino v, 0 - 1 0 0 

antimuon .. +l 0 - 1 0 

muon antineutrino "· 0 0 - 1 0 

antitau +l 0 0 - 1 

tau antineutrino "· 0 0 0 - 1 

Matter vs antimatter: Annihilation 
\Vhen physicist Paul Dirac first p roposed antimatter, he did more than just predict 
its existence. He also predicted that matter and antimatter will annihila te when 
they collide. This is observed and exploited on a daily basis in experiments and 
applications im·olving antimatter. 

Figure 17.1. 10 shows an antiproton entering along the track marked L (top), 
before colliding with a proton. \Vhen the proton and antiproton mutually annihilate, 
the huge amount o f energy released produces se,·eral new particles whose tracks 
form the 'star• pattern seen in this image. 

Another example is the annihilation of an electron and positron. This produces 
two photons that carry away the energy initially contained in the electron and 
positron. 11tese events are a stunning verification of Einstein's famous equation 
E = nu?, where mass (m) and energy(£) are equivalent and can be converted from 
one form to the other. 

The opposite of annihilation is also observed. This is called particle-antiparticle 
pair production. Energy in the form of a photon can create a particle-antiparticle 
pair if the photon has energy greater than o r equal to the mass of the particle
antiparticle pair. Pair production also illustrates the relationship between mass and 
energy in Einstein 's equation. 
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17.1 Review 

fi'lM:t-iiii 
Our understanding of the universe progresses by 
both theory and experimentation. New particles 

are sometimes predicted before any experimental 
evidence is available, while sometimes 

observations in experimental events lead to the 
discovery of a new particle. 

The Standard Model of particle physics explains 
three of the four fundamental forces in the 

universe (electromagnetism. the strong nuclear 
force and the weak nuclear force) in terms of an 
exchange of particles called gauge bosons. 

The gauge bosons for these three forces are the 

photon for electromagnetism, the gluon for the 
strong nuclear force, and the Z, W- and w+ for the 

weak nuclear force. 

All matter in the universe is made of fundamental 

particles called quarks and leptons. 

There are six quarks which all experience the 
strong nuclear force mediated by gluons. These 

134i·Ulflil·i:~i 
1 Between which particles does the strong nuclear 

force act? 

2 Which gauge bosons are responsible for the weak 
nuclear, strong nuclear and electromagnetic forces? 

3 The particles of the Standard Model have been 
classified into three main groups. Name the three 
groups and give the main characteristic of each. 

4 What are the fundamental differences between 
the two groups of particles within the fermions 
(quarks and leptons)? 

combine to form hadrons and cannot exist alone. 
The hadrons include baryons made of three 

quarks and mesons made of two quarks 
(a quark- antiquark pair). 

Leptons are a group of particles that interact by 
exchanging W and Z bosons. which mediate the 
weak nuclear force. Electrons are in this group of 
particles. 

Antimatter particles have similar properties, like 

mass, spin and lifetime, as their corresponding 

particles. Their electric charge and other 
characteristics called quantum numbers are the 

same in magnitude but have an opposite sign. 

When a matter particle and its antimatter particle 
collide, they completely annihilate to produce 

a photon with the equivalent energy of the two 

particles, calculated by Einstein's mass-energy 

equation E = mc2. 

5 A common analogy used to explain how forces are 
mediated by the exchange of particles involves two 
skaters passing balls to each other. What does the 
ball represent in this analogy? 

6 Name the two groups of hadrons and explain the 
differences between the types of particle in each 
group. 

7 Classify each of the following as a gauge boson, a 
lepton or a hadron: proton, gluon, electron, photon, 
muon, neutron, neutrino. 
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17 .2 Evidence for the 
Standard Model 
~fbe Australian Nuclear Science and Technology Organisation-ANST O-is the 
Australian Government's national nuclear organisation, headquartered in Lucas 
Heights (in the southern suburbs of Sydney). One of ANSTO's missions is to 
operate nuclear facilities to benefit the Australian communit)', industry and scientific 
research. These facilities include the Australian Centre for Neutron Scattering 
(the O PAL reactor) located in New South \Vales, and the Australian Synchrotron, 
located in Melboume.1ll.e Australian Synchrotron is the most powerful synchrotron 
in the Southern Hemisphere. 

A synchrotron is a type of particle accelerator. Electrons with energies as high 
as 3 billion electronvolts are accelerated around a huge erncuated ring to almost the 
speed oflight . These charges are forced to follow a curved path by a magnetic field. 
As they accelerate around curves, the electrons give o ff bursts of radiation. This 
synchrotron radiation is channelled down tubes called beamlines and utilised by 
researchers in a range of experimental stations. 

Synchrotrons can be used as supermicroscopes to reveal the hidden structure of 
fibres, chemical proteins and enzymes by using powerful techniques such as X-ray 
diffraction. Synchrotrons can also improve medical imaging techniques and can 
distinguish features of cells up to I 000 times smaller than previously possible. X-ray 
lithography can be used to etch microscopic patterns on materials and construct 
micromachines. 

~11tis section discusses the discovery of new particles, and how particle accelerators 
play a key role in this. 

PREDICTING THE EXISTENCE OF NEW PARTICLES 
O ne of the most exciting aspects of physics is the discovery of something ne-.v. 
It could be a new theory or a more elegant solution to a problem. For particle 
physicists the u ltimate achie\'ement is to discoYer a new particle. These discO\·eries 
could unfold in one of two ways: 

the particle is p redicted to exist through logical reasoning by theoretical physicists 

• the particle is observed in a collision event by experimental physicists. 
\'(/hether by theory or observation, finding new particles generates great 

excitement and activity in the world of high-energy particle phys ics. Theoretical 
and experimental methods have been used O\'er the years to discO\·er, for example, 
the neutron, the neutrino, the positron and the Higgs boson. ~Inc discovery of the 
neutron and positron was discussed in greater detail in Chapter 14. 

The discovery of the neutrino 
Physicists studying the energy of the beta particles ejected from rad ioisotopes 
discovered that they seemed to vary by a small amount. "Ibey were missing a 
quantity of energy, which contravened (contradicted) the conservation laws of 
energy, spin and momentum. \Volfgang Pauli recognised that as the laws must not 
be violated there must be another very small particle p roduced in beta decay that 
car r ied the missing momentum and energy. The name g iven to this particle was 
the neutrino. 

Neutrinos are particles that h3\·e been found to possess the lowest mass in nature, 
and they exist all throughout the universe. Neutrinos have no charge and their mass 
has only recently been discovered to be about one-billionth that of a proton (about 
10-36 kg). \X'hile you ha\·e been reading these sentences, billions of neutrinos h3\·e 
passed right through your body, and continued on to pass right through the Earth. 
Fortunately neutrinos interact with matter very rarely and so are completely harmless. 
It has been estimated that if neutrinos passed through a piece of lead 8 light-years 
thick, they would still h3\·e only a 50% chance of being absorbed. 
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The discovery of the Higgs boson 
Until the 1960s, physicists did not know how particles gm their mass. British 
physicist Peter Higgs, and others, proposed an answer to this question in 1964. 
Using the Standard l\'lodel, they predicted that there was a yet-undiscm·ered particle 
that would interact with other particles and gi,·e them what is measured as mass. 
'Tbis particle came to be known as the Higgs boson. 

The search for I.his, and for other particles, led o,·er 10000 physicists and 
engineers to coUaboratc to build the Large Hadron Collider (LHC) near Gene\"a, 
S\\itzerland. ~11tis is the largest and most comp le."< experimentaJ facility e\"er builL One 
of its primary goals was to test the prediction of the existence of the Higgs boson. 

The search continuW until 2012> when evidence for the discover y of a. candidate 
for the Higgs particle was first announced (Figure 17.2.1). ln 2013 two of the 
original researchers, Peter Higgs and Fran~ois Englert, were awarded the Nobel 
Prize in Physics for their prediction and their work to pro\·e the prediction. 

ftGUA£ 11.2.1 The image shows tracks of partides and measurements of their energies in the 
ATlAS detector at the LHC. The nature and energies of the partides produced are conslStent with 
predicoons ol the fo«nalKlll of a Higgs boson. 

SYNCHROTRONS 
Synchrotron light was first discovered in the 1940s, when it was obsen·ed being 
produced in particle accelerators used for theoretical physics. \Vhen first discovered , 
this radiation was seen as an unwanted by-product of the acceleration p rocess, as 
its release robbed accelerating particles of energy. It was on ly later tha t the useful 
benefits of such radiation became apparent. Since their origins in the 1940s, 
synchrotrons have u ndergone progressh·e e\·otution. 

Originally, large particle accelerators were designed to im·estigate the nature of 
matter by examining the structure of atoms and molecules via collisions. Strong 
magnets directed the particles to collide with a target or with another mO\i.ng particle. 
Scientists used the data gained from these collisions to learn more about the make-up 
of the subatomic particles fired from the machine or the target samples that were hit. 

In contrast to these types of particle accelerators built for collisions, a synchrotron 
light source is designed to use electrons to generate beams of infrared, UV, visible 
and X-ray radiation. Synchrotron light, or synchrotron radiation, is the term gi\·en 
to a range of electromagnetic radiation of wavelengths from approximately 10-1 to 
10-10 m. lrus electromagnetic radiation is produced by charged particles such as 
electrons or p rotons as they tra\·cl in a curved path at speeds close to that of light. 
~Inc beam of the syn chrotron light produced faUs in the shape of a cone ahead of 
the tra\·elling charged particles. 
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11te Australian Synchrotron at Monash University, shown in Figure 17 .2.2, is an 
example of this type of particle accelerator. 

-

experimental 
stations 

I 

FIGURE 11..2.2 The Australian Synchrotron is about the sae of a football field. This scale is necessary 
to contain the electrons, which are travelling at almost the speed of light as they zoom around the 
storage ring_ This diagram shows the main features and experimental stat)()ns arranged around the 
storage ring. 

The electron linac 
Cathode ray tubes (introduced in Chapter 14) are useful particle accelerators but 
are limited to using voltages over a few tens of kilovolts. A linear accelerator, or 
linac, accelerates particles in straight lines. The first linac was built in 1928 by the 
Norwegian engineer Rolf\Videroe. It consisted of three hollow metal rubes inside 
an evacuated cylinder. These are called drift tubes and were used in \Videroe's 
machine to accelerate potassium ions to an energy of 50000eV (50keV). This type 
of accelerator is referred to as a standing-wave linac. 

~11te Australian Synchrotron and other electron linacs make use of travelling 
wa\·es rather than stand ing waves in order to accelerate particles. ~11te travelling
wave linac consists o f: 

an electron gun 
a vacuum system 
focusing elements 
RF (radio-frequency) cavities. 

As shown in Figure 17 .2.3, electrons escape from the electron gun as they boil 
off the heated filament of the assembly. From here, they accelerate across a potential 
difference o f about 100 kV and exit the electron gun at a \'elocity of approximately 
half the speed of light. At such velocities, the effects of relativity (introduced in 
C hapter 12) come into play. 

~11te electron beam travels through an ultra-high vacuum within the linac, to 
prevent energy loss through interaction with air particles. As the electrons travel, 
focusing elements act on the beam to constrict it to a narrow beam in the centre of 
the vacuum tube. 

Electrons are accelerated to close to the speed of light by the end of the linac. 
Such acceleratio n is critical to the production of syn chrotron light in the storage ring. 
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rlGUAE 11.2.3 A diagram of a travelling-wave linac 
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'11tis huge acceleration is achieved by cylind rical RF (radio-frequency) cavities 
that surround the electron beam. These cavities produce intense electromagnetic 
radiation at se,·eral hundred megaher tz (MHz) . The RF radiation propagates 
through the linac as a travelling wave. \Vhen timed correctly, electrons can, in effect, 
'ride the crest" of this RF wave, resulting in their acceleration to enormous speeds. 

ln the Australian Synchrotron, electrons are released from the gate of the electron 
gun in pulses e-.·ery 2 x to-9 s to travel towards the anode. lnese electrons accelerate 
as they pass through the RF cavity with the crest of the RF radiation and are slowed 
down when they pass through with the trough of the RF radiation. Ths effect causes 
the electrons to become bunched into groups as they travel through the linac itself. 'lbe 
frequency of RF radiation is timed to accelerate the arrival of each electron bunch. T he 
linac used in the Australian Synchrotron gives the electrons a kinetic energy of 100 1\.leV. 

The booster ring 
\\;lithin the circular booster ring of the Australian Synchrotron, bending magnets 
provide a force at right angles to the motion of the electrons in order to bend them 
into a circular path. In this ring , the energy o f the electrons is boosted from 100 to 
3000MeV, o r 3GeV (gigaelectrom·olts or 109). The energy boost is supplied by an 
RF chamber through which the electrons travel on each orbit of the ring. 

The storage ring 

The booster ring channels the electrons into the s torage r ing, a doughnut-shaped 
tube (Figure 17.2.4). In the Australian Synchrotron this ring has a radius of 34.3m 
and a circumference of 216 m . Around this ring are 14 bending magnets, each 1.7 m 
long. These keep the electrons in the circular path. They are separated by 14 straight 
sections in which focusing magnets keep the electrons confined to a flat beam less 
than half a millimetre wide and only two-hundredths of a millimetre high. 

In the storage ring of the synchrotron, electrons orbit for hours at a time at 
speeds near that of light. A series of magnets makes them bend in arcs as they 
travel through the ring. As the electrons change d irectio n (i.e. accelerate), they emit 
synchrotron radiation. 

Se,,eral different types of magnets are used to direct the beam of charged particles. 
Bending magnets, called dipole magnets, guide the particles through small arcs that rlGUAE 17.2.4 The booster to storage ring 
combine to produce 360° of bending around the ring. Other magnets called quadrupole transfer line in the Australian Synchrotron. 
and sextupole magnets refocus the beam to prevent it diverging and keep the particles 
in stable orbits. Steering and corrector magnets correct and fine-tune the orbit to one-
millionth of a metre. The specific arrangement and strength of the magnets, called the 
lattice, dictates the characteristics of the synchrotron light prcxluced, including: 

brightness 
polarisation 

energy distribution 
coherence. 
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As the electron beam circulates, it radiates synchrotron light and loses energy. To 
counter this, the electrons pass through RF ca\'lties, like those in the booster ring, 
to replenish the energy lost. The RF ca\'lties have electromagnetic fields oscillating 
at radio frequencies produced by amplifiers located next to the storage ring.1Dese 
fields oscillate in polarity extremely quickly, up to 500 million times per second 
{500MHz). ~Ifie p rocess ensures that the electrons stay at a constant energy and 
remain stored in the ring. 

Despite the RF cavities, the beam is still not perfectly stable. All synchrorron 
beams will gradually reduce in intensity with time. Some electrons are lost to 
collisions between electrons and gas molecules in the near vacuum of the ring. To 
minimise these losses, the vacuum chamber must be kept at a pressure of about one
thousandth of one-billionth of normal atmospheric pressure, or less than l O 7 Pa. 
Under these conditions, the beam typically loses half of its intensity over a 5--50 hour 
period. New electrons are injected into the beam at 4---24 hour intervals to replace 
those lost through collisions and energy losses. 

' Ifie unused high-energy X-rays given off by the storage ring are continually 
absorbed by radiatio n shielding. The shield wall surrounding the storage ring is 
usually made of lead and concrete, forming a tunnel that completely encloses the 
storage ring, except for the beamlines through which radiation is guided. This design 
feature is critical for employee safety during synchrotron o peration. 

Beamlines 
A beanili.ne is the path that synchrotron light tra\'els from the storage ring, 
where it is produced, to its target experimental work (Figure 17 .2.5) . ' Ifie point 
at which the beamline meets the storage ring is called the from end. A beamline is 
typically a stainless steel tube, 15--35 min length and around 4 cm in diameter. The 
dimensions depend greatly on the technique being performed o n the beamline and 
the application of that technique. A typical beamline consists of an optics room, an 
experiment room and a control room. 

flGURE 17.2.5 The arrangement of mirrors and crystal monochromatOf in the beamline for studying 
proteins and microcrystals and small molecule X-ray diffraction at ANSTO. 

Inside the optics room, synchrotron light is modified according 10 the needs of 
iu expei-imental use. Sometimes scientisu will wish to use only a specific range of 
wa\·elengths o f synchrotron light for their experiments, rather than all of the light 
produced. A device called a monochromato r, either a crystal or a grating, is used as a 
wavelength selector. As a beam hits this device, particular wavelengths are diffracted 
at different angles. By rotating the monochromator, a specific light frequency can be 
selected from the broad band of frequencies available in the incident beam. As it is 
prepared for its role in an experiment, synchrotron light may also be: 

aligned using slits 
refocused using mirrors 

lessened in intensity using attenuators within the optics room. 
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11tin beams or synchrotron light are d irected onto a specific target or sample 
being examined \\~thin an experiment room. Scientists control their experiments 
from an external control room in which they are protected from the intense 
electromagnetic radiation being used in the experiments. All synchrotrons ha\"e a 
number ofbeamlines,each directing the synchrotron light to an experimental station. 
The Australian Synchrotron started out ,,~th 13 beaml ines but has been designed to 
allow for additional beamlines as demand for experimental time increases. 

COLLIDERS AND PARTICLE PHYSICS 
Since the announcemem of the proof o r the existence or the Higgs boson, colliders 
have been the superstars o r particle accelerators. The best known or the colliders is 
the Large Hadron Collidcr (LHC). Figure 17.2.6 shows an image o f particles that 
were created in the LHC. ~Ifie LHC is only one of a group o f accelerato rs housed 
at CERN, Geneva, near the French-Swiss border. Since 1934, colliders have been 
at the forefront or experimentation in particle physics. This research has led not 
only to a better understanding of the fundamental nature of matter but also to 
a range of discoveries that are being applied in areas as diverse as medicine and 
environmental science. 

The evolution of colliders 
Cyclotrons 

The cathode ray tube and the Van de Graaff generator were arguably the first particle 
accelerators. The cathode ray tube was developed by German physicist Ferdinand 
Braun in 1897. The Braun tube, as it was originally known, directed electrons from 
an unheated cathode in an evacuated glass tube, through a magnetic field onto a 
phospho r-covered screen. The magnetic field was used to change the direction of 
the electrons and accelerate them towards a particular portion of the screen. Varying 
the strength of the magnetic field changed the acceleration of the electrons. The 
bas ic principles of the Braun tube became the basis o f cathode ray tube televisions 
and computer screens. 

Braun's development o f the cathode ray rube followed j.J Thompson's disco\"ery 
of electrons in the same year. To physicists, the discovery o f the electron suggested 
that atoms could be broken down into smaller and smaller particles and the science 
of particle physics was born. During the 1920s, physicists belie\"ed that electrons 
and the earlier--discO\·ered protons were the fundamental particles within an atom. 
However, discoveries in the 1930s and 1940s quickly made physicists rethink this 
idea, and the study of elementary particle physics began. Into the field of particle 
physics came the cyclotron (Figure 17.2.7), a device specifically de\"eloped to 
allow further investigation of fundamental particles. 

An American physicist, Ernest Lawrence, was the first to produce a working 
cyclotron in 1932.11tis first cyclotron was just 13 cm in diameter and accelerated 
protons to 80keV ( 1 keV = 1.6 x 10--16n. 

I Jnlike V:m tie \oraaff een eratnr!. th:11 only :iccelerare electrnn~ o nce via the 

,·oltage on the dome of the generator, the cyclotron accelerates the particles over 
and o,,er, leading to particle energies many times the original. In Lawrence's 
cyclotron, protons were injected into the centre of a cylindrical space between the 
poles of a large electromagnet. The magnetic field caused the particles to move in 
a circular path, hence the name. An electric field accelerated the particles further, 
causing them to mo,·e in an outward spiralling path towards the outside edge of the 
cyclotron, with e,,er-increasing energy. At the rim, the particles were directed out 
of the cyclotron to hit a target. The high-energy particles colliding with the target 
generated secondary particles, which could then be srudied. 

FIGURE 17.2.6 This image shows the shower of 
partides that were created following a particle 
colltsion in the ATLAS detector. The particles 
were aocelerated in the LHC at CERN. 

FIGURE 17.2.7 In the 1930s. physicist Ernest 
Lawrence built the first successful cyclctron, 
at Berkeley, California. It was just 13 cm in 
diameter and it accelerated protons to an energy 
of 80 keV. 
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It is hard to imagine that the start or de,·elopments in the study or particle physics 
in the Large Hadron Collider (LHC) came from an instrument just 13 cm across. 
Lawrence continued to de,·elop successi,·e models or the cyclotron, which increased 
the size and the energies produced. By 194S he'd built a 4.7m 'synchrocyclotron', 
which accelerated particles to energies or730.MeV. 

As the study or particle physics accelerated in the 1950s, so did the energies 
developed by succcssi,·e generations or particle accelerators. To date, the largest 
cyclotron e,·er built, an 18 m unit at the Unh·crsity or British Columbia in Canada, 
remains in operation and produces protons with energies or 500M.eV. Until the 
19S0s, when it was superseded by the synchrotron, the cyclotron was the most 
powerfu1 particle accelerator available to particle physics. 

I PHYSICS IN ACTION I 
Cyclotrons 

To perform experiments at very high energies, linear 
accelerators would need to be extremely long. For this 
reason, in the 1930s the American physicist Ernest 
0. Lawrence designed the first circular accelerator. This is 
called a cyclotron, and it won Lawrence a Nobel Prize in 
1939. In some respects, the cyclotron operates as a spiral
shaped lmac. Protons are often used as the accelerating 
particles in this machine. 

Here, the many drift tubes are replaced by two 
semicircular, D-shaped, hollow copper chambers, called 
'dees'. These are the positive and negative electrodes of the 
cyclotron between which exists a strong electric field. The 
dees sit back to back. giving the cyclotron its circular shape, 

and lie between the poles of a powerful electromagnet 
The inside of the metallic dee is shielded from the electric 

field. The magnetic field acts on the particles, p roducing a 
circular path. When a particle emerges from the dee, the 
sign of the accelerating potential is reversed, causing the 

particle to speed up towards the other dee. This occurs so 
that a proton will accelerate towards a negatively charged 

dee as it exits the positively charged dee. Each time the 
particles cross the gap between the dees, their speed 
increases and they travel in a semicircle of larger radius. 

They eain enerey with each revolution until they have 
sufficient energy to exit the accelerator (Figure 17.2.8). 

A key to the operation of the cyclotron is that the 
frequency of the radio-frequency (RF) generator that 
produces the alternating field must match the frequency 
of the circulating charged particles. The charged particles 

travel in a path of radius: 
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alternating potential 
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rtGURE 11.2.a The cydotron operates in some ways like a spiral 
lmac-parbdes are acc:e,erated from a source, through semK:Jfrula1 
chambers called dees, unbl they gain suffiaent energy to exit 

Their speed Is then v -~ and the time taken for 

one orbit of the cyclotron Is t = i. where d tS the path 
distance of one revolution: 

d=~ 

,.. bnw (substituting the above expression 
q&, for path radius, r) 

=2; 
Strangely enough, the time taken for one revolution 

of the cyclotron does not depend upon the velocity 
of circulating charges. This is because as the speed 
increases, the radius of path travelled also increases and 
the time taken for each orbi t remains the same. 

In 1943, the Adelaide-born physicist Marcus Oliphant, 
while working in Britain, suggested modifying the 
cydotron design to produce a synchrotron. 



CERN 
The term CERN is derl\'cd from the French 'Conseil Europeen pour la Recherche 
NudCairc', or European Council for Nuclear Research. CERN was founded in 
1952 to establish a world-class facility for particle-physics research in Europe. 
initially concentrating o n the inside of the atom, hence the word 'nuclear', CERN's 
main area of research is the study of the fundamental particles that make up matter 
and the forces acting between them. It is referred to as the European laboratory 
for particle physics because of this research focus. CERN started up its first 
synchrotron in 1957.Thc dC\·clopment of the CERN facility since then is indicath·e 
of the development of collider technology in general. Figure 17.2.9 shows how the 
technology at CERN has de,·clo ped o,·er time. 

'llte first accelerator commissioned at CERN was a 600M.cV synchrocyclotron, 
a cyclotron in which higher energies were reached compared with a standard 
cyclotron. This was achie\"ed by synchronising the accelerating ,·oltage with the 
particle ,·clocity. \'\;lhile in terms of energy this wasn't a significant advance o,·er 
Lawrence's original cyclotron, the design of this and other synchrocyclotrons did 
allow for potentially much higher energy levels. The 1950s Cold \X'ar4!ra became 
something of a technological race to de,·elop the highest energy accelerator. 

After the launch of the Russian 'Synchrophasotron', a l0GeV accelerator, CERN 
de\'cloped the Proton Synchrotron (PS), first accelerating protons in No,-cmbcr 
1959. ' Ille Proton Synchrotron achieved a beam energy of 28 GeV on its first day of 
operation. It was the world's highest energy particle accelerator at the time. Since then, 
the PS has had its proton beam intensity increased to 1000 times its original intensity 
and it has accelerated many different kinds of particles besides protons. It remains in 
acti\''C use today, feeding accelerated particles to e.xperiments and to other accelerators. 

Particle accelerators ha,·e continued to de,·clop in design, in the range of particles 
being accelerated and in the energy le,·els attained. In 1976, CERN s,,itchai on the 
'Super Proton Synchrotron', with a beam of protons circulating a distance of7km. 
It achieved 400GeV for the first time and is now running at up to 450 GeV. ln 2008, 
the 27-kilometrc~ameter Large Hadron Collider startai up. It is the largest particle 
accelerator e,·e.r developed, and initial intensities of up to 8 TeV (8 x I 012eV) were 
achieved, which we.re later increased to 13 ' fC:V being possible. This represents an 
increase in energy le,·els of almost 30 000 rimes greater than the le\"C~ls achieved by 
the cyclotrons of the early 1950s. 

Not all particle accelerators acce1crate particles. The antiproton decelerator at 
CER:.'l has been designed to slow down anti protons, reducing their energy, to allow the 
study of antimattcr.13blc 17 .2.1 compares the advances in the design, energy le\'el and 
range of particles that are accelerated as particle accelerator designs ha\'e ad,-anccd. 

TABLE 11.2.1 A comparison of particle accehntors. 

ifi.l,,iuiMH,1,1·1 
1934 

1945 

1957 

1957 

1959 

1976 

1989 

2008 

Pa rticle accelerator 

first Lawrence cyclotron 

Lawrence 
Synchrocyclotron 

f irst CERN 
Synchrocyclotron 

RuSStan Oubna 
Synchrophasotron 

CERN Proton 
Synchrotron 

CERN Super Proton 
Synchrotron 

Large Etectroo-P~tron 
colhder 

Large Hadron Collider 

Energy level Particles accelerated 

80eV 

730eV 

600MeV 

lOGeV 

28GeV 

400-4.SOGeV 

100-209 GeV 

14 TeV 

protons 

protons 

protons 

protons 

protons. range of other 
partJcles 

protons. range of other 
partJcles 

electrons. positrons. range of 
other part1des 

protons. tead IOOS. hydrogen 
K>nS, positrons. ant1protons 

1934-first cyclotron 

1957- first CERN accelerator 
1959-Proton Synchrotron 

l97~Super Proton Synchrotron 

1989-Large Electron-Positron collider 

1997- antiproton decelerator approval 

2008-LHC sta11s up 

rtGURE 11.2., T~ine of the introduction of 
acceterators at CERN. The first unit dep<)yed 
at CERN was in 195 7, 23 years after Ernest 
t.,wrence built the first cyclotron. 
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I PHYSICS IN ACTION I 
Application of particle accelerators 
Particle accelerators aren't just used as a research tool for 

particle physicists. The Large Hadron Collider got so much 
media attention with the proof of the existence of the Higgs 

boson in 2012 that you 'd think that was its sole purpose. 
These large particle colliders will continue to be developed 
into the future as scientists try to produce experimental 
evidence for new theories and ideas. Large-scale 
developments of the LHC will see it continue to play a 
leading role well into the future. 

cathode ray tube found in old-style televisions. This 

range of particle accelerators can be used for a wide 
range of applications and for the development of diverse 

technologies. 

Other areas where particle accelerator research is 
leading to groundbreaking discoveries include (but are 
not limited to): 

cancer treatment 

carbon dating 
Particle accelerators take many forms-from synchrotrons 

like the Australian Synchrotron at Monash University, 
art restoration 

the production of artificial body parts. 
to relatively small-scale particle accelerators used for 

implanting ions in silicon wafers, and even the humble 
Believe it or not, X-ray microscopy has even led to 

better nappies! 

FlGURE 17.2.10 Japanese physicist Hideki 
Yukawa predicted the existence at mesons. 

I~ l=;:;s 
Lili..l w 

PARTICLE PHYSICS AND COLLIDERS 
By the mid 1930s it was understood that atoms were made up of smaller particles 
and that those particles were not limited to the proton, neutron and electron. The 
positron, neutrino and photon, or gamma (y) particle, had also been discO\·ered. In 
1935, Japanese physicist Hideki Yukawa (Figure 17.2.10) predicted the existence 
of an additional particle in order to balance the strong nuclear force. Olte strong 
nuclear force holds particles together in the atomic nucleus and has since been 
found to hold together elementary particles.) Yukawa predicted that this particle 
would ha,·e a mass somewhere between that of an electron and a proton, so it was 
called a meson, meaning 'in the middle'. 

~Ille meson thatYukawa predicted was finally disco,·ered in cosmic rays in 1947. 
The search for it also led to the discovery of other particles in the interim and 
the de,·elopment of elementary particle physics and the scientific instruments with 
which the interactions of particles making up an atom could be obsen·ed. 

~Ille Standard Model of particle physics describes the workings o f the atom as 
much more complicated than the simple models proposed at the beginning of the 
twentieth century. Research following the discO\·ery of the meson led to not just a 
few more subnuclear particles, as originally expecred, but many hundreds more. 
Colliders, and the ever-increasing particle energies that' successive improvements to 
particle accelerators allowed, have been fundamental to these d iscoveries. 

Recall that the hadrons are a group of parbcles that includes protons and 
neutrons. Lepto ns are the group of particles that includes electrons. Hadrons 
interact via the strong nuclear force; lepmns don't and are far more numerous. While 
lepmns are considered elementary particles, collider experiments indicated that 
hadrons have an internal structure. It was discovered that hadrons are made u p of 
more fundamental elementary point particles termed quarks. Scientists proposed 
that there are six quarks: 

up 

down 
charmed 
strange 
top (also called truth) 

bottom (also called beauty). 
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So far there is no direct evidence of up and down quarks; they may not e,·en 
exist singly. Strong e,idence of the truth o r top quark wasn't obsen·ed until 1995. 
Its comparatfrely high rrst mass required a proton-antiproton collision of almost 
2 TeV in order to detect the decay products from this \"Cry-short-li,·ed {IO-"s) 
particle. The LHCb (Large Hadron Collider beauty) detector has been specifically 
built to detect the bottom or beauty quark using the upgraded LHC. 

As mentioned in the prc,ious section, all particles also ha\"e antiparticles-
subatomic particles that haYe the same mass as the particle but with the opposite 
electric or magnetic properties. Many subnuclear particles arc unstable and decay. 
Unstable particles influmccd by the strong nuclear force decay more quickly than 
those caused by the weak nuclear force. Recording collision C\"ents in particle 
accelerators is essential to obsenfog these extremely short-liYed particles via 
obserrntions of the particles to which they decay. 

"fable 17.2.2 summarises many of the subatomic particles along ,,~th their 
charge, rest mass and life span until they decay into other particles or forms. The 
extremely short life spans of many of the particles makes observing them via a 
single collision highly problematic. This is why there are millions of collision eYents 
in a typical run at the LH C. 

TABLE 11.2.2 Charactefistics of subatomic partides and their antipartides . .. _ 
■ton 

e~tron 

e~tron neutnno 

muon 

muon neutrino 

tau 

tau neutnno 

p,on 

kaon 
{also other vanations) ... 
and others 

proton 

neutron 

lambda 

~igma 
(also other vanations) 

,; 
(also other variations) 

omega 

y y(self} 

w· w-
"Zo "Zo(self) .. .. 
'• v, 
µ- µ• 

,, "· r r 

'• v, .. ,r 

K• K-

~ (self) 

p p 
ii 

A• .. 
11' i" 
~ -

0-- 11· 

Rest mass I l1fchme 
(MeVc-2)• (s) 

0 stable 

80.33 X }O' 3xl~ 

90.}9 X 10' 3xl~ 

0.511 stable 

0 stable 

105.7 22 x lo-' 
0 stable 

1777 2.91 X 10-13 

0 stable 

139.6 2.60x lo--' 

493.7 124x 10-8 

547.5 5 X }0-19 

93&3 stable 

939.6 887 

1115.7 2.63 x 10-10 

1189.4 0.80 1( 10-10 

13213 1.64 X lQ-10 

1672.5 0.82 X }0-l0 

The design of particle accelerators and the associated detectors must take into 
account the predicted life span of the particle before it decays, the charge on the 
particle and the relative rest mass (a larger mass means that more energy is required) 
in order to be sure that the particle being detected meets theoretical predictions 
,,ithin reasonable experimental constraints. 
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The Large Hadron Collider 
The Large Hadron Collider (LHC) at CERN is one of the latest de\·elopments 
in particle accelerator technology. Due to its enormous size and high energies, the 
particle accelerato r is probably the best known outside o f particle physics research . 
Howe,·er, the LHC is only the most recent and highest energy accelerator in a 
chain of accelerators and experiments that work together to feed particle research 
activities at CERN. rfogether, the particle detecto rs working from the LHC allow 
specialised investigations at the leading edge of particle-physics research. 

Facts and figures about the L H C: 
It gets its name from: its size (Large); its ability to accelerate both p rotons and 
ion s> both of which are hadrons (Hadron); and because it is a collider in which 
two particle beams tra,·elling in opposite directions collide at points where the 
two rings of the LH C intersect (Collider). 
It is the largest scientific instrument ever built: the tunnel has a circumference 
of 27 km with an average depth of 100 m below ground level (Figure 17.2. 11). 
Being located underground has the extra benefit of shielding the accelerator fro m 
external radiatio n, although cost was the main factor for building underground. 
~The LH C was initially considered in the 1980s with the intent of producing an 
accelerator capable of reaching the (predicted) energies needed for research on 
particles that would ha,·e existed just 10-12 s after the big bang. 
It was built at a cost of €3 billion (equivalent to around AUS4.5 billion), with 
financial contributions from non-member countries (i.e. Japan, India and the 
USA) helping to reduce the construction time. 
11te project was built for an initial four experiments (AT LAS, ALICE, CMS 
and LHC b) . Two additional experiments have since been added. 
Its first collisions in October 2008 produced particles \\~th an (then record) 
energy of 4 Te V. After a two- year upgrade, it is now capable of energies potentially 
reaching 13 TeV or 6 .5 TeV per proton beam in a head-on collision . Lead -ion 
beam s now have a collision potential of 1 150 ~l'e V. 
Protons complete over 11000 revolutions of the 27 km circumference each 
second, travelling at a speed of 0 .999999991 times that of light. There are u p to 
600 million collisions per second. 

rlGURE 17.2.11 A section of the LHC's 27 km tunnel. 
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The main Slcps in the acceleration of particles in the LHC are outlined below. 
Hydrogen atoms arc pumped from storage and are stripped of their clccu-ons to 
create protons. 
The protons travel through a linac reaching an energy of 50 J\1e V and are 
injected into the Prolon Synchrotron booster. 
The Proton Synchrotron booster accelerates the protons to 1.4 GcV, after which 
they arc fed into the Proton Synchrotron and accelerated to 25GeV. 
Protons arc then sent to the Super Promn Synchrotron and are accelerated to 
450GeV. 
Finally, the protons arc injected into the LHC in both clock\\;se and anticlod.·wisc 
directions to create the two beams that will collide. 
The beams arc accelerated to 6.5 TeV each o\·er a period of 20 minutes, after 
which they can be kept in the storage rings for a number of hours. 

Goals of the LHC 

The Standard 1\llodcl summarises the current understanding of particle physics. 
It has been tested and has been successful in predicting previously unknown 
particles. However, it is unable to answer questions on dark maner and why there is 
comparati\·cly very little antimatter in the universe, among others. T he main goals of 
the LH C aim to add to the understanding of particle physics beyond the Standard 
Model. Some examples are given below. 

Bosons are also referred to as force-carrying particles and are used to explain 
forces being exerted on particles by fields. Scientists are seeking a unified theory 
for the four naruraJ forces. ~Inc Standard Model links the weak nuclear force, the 
strong nuclear force and the electromagnetic force, but is unable to construct 
a similar theory for gravity. Supersymmetry-the existence of more massin.~ 
particles than are currently know~ould lead to a unified theory. 
~The reasons why objects and particles have mass cannot be predicted from the 
Standard i\•lodcl. A separate model is needed. l'be Higgs field is theorised 10 
interact with particles such that they acquire their mass. The Higgs field has a 
Higgs boson particle associated with it. ~lne successful detection of the Higgs 
boson and subscqucnl determination of its mass was a major achievement of 
the LHC. 
Astronomical obscn·ations suggest that only 4% of all of the maner in the 
universe is visible. The LHC is searching for e,;dence of dark matter and dark 
energy, which arc theorised to account for 23% and 73% of the remaining matter 
respecti\·ely. 

Matter and antimatter existed together in equal quantities at the time of the big 
bang but 1oday, as far as we know, there is comparatiwly very littJe antimatter. 
Experiments at the LHC will attempt to determine why. 
Hea\'Y ions such as lead colliding at high energies form hot, dense matter. ~l'be 
LHC will be used to investigate the state of matter called the quark-gluon 
plasma, which is theorised 10 have existed in the early uni\'erse. 
11te initial four experiment stations de\·eloped as part of the LHC project arc 

descril:M:d below. 

LHCb 

LHCb stands for •Large Hadron Collider beauty', an experiment designed to 
in\·estigate the slight differences between matter and antimaner. It is shown in 
Figure 17.2.12 on page 470. It was specifically built to detect the bottom (or beaut)•) 
quark, also called the b quark, which is a frequent decay product for the Higgs 
boson. By studying the b quark, scientists hope to better understand what happened 
immediately after the big bang. 
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According to the theory, approximately 14 b illion years ago, the big bang 
produced both matter and antimatter. As the matter cooled and expanded, its 
composition changed. \Vithin one second, it is believed that antimatter had largely 
ceased to exist, leaving matter to create the uni\·erse as you know it. The b quark, an 
antiparticle, is believed to be key in understand ing that process. 

Every collision event at the LHC forms a broad range of quarks. The ATLAS 
and CMS detectors enclose the entire collision point within a detector. By contrast, 
the LHCb is able to detect b quarks by having a series o f sub-detectors at pointS 
largely forwards o f the collision point in order to focus on particles thrown forwards 
of the collision. The first sub-detector is close to and forwards of the collisio n event; 
the rest of the chain of sub-detectors are arranged one behind the next, over a total 
length of 20 metres. 

Since the quarks created by the collision event decay q uickly into other subatomic 
par ticles, the LHCb features moveable tracking detectors consisting of a forward 
spectrometer and planar detectors. 

\Veighing 5600 tonnes, the LHCb is sited l 00 metres below ground. ln May 
20 15, when the LHC was reopened after an upgrade to energies of 13 TeV, the 
LHCb detected events from proton-proton collisions. T hese initial collisions were 
only in the 450 GeV range and hence not suitable for full physics studies, but were 
able to co nfirm that the detector was recording suitable eventS. Follow-up stud ies in 
June 2015 were among the first to use the increased energy of the LHC. 

FIGURE 17.2.12 The underground cavern holding the l.HC beauty, or LHCb, experiment of the 
Large Hadron Coltider at CERN. Much of the work on this experiment is directed to the study of 
antiparticles. 
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17.2 Review 

f11JM:t-iiii 
All particle accelerators require a source of 
charged particles. In a cathode ray tube these are 

provided by a device called an electron gun. 

The force acting on the charged particles from 

electric and magnetic fields will change the 
direction of the beam. As the charged particles are 
accelerated by these forces, work is done and the 
charges gain kinetic energy. 

A synchrotron is a doughnut-shaped particle 
accelerator designed to circulate electrons around 
a closed path at speeds very close to that of light 
The accelerating electrons generate beams of 
infrared, UV, visible and X-ray radiation. 

Electrons are emitted from an electron gun in 
pulses. They are accelerated through the linac 
by powerful bursts of radio-frequency (RF) 
radiation. 

Electrons then travel around a booster ring, and 
are accelerated further as they pass through 
RF cavities until reaching an energy of 3GeV. 
The magnetic field of the bending magnets is 
increased as the velocity of electrons increases 
within the booster ring. 

Electrons are channelled into the storage ring. 
Synchrotron radiation (light) is produced as the 
particles travel through the strong magnetic 
fields of the dipole magnets. 

Electrons replace energy lost due to the 
production of synchrotron l ight as they 
pass through radio-frequency cavities in the 
storage ring. 

Synchrotron light leaves the storage ring, 
passing down beamlines to a number of 
independent experimental stations. 

l:Jii·l'ii1il·i:&i 
1 What property do particles need to have in order to be 

accelerated by particle accelerators? 

2 In a cathode ray tube, how are particles accelerated? 

3 List the four main features of the Australian 
Synchrotron in order from the initial emission of 
electrons at the cathode through to the experiment 
and control rooms. 

4 In the booster ring of a synchrotron, what kinds of 
speeds can the electrons be accelerated to? 

Colliders are used to collide two beams of 
particles head-on. They were developed for the 

study of elementary particle physics. 

Ernest Lawrence was the first to produce a 

working cyclotron in 1932. This first cyclotron was 
just 13cm in diameter and accelerated protons to 
80keV (I keV = 1.6 X 10-1• J). 

As the study of particle physics rapidly progressed 

in the 1950s, so too did the energies developed 
by successive generations of particle accelerators. 
The LHC can now achieve energy levels of 13TeV, 
almost 30000 times that achieved in the early 
!950s. 
Particle accelerators have also developed to be 
able to accelerate a range of particles, including 
protons, electrons, antiprotons, positrons and ions, 
to allow specific experiments in particle physics. 

Not all particle accelerators accelerate particles. 
The antiproton decelerator at CERN has been 
designed to slow down antiprotons to allow the 
study of antimatter. 

The design of particle accelerators and the 
associated detectors must take into account the 
charge on the particle being investigated, the 
relative rest mass (a larger mass means that more 
energy is required) and the predicted lifetime of 
the particle before it decays, in order to be sure 
that the particle being detected meets theoretical 
predictions within reasonable experimental 
constraints. 

The main goals of the LHC aim to add to the 
current understanding of particle physics beyond 
the Standard Model. 

5 How did cyclotrons get their name? 

6 How is the synchrotron an advance on the earlier 
cyclotron designs? 

7 The LHCb detector has been designed to investigate 
differences between matter and antimatter. What 
design feature is incorporated into the LHCb to enable 
this form of investigation? 
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Chapter review 

I KEY TERMS I 
Higgs boson 
linac 

neutrino 
quantum 

annihilation 
antimatter 
baryon 
baryon number 
beamline 
booster ring 

colour charge 
cyclotron 
fermion 
gauge boson 
gluon 

~rge Hadron 
Collider 

lepton 

number 
quark 
Standard Model 
storage ring 

strong nuclear force 
synchrotron 

hadron meson 

I REVIEW QUESTIONS I 
1 What happens in the process called annihilation? 

2 Which quarks make up protons and neutrons? 

3 Which forces are explained by the Standard Model 
of particle physics? 

4 Explain how the proton gains a +l charge from its 
constituent quarks and how a neutron has a neutral 
charge from its constituent quarks. 

5 A neutron in an evacuated container decays to 
produce a proton and two other particles. The proton 
1s then attracted to an electron and becomes the 
nucleus of a hydrogen atom. The atom then slowly 
drifts to the base of the container. 
Order the four fundamental forces that have been 
involved in the sequence of events described above 
from first to last. Place any forces that were not 
involved last in your list. 

6 In your own words, explain how the Standard Mcx:tel 
explains three of the four fundamental forces. As part 
of your answer, identify the three forces and the 
associated particle(s). 

7 Is an electron a composite or a fundamental partk:le 
and is it a lepton or a hadron? 

8 Where in a cathode ray tube are electrons re~sed from? 

9 What is linac the shortened term for? 

10 What is a beamline? 

11 Synchrotron radiation is described as having a high 
degree of collimation and very low beam divergence. 
Which particular experimental technique is this 
characteristic of synchrotron rachation ideal for? 

12 In whk:h section of the Austrahan Synchrotron do 
electrons move from a heated filament? 

13 High-energy electrons travelling m a curved path under 
the influence of a magnetic field will emit light Within 
what frequency range is this light? (Give a qualitative 

answer only.) 
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weak nuclear force 

14 Strong expenmental evidence for the truth or top 
quark wasn't observed until 1995. What physical 
constraint of particle accelerator design would have 
been the main limiting factor that meant the top 
quark couldn't be observed earlier? 

15 The Standard Model of particle physics seeks to unify 
theories about the weak nuclear force, electromagnetic 
force and the strong nuclear force. It has been 
partk:ularfy successful in predk:ting particular particles. 
Name two areas where the Standard Mcx:tel is defk:ient 

16 Compared with X-rays from convenhonal sources, X-rays 
from synchrotron radiation have a constderably higher 
mtens1ty. What benefit does this offer researchers? 

17 What specific attributes of synchrotron radiation make 
synchrotron sources more useful than laser sources 
for particular investigations of elements that absorb 
particular wavelengths? 

18 Copy the table and list the properties of X-rays emitted 
by a conventional X-ray tube and a synchrotron. 

I X-ray tube I Synchrotron 

19 Oescnbe the rote of the storage rmg m a synchrotron. 

20 In which section of the Australian Synchrotron is the 
strength of the magnetk: field increased as the velocity 
of the electrons increases? 

21 In which section of the Australian Synchrotron are 
electrons accelerated by RF radiation? 

22 The LarQ:e Hadron Collider. or LHC. accelerates particles 
from a proton or hadron source. It is the largest scientific 
instrument ever buill Place the following components of 
the LHC 1n Of'der from source to detector: 
storage nng detectors 

electrons are stripped away Proton Synchrotron Booster 
hydrogen atom source Super Proton Synchrotron 

linac 

23 After completing the actrYity on page 448, reflect on 
the inquiry question: How is it known that human 
understanding of matter is still incomplete? 



REVIEW QUESTIONS 

From the universe to the atom 
Multiple choice 
1 Which of the following atomic models dtd Rutherford 

propose? 

A solid ball 
8 plum puddina 
C nuclear 
D planetary 

2 In general. which of the following is true for most stars? 
A luminosity increases with the surface temperature 

B luminosity decreases with the surface temperature 

C luminosity is not related to the surface temperature 
D luminosity is directly proportional to the surface 

temperature 

3 Main sequence stars are known to obey a mass
luminosity relationship. If a star is found to have a 
luminosity eight times that of the Sun, what is its mass 
likely to be (in terms of the mass of the Sun, Mcl? 

A 8M0 
B 4M0 
C 2M0 

D !Mo 
4 WhtCh of the followmg best describes what is ~otted on 

the Hertzsprung-Russell diagram? 
A absolute magnitude against the luminosity of the 

stars 
8 apparent magnitude against the temperature of the 

stars 
C temperature against spectral type of the stars 

D luminosity against spectral type of the stars 

The following information rel-ates to questions 5 to 7. 
Consider the Hertzsprung- Russell diagram bek>w. 
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IO~ 
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A 
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Spectral type 

5 Which letter corresponds to a Sun-like star? 

A A 
B B 
C C 
D D 

6 Which letter corresponds to a blue supergiant? 

A A 
B B 
C C 

D D 

- 10 

-5 

0 ~ 

" a 

t 
+5 ; 

0 

~ 
+10 

+15 

7 Which letter corresponds to an old star that once was a 
Sun-l ike, main-sequence star? 

A A 
B B 
C C 

D D 
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8 Which of the following best outlines the life cycle for a 
massive star, a star with a mass much greater than that 
of the Sun? 
A main-sequence star ➔ planetary nebula ➔ 

red supergiant ➔ supernova ➔ black hole 
B main-sequence star ➔ planetary nebula ➔ 

supernova ➔ red supergiant ➔ black hole 
C planetary nebula ➔ main-sequence star ➔ 

supernova ➔ red supergiant ➔ black hole 
D planetary nebula ➔ main-sequence star ➔ 

red supergiant ➔ supernova ➔ black hole 

9 The energy output from the Sun involves the fusion 
of four protons to form one helium nucleus, two 
antineutrinos, two gamma rays and 24.7 MeV of energy. 
What is the energy equivalent of 24.7 MeV in joules? 

A 3.95 x 10-1• J 

B 3.95 x 10-15 J 

C 3.95 X 10-12 J 
D 3.95 X 10.g J 

10 The first fission reaction ever to be observed is shown in 
the equation below: 

2:;u+~➔ ;:Kr+ 1~1sa+X:,O+energy 

How many neutrons (x) are produced in this fission 
reaction? 

A 1 B 2 C 3 D 4 

The following information relates to questions 11 and 12. 

An electron beam of energy 7 .0 eV passes through some 
mercury vapour in the ground state and excites the electrons 
to the n = 3 energy level. £(<V)E 0 n - ... 

-1.6 n•4 

-3.7 n•l 

-5.5 n•2 

-10.4 n• I 

11 A photon collides with a mercury atom in the ground 
state. As a result. a 30.4 eV electron is ejected from the 
atom. What was the wavelength of the incident photon? 

A 3.04 x 10-"m 
B 3.5 x 10-"m 
C 3.6 X 10-"m 
D 4.09 X lo-"m 

12 Calculate the wavelengths of the emitted photons present during the transition from the n • 3 energy level to the ground 
state. Whteh of the following spectra describes any of these photons? 

A 

B 

w...,,-. 
(nm) 400 445 47S SIO 570 S90 6'0 780 

C 

w..,,,-. 
(nm} 400 445 47S SIO ,10 S90 6'0 780 

D 

w-
(nm) 400 "45 47S ''° "° 590 6'0 780 

-- - - --- - ------------- -- -- - - -- -- - ----- -
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13 For an electron and a proton to have the same 
wavelength: 

A the electron must have the same energy as the 
proton. 

B the electron must have the same speed as the proton. 

C the electron must have the same momentum as the 
proton. 

0 It is impossible for an electron and a proton to have 
the same wavelength. 

14 If a particular atom in the sample has not decayed 
during the first half-life, which one of the following 

statements best describes its fate? 

A It will definitely decay during the second half-life. 

B It has a 50% chance of decaying during the second 
half-life. 

C The probability that it will decay cannot be 
determined. 

O If it does not decay during the first half-life, it will not 
decay at all. 

15 Tritium (hydrogen-3) is radioactive and its decay 
equation is shown. 

Which of the following best describes the nature of Y in the 

decay equation? 

A It is a positron. 

B It is an electron. 

C It is a proton. 

O It is a neutron. 

16 A nuclear sdentist has prepared equal quantities of two 
radioisotopes of bismuth, 211Bi and 215Bi. These isotopes 
have half-lives of 2 minutes and 8 minutes respectively. 
Assume when answering these questions that each 
sample has the same number of atoms. Which one of 
the following statements best describes the activities of 

these samples? 

A The samples start with an equal activity, then 
bismuth-211 has the greater activity. 

B Bismuth-211 initially has four times the activity of 
bismuth-215. 

C Bismuth-215 initially has four times the activity of 
bismuth-21 I. 

o Bismuth-211 initially has twice the activity of 
bismuth-215. 

17 Which of the following lists includes onty subatomic 
parttCles that are classified as hadrons. 

A protons and neutrons 

B protons and electrons 

C neutrons and electrons 
O protons and neutrinos 

18 What is the speed of an electron that has been 
accelerated across a potential difference of 5 kV? Take 

the mass of an electron to be 9.1 x 10-31 kg. Ignore any 
relativistic effects. 

A 1.3 x I06ms-1 

B 4.2 x 107 ms-1 

C 3.3 x 1015ms-1 

O I.O x I017ms-1 

Short answer 
19 Explain what is meant by the redshift of stellar spectra 

and why this is believed to be evidence that the universe 

is expanding. 

20 An electron and a positron annihilate with the 

production of two photons. 

a Explain the source of the energy of the photons. 

b Assuming the two leptons each had minimal kinetic 
energy, calculate the total photon energy. (Assume 
the mass of an electron or positron is 9.1 x 10-31 kg.) 

21 a Explain why the development of the Bohr model 
of the hydrogen atom was significant in the 
development of a comprehensive understanding of 

the nature of light. 

b How dtd Niels Bohr explain the observation that for 
the hydrogen atom, when the frequency of incident 
light was below a certain value, the light would simply 
pass straight through a sample of hydrogen gas 
without any absorption occurring? 

22 Constder the energy-level diagram for the hydrogen 

atom shown below. A photon of energy 14.0eV collided 
with a hydrogen atom in the ground state. 

·•• I---------- £•-4).88eV 

n • 3 1---------- £ • -1..51 eV 

n•2 1---------- £•-3.39eV 

n•I '---------- £ = - 13.6eV 

a Explain why this collision will eject an electron from 
the atom. 

b Calculate the energy of the ejected electron in 
electronvolts and in joules. 

c What is the momentum of the ejected electron? 

d Determine the wavelength of the ejected electron. 
e A hydrogen atom in the ground state c~lides with a 

10.0eV photon. Describe the result of such a colltsion. 
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23 In a Millikan oil-drop experiment. an oil drop of mass 
1.96 x 10-1' kg is stationary between two horizontal 
parallel plates. The plates have a separation distance of 
1.6mm with 240 V between them. 
a Determine the size and direction of the electric field 

strength between the plates. 

b Calculate the size of the charge that must exist on the 
oil drop. 

c How many excess electrons are on the drop? 

24 In a double-sht 1nterterence experiment. an electron 
beam travels through two narrow slits, 20mm apart, in 
a piece of copper foil. The resulting pattern is detected 
photographically at a distance of 2.0m. The speed of the 
electrons is 0.1 % of the speed of light 

a Calculate the de Broglie wavelength of the electrons 
used in the experiment. 

b What do you expect to see on the photographic plate? 

c Given that electrons are particles, how do you 
interpret the behaviour of the electrons in this 
experiment? 

d If the experiment were to be repeated using neutrons. 
at what speed would a neutron need to travel to have 
the same de Broglie wavelength as the electrons in 
part a? 

25 Physicists can investigate the spacing of atoms in a 
powdered crystal sample using electron diffraction. This 
invotves accelerating electrons to known speeds using an 
accelerating voltage. In a particular experiment, electrons 
of mass 9.11 x 10-31 kg are accelerated to a speed of 
1.75 x 107 ms- 1• The electrons pass through a powdered 
crystal sample, and the diffraction pattern is observed 
on a fluorescent screen. 
a Calculate the de Broglie wavelength (in nm) of the 

accelerated electrons. 

b Describe the main features of the expected diffraction 
pattern. 

c If the accelerating voltage is increased. what 
d ifference would you expect to see in the diffraction 
pattern produced? Explain your answer. 
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26 The graph below shows the data obtained in an 
experiment to determine the half-life of sodium-26. 
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a Use the graph to work out the half-life of sodium-26. 
b If the initial sample contained 150 g of sodium-26, 

how much of this radioisotope will remain after 
5 minutes? 

c Sodium-26 is a beta emitter. Write the nuclear 
equation for its decay. 

27 As a result of the disaster at the Fukushima nuclear 
power plant in 2011, the radioactive isotopes 
caesium-13 7 and k>dine-131 were released into the 
atmosphere. Use a perk>dic table to determine the 
number of protons, neutrons and nucleons contained in 
a nuclk:fe of each radioisotope. 

28 Copy and complete the table about the properties of 
exchange particles, using the dot points below. 

Particle I Property 

gluon 

photon 

w·, w- and z 

(graviton) 

mediator of the electromagnetic force 

• interacts with charged particles 
mediator of the gravitational force 

• mediator of the weak nuclear force 

• interacts with quarks 
• causes nuclear decay 
• mediator of the strong nuclear force 



29 Explain how the single-slit diffraction experiment relates 
to the Heisenberg uncertainty principle. 

30 The Heisenberg uncertainty principle states: 
h 

"""" > ~ 
What does it mean if the value of Al) in the relation gets 
smaller? Explain your answer. 

31 According to the big bang theory, space itself is expanding 

a Use Hubble's law to compare the recession velocity 
of a star at the position of our closest star, Proxima 
Centauri at 1.3 pc, with that of the edge of the 
observable universe, which is taken to be 4.4 x 1a26m 
away. (Proxima Centauri is in fact moving towards the 
Sun because of other factors.) 

b The speed of the edge of the observable universe that 
you have calculated exceeds the speed of light. Is that 
a problem? Explain your answer. 

c The Hubble constant is taken to be around 
70km s- 1 Mpc-1

• calculate the Hubble constant H0 

in SI units and explain why the redshift of a star at 
the distance of Proxima Centauri is not going to be 

measurable. 
d Explain why, in contrast. stellar objects at much 

greater distances actually show measurable effects. 

32 The image below shows diffraction images that have 
been obtained by scattering X-rays (left) and electrons 
(right) off the same sample, which tS made up of many 
tiny crystals with random orientation. The X-rays have a 
frequency of 8.3 x 1018 Hz. 

a Provide an explanation for the fact that the electrons 
and the X-rays have produced the same diffraction 
pattern. 

b Determine the wavelength of the X-ray photons. 
c Determine the de Broglie wavelength of the electrons. 
d Calculate the momentum of the electrons. 

e Do the X-rays and the electrons have the same 
energy? Explain your answer. 
How would de Broglie explain the light and dark rings 
produced when a beam of electrons is fired through a 
sodium chloride crystal? 

g Describe how the wave-particle duality of electrons 
can be used to explain the quantised energy levels of 
the atoms. 

33 A Geiger counter measures the radioactive 
disintegratk>ns from a sample of a certain radioisotope. 
The count rate is recorded in the table. 

1111 s: I ~~ I~ I 21~ I: I ~~ I 
a Plot a graph of activity versus time. 
b Use your graph to estimate the activity of the sample 

after 13 minutes. 
c What is the half-life of this element? 

d What is the decay constant? 
e Determine the activity of the sample after 30 minutes. 

The following diagram indicates the decay series 'lor 
2.38u through the various decay products until the 
stable isotope 206Pb is reached. 
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212 p27mi:,Z-- a 160JiS 
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a 138 days 206 
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Complete the following nuclear reactions: 
238U ➔ 234-rh + __ 
21ap0 -+ 21aAt + 

Explain why both Po and At can have the same 
mass number, but still be distinct elements. 

iii Describe the decay pathway from 210Bi -+ 206Pb. 
iv Explain the d ifference between the three different 

polonium isotopes on the chart 
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34 a Copy and complete the table below, using the following list of particles: 

electrons. positrons, neutrons, muons, (W♦, W- and Z), neutrinos, gluons, anti protons, photons. pions, protons and 
gravitons 

Catesory I Puttcle type I Oescr1phon I Particle naime 

gauge bosons mediators of the fundamental forces 

fermions leptons • experience the weak nudear force. exchanging W and Z 
(make up all matter) bosons 

• charged leptons expenence the electromagnetic foroe. 
exchanging photons 

• do not experience the strong lorce 

hadrons • experience the strong force, exchanging gtuons 
• made up of quarks 

• baryons made of three quarks 

• mesons made of two quarks 

b Successive generations of particle colliders have 
produced particles of ever-higher energies. High• 
energy collisions enabled scientists to determine that 
some subatomic particles have an internal structure. 
Which of the following particles have an internal 
structure: leptons, hadrons, quarks, gauge bosons? 
Give a reason for your answer. 

c The Higgs boson was theorised to interact with other 
bosons, Wand Z in particular, forcing them to go 
slower than the speed of lighl Describe the essential 
role of the Higgs boson. 

d The Standard Model is a very powerful theory and 
is well supported by experimental evidence from 
particle accelerators. It can't explain some predicted 
phenomena that are the subject of current collider 
experiments. WhtCh of the following are not explained 
by the standard model? 

Higgs boson, dark matter, strong nuclear force, 
antimatter. weak nuclear force 

35 a A student is explaining the big bang theory to one of 
his friends. He tells her that at some point in time, the 
universe was concentrated in a very small dense mass 
and then, after the big bang, the mass spread out 
into space and continues to expand. This explanation 
contains several mistakes. Give a simple but more 
~c:c:11r;:itP. P.xr,l~n~tion. 

b Given the extraordinarily high temperatures of the 
early universe, the radiation from the big bang would 
have been expected to be very high frequency and 
short wavelength gamma radiation. Explain why 
physicists expected the CMB radiation to be detectable 
in the m icrowave range. 
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c When the CMB radiation was mapped it was found 
that the radiation was essentially uniform in all 
directions, but with small var iations. Explain why these 
small variations are considered Important in stellar 
evolution. 

d What is 'pair production' and why is it important for 
understanding the creation of matter? 

e Without the phase of extremely rapid inflation of the 
universe, any matter created would have immediately 
annihilated and the universe would be empty except 
for the CMB radiation. Explain why this would be 
the case. 
As the temperature of the universe dropped, it wou d 
be expected that less pair creation would occur. 
Explain why this would be the case. 

g Once protons, neutrons and electrons had formed, one 
would th ink that atoms would f~tow. Why could atoms 
still not exist at this point? 

h Fusion followed as protons and neutrons were forced 
together to form hydrogen, helium and lithium nuclei 
for a time. Then this process too stopped. Why? 
What condition would the background radiation 
photons have to satisfy before atoms could form? 
The universe continued to cool and expand. Explain 
the role of gravity in creating the first stars. 



Answers 

Chapter 1 Working scientifically 
1.1 Questioning and predicting 
1.1 Review 
1 An inquiry question guides the investigation and ends in a 

question mark. A hypothesis is a cause-and-effect 
statement that can be tested through an investigaUon. The 
purpose is a statement outlining the aim of the investigation. 

2 A 
3 a independent vanable: the surface area of the containers; 

dependent variable: time taken for the water to reach room 
temperature 

b independent variable: the launch angle; dependent variable: 
the range of the projectile 

c independent variable: the thickness of the foam bumper; 
dependent variable: force applied to come to a stop 

d independent variable: the emf applied to the circuit; dependent 
variable: the total current 

4 qualitative 
5 B 6 A 7 A 

1.2 Planning investigations 
1.2 Review 
1 a valtd b reliable c accurate 
2 Band D 3 B 
4 a bumper foam density 

b impact force 
c cart mass. method of density measurement. equipment used to 

measure force, velocity of collision. 
5 i Create a ramp that can be adjusted from 1 O" to 30" and place 

it on a table. Place two marks on the table, 20cm apart. Start 
with the launcher at 1 O". 

ii Measure and record the height of the table. 
iii Place some carbon paper face down on a piece of paper on the 

floor. Measure the distance between the edge of the table and 
the results paper. 

iv Roll a ball down the ramp. Measure the time it takes for the 
ball to pass between the markers. Use this to calculate launch 
velocity. Ensure the ball lands on the carbon paper. 

v Repeat step iv to get an accurate measurement of the launch 
velocity. 

vi Increase the ramp angle by 5° and repeat steps iii to v. 

1.3 Conducting investigations 
1.3 Review 
1 i n a logbook 
2 ill Sy!>tem.itic error-due to improper c.ilibr~tion every recorded 

weight will be incorrect Time should be taken to learn how to 
calibrate all equipment properly before starting an experiment 

b Mistake-the different masses were not correctly labelled 
or were incorrectly selected. All materials should be clearly 
labelled and double-checked before they are used in 
experiments. 

c Random error-this result is an outlier. Repeating an 
experiment will make outliers obvious. 

d Systematic error-due to poor definitions of the variables the 
results will be inconsistent Variables should be clearly defined 
before starting an experiment 

3 0 .02s and 0.72s are mistakes as they are significantly different 
from the other readings. The average time is 0.24 s. The mistakes 
are not included i n the average. 

4 ill systematic error b mistake c random error 

1.4 Processing data and information 
l.4Review 

a 23 b 21 c 22 
a 4 b the least number of significant figures 
c the least number of decimal places 

3 a y-axis b x-axis 
4 source A: 8, source B: 60 
5 a The levels of carbon dioxtde in the atmosphere slowly rose from 

1805. After 1905 it increases at a higher rate. 
Between 1805 and 1910, the average temperature decreased 
slightty. From 1910 onwards, the temperature has increased 
steadily, apart from in 1905, which had a slightly smaller 
increase. 

b In general, both carbon dioxide and average global temperature 
have been rising from 1805. 

6 a Temperature-energy relationsh ip 

60 
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~ 40 . 3 

i 30 . 
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b Data that does not fit an observed pattern or trend. 
data point at 1250kJ 

Temperature-energy relationship 
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Temperature-energy relat ionship 
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l, 
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Energy(kJ) 

Energy= 1280k.J. H you are domg this by hand rather than 
using a spreadsheet program, there may be some variation in 
this value. 

7 Include units on the x-axis (°C). include units on the y-axis (A), 
have a consistent scale on the x-axis. include a title, include scale 
on the y-a,us. 

8 a The length is least likely to be accurate or precise because it is 
difficult to take consistent strtdes and travel in a straight line. 

b The measured length is likely to be more accurate than striding 
because a trundle wheel has a graduated scale that enabfes 
the length to be estimated to the nearest cm, but w,11 not 
be precise as ,t Is diff1CUlt to ensure the shortest dtStance is 
being measured. 

c The length Is most likely to be accurate because the tape 
measure has a graduated scale that measures to the cm, and it 
,s more precise because it will measure in a str.ught hne. 

1.5 Analysing data and information 
TY 1.5.1 -3.5 x 10"" A 

l.SReview 
bar graphs, histograms and pte charts 
F'ive of: title, y-axis label, y-axis umts. y-axis scale, x-axtS label, x-axis 
scale, x-axtS umts, trend line. 

3 The temperature increased at a steady rate tor the first 4.5min, 
reaching 42"C. From 4.5 min until lOmin, the temperature 
osollates from 42°C to ~ with a penod of approximately 
12mm. 

4 E 
5 quahf1ed author, published in a reputable peer-reviewed 

;ournal. method detai led enough that the reader could replicate 
experiment, valkl, reliable, accurate, precise, limitations outlined, 
assumptions outlined, includes suggested fut ure improvements or 
,~arch dirt,e;tions 

1.6 Problem solving 

1.6 Review 
1 0 
2 Yes: R • l.2m 

No, because that is not within the range of expenmental data. It 
is an extrapolation. 

c No, that would be a generahsatJon that IS beyond the scope of 
the expenmenl 

3 a J•!'° b m=!r 
4 Five repeats of the procedure were conducted. 
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1.7 Communicating 

1.7 Review 
1 B 
2 A.BandC 
3 a (i) length of string (ii) pertOd of motion 

( iii) mass of pendulum, release angle. pendulum equipment 
split cork 

r11lf" 

(!) 
stopwatch 

1. Set up equipment as shown. Record the mass of the OOb 
and make a mark on the protractor at 10-. 

2. Pull thread through cork unlll the length Is 10cm. 
3. Keeping the thread taut pull the bob back unlll the thread is 

in line with the angle marking on the protractor. 
4. Release bob and start stopwatch. Measure the time for 

10 penods and record 1t 
5. Repeat steps 3 and 4 for thread lengths 15cm, 20cm, 

25cm, 30cm, 35cm. 
4 a 2.55 x 1~ b 432 x lo-1 

c It allows very large and very small numbers to be handled 
easily. 

Chapter 1 Review 
1 The li near relationship between 

450 

4-00 

350 

I300 
j250 
~ 200 
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100 

50 

voltage and current 

10 12 14 
Voltage(V) 

B 3 C 4 A 
An aim IS a statement outlining the purpose of an investigaHon. 
A hypothestS tS a cause-and-effect statement that can be tes:ed 
through an investigation. The vanables are the factors that can 
change In an investigation (the independent variable is the variable 
changed on purpose by the researcher. the dependent variable is 
the variable observed or measured in an investigation, controlled 
variables are all other variables that are maintained in the 
investigation). 

6 a dependent b controtled c independent 



7 independent variable: density of foam in shin pads; dependent 
variable: force on the ball; controlled variables: method of 
measurement, ball velocity, ball mass 

8 a independent variable: material thickness of spring; dependent 
variable: spring coefficient 

b independent variable: metal type; dependent variable: thermal 
expansion with a temperature increase of 50<'C 

c independent variable: mass; dependent variable: velocity and 
acceleration 

9 2 x 106Wm-2K-1 10 0.03000L 
11 a the average of a set of data 

b the most frequent value in a set of data 
c the mkMle value in a set of data 

1 2 6.78g ± 0.37 13 the mean 
14 a mistake b random error c systematic error 
15 a For example, two significant figures: 0.032; three significant 

figures: 0.0302; four significant figu res: 0.03020; 
five significant figures: 0.030200. 

b Report the final calculation to the least number of significant 
figures of the measurement used in the calculation. 

c Report the final calculation to the least number of decimal 
places of the measurement used in the calculation. 

16 a accuracy: how close a measurement is to the true value; 
precision: how close measurements are to each other 

b if more than one independent variable was changed at a time, if 
an inappropriate methOO was used, if outliers were included in 
data analysis, if an insufficient sample size was used 

c many possible answers; for example, the experiment was only 
repeated three times 

17 a reliability b accuracy c validity d precision 
18 to give credit to others, to avoid plagiarism, to enable the reader to 

obtain further information 
19 a To investigate the effect of temperature on the resistance of 

wire. 
b independent variable: temperature of wire; dependent variable: 

resistance; controlled variables: wire diameter, wire material, 
wire length, measurement technique 
quantitative 
glass thermometer: low precision; non-contact thermometer: 
high precision; analog voltmeter and ammeter: k)w precision; 
depending on scale, voltage/current probe (data logger): high 
precision 

e a graph that decreased with increasing temperature 
20 extension = 14 x mass 
21 a v = 3t - 8 

b The object started moving at Sms-1 in the negative direction. 
It then accelerated at a constant rate of 3ms-2 in a positive 
direction. 

22 The chart needs a title. and the x-axis needs a label. The trend line 
does not fit the data. The data is not linear. 

23 a Spring length with 
differen t weights 
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10 20 30 40 50 60 
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b length= 6.2 x force+ 247.4 
The spring starts with an unstretched length of 247.4mm, and 
then stretches 6.2mm for every N of force that is applied. 

24 a independent variable: starting temperature, dependent \lariable: 
time to cool to room temperature, controlled variables: cup 
properties (surface area, insulation), coffee properties, room 
temperature, method of data collection 

b Inquiry question: How does the starting temperature of a cup 
of black coffee, in a disposable paper cup 200ml in volume, 
affect the time it takes to cool to room temperature? 
Hypothesis: An increase in starting temperature will increase 
the time taken to reach room temperature exponentially. 

c 1. Make l l of black coffee in a jug. Divide it into six different 
cups with 200ml in each. Record the mass o f each cup. 

2. Heat each cup to a different starting temperature using 
a stove, water bath, or other heating element Suggested 
temperatures are 500 C, 55° C. 6()0 C, 65° C, 700 C, 75° C. 

3. Place each cup on the bench away from draughts. and 
at a distance from each other. Place a thermometer or 
temperature probe in each cup. 

4. Record the starting temperature of each cup. Start a 
stopwatch. Record room temperature. 

5. Record the temperature every minute. Record the time 
taken to reach room temperature. 

Cup 1 Cup 2 Cup 3 Cup 4 --
25 Student answers will vary depending on the cars chosen; see Fulty 

Worked Solutions for an example. 
26 Student responses will vary. 

Chapter 2 Projectile motion 
2.1 Projectiles launched horizontally 
TY 2.1.1 a 4.0s {to two significant figures) b lSms-1 do"Nn 

TY 2.1.2 a 2.47s {to three significant figures) b 49.5 m 

c 31.4ms-1 at 50.5° below the horizontal 

2.1 Review 
1 6.39s 2 32ms--1 down 3 20.4m 4 Band C 
5 a l.0s b 20m c 9.80ms- 1 downwards d 21 ms- 1 

e 22ms-1 

2.2 Projectiles launched obliquely 
TY 2.2.1 a 6.11 m s- 1 horizontally to the right b 0252m 

C 0.454s 

2.2Review 
1 B 
2 14ms-1 b 6.3ms-1 c 9.SOms-2 downwards 

13.6ms-1 horizontally 
3 a 4.0ms-1 b 6.9ms-1 c 0.71 s d 3.9m 

e 4.0ms- 1 to the right 
4 24ms- t 

Chapter 2 Review 
1 17 m s-1 upwards 2 12.3 m r 1 upwards 
3 No. The squirrel reaches the ground after the nut. 
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4 Band D 
5 a 0.49s b 2.0m (to two sigruficant figures) c 9.80ms-2 down 
6 a I.Sm b 7.4ms-l c 7.6ms-1 

7 a 44.3ms-1 b 60.6• 
c 50,Sms-1 at 60.6•to the honzontal 
d The tounst would need to increase the 1n1hal speed by l.6ms-1• 

8 a 0.64s b 0.64s c 3.2m 
9 The hockey ball will travel further. because drag forces will have a 

greater effect on the honzontal velooty of the polystyrene ball 
10 a 54ms-1 b 45• 
11 vH= lOms-1 to the nghl vv• 4.4mr1 down 

11 ms-1 at 24• to the honzontal 
c 0.45s d 4.Sm 

12 a 2.5m b 9.80ms-2 verbeally downwards 
C 0.71 S d 7.4ms-1 

13 No. 
14 a lOms-1 b 12ms-l c 8.9m 
15 17.3ms-1 16 C 
17 a i 23m ii 22m iii 22m 

b i Yes. By increasing or decreasing the angte away from 45• by 
the same amount. the displacement rs equally reduced. 

ii Students' answers may vary. An investigahon will include 
changing the launch angle and measuring the distance 
travelled. The Initial speed and the type of projectile need to 
be kept constant 

18 Both cannon balls travel the same distance. 
19 a i 24.2ms-1 ii 24.2ms- 1 iii 24.2mr1 

b i 14.0ms-1 upwards ii 42ms-1 upwards 
iii S.6ms-1 downwards 

c 24.Sms-1 d 28ms-1 • 40.0 m 

20 a t=;= 11: . b t• 1
•:: c 19-

21 Student answers may vary; see Fully Worked solubons.. 

Chapter 3 Circular motion 
3.1 Circular motion 
TY 3.1.l 7.Skmh-1 TY 3.1.2 300-s-1 

TY 3.13 a 520ms-' b 3.6 x IO'N 

3.1 Review 
1 No. Phil's inertia made him stay where he was (stabonary) as 

the tram moved forwards.. Thts made it look like Phil was thrown 
backwards relative to the tram. This IS an exampte of Newton's first 
law. Objects will remain at rest unless a net unbalanced force acts 
to change the mot.on. 

2 Newton's third law cF ... -fa:A) says that every acbon has an 
equal and opposite reactt0n. and that action-reaction pairs must 
act on different bodies. The weight force and the normal force 
of an object both act on the same body, so they cannot be an 
action-<eaction pair. 
For 3 mus ~ttins on 3 l3ble, the third law p.1ir!; for each will be: 
Force on mug by table (F .J with force on table by m ug. 
Gravitational force Earth exerts on mug (F J with gravitational force 
mug exerts on Earth. 

3 B 4 0.2s 
5 a AandD 

b i &Oms-' ii 8.0ms-1 south iii 7.0ms-2 west 
8.4 x 103 N west 
i 8.0ms-1 north ii 7.0ms-2 east 

e The force needed to give the car a larger centnpetal 
acceleration will eventually exceed the maximum fnctional force 
that could act between the tyres and the road surface. At this 
time, the car woukt skid out of its areolar path. 

6 a 2.7ms-2 (to two Stgn1ficant figures) 
b Unbalanced. because the skater has an acceteration. 
c 130N (to two 51gmfica,nt figures) 

7 a 240- b 480"'s-1 c 36s 
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3.2 Circular motion on banked tracks 
TY 3.2.1 a 1.53m 

There are two forces acting-the tenSIOl"I m the cord,~. 
and gravity, Fr 

c 2.34 N towards the left 

d 3.05N 

TY 3.2.2 a 590 N towards the centre of the circle 

b 17ms-1 

3.2Review 
1 a 12m 

b The forces are her weight acting vertically downwards and the 
tension in the rope actmg along the rope towards the top of 
the maypole. 

c towards point B. the centre of her circular path 
d 170N towards B e 2.6ms-1 

towards the centre of the circle 
The architect could make the bank angle larger or increase the 
radms of the track. 

4 Higher, as the greater speed means that a greater radius is . 
required in the circular path. When travelhng faster than the des,gn 
speed the normal force IS not suff1c1ent to keep the car movillg in 
a circle and causes the car to move outwards from the centre. 

S fncbon, normal we,ghl balanced. normal. wetght 

6 

C• 

42' 

7 47• 
8 a i 4.9kN ii 22-

b The dnver would have to turn the front wheels slightly towards 
the bottom of the bank. 

3.3 Work and energy 
TY 3.3.1 a 4.85ms-l b 15.6N up c 3.70ms-1 d 6.76 N 
down 

3.3 Review 
1 OJ. There is no change in energy so there is no mechanical work. 
2 1.7N up 
3 a I.SN down b 6.0ms-1 c 4.9N up 
4 a 31.4ms-1 b 19.9mr 1 c 8300Ndown d 12.lms-' 
S a 18ms-2 up b 1530N up 
6 a 9.Sms-2 down b 2.2ms-1 

7 2.Sms-1 

a a 2.8 ms-' b 4.4 N towards the centre 

3.4 Torque 
TY3.4.l 39.SNmanbciockwtse TY3.4 .2 17.lNm 



3.4Review 
1 a The magnitude of the torque produced by a given force is 

proportional to the length of the force arm. By pushing the door 
at the handle, rather than the middle, the length to the force 
arm is increased. 

b A crowbar can be used to generate a large torque because the 
force can be applied at a large distance from the pivot 

a 200N m antidockwise b ONm 
0.5 m (perpendicular to the force) 

4 18N (perpendicular to the force arm) 
5 90Nm 
6 a 4.9Nm b 9.8Nm c 4.9Nm 
7 45Nm 
8 a 3.4 x lO"N down b It remains the same. 

c 5.2 x 105 N m clockwise about the pivot 

Chapter 3 Review 
1 a 3.70ms-1 b 17.1 ms-2 towards the centre of the circle 

c 0.430N 
2 a b 0.49N 

3 a 2.5 m s-2 towards the centre of the circle 
b The centripetal force is created by the friction between the tyres 

and the ground. 
4 50.0Hz 5 15.7ms- 1 

6 a 48kmh-1 b 640N 
c It is greater than the normal force on a flat track; in that case 

FN is mg= 539N. 
7 3GO°s-1 8 4.1 Hz 
9 a 28s b 5.0N 
10 O.Ss b lOms- 1 c 130ms-2 (to two significant figures) 

320N (to two significant figures) 
11 a The centripetal acceleraUon would increase by a factor of four. 

b The centripetal acceleraUon would be one third of the original. 
c The centripetal acceleratK>n would remain the same. 

12 3.40 x l o-2ms-1 

13 a lOms-1 south b lOms- 1 c 13s d 5.0ms-2 west 
e 7.5 x 103N west 

14 0.146m 15 A 
16 a 1.02 x 103ms- 1 b 1.53 x 10"""1°s-1 c 1.99 x 1020N 
17 5.8kg 
18 42kg, 410N (both to two significant figures) 
19 038m 
20 Objects undergo circular motion when the net force acting on the 

object is radially inward with a magnitude of F net. = Fe= ~ 
See Fully Worked Solutions for more details. ' 

Chapter 4 Motion in gravitational fields 
4.1 Gravity 
TY 4.1.1 7.1 x lo-9N towards one another 

TY 4.1.2 2.0 x 1Q20N between the Earth and the Moon 

TY4.1.3 ac... ""6.0x lo-3Nkg-1 

as..,= 1.8 x 1o-aN1<g-1 

~ = 3.3 x 105 -The acceleration of the Earth is 3.3 x 105 times greater 

than the acceleration of the Sun. 

TY 4.1.4 9.75 Nkg-1 towards the centre of the Earth 

TY 4.1.5 3.73 N kg-1 towards the centre of Mars 

4.1 Review 
1 The force of attraction between any two bodies in the universe is 

directly proportional to the product of their masses and inversely 
proportional to the square of the distance between them. 

2 l.8xl021N 
3 2.8 x 10"3ms-2 (towards the Sun) 
4 a 3.0 x 1016 N (attractive) b 3.4 x 1022N (attractive) 

C 0.000088% 
5 i- of the original 

6 8 x 10"""1Nkg-1 (towards the centre of 67P/ Churyumov
Gerasimenko) 

7 Mercury:g= 3.7Nkg-1 

Saturn: g = 10.4Nkg-1 

Jupiter: g ""24.8N kg-1 

4.2 Satellite motion 
TY 4.2.1 3.08 x 103ms-1 

TY 4.2.2 a 6.70 x 105 km b 1.90 x 1027 kg c 8.20kms-1 

4.2Review 
C 2 B 
a 022ms-2 

b 510N. towards the Earth (to two significant figures) 
4 15.6 days 
5 All of these quantities are given as scalars. the direction for g will 

always be towards the centre of mass. 
a 5.67Nkg-1 b l.48Nkg-1 c 0.564Nkg-1 d 0.224Nkg-1 

4.3 Gravitational potential energy 
TY4.3.1 - 5.5x 108J TY4.3.2 a - 2.40 x 109J b 7570 ms-1 

TY 4.3.3 - 1 x 109 J TY 4.3.4 2.37 x 103ms- 1 

4.3Review 
C 
a g increases from point A to point D. 
b It will accelerate at an increasing rate as it approaches the 

Earth. 
c A,BandC 

3 - 1.85 x 10 1• J 4 1.8 x l(Y:IJ 5 5.03kms-1 

Chapter 4 Review 
1 730N (attractive) 2 3.78 x 108m 3 2.1 x 10--7 m s-2 
4 The Moon has a smaller mass than the Earth and therefore 

experiences a larger acceleration from the same gravitati0fl31 force. 
5 3.7 ms-2 towards the centre of Mars 
6 a 2.48xlO'N b 2.48 x lO'N c 24.8ms-2 

d 1.31 x }Q-23 ms-2 

7 C 8 240N 
9 a D b B c B 
10 The direction of the arrowhead indkates the direction of the 

gravitational force and the space between the arrows indicates the 
magnitude of the field. The field lines point towards the sources of 
the field. 

11 9.3Nkg-1 

12 a 9.79Nkg-1 

b The gravitational field is 0. 7% stronger at the North Pole than 
the equator. 

13 16 14 Nkg-1 15 2 X 1012Nkg-1 

16 The gravitational field strength at the poles is 1.4 times that at the 
equator. 

17 10 Earth radii 18 B 
19 Europa: T = 85.2 h 

Ganymede: T = 172h 
Callisto: T = 401 h 

20 0.62Nkg-' 
21 a 5580ms-1 b 5.69 x 1026kg 
22 a -6.2xl07J b - 3.l x l07J c 2.0 x 107 m 
23 2.l x l011J 
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24 a 2.45Nkg-1 b -1.Sx lOSJ 
25 4 X 1()9J 26 4.25kms--1 

27 See Fulty Worited Solutions. 

Modules Review 
Advanced mechanics 

Multiple choice 

1 C 
5 A 
9 C 

13 B 
17 A 

Short answer 
21 2.S X u::r7N 

2 
6 

10 
14 
18 

C 
8 
D 
D 
C 

11 
15 
19 

c -3x 107 J 

C 4 D 
8 8 D 
A 12 C 
C 16 B 
B 20 C 

22 Thomas should sd 4.6 m from the ptYOl op~te htS s1bl1ngs. 
23 10 Earth radii 
24 3.Sms-2 
25 The grav1tat,onat field strength at the poles 1s 1.4 times that at the 

equator. 
26 lSms-1 at 42° from the horizontal 
27 a 1.06 x 10sN b 5.5 x 103s c It has no etfecl 
28 a 4.9m b 9.80ms-2down c 10.6ms-1 

29 a 18ms-2 up b 1.5 x 103N 
c The apparent weight is given by the normal force of 1.5 x 103N. 

This 1s almost three times larger than the weight force and so 
the skater would feel much heavier than usual. 

30 a 

b 47• 
F, 

31 unbalanced, balanced b 12.6ms-1 

1.9 x 103N e 0.6Hz 
32 a 9.80ms-2down b 2.2ms-1 c 0 

See Fully Worked Solubons. 

s: 

0.4 

0.35 

0.3 

"" 
::, 0.2 

0.15 

0.1 

0.05 

Time (arbitrary units) 

33 a 4.25 x 1010J b 3.3 x 103mr1 

c 31.Sms-2 

d 4.9ms--1 

c i 4.0 x 10' N (from graph} ii 8.1 x 10' N (from graph} 
d ltincreases fromalms-2to9.2ms4 . 

e 3.4 x lO'm 
34 a 60N b 3.6 x l07J 
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C 

• 

c Determine the energy associated with each god square tr/ 
multlplymg each area by the mass of 20 kg. Cakulate the 
altitude at whech the total area starting from zero height rs 
equal to 40MJ. 

d On Earth, weight IS the grav1tahonal force acting on an object 
near the Earth's surface whereas apparent weight 1s the contact 
force between the object and the Earth's surface. See Fully 
Worked Solutions for more details. 

35 a 9m b 6.0ms· 1 c 68• d llm 
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Yes, the ball will reach the goal posts. 

Chapter 5 Charged particles, 
conductors, and electric and magnetic 
fields 
5.1 Particles in electric fields 
TY 5.1.1 9 x 105 ms·2 (to one significant figure} 

TY 5.L2 2.16 x 10-I8J of work is done on the field by the charge 

TY 5.1.3 a 3.3 x 107 ms-1 

b 2.6 x I016ms-2 (towards the earthed plate) 

c 8.8 x lct"10s d 1.8cm to the nght 

5.1 Review 
C 2 B 
a True b False c False d True e True 
I False g False 

4 1.25 X 10·2N 
5 5.72 x 1011ms-2 (in the opposite direction to the field) 
6 1200V 
7 radial, static, non-uniform 
8 a 73 x 1016ms-2, in the opposite d1rectton to the field 

b 4.0 x 10-1os 

5.2 Particles in magnetic fields 
TY5.2.l 4.8x l()-22N TY5.2.2 into the screen 

TY5.2.3 a l.3xl05Vm· 1 b 9.4xl07 mr1 C 1.8xl0"3m 

S.2 Review 
1 B 2 2.4 x lo-24south 
3 a 9.6xl0-15N b 4.6x lo-3m 
4 A charged particle in a magnetic field wlll experience a force 

(F • qv,.,£1). As f0<ce • velocity, the force will increase as the velocity 
increases. This will continue while the charge remains in the 
magnetic field, continuously acceleratmg the charge. 



5 0 
6 a south (S) b C c remains constant d A 

e Particles with no charge, e..g. neutrons. 
7 0 8 ON 

Chapter 5 Review 
1 0.0225 N 2 C 
3 The electrical potential is defined as the work done per unit charge 

to move a charge from infinity to a point ,n the electric field. The 
electncal potential at infinity is defined as zero. When you have 
two points in an electric field (E) separated by a distance (d) that 
Is parallel to the field, the potential difference Vis then defined as 
the change in the electrical potential between these two points. 

4 25V 5 C 
6 lield.chargedpartide, 1 42xl0-1'J 8 9.6xl0-15N 
9 2.0 x 10-14N 
10 a work done by the field b no wOf1it .s done 

c work done on the fietd d no work is done 
e work done on the field f work done by the field 

11 a 1.09xl0-19J b Workwasdoneonthelieki 
12 5.42 x 104ms-1 13 +l.63 x lo-'C 14 C 
1s 1.4 x to--2'2N 1s 2.0 x 10-1 r 
17 a The electron will experience a force at nght angles to its 

motion. This acts upwards in the initial moment and causes the 
electron to curve in an upwards arc from ,ts starting position. 

b The electron's veloaty and the magnitude of the magnetic field 
18 a l.4x10'Vnr1 b 93 x 10'ms-1 

19 4.8xJQ-2JN 
20 See Fulty Worked Soluttons 

Chapter 6 The motor effect 
6.1 Force on a conductor 
TY 6.1.1 2.5 x 1()-3 N per metre of power hne 

TY6.1.2 a ON b 2.25xto-:tNoutwards c 9.4x10-5 N 

6.1 Review 
1 0 2 0 3 0.40N up 
4 1.88 x Io-" N away from the house 
5 2.0x lo-"N north 
6 a 0.18N downwards b the same as before 

6.2 Forces between conductors 
TY 6.2.1 2.5 x lo-5 N m-1 attractive 

TY 6.2.2 1.2 x le>-3 N m-1 repulsive 

6 .2 Review 
1 attractive 2 C 3 5.0 x lo-' Nm-t repulS1ve 
4 2.0x lo-'Nm- 1 attractive 5 JOA 

Chapter 6 Review 
1 D 2 a attractive b repulsive 

3 jf 4 a palm b fingers c thumb 

5 2.78 A 
6 a 5.0 x lo-9N out of the page b 2.0 x 10"'3N out of the page 
7 An east-Nest hne. as it runs perpendicular to the Earth's magnetic 

field. 
8 C 
9 perpenchcular to the magnebc field 
10 1.6N upwards 11 7.5 x lo-"N 
12 02A 
13 a 4.0 x lo-"N north b 1.2N north c LOA 
14 7.5 x l o-"T 15 0.6N downwards 
16 B 
17 1.2 x lo-" Nm-1 repulsive 

18 9.0 x 10-,, N m-1 attractive 
19 !SA 
20 See Fully Worked ~utions for derrvabon. 
21 See Fully Worked Solutions. 

Chapter 7 Electromagnetic induction 
7 .1 Magnetic flux 
TY7.1.1 8.0x 10-5 Wb TY7.1.2 l.6 x lo-'Wbor0.16mWb 

7.1 Review 
1 A 2 0 Wb 3 3.2 x lo-'Wb 
4 The magnebc flux decreases from 3.2 x 10"4Wb to O afterone

quortcr of o turn. Then it incrcasc:i ognm to 3.2 x 10'6Wb through 
the opp051te side of the loop after half a turn. Then 1t decreases to 
O aga,n after three-quarters of a tum. After a full tum 1t is back to 
3.2 x 1Q-4Wb again. 

5 13 x 10-SWb 6 025 mWb 7 5.4 x lo-6'M> 

7 .2 Faraday's and Lenz's laws 
TY7.2.la 5.0xlo-"Wb b 5.0xlo--1V TY7.2.2 1000tums 

TY 7.2.3 clockwise when viewed from above 

TY 7.2.4 ( i) through the solenoid from Y to X (through the meter 
from X to Y} 

( ii) There will be no induced emf or current in the solenoid. 
(iii) through the solenoid from X to Y (through the meter 

from Y to X) 
TY 7 .2.5 anttdockw1se 

7.2 Review 
1 1.2 x lo-4Wb 2 0 Wb 3 3.0 x 10-SV 
4 C 5 4 x 10'3V 
6 The effect of uS1ng multipte cods 1s s,m1lar to placing celts in 

series-the emf of each of the COIis adds together to produce the 
total emf. 
A4>•2V 

7 C 
8 a A b A 

7 .3 Transformers 
TY7.3.1 4000tums TY7.3.2 0 .013A TY7.3.3 3W 

TY 7.3.4 3.6 x lO"W or 036MW TY 7.3.5 500.6kV 

7.3Review 
1 B 2 0 3 40tums 

4 a P
1
-P

2 
b !!_ =!!1._ 

12 N1 
5 400W 6 4xl07Wor40MW 
7 a 5000A b 90kV 
8 B. A is Incorrect because the LW in the formula indicates the 

vnlt~eA ttrnr'I in fh,i, tran~i~c:;inn linM-; it rlnP.c:; nnt rl!fAf tn th,i, 
voltage being transmitted. 

Chapter 7 Review 
1 a 32 x 10"'3V or 3.2mV b ckx:kwtSe 
2 a O..G4V b fromYtoX 
3 tromXtoY 
4 No current flows in S

2 
between t .. ls and t • 4s. An increase in 

emf at a constant rate (t "' O to t "' l s) would produce a cmstant 
current, and a decrease in emf at a k>wer rate (t = 4 to t "" 7 s) 
woukt produce a k>wer current in the opposite d1rectt0n. 

5 l.OA 6 10 7 A 8 av 
9 It will be doubled to 16V. 

ANSWERS 485 



10 Any two of : 
1. Using a DC power supply means that the voltage cannot be 

stepped up or down with transformers. 
2. There will be significant power loss along the 8 n power lines. 
3. Damage to any appliances operated in the shed that are 

designed to operate on 240V AC and not on 240V DC. 
11 clockwise 
12 AB and CD 
13 15A 14 9970V 15 450W 
16 Without the first transformer, the power supplied = I 05 kW. This 

represents a 30% power loss-bad idea! 
17 anticlockwise 
18 She must change the magnetic flux through the coil by changing 

the strength of the magnetic field (by changing the position of 
the magnet relative to the coil) or by changing the area of the coil 
(by changing the shape of the coil or by rotating the coil relative 
to the magnetic field). See Fully Worked Solutions for sample 
calculations. 

19 0.010m2 20 0.125s 
21 See Fully Worked Soluttons. 

Chapter 8 Applications of the motor 
effect 
8.1 Motors 
TY 8.1.1 2.9 x 10-7 N m, clockwise as viewed from side 3 

TY 8.1.2 5.41 x I0-7 Nm 

8.1 Review 
1 A 
2 The torque is acting clockwise; see Fully Worked Solutions for 

diagram. 
3 a 1.0 x I0-2 N into the page b 1.0 x 10-ZN out of the page 

c ON d anticlockwise e D f 2.0 x lo-4Nm 
4 In an AC motor, the stator creates a rotating magnetic field 

that induces a current in the conductors of the rotor. Through 
application of Faraday's and Lenz's laws, the rotating magnetic 
field of the stator effectively pulls the rotor. 

8.2 Generators 
TY 8.2.1 2000W 

8.2 Review 
1 B 
2 

<' 0.02 
- 0 

1.4~ 
- t(s) 

-1.4 

30W 4 3.54A 
The resulting output of all three phases maintains an emf near the 
maximum voltage more continuously. 

6 90W 

Chapter 8 Review 
a down the page b up the page 
anticlockwise 
a down the page b up the page 
c zero, as the forces are parallel to the coil (trying to pull the coil 

apart rather than turn it) 
4 C 
5 To reverse the current direction in the coil every half turn to keep 

the coil rotating in the same d irection. 
6 0 .IN 
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7 Current flows into brush P and around the coil from V to X to Y to W. 
The force on side VX is down and the force on side YW is up, so 
rotation is antidockwise. 

8 D 
9 a 18V b 375W 
10 D 11 2.0x l o-6Nm 12 I.Ox 10-SNm 
13 1.2 x 10-SNm 
14 To prevent the coils in the rotor from becoming tangled as the 

rotor rotates. and to reverse the current at the point where the coil 
is perpendicular to the magnetic field. 

15 Three-phase generators provide a more constant maximum 
voltage than a single-phase generator. In addition, each of the 
three phases can be distributed to different loads, allowing for 
a more balanced distribution. For a relatively small additional 
cost (two additional conductors), three times the power can be 
delivered for a three-phase system compared with a single-phase 
system. 

16 14A 
17 Using multiple armature windings can produce a steadier DC 

output voltage (see Figure 8.2.Sb of the Student Book). 
18 4kW 
19 They are the electrical contacts to the split-ring commutator. 
20 It is the result of current produced in response to the rotation of 

the rotor inside the motor in the presence of an external magnetic 
field. The back emf, following Lenz's law, opposes the chang!: in 
magnetic flux that created it, so this induced emf will be in the 
opposite direction to the emf creating it. The net emf used by the 
motor is thus always less than the supplied voltage. 

21 See Fully Worked Solutions. 

Module 6 Review 
Electromagnetism 

Multiple choice 

1 C 2 C 3 B 4 A 
5 C 6 A 7 C 8 8 
9 C 10 A 11 D 12 C 

13 B 14 A 15 B 16 D 
17 A 18 C 19 C 20 D 

Short answer 

2 1 6.9 x 109 NC--1 to the left (away from the charge) 
22 a 0.05 N b to the right c 0.01 N d to the left 
23 a 9.9 x 107 m s- 1 b 1.4 x 105Vm-1 

24 ON b ON c 0.5N out of the page 
0.5N into the page 

25 

~ : 
26 5.8x 10--2 m 
27 a 5 x 1Q-6Wb b OWb c 2.5 x 1Q--3V d 125 x 1Q--3A 

e No. Once the loop is stationary, there is no change in flux and 
therefore no emf generated and no current flows in the loop. 

28 I x lo-3N b from west to east c 4.9 x lO'A 
2 x lo-3N down 

e The horizontal component of the current is now less and so 
there will be a smaller force per metre of cable. 

29 a 0.4A b 6000V c 200turns d 850W e 1700W 
30 a OWb 

b Rotate the loop or the magnetic field so they are no longer 
parallel. 
Make them perpendicular (at right angles) to each other. 
11> :e B.1.A 

= 0.50x02x0.l 
= 0.01 Wbor 10--2 Wb 



31 a AB: upwards; CO: downwards 
b In the p()Sl,bon shown (with the coil honzontal) 
c When the cod tS in the vertical position. It contmues to rotate 

because: (i) Its momentum will carry 1t past the true vertical 
posIt101l. (ii) At the vertical pos1bon the commutator reverses 
the direction of the current through the cot! and so the forces 
reverse, thus it continues to rotate for another half turn, 
at which point the current reverses again and the rotation 
continues. 

d 4.0A e 20N f 64N 
32 500Hz b 20V c 7.1 V d 0.71A e 5W 

Ari alternator has a pair of shp-nngs instead of a spht-ring 
commutator. 

g AC k gene-rated in the COtk of an altemator. UCh slip ring 
connects to each end of the COIL The shp nngs maintain the PC. 
generated in the COIi at the output 

Power loss without transformer$: 12.8'1 of power generated; 
power loss with transformer$: 0.03,. of power generat ed. 
The power loss in the power hne depends on the square of the 
current (P,., Pfr). Since the current was reduced by a factor 
of 20 and the resrstance remained constant. the power loss 
decreased by a factor of 201 or 400. 

Chapter 9 Electromagnetic spectrum 
9.1 Electromagnetism 
TY 9.1.l 5.00 x lQHHz 

9.1 Review 
l 8 2 D 3 D 
4 FM racho waves/infrared radiabon/v1S1ble hght/X-rays 
5 a 4.57 x 1014 Hz b 5.09 x 1014Hz 

33 • o.9 9. 2 Spectroscopy 

0.1 9.2 Review 
0.5 l If the element is given sufficient energy to excite its atoms, the 
0.3 energy Is released as light, which forms the em1ssk>n spectrum. 

~ 0.1 ;~~ 1~::::;~e~;:!1~::::g at:~!::;:~~ :ti:~::a:~. 
&' O_,__. _ _,.__.__,__ ..__,_ ......_ _ _ Time (s) The rotation of the object means that each side will be slightly 

~ -0. I O I :::!':!t°r bluesh1fted, causmg each of the spectral hnes to 

~3 3 ~~I 

~.s Chapter 9 Review 
~ .7 l 0.069', 2 B 

~ .9 

b 0.64V 

1.8 

1.4 

I 

0.6 

~ 0.2 

E o,+-1--+ - +--+-+---,-+-..
g -0.2 

~ .6 

- 1 

- 1.4 

-1.8 

d SOHz e 200V 
34 fromYtoX b 4xlo-3V c 8 x lo-3A 

3.2>< 10--5 W 

Time(s) 

e The external force that tS moving the loop into the magnetic 
field. 

f Zero. The loop will be totally within the magnette field, hence 
there IS no flux change and therefore no emf induced. 

g Down through the loop; see Fully Worked Solutions for details. 
35 a With little or no current in the power hne there was almost no 

vottage drop. When the house appliances were turned on. there 
was a higher current in the po,ver hne and hence a voltage drop 
along the line, leaving a low v~tage at the house. 

b 218V, 3488W 
c At the generator end, a 1:20 step-up tr.,nsformer is requi red. 

There will be 20 tim es as many turns in the secondary as in 
the primary. At the house end, a 20: I step-down transformer is 
required. 
0.8A e 1.6V f 128W g 249.92V 
3998.72W 

3 
4 
7 

8 
9 

10 
11 

12 

a 600 nm b yellow 
4.3m 5 1.5 x 1018 Hz 6 0.33m 
The missing bands in the absorption band match the bands 
present In the emrssion spectrum. 
a 6.17 x 1014Hz b 7.56>< 1014Hz 
To generate electromagneUc radiation. a charge needs to oscillate. 
Wood Is not conductive, therefore there are no charges in the 
wood that can move, or be induced to move. 
Star Bis 1.13 times hotter than star A. 
UV and X-rays have shorter wavelengths (i.e. higher energy 
photons) and can penetrate skin. These photons have sufftcient 
energy to drsrupt biological motecu~ Racho waves do not have 
suffioent energy to affect biok>gtcal molecules. 
Infrared rachation tS absorbed as ,t travels through the Earth's 
atmosphere. More infrared radiabon from the sources bemg 
studted can therefore be detected by a telescope operated 
outSKle the atmosphere, providing better measurements. As 
measurements are also being made in a cooler region than on 
Earth"s surface, the measurements are less sub1ect to mterference 
from ground-based heat sources, again making the measurements 
more accurate. 

13 rrom the dalll, c - 2.9 x I O'lms- 1 

The theoretical value for the speed of hght Is c ,., 3.00 x IOSms-1• 

The value calculated in this expenment tS slightly~ than, but 
within 3% of, the theoretical value. 

14 Emissaon spectra are produced when atoms are excited and 
release photons of particular wavelengths as they return to the 
ground state. Absorption spectra are produced when atoms 
absorb parttcular wavetengths as light passes through them. See 
Fully Wor1<ed Solutions for extensK>O answer. 

15 red, orange, yetlow, blue 
16 It is a young star as it has not had tune to form heavier elements 

via nucleosynthesis. 
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17 The visible l ight can be broken up with a spectrograph, and the 
spectrum is compared to known spectra of other stars. Stars of 
the A class will have absorption spectra showing strong hydrogen 
lines. The temperature of the star can also be determined using 
Wien's law as stars will produce a specific radiation curve at a 
specific temperature-in this case in the range 7 500-l0OOOK 
The colour of the star is related to its temperature. 

18 According to Wien's law, the temperature is inversely proportional 
to the peak wavelength of the spectrum. Therefore, as star A has 
a lower peak wavelength (approximately 250nm) than star B (at 
approximately 350 nm), star A must be hotter. 

19 See fully Worked Soluttons. 

Chapter 10 Light: wave model 
10.1 Diffraction and interference 
TY 10.1.1 TY 10.1.2 550nm 

10.1 Review 
1 The new wavefront should be a straight line across the front of the 

secondary wavelets. 
raysgMng 
direction of 
propagation 

wavefront 

2 D 3 A and D 

10.2 Polarisation 
4 460nm 

TY 10.2.1 25% 

10.2 Review 

TY 10.2.2 23 cd 

1 Polarisation occurs when transverse waves are allowed to vibrate 
in only one direction. Polarisation can only occur in transverse 
waves and cannot occur in longitudinal waves. Since light can be 
polarised, it must be a transverse wave. 

2 12% 3 20cd 4 18" 

Chapter 10 Review 
a wave model b wave model c particle model 
C 3 A 

4 the fringes 'WOUid be more widely space, with a wider overall 
pattern 
D 6 D 
The central antinode occurs where both waves have travelled the 
same distance, i.e. the path difference is 0. The next antinode is on 
either side occurs when the path difference is l l. 

Intensity 

.\~/\/ , 
M 
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8 Young's experiment demonstrated interference patterns, whkh 
are characteristic of waves. This led to scientists abandoning the 
prevailing particle theory and supporting a wave model of light. 

9 a 0.44° b 580nm 
10 1.4° 11 6l µm 
12 Young shone monochromatic light on a pair of narrow slits. 

light passed through the slits and formed a pattern of bright 
and dark bands (or fringes) on a screen. Young compared ttvs 
to interference patterns he had observed in water waves, and he 
identified that these lines corresponded to regions of constructive 
and destructive interference. This could only be explained by 
considering light to be a wave. 

13 a increase b increase 
14 The light reflected from water and snow is partially polarised 

Snowboarders and sailors are likely to wear polarising sunglasses 
as these will absorb the polarised light reflected from the snow or 
water. 

15 /2 = 41% of /1 
16 l.Ocd 17 63• 
18 The wavelength of light waves is very small; there are not many 

natural structures that are small enough to cause diffraction of 
light waves. 

19 0.64• 
20 See fully Worked Solutions. 

Chapter 11 Light: quantum model 
11.1 Black-body radiation 
TY 11.1.1 32000K TY 11.1.2 9.66µm TY 11.1.3 2.4 x l0-19J 

TY 11.1.4 l.5eV TY 11.1.5 l.5eV 

11.l Review 
1 Maxwell's theory permits a continuous range of frequencies that 

can be emitted by a hot object. P1anck proposed that light is 
radiated in discrete, quantised amounts or energy, rather than in a 
continuous unbroken wave. 

2 3620K 3 4140K 4 322nm 
5 a l.89eV b 2.11 eV c 2.56eV d 3.13eV 

11.2 The photoelectric effect 
TY 11.2.1 8.0 x 10-19 J ::: 5.0eV TY 11.2.2 2. l eV 

11.2 Review 
1 In the photoelectric effect, a metal surface may become positively 

charged if light shining on it causes electrons to be released. 
2 a True. 

b false: When light sources of the same intensity but different 
frequencies are used, the higher frequency light has a higher 
stopping voltage, but it produces the same maximum current 
as the lower frequency. 

c True. 
3 a 4_1 eV b 4_6eV c 6.2 eV 
4 D 
5 0.066eV 

Chapter 11 Review 
1 Particle model: black-body radiation and photoelectric effect 

Wave model: interference patterns and polarisation. 
2 5770K 3 6370K 4 Rigel 5 263nm 
6 5.3xl0-19J 7 3.98xl0-19J ::: 2.49eV 8 2.SeV 
9 8.0xl0-19J 10 photoelectrons 11 l.2x l015 Hz 
12 2.9eV 13 l.95eV 
14 Rb::: 2.1 eV, Sr = 2.5 eV, Mg = 3.4 eV, W = 4.5 eV 



15 a 

0.54 
O.SI 
OAl! 
0.45 
0.42 
0.39 
0.36 

> 0.33 
~ 0.30 

I 0.21 
~ 0.24 

0.21 
0.18 
0. 15 
0.12 
0.09 
0.06 O.oJ+-~-----~-----~----

5.12 5.20 5.28 5.36 5.44 5.52 S.60 5.68 5.76 5.84 5.92 6.00 6.08 6.16 6.24 

Freq~ncy x l()l' (Hz) 

b 4.1 x 10-15 eVs c 5.0 x 1014 Hz 
d No. The frequency of red l ight is below the threshold frequency 

for rubidium. 
16 a True. 

b False: The stopping voltage is reached when the photocurrent is 
reduced completely to zero. 

c True. d True. 
17 C and D 18 0.25eV 19 l.7eV 
20 See Fully Worked Solutions. 

Chapter 12 Light and special relativity 
12.1 Einstein's postulates 

12.1 Review 
1 D 2 AandD 
3 The example should describe the movement of an object 

which highlights the non-inertial reference frame, i.e. a hanging 
pendulum in the spaceship will move from its normal vertical 
position when the spaceship accelerates. 

4 The speed of the ball is greater for Jana than it is for Tom. The 
speed of the sound is greater forwards than it is backwards for 
Jana, while for Tom it is the same forwards and backwards. The 
speed of light is the same for Jana and Tom. 

5 a 370ms-1 b 300ms- 1 c 360ms- 1 d 340ms- 1 

6 A 
7 a 15ms-1 backwards b 3m backwards c 0.2s 
8 a 0.1 s b 50ms- 1 in all frames c 1 m 

d 50ms-1 as always e 0.08s 

12.2 Evidence for special relativity 
TY 12.2.1 520s TY 12.2.2 3.90m TY 12.2.3 20.5m 

12.2 Review 
light, oscillation, time, constant 
'Proper time' is the time measured at rest with respect to the 
event. Proper times are always less than any other times. 
129s 4 48.2s 5 1.15s 
The equator clock is moving faster relative to the poles. It is also 
accelerating and hence will run slower. The effect is well below 
what we can detect as the speed of the equator is 'only' about 
460ms- 1, which is about 1.5 millionths of c. 

7 The length that a stationary observer measures in their own 
frame of reference. That is, the object (or distance) that ts being 
measured is at rest with the observer. 

8 0.812m (to three significant figures) 

12.3 Momentum and energy 
TY 12.3.1 a 1.56 x 10-21 kgms-1 b 0.998c 
TY 12.3.2 a 4.8 x l 0-12J b 5.3 x 1Q- 29kg 

12.3 Review 
1 9.53 X lQ'>kgms-1 

3 1.59 X 1Q-23 kgms-1 

5 3.11 X }QHJ 6 
8 3.11 X }Qll J 

Chapter 12 Review 

2 9.65 x 10-1111<gms- 1 

4 5.67 X }QHJ 
B 7 3.59 xl019J 

1 No object can travel at or beyond the speed of light, so the value 

of ~ wilt always be less than 1. The number under the square root 

sign will also, therefore, be a positrve number less than one. The 
square root of a positive number less than one will always be less 
than one as well. 
1.000000014 
A (postulate 2) and C (postulate l) 

4 At the poles. 5 C 
6 Space and time are interdependent-motion in space reduces 

motion in time. 
7 3.00 x 108ms-1 8 A and B 9 B 
10 You could not tell the difference between (i) and (iii), but in (ii) you 

could see whether an object like a pendulum hangs straight down. 
11 In your frame of reference time proceeds normally. Your heart rate 

would appear normal. As Mars ts moving at a high speed relative 
to you, the clocks on Mars appear to be moving slowly as time for 
them, as measured by you, wilt be dilated. 

12 26.Bs 
13 a 0.992s b 0.992s 
14 a 0.866c or 2.598 x 108ms-1• 

b No, it can't have doubled to over c! v = 0.968c or 
2.90 X 108ms-1 

15 a 1.67s b length= 1.80m, height= I.Om 
16 a 5.6 years b 2.45 years 

c Raqu measures the d istance as only f : ~ "' .....:..._= 2.1831y 
' 229 

17 a 1.4mm b No. 

18 a r = -
1

- - --
1
--- --

1
- = 10.0l 

r-7 I (0.99So:>2 \~ - (0.995,2 y--y \1 - - ,-

b No, they don't experience any d ifference in their own time 
frame. 

c 25.1 years d 2.51 years 
e No! They see the distance between Earth and Vega 

foreshortened because of the high relative speed, so to them 
the d istance is only about 2.5 ty. 

19 The muon's lifespan is greater according to an observer in the 
Earth's frame of reference, and the distance travelled is smaller 
in the muon's frame of reference. See Fully Worked Solutions for 
more details. 

20 B 
21 2.60 x 108ms- 1 22 334 x I0-27 kg 
23 1.23 X }()21 J 24 2.2Qs 
25 a 1 m h 3-33 x lo-9s c etc d 7_6 x lo-'Js e 2-3 
26 a 1.74 x to-es or 17.4µs 

b Non-relativistic: 655 m 
Relativistic: 5178m 

27 Proper time, fo. because the observer can hold a stopwatch in 
one location and start it when the front of the carriage is in line 
with the watch and stop it when the back of the carriage is in line 
with it 

28 23.Sm 29 2.78 x lo-9kg 
30 See Fully Worked Soluttons. 

Module 7 Review 
The nature of light 

Multiple choice 
1 Band E 2 A 3aB b A c O d C 
4 B 5 D 6 D 7 B 
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8 B 9 B 10 C 11 A 
12 B,C, D,E 13 A 14 C 
15 A (postulate 2) and C (postulate 1) 
16 AorC 17 C 18 C 19 A 
20 C 

Short answer 

21 a 3.00 x 108ms-1 b 3 x 10-Sm c ultrav10let waves 
d Any one of: 

• UV lamps are used to sterihse surgical equipment in hospitals 
• UV lamps are used to sterihse food and drugs 
• UV rays help the body to produce vitamin D 
• any other su1tabk! use of LN. 

22 It tS tuned to produce eleetro1T13Rnebc waves at the resonant 
frequency of water molecules. ThtS makes the water molectdes 
within the food vibrate. and the energy of the water molecules tS 
then transferred to the rest of the food, heating it up. 

23 a Ax wdl be doubled. 
b Ax will be doubled. 
C Al' WIii be doubled. 
d There will be a wider central band. 

24 a when the polarising axes are parallel 
b Dunng a lull 360'" rotation, the polar ising axes go from parallel, 

to perpendicular at 90", to parallel at lW. to perpendicular at 
27~ and back to parallel at 3609. After the start there are two 
instances of perpendtcular potarising axes where the crossed 
potans1ng sheets transmit zero hght and two instances of 
paral~ po(ansmg axes where the transmitted l1ght intensity will 
be a maximum. 

25 The wave model and the parbde (or corpuscular) model. 
Young's expenment resulted m bnght and dark bands or 
lnnges bemg seen on a screen. These can only be due to 
interfer~ effects. which are a property of waves. The particle 
model couk:I not explain the interference effects observed; it 
wouk:I predict Just two bright bands. 

26 500nm 
27 a K,_ represents the maximum kinetic energy with whk:h the 

electrons are emitted. f is the frequency ol the light incident on 
the metal ptate. ; is the work function, which 1s the minimum 
energy required to eJect an electron. It 1s a property of the 
metal. 

b K,_ IS not altered. 
c More current wdl Uow. 

28 In your frame of reference time proceeds normally. As Mars tS 
moving at a high speed relative to you, peop5e on Mars appear to 
be in slow mot10n as time for them, as seen by you, will be dilated. 

29 2.93 x 1~11s 
30 very short .,_s., very similar, shouk:I not, do 
31 a Redshift 1s the stretching out of waves due to the Doppler effect 

as a light source moves away from the observer. 
Stellar spectra can be compared to the Sun's spectrum to see 
how much certain emission/absorption lines have been shifted. 
This will tell you whether the stu is movinK away from you and 
at what speed. 

b Any of: surtace temperature, density, chemical composition, 
rotational velocity spectrum. (A broadening of the Imes will 
occur as an object is turni ng.) 

c red. 3~2000 K 
32 a 

slil separation 45 µm 

l:J 
- - ---60cm-- ---
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plane wave 
from a dislant ,~rr1 
8.0mm 
The fnnge spacing decreased by 16%,. 

33 a In the particle model, the energy of the incident photons is set 
by their frequency according to E • hf. Each incident photon 
Interacts with only one electron; therefore. the energy of the 
emitted electrons will depend only on the frequency of the 
1nctdent lighl EJectron energy 1s not altered by altenng the 
intensity because this only vanes the number of photons, not 
thetr energy. Therefore, the energy of the emitted efectrons is 
not affected. only the number emitted. 

b The wave model predicts that altenng the intens,ty of the 
ltght corresponds to waves of greater ampt1tude. Hence, the 
wavefronts shouk:I deliver more energy to the electrons and, 
therefore. the emerging electrons shouk:I have higher energy. 
This 1s not observed. 

c The photoelectric effect supports the particle (photon) model of 
light because: 
1 It predicts a minimum frequency (threshold frequency) 

and energy before electrons are emitted. The wave mo:tel 
predtd:s that any frequency shouk:I wot'k. 
The energy of the emitted electrons depends only on the 
frequency of the incident hghl The wave model P'edicts that 
1ncreasmg the 1ntens1ty of hght would increase the energy of 
the emitted efectrons.. 

3 It explains an absence of any tune delay before electrcns are 
emitted when weak light sources are used. This time delay is 
suggested by the wave model . 

. f:@htf 
4 0() 

450 

500 

Ma umum k1net1c frequency (x]0l•Hz) 
enero (eV) 

0 .91 

0.60 

025 

7.5 

6.67 

6.0 

Photoelectric effect 



f From the trend lme in the graph from part {e), 
h. 4.4 x 10-.isevs, ♦• 2.4 

g potassium 
34 a 5.6 years b 2.4 years 

c Relative to her, the distance appeared to be foreshortened by 
the factory. thus the destance she travelled was much~ than 
51,ght yea,._ 

d Atomic:: docks enabled extremely short events to be bmed to 
many decimal places. Differences in bme for the same event to 
occur. when measured by observers in different merbal frames 
of reference, 1nchcate that time ts not unrform between the two 
inertial frames. These measurements support Emste,n's special 
theory ot relat1v1ty. 

35 a 4.23 X 10-12 J 
b 9.3 x 1011 nuclet every second 

3.8x lO"kg 
1.49 x 10-Z>kgms-l 

Chapter 13 Origins of the elements 
13.1 The big bang 
TY 13.1.1 a 69kms-I Mpc-I b 48000kms-1 

13.1 Review 
1 The steady state theory suggests that the umverse is infinite and 

that matter is being created all the time at Iust the right rate to 
keep the density constant as It expands. 

2 The cosmk: microwave background rad1at1on was generated in the 
1n1hal very hot state of the unrverse, which the steady state theory 
dtd not support. The steady state theory had no explanation for 
the CMB rachabon. 

3 During mflatlOf\, pair producbon resulted m matter being created 
as pairs couad not annrhllate because of the rapid expansion. 
As the universe cooled. the energy of photons decreased which 
consequently decreased pair production and most particles 
annihilated with their ant1partlCles. However, there was a slight 
imbalance of matter and anbmatter wtuch left the unr,erse rnostty 
with matter partteles. 

4 The matter created during mflatJon would never have rondensed 
to form atoms. and therefore. ulbmatety, gala,oes or stars. 

5 Annrh1labon, whteh 1n¥0fves the conversion of an electron and 
positron mto two photons. 

6 There was shghUy more matter than antnnatter In the earty 
umverse. Therefore, once all matter-antimatter pairs had 
annrh1lated onty matter remained. 

7 a Hydrogen, helium and hth,um: they had been formed in the 
first few minutes while the unrverse was hot enough for fusion 
to occur. 

b Other elements formed from the supernO\lae of the earty, large 
stars. Elements heavier than iron are thought to be produced in 
neutron star mergers. 

8 Hubble's observations of aataxies showed that the further away 
a galaxy was, the faster it appeared to be moving away from us. 
He concluded that this can be explained if the universe between 
the galaxies is expanding as this would cause them to appear to 
be lll0\lIng away from each other. Therefore this supported eartier 
predk:tions of an expandmg umverse. 

13.2 The life cycle of a star 
TY 13.2.1 approximately 100 to HXX> times that of the Sun 

13.2 Review 
1 The lum1nos1ty of a star {whteh is denved from the absolute 

magmtude) against the spectral type of stars {from whk:h the 
temperature of the star is derived). 

2 lum1nos1ty increases with the surface temperature. 

The continuous spectrum provides information about the 
surface temperature of the star. The absorption spectrum gives 
information about the elements present 

4 A conbnuous black•body spectrum and an absorpbon spectrum 
both contam a destnbutK>n mtens1ty across a range of wavelengths 
that tS determined by the temperature of the ob1ec:t that emitted 
the rad1atl0rl. The difference between these two Is that the 
absorptlOfl spectrum has had radiation absorbed at vanous 
frequencies; these are called absorpbon hnes. An emIss101'1 
spectrum. unlike a continuous btack•body spectn..im. only contains 
mtellSltIes at certain narrow bands of wavelength; these are called 
emIss10n lines. 
less.broad spectral patterns indicate a large star. A peak in the red 
wction of the "oM1bl• sp«<trum eotncides with a ~ r dar. A r@(I 

giant wouk:I best fit these observabons. 
6 A 
7 An A•type star is to the left of the Sun along the main sequence on 

the H-R diagram. ThtS means 1t has a higher surface temperature 
and a greater lum1nos1ty than the Sun. 

8 D 

13.3 The life and death of stars 
TY 13.3.1 5.6 x I O'kgs·I 

13.3 Review 
1 Nuclear fusion reactions in the Sun involve fusing hydrogen nuclei 

to produce hehum nudei. In contrast, hydrogen burning in oxygen 
involves only the electrons m the outer shell of the atoms. Fusion 
reactions are much more energetic than chemtcal reactions. The 
energy mvolved In nuclear react!Olls Is about 100 m1lhon times 
greater than chemtcal react10ns. 

2 5 x l<YI' J {to one S1gn1f1cant figure) 
3 protostar ➔ main sequence star ➔ red giant ➔ white dwarl 
4 The total mass of the products ts less than the total mass of the 

reactants. Thes mass defect implies there was a release of energy 
from the system whic::h can be quant1f1ed using Emste1n's mass-
energy equation. 

5 planetary nebulae 
6 The Sun is most hkely to 1mtialty expand into a red giant before 

collapsing and beeommg a white dwarf. 
7 The force of pressure (mostty thermal pressure with some 

rad1ahon pressure) pushing outwards tS balanced by the inwards 
pull of gravity at hydrostatic equ1hbnum. The thermal pressure ts 
a result of the energy the particles Ill the gas or plasma hcve due 
to their motlOll and Is exerted through colltslOlls. The rad12t100 
pressure ts a result of the momentum that photons carry and 
impart during colhS10ns. The force of gravity Is a result of the 
grav1tat1011al field acting on ot>iec:ts that have mass. 

8 Nitrogen has an atomic number of 7, whteh means it has seven 
protons Ill the nucleus. Carbon only has six protons in the nucleus 
so one more proton must have been produced within the nucleus. 
From the CNO cycle In figure 13.3.11. this process occurs through 
the addItIon ot a proton {hydrogen nucleus) to a carbon atom. 

Chapter 13 Review 
1 Hubble measured the distance and redshift of many galaxies. 

He then calculated the vek>c1ty of recession for these galaxies 
and noticed that the further away a galaxy was the faster it was 
receding. 

2 pair productlOll and inflatK>n 
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Distance (Mpc) 

slopez,!=}a:flo 

:. V • H,/1, whteh ,s Hub~'s law 
4 PrechctJons made by physiosts as part of the wor1( on the big bang 

theory say that the ear1y universe should have been composed of 
mainly hydrogen and some helium. Observations of the cosmic 
mterowave background radiabon and the spectra of old stars yield 
results that agree closely with these prechcbons. 

5 If the universe is expanding and the galaxies are getting further 
apart as the universe between them expands. this lmpfies that in the 
past they were doser together. If we extrapolate back in time., the 
finite amount of mass and energy 1n the unrverse would have been 
contained in a smaller and smaller volume. This would mean the 
average energy of the particles (i.e. the temperature) would increase. 
Al the very begtM1ng of the universe, thtS would mean an mfmite 
densrty and temperature-a hot big bang beg,:nning for the unN'e~ 

6 A larger Hubble constant would suggest a smaller age of 
the universe as the age of the universe can be estimated by 
calculating the reciprocal of the Hubble constant 

7 the cosrmc mter0wave background (CMB) radiatJon 
8 spectral class. surface temperature and chemteal composition 
9 Their spectra show the same Imes as our Sun. and these Imes 

correspond to the 98 known elements in our penod1c table. 
10 Betelgeuse, Rigel, Polaris (pole star), Arcturus 
11 Spectral class M stars have low surface temperatures of less 

than 3500 K. These are the only stars with temperatures in their 
atmospheres tow enough for molecules to exist and therefore to 
produce absorption spectra with strong Imes for those molecules. 

12 : ~::;~::,~:,. b ma;n sequence c supe,g,ant stars 

13 Lake all stars Rigel would have started from a dust and gas 
doud collapsing to form a protostar. 
Rigel would have spent most of its lifetime on the main 
sequence fusing hydrogen into helium. 
As Rigel starts to convert s1hcon to Iron as the main fusion 
process. less energy will be produced than needed for the 
fusion process. It will begin to cotlapse. 
As a giant star, the core of Rigel can then be expected to heat to 
billions of dearees in a fraction of a second. 
An explosive supernova results. 
The final stage will be either a neutron star or a black hole. 

14 Stars are born into the mteldle (approximately) of the main 
sequence. after raptdly igniting once the protostar collapses. 

15 The Sun is dose to the centre of the H-R diagram; that rs, 1n terms of 
the ove,all range, rt rs of average temperature and average brightness. 
However. most stars are actually cooler and tall"lter than the Sun. 

16 4 x 102' J (to one significant figure) 
17 Hydrogen fUS1ng to helium is the mam re;,ction 1n mam.oSequence 

stars. white hehum fusing to carbon via the tnpte alpha process is 
the main reaction in red giants. 

18 New elements are formed through nuclear fusion reactions in a 
process called nucleosynthesis. During their lives on the main 
sequence. stars like the Sun form helium. When they become a 
red giant they form elements like carbon, mtrogen and oxygen. 
Larger stars form elements up to iron while they are giants and 
other heavier elements when they expaode as a supernova. 
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19 The predlCbons of the big bang theory are very acctJrate. 
Theoretical predtetJons indicate that the elements formed in the 
early unrverse shouk:I have been approximately 25% hehum and 
the remainder hydrogen. ObservatJons determining the abundance 
of these elements m stars and galaxies agree dosely with the 
predicted values. The predicted abundance of other elements 
and isotopes predicted by the big bang theory were tested by 
the WMAP mission, and again observations closely matched the 
abundances from theoretical predictions. 

20 Expenmental evidence and observation are the most fundamental 
parts of the sc1ent1fic method. Predict10ns are made by models 
and theones. These are then tested against expenmental evidence 
or observation. If the predictions are supported by the evtdence 
tMn sc .. n~R can be confident about their t}Mofy or model 
and can then test them in other ways. If predtebons are not 
supported then the theory or model must be altered or new ones 
developed and tested agamst evidence. tt as through th,s process 
that saent1sts can devetop theones or models that are accepted, 
continue to be refined and become better at expfa1ning what is 
being observed 
The steady state theory was another model that was proposed 
to descnbe the evolution of the universe. By using observational 
evidence for the big bang. such as the cosmic microwave 
background (CMB) radiation and the increasmg acceleration 
of galaxies further away from the MIiky Way (seen through 
cosmological redshift), astrophysicists were able to rule out the 
steady state theory and instead now use the big bang theory to 
model the expanslOO and evolution of the universe. Theones such 
as thtS always rely on the most current evtdence and are able to 
change and adapt depending on what soent,sts have d1SC0Yered. 

21 Non-fUS1ng hehum builds up in the core of the star and a shell of 
hydrogen begins fusing around a non-fusing hehum nch core. This 
causes the outer layers of the star to expand and cool forming a 
red giant 

22 Neutron stars are extremely dense obJects comprised mainly of 
neutrons held up against gravity. In contrast. the gravity within a 
black hole has exceeded any force than can resist collapse aid 
have obtained some much higher, possibly infinite. density. The 
escape velocity of neutron stars. unhke black holes. is not greater 
than the speed of hght so they are visible through rad1at1on that 
escapes their surface. 

23 The expandmg balloon is an analogy used to explain the expansion 
of the universe. The surface of the balloon represents a two
d1menStOnal space. The unrverse ,s a three-chmenS10nal space.. 
The space within the balloon and outstde the balloon does not 
represent anythmg 1n this analogy; only the two-d1menS10nal 
surface is ~1ficant As. the balloon 1s inflated, the distance 
between the galaxies increases. From each galaxy. all the other 
galaxies are seen to move away. The further the galaxies are apart. 
the faster they seem to move away from each other. However, 
as the galaxies have not moved in the reference frame that was 
drawn on the balloon, they do not have relative velocities. Unlike 
the steady-state theory, where matter is being created all the time 
at just the nght rate to keep the density of the universe constant. 
the big bang theory shows that the ongin of matter occurred in 
the very earty universe. Evidence of cosmok>gical redshift (the 
expallSIOll of space) supports the big bang theofy. whteh helps us 
to understand the processes by which galaxies (and then sta-s and 
ptanets) were all formed. The heavier elements were then created 
due to the hfe cydes of stars. Fusion processes within stars create 
elements such as carbon, which, due to supernova events. then go 
on to create ptanets and even life. 

Chapter 14 Structure of the atom 
14.1 The electron 
TY 14.l .l a 1.8 x 108ms-1 b 34m 



14.1 Review 
a 5.93 x 101ms-1 b 22.5cm 
4.13 x lO'ms-1, 323m 
Water 1s more volatile (evaporates easily) than oll. so the mass and 
s,ze of the droplets change more rapidly than otl drops. 

Atomic model j Oescr1pt1on 

solid-ball model An ,ndrvisible ball Where the name atom tifSt 
appeared as ,t was referred to as atomos meaning 
indiYis,bte. 

ptum pudding From Thomson's tJ:penments WJth etectrons., he 
rnode4 proposed the plum l)Uddlna ~ n 1904. The 

atom ,n thK mod.a K a ball of pos1tw. charge with 
negati'te Charps embedded wrthm 1l 

nudear modet The maprty of the mass of an atom in thts model as 
in a SffYII positNe nudeus wtuch is surrounded by 
negatm electrons. 

ptaneta,y 
model 

The electrons ,n lhlS model orbit the positr,e 

nucleus ,n specific pathways. llke planets Ofbbng 
the Sun. 

14.2 Nuclear model of the atom 

14.2 Review 
1 The model predtcts partides are affected only by the diffuse 

electncal charge. Bectncal reputs,on between the pos,trvety 
charged alpha particles and the diffuse positive atomte charge 
leads to a small amount of repulslOO, observed as scattering of 
less than ~ from thetr imbal path. 

2 Higher energy (higher ~oc,ty) alpha part.ictes will encounter the 
atoms with a greater momentum, and the effect of the electrical 
repuls10n would be reduced with consequent reduced scattering. 
The alpha particles and nucleus are both pos1t1vely charged and 
experience electrical repulsK>n. The particles cannot touch as the 
repulsion becomes infinite as they approach. 

4 A neutron-as a neutron decays to a proton and electron, 
the mass of the neutron is greater, with the d1tference being 
approximately the mass of an electron. 

Chapter 14 Review 
1 The number of protons is equal to the number of electrons. The 

number of neutrons does not affect the electncal charge. 
2 There is a gap or hole in the anode through whteh some of the 

electrons pass. 
a magnetic field 

4 3.0x 107ms- 1 5 4.0x 107 ms-t 
6 a 9.3 x l0-15 N b 4 .0x lo-,lm 
7 5.8x lo--'T 
8 1.58 x lO'ms-1 

9 a oa7 
c l.4xl03V 

10 C,A.B 

b o= 4,_,3., 
"' d 480V 

11 The mass of an atom tS concentrated in the nudeus. and that the 
nudeus occupies a tiny fraction of the volume of the atom. 

12 EJectrons. Atomic absorption spectra showed light could 
be absorbed and emitted by atoms. and 1n discrete bands. 
Rutherford's modet did not address how th,s could occur, whether 
by the electrons or in the atomic nudeus. 

13 Rutherford could not have concluded anything from this. The 
null result would have been con~stent with the ptum pudding 
model. However if the nucleus was very small, such that the 
backscattering may have occurred with one in one million 
collisions. it would have still occurred but have been harder to 
detect. Absence of evidence is not evidence of absence. 

14 Team Proton: 28; Team Electron: 51408 

15 DiVlded atoms would have different numbers of protons in 
their nudei, and therefore are different elements. ThlS gives the 
daughter elements different chemical properties to the mother 
atom. 

16 Protons have a single positive charge whereas neutrons are 
electrically neutral. They are approximately the same mass 
(neutrons are slightly heavier). 

17 7.6 x I O'ms-1 

18 2.21m 
19 a 8.2 x 105 ms-1 

b 0.17T 
20 See Fully Worked Solutions. 

Chapter 15 Quantum mechanical 
nature of the atom 
15.1 Bohr model 
TY 15.1.1 0.42eV TY 15.1.2 4.6 x }0-1'J 
TY 15.1.3 103nm. Lyman series TY 15.1.4 97.2nm, Lyman senes 

TY 15.1.5 A photon of 6.7eV corresponds to the energy required to 
promote an electron from the ground state to the second excited state 
(n • 1 to n • 3). The photon may be absorbed. 

A photon of 9.0 eV cannot be absorbed. 

A photon of I 1.0 eV may ionise the mercury atom. The ejected 
electron will leave the atom with 0.6 eV of kinetic energy. 

15.1 Review 
1 An em1sSK>n spectrum for an element typ.calty consists of a series 

of spaced coloured hnes on a black background. 
2 The different coloured lines 1n the em1sS100 spectrum of an atom 

correspond to the possible electron trans,hons between energy 
levets w1th1n the atom. 
The energy levels within an atom are commonly represented as 
horizontal Imes on a graph. 

4 4.0 x 10-19 J 5 3.0 x lo-6m 6 12.75eV 
7 95nm 

15.2 Quantum model of the atom 
TY 15.2.1 5.7 x 10-13m TY 15.2.2 1.0 x lo-36m 

TY 15.2.3 0.17nm 

15.2 Review 
1 7.3x I0-10m 2 B 
3 a 3.5 x 10-11m b 2.1 x 107 ms-1 

4 1t would increase 
5 Newtonian physics describes the p()Sltton and velocity of an object 

as ·known', so its future position can be predicted. Quantum 
mechanics proposes that you cannot know the position and 
velocity of a particle at the same time. So the assumpUons that 
Newtonian physk:s makes do not fit with what happens at the 
subatomk: level. 

6 D 

Chapter 15 Review 
1 2.lleV 2 3.6leV 
3 No. The photon energy will be exactty equal to the energy 

difference between the electron's 1mllal and final levets. 
4 The hght gk>be produces a continuous spectrum showing all the 

colours of the rainbow. The vapour lamp produces a discrete 
spectrum showing Just coloured lines. 

5 The temperature of the light globe filament increases when it is 
switched on. As the filament heats up, the free electrons in the 
tungsten atoms collide, accelerate and emit photons. A wide range 
of photon wavelengths are emitted due to a wide range of different 
colhsions (some weak, some strong), and some visib'e light and a 
lot of infrared radiation are produced. 
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6 1.8 x 105 ms- 1 
7 The location of electrons can't be restricted to specific orbital 

paths, because their precise location and velocity cannot be known 
simultaneously. 

8 Sodium vapour is heated so that electrons are excited to higher 
energy levels, emitting light when they transition back to lower 
energy levels. The most common transihons in sodium produce 
orange light. 

9 1.7 x 1o.asm 
10 No. 
11 Electrons in the atom cannot assume a continuous range of 

energy values but are restricted to certain discrete values. 
12 2.9 x 101sHz 
13 Bohr's work on the hydrogen atom convi nced many scientists that 

a particle model was needed to explain the way light behaves in 
certain situations. 

14 The lines in the emission spectrum of hydrogen correspond to the 
missing lines in hydrogen's absorption spectrum. 

15 it will increase 
16 it would increase 
17 high-energy orbits of multi-electron atoms, the continuous 

emission spectrum of solids, Zeeman splitting and the two close 
spectral lines in hydrogen that are revealed at high resolution 

18 -0.54eV 
19 The wavelength of a cricket ball is so small that its wave-like 

behaviour could not be seen by a cricket player. 
20 1.32 X 1Q5 ms-1 

21 A== i;;; 22 p == ~ 

23 Because a high-speed electron has a shorter wavelength than a 
light wave. 

24 See Fully Worked Solutions. 

Chapter 16 Properties of the nucleus 
16.1 Radioactive decay 
TY 16.1.1 90 protons, 230 nucleons. 140 neutrons 

TY 16.1.2 mass number = 214, atomic number = 82, lead 

16.1 Review 
1 nucleons 
2 79 protons and 118 neutrons 
3 235 
4 In a neutral atom it is the same as the number of protons, i.e. the 

atomic number. 
5 an alpha particle 6 beta-minus 7 beta-plus 
8 a gamma b beta-minus c alpha d beta 

e gamma 

16.2 Half-life 
TY 16.2.1 a 0.046hour1 b 3.9 x 107 nuclei 

16.2 Review 
1 the count rate or the number of decays each second 
2 4.0 x 1010 atoms 3 3.0 x 1011 nuclei 
4 a 10 b 240000 years 
5 50% 6 192µg 7 15minutes 
8 a l0minutes b 50Bq 
9 beta decay, 20 years 
10 seven alpha, four beta-minus 

16.3 Nuclear fission and fusion 
16.3 Review 
1 A force of attraction that acts between every nucleon but only over 

relativety short distances. This force acts like a nuclear cement. 
2 The waste products are radioactive and remain so for centuries or 

even millennia. 
3 Attractive forces from other nucleons due to the strong nuclear 

force. 
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4 fissile--uranium-235 and plutonium-239 
non-fissile-uranium-238 and cobalt-GO 

5 3 
6 Fusion is the joining together of two small nuclei to form a larger 

nucleus. Fission is the splitting apart of one large nucleus into 
smaller fragments. 

7 Electrostatic forces of repulsion act on the protons. If the protons 
are moving slowly they will not have enough energy to overcome 
the repulsive forces and they will not fuse together. 

8 Initially, electrostatic forces of repulsion act on the protons, but 
they are travelling fast enough to overcome these forces.. The 
protons will get close enough for the strong nuclear force to take 
effect and they will fuse together. These protons have overcome 
the energy barrier. 

9 It is conserved-there are five nucleons on each side of the 
reaction. 

16.4 Energy from nuclear reactions 
TY16.4.l a 3 b 4.12x10-111, 258MeV c 0.16% 

16.4 Review 
a 1.91 x 10-111 b 1.19 x 108eV 
The mass of the products is less than the mass of the reactants. 
The mass difference is related to the energy released via f = mc2. 

3 The amount of energy released per nucleon during a single 
nuclear fission reaction is less than the amount for a single fusion 
reaction. 

4 less than I% 
5 a a = 4,b=2, 1He b 5.9x10-29kg 
6 a atomic number= 2, mass number= 3, jHe 

b 3.7 x 10-121 C 4.1 x 1Q-29kg 
7 The binding energy per nucleon increases and the nucleus 

becomes more stable. 

Chapter 16 Review 
1 20 protons and 25 neutrons 
2 A nuclide that is able to split in two when hit by a neutron is fissile. 
3 27 protons, 33 neutrons and 60 nucleons 
4 a gamma ray 
5 beta-minus 
6 No, only a few nuclides (e.g. uranium-235 and plutonium-239) are 

fissile. 
7 The strong nuclear force causes the proton to be attracted to all 

other nucleons. It will also experience a smaller electrostatic force 
of repulsion between itself and other protons. 

8 a beta-minus b proton c alpha d neutron 
e gamma f beta•positive (positron) 

9 atomic number "' 3, mass number "' 7, lithium ~Li 
10 a a proton b a neutron 
11 Neutrons are uncharged and are not repelled by the nucleus as 

alpha particles are. 
12 To give the hydrogen nuclei enough energy to overcome the 

electr~t.ttic repul5ion between them. 
13 a x:::208,y::82 b X=l76,y=78 
14 a = 18, b =- 9.c : 18.d = 8 

Xis fluorine, F. 
Y is oxygen, 0 . 

15 carbon-12 
16 Electromagnetic forces are balanced by the strong nuclear force 

acting between all nucleons in close proximity. 
17 a gamma b gamma 
18 gamma radiation 
19 The bombarding electrons will be strongly repelled by the electron 

clouds of the atoms as they are all negatively charged. The small 
mass of the bombarding electrons also makes them relatively easy 
to repel compared to, for example, a proton. 

20 3.0 x l0H atoms 
2 1 1.5 x 1010 atoms 



22 The long half-life means that the source will not need to be 
replaced for many years. The gamma rays have a strong 
penetrating power so they are able to penetrate the skull and 
reach the tumour site. 

23 4.49 X }O· IIJ 

24 a The combined mass of the hydrogen and hetium-3 nuclei is 
greater than the combined mass of the helium--4 nucleus, 
positron and neutrino. 

b The energy has come from the lost mass (or mass defect) via 
f = mc'. 

c 3.4xl0-12J d 3.8xlo-29kg 
25 Fission produces radioactive fission fragments, whereas fusk>n 

produces no radioactive waste products. Fusion creates more 
energy per nucleon than f i,;;sion 

26 The binding energy per nucleon increases and the nucleus 
becomes more stable. 

27 It is more stable. 
28 8.0 X 10-l'SJ 
29 Radioactive decay of a nucleus is a random process that can't 

be predicted for an individual atom. Scientists have discovered 
that the time it takes for half the nuclei to decay is constant for a 
particular atom; this is called a half-life. The half-life can be used 
to predict the radiation emitted so that it is usable in medical 
research, energy production and other industr ies. 

Chapter 17 Deep inside the atom 
17.l The Standard Model 

17.1 Review 
1 between nucleons, i.e. protons and neutrons 
2 weak nuclear: W•, w- and Z bosons; strong nuclear: gluons; 

electromagnetic: photons 
3 Gauge bosons: force.carrier particles.. 

leptons: fundamental particles that can be found individually and 
do not experience the strong force. 
QuarkS: experience the strong nuclear force and form composite 
particles called hadrons. 

4 QuarkS must exist in groups of two or three; leptons can exist 
individually. All quarks experience the strong force; leptons do not 
QuarkS have non-integer (fractional) charges; leptons have charges 
of - 1 or 0. 

5 the force-carrier particle being exchanged, i.e. a boson 
6 Mesons: contain two quarks-one of normal matter and one of 

antimatter. 
Baryons: contain three quarks; includes protons and neutrons. 

Gauge boson Lepton Hadron 

gluon, phOton e4ectron, neutrino, muon net.Itron, proton 

17.2 Evidence for the Standard Model 

17.2 Review 
1 charge 
2 They are passed through an electric field. 
3 linac, booster ring. storage ring, beamlines 
4 very close to the speed of light 
5 from the outward spiralling circular path of the particles 
6 Cyclotrons use a static magnetic field and an alternating electric 

field to accelerate particles, so that the particles spiral outwards 
as they gain energy. In a synchrotron, the magneltc field strength 
is increased as the particle's energy increases, allowing for a fixed 
radius even as the energy increases. 

7 It has moveable tracking detectors that allow for studying a 
collision event at multiple points after the collision. 

Chapter 17 Review 
1 A particle collides with its antiparticle and mass is converted into 

energy. 
2 protons: up, up, down; neutrons: up. down, down 
3 electromagnetism and the strong and weak nuclear forces 
4 A proton is made up of two up quarks (2 x +})and one down 

quark(- ½) so 1-1:: +l A neutron is made up of two dov.n 

quarks (2 x - j) and one up quark (+f) so-}+}= O. 
5 weak nuclear, electromagnetic. gravity, (strong nuclear) 
6 The Standard Model is based on the assumption that forces 

arise through the exchange of particles called gauge bosons (or 
just bosons). Each of the three forces is mediated by a d ifferent 
particle: strong-gtuon, electromagnet~photon, weak-\v♦, 

W- and Z. 
7 fundamental particle. lepton 
8 Electrons are 'boiled' off a heated wire element acting as a 

cathode. 
9 linear accelerator 
10 A beamline is typically a stainless steel tube of 15-35 min length 

along which synchrotron light travels from the storage ring. where 
it is produced, to its target for experimental work. 

11 X-ray diffraction 
12 in the electron gun 
13 ranging from infrared to highest-frequency X-rays 
14 An accelerator capable of generating the 2 TeV accelerated 

particles required wasn' t available before the early 1990s. 
15 Any two from the following: 

• It is unable to explain dark matter. 
• It is unable to explain the absence of antimatter in the 

universe today. 
• It is unable to provide a completely unified model for all 

fundamental forces; interactions with gravity are unexplained. 
• It is unable to explain why neutrinos have mass. 

16 It allows X-ray diffraction techniques to be completed over 
considerably shorter times than with traditional X-ray sources. 

17 Synchrotrons produce a continuous spectrum of radiation, and 
particular wavelengths within that spectrum are highly selectable 
or tunable. 

18 X ray tube Synchrotron 

single burst 
relatively divergent 
standard intensity 

produced over hours 
highly collimated 
many times brighter 

19 In the storage ring electrons orbit for hours at a time at speeds 
near that of light, before being channelled along the beamlines for 
experimentation. 

20 in the booster ring 
21 in the linac 
22 hydrogen atom source, electrons are stripped away, linac, Proton 

Synchrotron Booster, Super Proton Synchrotron, storage ri'lg, 
rl"'tN:tn~ 

23 Reponses will vary; see the Fully Worked Solutions. 

Module 8 Review questions 
From the universe to the atom 

Multiple choice 
1 C 2 A 3 C 
5 B 6 C 7 A 
9 C 10 C 11 A 

13 C 14 B 15 B 
17 A 18 B 

4 D 
8 D 

12 D 
16 B 
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Short answer 

19 The hnes In stellar spectra are shifted to k)nger wavelengths
towards the red end of the spectrum. The more distant obJects 
are shifted the most and hence are receding the fastest This 
rs consistent with a model In which space-time and the whole 
universe rs expanding. 

20 a The energy of photons results from the mass of the leptons 
being converted to energy. 

b l.6x l~llJ 
21 a Bohr's work on the hydrogen atom convmced many scientists 

that a partlde model was needed to explain the way light 
behaves in certam situattons. 

b Neils Bohr would state that 11 incident hght had an energy value 
tess than the minimum energy difference between lhe lowest 
and next orb4tal levels w1thm the hydrogen atom, the hght 
would not result in any orbital changes. 

22 a Photon energy > k>n1sat1on energy, I.e. the photon has enough 
energy to free the electron. 

b 0.4eV=6.4x 1Q-2DJ 
3.41 x 10"25kgms-1 

1.94 x lo-'m 
e Since there is no energy level 10.0eV above the ground state. 

the photon cannot be absorbed. 
23 a 1.5 x 105NC-1 (or vm-I) downwards 

b 1.2s x 10-I1c 
C 8 

24 a 2.42 x 1()-lm 
b A senes of bnght and dark fnnges. 
c The high-speed etectrons are exhibiting wave-hke behaviour. 
d 164ms· 1 

25 a 0.0416nm 
b There would be circular bands or fnnges of speafic spacing 

around a common central pomt 
c less diffraction would occur: that is. the circular bands would be 

doser toget~ 
26 a 1 mmute 

b 4.7 g 

c :r:Na ➔ .VJH ~ Mg+ energy 

27 Cs-137: 55 protons. 82 neutrons. 137 n ucleons 
1-131: 53 protons. 78 neutrons. 131 nucleons 

28 i#@i Property 

atuon • mediator ot the strong nuciear force 
• interacts with quarks 

photon • mediator ol the ~gnehc IOfce 
• interacts with charged particles 

w·. w- and Z • mediator ol the weak nuclear force 
• causes nuclear decay 

(graV1ton) • mediator ol the pV1tal1onal force 

29 In the singte-sht diffraction experiment as the slit is made 
narrower the pos1Uon of the parUcle becomes more precisely 
known. As a consequence, the direchOn, and therefore the 
momentum, of the particle becomes less precisely known, because 
with a narrower sht the d1ffract10n pattern becomes wider. 
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30 The momentum (or velocity) of a partde Is known more precisely, 
so the uncertainty In a partide's posItIon, Ar. becomes greattr. 

31 a v • Hcf1 . 70kms-1 Mpc-1 x d 
The speed is directly proporttonal to the distance. 
Prox1ma Centaun is 1.3 pc away and so ,ts speed rs: 
70 x lo-'kms-1 pc-1 x 1.3 pc • 91 mms-1 

The edge of the universe 1s: 

4.4 x l~m- ....., ,. 1c,a'" • l .4 x 1010pc 
, ,. 105 

Speed • 70 x lo-'kms-1 pc-Ix 1.4 x 1010pc"' 9.8 x lO'ms- 1 

b The edge of the VISlble universe is receding from us at a speed 
m excess of the speed of light That tS not a violahon of the 
pnnc1ples of special relativity, as no ot>,ect is moving through 
space at a speed In excess of the speed of hght. 11 is purety, a 
relative velocity. If there is concern that technically this is not 
the edge of the v1s1ble universe, since light would never reach 
us. we are only concerned here with a fbctor of 3 or so and in 
astronomical terms. this Is good enough! 

c 2 x l0-11s-1• The relative prox1m1ty of a star hke Prox1ma 
Centauri would mean redshift would not be measurable. 

d The extremely small value for H0 reflects the fact that the 
recession velocity is only sigmhcant for huge distances! 

32 a To produce d1ffract1on patterns with the same fringe separation, 
they must have equwalent wavelengths. 

b 3.6xl0-11 m 
3.6>< 10·11 m 
1.8 x lo-23 kgms-I 

e No. The energy of the X-rays is g,ven by E • ~ and the energy 
of the electrons Is given by ilK • f".-2. .1. 

f de Broglie would say that the etectrons (with their associated 
wavelengths) were diffracted as they passed through the gaps 
between the atoms in the crystal, creating a diffraction pattern. 

g In add1bon to their partlde properties. electrons have a de 
Brogl+e wavetenglh. The orbit must fit an integral number of 
wavetenglhs so that a standing wave rs formed (2.u = n.l). Only 
energy tevets corresponchng to these wavelengths exist 

33 a Activity 

(Bq) 

·~G;; 
0 5 10 15 20 25 3~ 

Time(min) 

b about 320 Bq c 10 min d 1.2 x lo-3s-1 e lOOBq 
f i ;He. jp 

ii They have different numbers of protons. 
iii 210gj can und• rgo beta decay to form 210po and then this 

undergoes alpha decay to form 206Pb. Alternatively, it an 
undergo an alpha decay first to form 206TI and then the 
subsequent beta decay results ion 206Pb. 

iv They have different numbers of neutrons: 214, 210 and 
206, respectively. 



34 a Q :@W Particle type Descnpt1on Par11cle name 

gauge bosons mediators of the fundamental forces photons. gluons. gravitons, 
W-. W-,andZ 

fermK>ns 
(make up all 
matter) 

leptons: positrons, • experience the weak nudear force, exchanging Wand Z positrons, electrons, neutrinos, 
electrOJr.i neutrinos. muons • charged leptons experience the electromagnetic force. exchanging 

photons 
• do not experience the strong force 

experience the strong force, exchanging gluons made up ot quarks 

- baryons made of three quarks 

made of two quarks 

b Hadrons. The other particles listed are fundamental particles 
and so do not have an internal structure. 
It gives mass to all elementary particles. 
dark matter and antimatter 

35 a The big bang is an expansion of space-time. Before the big 
bang there was no space, time or matter, so it is not a case of 
matter exploding out into space in a time continuum, but space 
and time itself being created at the big bang event as energy 
converted to matter, after which space expanded. The energy 
present allowed the creation of matter-antimatter pairs and 
the rapid inflation of the universe prevented annihilation taking 
place immediately, taking the created matter with it While it is 
t rue that the early universe was extremely dense, the big bang 
theory would suggest that mass-energy, space and time all 
emerged at once from nothing. 

b The radiation which when created would have had a very 
short wavelength would be expected to ·stretch out' with 
space itself, and so would have a much longer wavelength as 
space expanded. Calculations show that this would be in the 
microwave range today. 

c The variations indicate a slightly uneven distribution of light 
and therefore matter. This allowed gravitational attraction to 
collect clumps of matter together, ultimately forming stars and 
galaxies. If there had been completely uniform radiation, there 
would have been no universe as we know it 

d Pair production is the creation of a matter and antimatter pair 
of particles, such as a positron and an electron from a photon. 
This is a mechanism for the creation of particles from photons. 

protons. neutrons. antiprotOJr.i 

e Normally pairs annihilate rapidly with the release of photons, 
but the rapid inflation moved the pairs apart so that the 
particles were able to persist 

f As the universe cooled, the average photon energy dropped to 
a level at whieh a photon no longer had the energy required to 
create a matter- antimatter pair. 

g Any atoms formed would immediately be ionised as the 
photons, although not having enough energy for pair 
production, certainly possessed the ionisation energy for a 
hydrogen atom. 

h Fusion requires very high densities, temperatures and pressures 
for charged particles to overcome their mutual repulsion and 
come close enough for the strong nuclear force to exceed the 
electrostatic repulsion. This happened in the first few seconds 
after the big bang, and then particle distances increased and 
energies dropped below the values required for fusion to be 
possible. Fusion reignited in stars much later when gravitational 
forces once again brought particles together at high de1sities. 

i Photon energies had to be below the ionisation energy of the 
atoms. 

j Gravity caused particles to aggregate. As the dust clouds 
collapsed under their mutual attraction, vast amounts of energy 
were released and this created the temperatures and pressures 
for fusion to reignite in the first stars. 
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Glossary 

A 
abaolutc error Equal IO half the s~ unit of 

mcasuttmttu. 
absolu1c map.irude The absolute nugnitudc

o{ a star or Olhcr-cdcslW ob,c-ct corttSpOnds to 
the :11ppamu magnitudr of the oo,«t if it was 
10 plrSttS (32.6 light•)"nrt) from Earth. 

absolute \-aluc The m:lgJ\lludc of :11 ,-a,uble 
ignoring itS sign. The absolute ,'211.1t: of a 
nwnbcr is ah\.t,)-S positi,·c. 

11bwrb Tu 1:tkc in (t'nt'QO'). 

abtorption The taking up and suving of energy, 
such as radiation, tight 01" sound, \toithout 
11 bttng rdkctcd or tnnsnuncd. During 
absor'puon. the cncrg)' may c~ from one 
formmto1lnC:llhtt. 

absorpdon $JKC1rWD Spcarum c<w112ining 
dark lines in the- positions of the "'-""J.\-drngths 
that att 11bsorbcd by a gas as light puses 
through it. This is K'b.tcd to the emission 
spectrum of the gas. 

accdcratlon The rate of cha~ of ,·docity. 
Ac:cdcr:ation is a ,ut0r quanllly. 

accclcndon d11t to rravity Ralt at \loilkh a 
falling ob;cct wiD xcdttat< m a gn,iD.tioml 
fidd. Equh-aknt 10 thc gn,,uuon2i fidd 
stttngth..\l~Uttdinm1-l. 

accuracy 1l\(' 2bilit)• to obwn the rorttet 

activity The num~r of nucla of 21 radioxti\"c 
subStantt that d«:a)' nch second , measuttd in 
lkcquttds (Bq). 

aelhcr An imisible, mu.slcss, rigid substantt 
that w·as p~ as the m«hum Ln "111uc.h light 
,..,,.,-cs prop3g21t. Thcrc- is no cxpnuncntal 
n'kknce for the: ens~ ofthc atthtt. 

affiliation Conntttions or associations bcrwttn 
rwop:utics.. 

air rttistance Th(- frictional fortt that acts 
against mo\'ing ob;«ts as they u11,-cl 1hrough 
lhc 2ir. Air ~tanCt' al"":l)'S 2ccs in tht opposite 
dircct;oo 10 lhc motion o f an obp«-1. 

alpha particle A p:trtickconsm.ingoftwo 
protons and two nrutrons qc,cted from the 
nucleus of a radioactn-c nuc:bck. 

altunaun, cun-e:nt ln an ahcm:mng CUJttDl 

(AC), dtttrom oscilblt bactwards and 
fQr'AYds around a ~an pos,i.on, u ~ to 
datt(1 curttnt (DC). Household pov,tt supplits 
usu.all)' oprr.nc 21 240 V AC. 

alternator An dtttrk generator that prodUCt'S 
alle mating current (AC). 

altitude l-lcight aOO\·c a pl2J\Cl's surf~. 
animeter An ammeter is an instrumntt usnl to 

mcasUtt lhc dcctric current in • cirruiL Ekctric 
C'UITCl\t is mc:2SUfCd in ampacs (A) , which is 
"11)' II is a.J.kd an ammctCT. 

ampue A unit of dcctnc currtN equal. to• flow 
of one coulomb per KCOnd. 

Ampere's law Tk sum of aU lhc m2g:lll'tic: field 
dcmcn1s that make up lhc cirde surrounding 
tht wire is equal 10 1hc product of lhc current in 
lhc " ire and the pcrn-K2bilit)' of frtt 1pacc. 

amplitude The maximum up or d<M'll 
d isplacement of a wa,-c measured from its 
equilibrium position. 

anpJar "-docity A measure of how quick})· an 
ot,;ccr is turning measuml an rsdwls per srcond.. 
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annihilation The proass in which nuner is 
romplctd)' oomttttd into cncrgy.'lbis is l"IOl a 
c:hmucal pn:,clCSS in which mancr in~ form is 
com.ttttd 10 m:ma in 2l'KJlher form, as in rurning. 

anode A posith'dy ctwgcd ckctrock, as ofan 
dttuol)'bC cell, storage battery or ck-cuon 
tube. Also. 1hr nq:a.th'dy charged terminal of 
a pc-unary cdl or-of a storage b:Ultf}' that d 
supplying curttnL 

aotimaun Part.ides th2t hne the l:ll1lC nuss as 
their ordinary m:mcr cqui\':llents but opposite 
propcrttC'tl like dcctronugnctic charge, spin, 
baryon number :lnd lepton number. 

aotineutrino A neutral sub.atonuc particle that 
tntcncts , ·tt)' welt.I)' .,th ocher matter; lhc 
anumaner panidc of a ncutnno. 

aphelion The point in an ellipocaJ orbit that is 
furthest from lhc Sun. 

apogee The funhcst point in an dbptical orbit 
be-tween a central nuss and an orbtting body. 

apparent briaJitneu How bri&hl a s1ar or other 
cdcstial object appears from Earth measured in 
nugnirudcs. h d based on lhc brightest star in 
the northern st)' being magnitude ♦ I . A change 
of -1 COITCSponds to a bnghlcru.r« h)' 2bout 
2 .S wncs. 

apparent magnitude An arb.u-ary scak bu«I 
on the brightest sw- in lhc northern st)• being 
magnitude -1-1.A change of-I COITC:Spondstoa 
brigtuemng by abou1 2.S times.. 

appare.n t weight The wcighl fell h)' 2 person 
when thcir body is stationar)' or- in motion. 
Sometimes it is higher or lower than their usual 
wcighL Equh"lllcnt to the size of the normal 
rcacoon fortt acting on the pcr1()11. 

apparent .-"C.ipttlessness \Tilcn an ob;cct d in 
frtt fal and lherc is no force be"'ttn rt and 
us 1unoundings. It a~ to be wcaghtkss 
ahhough ll is still under the influence- of gr.nity. 
When lhctt is no normal reaction fortt 2cting 
bc"'ttn 211 object and lll SwfllCC'. 

armature A m ·ohing structure in 211 dectric 
motor or generator, wound "ith the coils lhat 
c:arr)' the currcn1. h rot:111cs "ithin a magnetic 
6dd 10 induce an emf. 

artificial u tdlite Bodies, such as Sputnik, the 
Hubbk SpaccTdescopc or ?-:OM-19, made b)• 
humans and pbccd in orbit around a pbnct or 
the Moon. 

atomic modd A description of the 1uucturc of 
lhcatom. 

atomlc n umber The number of protons in a 
ni.tc:lcus. 

uh or ro1atlon An imaginary line through the 
centtt of ffl3SS or pi,'OI point of an ob;cct, which 
as pnpcndicular to the pbnc of rotation of 
lh<oo,«1. 

B 
balli.ltlc Ob;cct's JllO'l'Clllt:nt due onfy to its 

"-eight; "ithout PQ'""crcd fligtu. 
banked track A 1rad: inclined :11 some angle 

10 the horizonllll crubling ,~hides 10 trlll\'d at 
higher spttds when cornering compared with 
around a horizonllll cun'Cd pt,th. 

bar p-aph A graph in which ca1cgoric21 cbta 
IS rq,rttcnlcd b)• horizontal bvs. &ch bar 
rq,rcs,c:ms one C:llcgor)' of tndcpmdcnt ,-:n-iablc 
(IUCh u a rangt" of ,-alucs, or• particular l}l)C 
of thing), and lhc length of the bar ttprCSffllS 
the ,-atuc of the dcpcndcnt ,-atue (Of that range 
or thing. 

baryon A composite particl,c composed of 1hrtt 
quarts. Baryons belong to lhc part.clcs called 
hadrons. Tk most common aampl,cs arc the 
proton and the ncuuon. 

bar)-on number A quanrum number constt\°Cd 
an parudc antenetions. Thn means the sum of 
the bar)'on numbers bcf~ an antcnllC'IJOn d 
cq\W 10 the 5.um of the bar}un numbcn afttt lhc 
in1cnK"UOn. lhr)"OnS (particles contammg three 
quarb) arc usigncd-t-1 , anhbar)"OnS arc 21siincrl 
-1 2nd aU olhcrparticlcs arc ass.igncd 0. 

beamllne A pathW3)' in which lhc pho1on belm 
gcncntcd in a S)-nchrotron lr.l\-Cls from the 
stonagc nng 10 an experiment room or- end , .. _ 

beta pa.rtlck An dearon or positron e,cacd 
from the nucleus of a radaoacu,-c nudidc. 

bias A fonn of systcnutic error rnulung from 
lhc rcsearchtt's pcnon2I prdcrmccs or 
lllO(l\':IUOns. 

b l1 bang theor y Th(- leading modd for how the 
unh-crsc: was created. h dcsa-ibcs the uni,·crw
starttng in a high-density st:lte and then 
expanding. 

bindinc enerr;y Enc-rg)• ttqwnd to split a 
nucleus uno its scp:antc nucleons. 

black body A bbct bod)' docs not rcflcct tn)" 

rada:aoon. h docs no1 n«'CSJ.U"il)' hu·c to be 
bbck; for tnS12nct", lhc Sun C211 be modelled U 
• black bod)'-

black dwarf A black dwarf star 1s a \\hite dwuf 
star 1h31 has cooled such that ii no longer emits 
an)' signif»cant heat or- light. 

black hole A rolb~ SW so fflUSl\'t" th:u not 

n-cn bght on escape from its gn,,1auon.al fi.dd. 
bluabil\ The change of fttqucncy dut occun 

m an)' "'"'-c phcn,orncnon u the IOWtt of the 
\\"ll\'CS lllO\U tD\lo-ards lhc obscn."tt. ukc-A--isc~ 
a redshift occurs if lhc SOWtt is m6'mg a wt)' 

from the obstt\tt. 
boot-ter ring Part of a synchrotron "-here tht 

electron c-ncrgy and spttd is furthtt inettascd. 
brush« Dc\'iccs that transfer the current in lhc 

rota ling coil to a St:ltion:lr)' C"Xlttnal circuit b)• 
prcsstng apinst the split ring commutator- m 
lh<u,pnna,. 

C 
cathode In a calhodc ra)' tube, the cathode 

is • f1Jamcn1 which, when htatcd, produtts 

""""''" cathode ray tube A ,-acuum tube in whkh a 
hot cachodc emits a beam of clc<:tron, lha1 pa• 
through a high \"Otuge anode and arc focu.wd or
ddkacd bcfcitt hitting 2 fluorescent sattn. 

centre or mau Point ai which the mus of n 
ob,c<:t tS ronsidcrcd to be conccntrllltcd for- lhc 
purpol,C of anal)-si:ng motion. 

centripetal accder.ati.on Accdcntion dircacd 
tD\lo-ardt 1hr centre- of a cirde whc-n an ot>;ca 
lllO\U with constant spttd in a circular path. 

ce.ntripe1al force The fora: that causes an obi«t 
to travel in a circular path; this can include 
gra,il)', tension. nomul force and fricoon. 

chain reaction A series of nudcar fissions that 
ma)' be rontroUcd or- uncontrolkd. 

charge A.propcrt)'olm:10ttd\alC'aUIC$demic 
dfcas. Pn:llons ha\~ po&m\'C ~ . dcC1mns 
hl,-c nc:g;atn~ dwge :and ncub'OnS ha\~ no durgc. 



classical physics The physks of G.tliko and 
Newton, in which the addition of \"clocities has 
no limit, and length and time att constant. 

coherent \Va\n th:1.1 are- in phasc, i.e. at the same 
s1agc a1 the samc 1ime. 

collinear Lring on the same sir.light line. 
colour charge A property of quads that is 

rcl:ned 10 how the)' bond togNhtt. (Note, this 
is not «:lated 10 the normal interpre-1ation of 
colour.) 

component A v«tor that makes up 01}(' part of a 
1"'-o-dimensK>nal ,ttior. 

commutator The rotating cylindrical copper 
segments in an ekaric motor that carry the 
~ Mlf'Tt"nl fmm ,tw- hn1<;ht-<t In rho- mil~ in 
the armature-, which att in the best position for 
maximum torque. 

cond uctor A material, us~ • metal, through which 
~ rTIO\-C,- frttly. The dectrons in ronducton 
arc ON)• ''ttJ' slightly auracttd 10 thcir rtspcctfre 
nuclei and can therdorc IllO\-e C2Sily from one 
atom to another- throughout the material. 

conscn1ed \Vhcn a quantity that exists before an 
interaction is exact!)' equal to the quanti1y that 
exists after the intcr.Ktion. 

coru1Cn.-ation law A conStt\-ation 13.w describes 
a condition that a measur.ablc property mus1 
remain unchanged. 

constructive interference The process in 
which two or more- "'-a,·es of the same frequency 
combine to rcinfor« each other. The amplituc:k 
of the resulting "'-a,·e is equal 10 the sum of the 
amplitudes of the superimposed wa\"t'S. 

contact force Forces tha1 exist whcn one ob;ec1 
or ma1crial is 1ooching anotMr. Friction, drag 
and normal reaction forces att contact forccs 

continuous variable A ,·ariablc that can ha,'C 
an)' number \'3lue within a gi\'~n range. 

controlled variable A ,-ariablc whi<:h is kept 
constant in orc:kr to reliably find the effcct of 
changing 1he dependent ,-ariablc. 

conve.ntional current Basic.illy the same as 
electric current. Com-cntional current is in the 
opposite direction 10 electron floo•. 

coulomb The SI unit of charge; I C is equi\-alcnt 
to the combined cha.~ of6.2 x 1011 protons. 

credible If a source is credible ii will ha,'C rcliabk 
rcsullS whic h att unbiased. 

CrHt The highest part or point of maximum 
ampli1uc:k of a tranS\"CT"SC "-a\·e. 

cross wind A wind that blows across the 
direction of motion. 

current The net How of dectric ch:uge. 
Current is measured in amperes (A), where 
I A"' I c s-1

• By con\-cntion, dcctric curttnt is 
assumed 10 H°"'' from positi,'C to negative. 

C)'clOU"On A particle accderamr de,.icc that 
accckra1es panides oorn-ard from the caurc of 
thcir tra~ory along a spiral palh. 

D 
data analysis The processes used 10 find tttnds 

and gain mcaning from measurcmen1S or 
obscn-ations colkcted during an in\"cstiga1ion. 

daughter nucleus A nudcus on the product 
side of a nuckar equation that resullS when a 
nucleus un<krgocs fission or radioacti,-e d«-2y. 

de Broglie wa,·e.length Wavelength usocia1ed 
"'ith a partide due to it motion. 

decay series A scqucncc of rndioocti,·e cka)'S 

that resul1S in the formation of a siable iSotopc. 
dependent variable The ,-ariable which is to be 

measured. 

design speed Relating to :1 baru:cd track. 
the speed :11 which :t \~hick experiences no 
sidewars force as it tra.,·ds around a lnlCk.. It is 
dq,cnc:knt on angk. 

destructh-e. interference 1"bc process in which 
two or mott wa,'CS of the same frequency combine 
10 caned each otho- OUL The amplitude of the 
resulting wa,~ is <"qlJ2l 10 the diffttenee between 
the amplitudes of the superimposed "':l\'C\. 

diffraction A de-,,iation in the direction of a wa\~ 
at the edge of an obsiack or through a gap in 
its path. 

diffraction pattern The pattern of dart and 
light bands thar is S('('n when ligh1 passcs 
through a single small g.ip. Areas of consuucti,~ 
in1crfcrcnce appear as bright bands :tnd aTC2S of 
dcsuucti,~ in1crfcrcncc appear as dark bands. 

dimension Spoc-e can be considered 10 consist 
of thrtt kngth dimensions. These length 
dimensions arc arranged at dcgrccs 10 each 
other \\ith their point of intttseetion being the 
origin. The position of an ob;cct can be defined 
in relation to ilS position ~g each of the three 
dimensions. T )-pic-ally, lhcsc thrtt dimensK>ns att 

labckd x, y and z. Ho"~~r. up-down, kft-right 
and backward-forn-ard :ire also appropriate. 

dimensional analysis Using the WlilS in a graph oc 
formula 10 chcdc. th3r. the deri\'cd t('fflt is concct. 

dipole T"-o dcctric charges or magnetic poles 
that ha,~ equal magni1udcs bu1 opposite signs, 
usually separated b)' a small distance. 

direct current A continuous electric cucttnl that 
ftO\\"S in one dirc-ction only, withom subsiantial 
variation in magnitude. Batteries are a source of 
direct currcnL Abbm•iated to DC. 

di.ttetion eon,-ention.s Direction con,·cntions 
arc standardised S)"SlCms for describing the 
direction in which an object is u-a,·elling. 
The usc of ordinal poinlS of a compass (N, 
S, E and \V) is an example of a dircc-tion 
con\'ention. 

ducharge tube A rube of gas where ionisation 
ocrurs due 10 1he p~n« of an electric fidd. 
This causes the gas to emit ligh1 at a particular 
frequmc)'. 

discrete variable A ,-ariabk that can h:i.,'C only 
cttiain ,-alu es. r"Or CX3mplc, the number of 
indi,iduals in a population can only~ whole 
numbers. 

di.spenion The process or light spliuing into 
its component colCM.Jrs to create a spectrum Or 

rainbow 
displacement The change in position of an 

object in a gi\~n dirc-ction. Displacement is :t 
\'tttor quantity. 

distance travelled How far an ob~ tnl\'els 
during a particular motion or ~me,•. Disiancc 
IS :l scalar ,-alue. D1rc-cuon IS not required 
when expressing magnitude. h is measured in 
mctres(m) 

Doppler effect A change in the obs.er,'Cd 
frequency of a ,,-a,~, such as sound Or light, 
that occurs when the source and obs.er,'Cr att in 
motion rclati\'C 10 each other. 

driving frequency The rrequency tha1 an ob;ect 
is exposed 10.. \Vhcn the dri,ing frequetK:)' 
equals the resonant frequcnc)', rcsonancc ocrurs 
in the ob;«t. 

E 
effecti,-e resistance The total resistance of a 

circuit. 
cla.slic poten tial energy Stored energy in a 

stretched or compre-sscd material, mcasurcd in 
joob(J). 

electric circuit A continuous conducting loop 
connected to an energy source that allU\\"S 
d«tric currtnt to "°"'"· 

electric field A region around a charged particle 
in which a foroc is ex:tt1ed on olhc-r clurgcd 
partidcs or objects. 

electric field strength A measure of the f<>rtt 
per unit charge on a charg«I ob;«,: wi!hin 
an dcctric field, ,...;rn the uni IS N C-1

. 1-icld 
strength can also be a measure of the diffettncc 
in dectrical po1en1ial per uni, distance, with the 
unilSVm- 1. 

electrical potential POlential energy due to the 
conccnu-ation of charge in part of an dcctric 
circuit. 

electricity A form of energ)' resulting from 
the cxistmcc o f charged particles (elt-etrons 
or protons). Electricity is fuelled b)' the 
attraction of particles with opposite charges 
and the repulsion of particles ,...;th tht- same 
charge. 

e lectromagnet A magnel consisting of an 
iron or uccl core wound "'ith a coil of ,...;re, 
through which a current is passed. The core 
onl)' be-comes magnetised when current is 
HO\\·ing. 

electromagnetic induction The creation of an 
dcctrk current, or an emf, in a loop of wire as 
the result of changing the ma:gnct.ic flux through 
the loop. 

electromagnetic radiation Enttg)' emitted in 
continuous \\"3\"n \\ilh two trans,'t"rsc, mu1ually 
perpendicular components: a ,-arying magnetic 
field and a \"':lr)ing ck-ctric field. 

electromagnetic .spectrum The entire range 
of ekctromagnctic Ddiation. At one end of 
the sp«:1.rum 3T(' g.imm.a r.1rs, which ha,~ the 
shortest wa\·elcngths and high frequencies. At 
the other end arc radio wa,·es, which tm~ the 
longest wa\'dcngths :lnd low frequencies. Visible 
light is near the centre of the spectrum. 

electron A ncgati,·cly cha~d particle in the 
CM.Jter rtgK>f'I of an aiom; it can mO\·e from 
Oil<' ob~ to another, creating an electrostatic 
charge. \Vhen electrons mo,'C in :t conductor, 
they constiture an elcctric current. 

electron flow The net 110\\' of electrons. 
Although electric cucttnt is assumed to floo• 
from the positi,·c terminal 10 the ncgao\-e 
rerminal, el«trons physicaUy mo,~ rrom the 
neg:iiti\'C terminal to the positi\'~ l('ffltinal. 

electron gun Uses a heated cathode 10 produce 
an dccuon beam and a series of charged plat('$ 
10 :teeclcra1c the beam. 

electron,'Olt Amount of energy equal 10 the 
cha~ of 2n dcaron mulliplicd b)' I ,-ot1, 
i.e. leV: l.6x Hr 19x I= l.6x 10-"J.An 
altcma1i,·c to 1hc· i,:,ulc a~ a uni1 h, whKh 10 
measure energy. 

electrostatic force The force bctwttn 
dectricall)' charged par ticks or ob;ccts due to 
thcir charge; repulsion bcruttn like clurgcs and 
attraction bctwttn unlikt charges. 

elementary charge The charge carried by a 
single proton, 1.602 x 1cr19c. 

emf The clcctromotiv~ force (known as the cml) 
is a source of cntt&)' that can cause a current to 
How in an electrical circuit or c:k\'ice 

emission spectrum Sp«:trum of coloottd 
lines in the positions of the \\"3\'Ckngdw of light 
emitted when a gas is heated or has 2n ekctric 
current passed through it. This is relat«t to the 
absorption spectrum of the gas. 

emit Energy in the form of heat, light, Ddio 
\\'3\'('$ ctc . radiated from a source. 
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energy le\ffl The orbital kwls in which 
electrons orbiting lhe nuclt'US of an a1om can 
ttmainstahle 

equilibri11D1 Equilibrium exislS when lhe ,·ector 
sum of all forces acting on an object resul1s in a 
zero nN force acting on the object. 

escape \ 'elocity The velocit)' ttquittd for an 
object 10 esc3pe a gr.uitational field. 

excited 1tate Higher enttg)' state of an a1om 
aho\'e the ground state (n > 1). 

F 
Faraday's law Law stating that lhe a,·erage emf 

genera1ed in a coil is proportional 10 lhe rate 
of change of magne1ic flux and !he number of 
turns in !he coil. 

fermion A fermion can be an elementary 
particle, such as those lha1 make up atoms, e.g. 
quarks :1nd electrons, o,- it can be :1 composite 
particle, such as protons and neutrons. Bosons 
are particles tha1 arc no1 fennions. According to 
the spin-5l:lti5lics lheorem, panides \\ith integer 
spin are bosons, while particles \\ilh half-integer 
spin are fermions 

field A regK>n of space- where ob;eas experience
a force due 10 a physical property related 10 lhe 
fidd. 

field lines A two -dimensional graphic 
represen1a1ion of :1 field, using arrows 10 
indicate the direction of lhe field. The dOStt 
the field lines, the stronger the fiekl. 

fission \Vhen :1 nucleus splilS in10 two o r more 
pieces, usuall)' :1fter homhardmen1 h)' neutrons. 

fission fragmen ts Nuclides foe-med during 
nuclear fission; !hes(' are usuall)' radioocti,'e. 

force A ,·ector quantity which measures the 
magnitude and dirt'Ction of a pull or push. 
Force i! measured in newtons (N). 

force arm The perpendiculac distanc.T be1wttn the 
axisofrot:nion and the line of action of the f01tt. 

frame of reference A coordina1e S)-Slem that is 
usually fixed to a ph)-sical srstem Iha, contains 
an object and/or an ohser,n. There can be 
frames of rcfettfl,tt-wilhin othtt frames of 
refett.nce. 

freefall 11\e mOlion of a falling bod)' under 
the effect of gT3\'i1y only. No air resistance- Of" 

propulsiv~ fOttCS att acting. 

freq uency The number of vihnltions (or cydes) 
that are completed per second or the number 
of complNe w:1,"t$ that pass a gi,·en point per 
second, measured in hertz (Hz). 

friction A force tha1 re-sislS the direction of 
motion. 

fusion A process taking place inside st:lr"S in 
whic-h ~m::111 nud.-i !IN" fnrn"rl fnet"lhM- In m11kt
larger nuclei_ Energy is released in the process. 

G 
gamma ray H igh<ncrgy clectromagnctic 

radiation ejected from lhe nucleus of a 
rndio:icth"e nuclide. 

gauge boson G:1uge bosons are fofCC'-C2rrier 
particles whkh, :ICCOrding to lhe Standard 
M.odel of particle physics, mediate lhe four 
fundament:11 forca. 

Geiger counter A dcvitt for measuring 
radioacti\"e emission!. 

generator An dectrial de\'ice lha1 con,n,s 
kine-lie energy in10 direct curmu (DC} 
clecuicity. Uwally, a coil is roc.a.ted causing i1 10 
cut across a magnetic fidd. 
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geostationary satellite Satellite tha1 remains 
in orbit aho\·e the same pl:lce on the Earlh's 
surf.:llce. It has lhe same period as lhe EMth's 
roe.a.lion, i.e. 24 hours.. Only occurs :11 an 
altirude of 36000km aho\"e the Ea.nh. 

giant A \"Cf}' large, brigh1 non•main ~uence 
star. Supcrgi:u11S are the \'er)' l:lrgest st.a", being 
lhousandJ of times brighter than the Sun bu1 
\\i lh a much shorter lifetime due to the fa5ler 
ra1e of fusion. 

gluon Gloons are elementary panicles tha1 
act as exchange particles for the suong 
nuclear force betwttn quarts, similar to lhe 
exchange of phOlons in the electromagnetic 
force between 1wo charged panides. Gluons 
lhemseh"t$ carry the colour char-gt- or tM strong 
interaction. Gloons can be considered to be 
the fundamen1a1 exchange particle underl)ing 
the strong in1ttaction bem'tt:ll protons and 
neutrons in .a nucleus.. 

gravimeter &nsiti,-e- insuumen1 used by 
geologists 10 detect small ,-:uiations in 
gra,itational field stttngth 

~:::~~ ~~~':;1;'z ~ -~ni\"ersal constant of 

gravitational field The ~n around an 
object where other obj,ea.s will experic-ntt .a 
gra,itational force 

gravitational field strength The strength of 
gra,i1y, usuall)" me:1sured :11 the surf:1ce of a 
planet. Equiva1en1 to the accrleration due 10 

~~'1i{ Measured in newtons per kilogram 

gravitational force 11\e force of atll:ICtion 
acting bet\\"ttn two objects !hat ha,·e mass 

gravitational potential energy The entrg)' 

tha1 a body poss«scs due to its position in 
a gra,itational field. A scalar quantity that is 
measured in ~!es m. 

ground s tate Lowes, energ)' stale of an :uom 
(n: 1) . 

H 
hadron A composite panicle tha1 com:lins quarks 

held together- by lhe strong force. H adrons are 
sub<li\>i.ded into 1wo families: har)'ons (e.g. lhe 
prolon and neuuon) and mesons (1he pion 
and kaon). 

half-life The time t.aRn for half of the nudei of a 
radioacth"e isotope 10 dec:1)'. 

hard X-rays H igh<nerg)' X-ra)-S "ith a 
w:nTlenglh less than 0.1 run and energy nlucs 
greater ihan IOkeV.The)' ha,"e high penetn.ting 
capacity and fttquenc)'. The)• are common!)• 
used for radiation lher:IP)• pllrJ)OS(:$. 

heat utchanger Part of a nuclear reactor where 
heat drawn from the reactor co.-c is used to ium 
water into 5le.am. 

heavy water Water tha1 has a higher than normal 
proportion o f water molecules !hat contain 
dt'Uterium 

H eisenberg's uncertainty principle Concept 
!hat a n)' measurement of a S)-Stem creates 
a disturbance of the system \\ilh .a re-sulting 
uncertainty in 1he meaisurement. 

Hert2.sprung- Russell (H- R) diagram A 
plot of the luminosit)' of stars against surface 
1empernmre that classifies stars h)• 1)-pes. 

Higgs boson Ek-menia.r)' particle diSCO'\'ered in 
2012 at CER.~ !hat essentially gi,"t$ mass to all 
elementary particle!. 

Hubble constant 11\e unit of measurement used 
in Hubble's law, which describes 1he expansK>n 
of the universe. It has .a ,'alue of .around 
70kms· 1 Mpc- 1 

Hubble's law A law created h)· Ed,,in Hubble 
lh:11 states lh:11 the r.ue a1 which as1ronomical 
obj,ects in the uni,·erse ITIO\'e apart from each 
other is proponional 10 their dist.ance from 
each other. 

hydrosta tic equilibri11D1 For lhe majori1y cL 
the life ofa s1ar, lhe gra,•itationa.l fortt from 
the mass of the star is in balance wilh 1he ps 
pressure due to energy gn,eration in the core 
of the star.11\e star is 'hydrostatic equilibrium' 
during this phase of ilS life. 

hypothesis A prop0$ed explanation for an 
obsen:ed phenomenon. 

ideal tran.Sformer \Vhere the input pcmn and 
the output p<MTr are equal and the rransformer 
is 100% efficieru. Real uansformers obtain close 
1olhd,-atue. 

incandescent Emission of light due to \"CJ)' high 
1empcnirure. 

independent variable A ,-a.riable that is ,-a.ried 
during llll experiment to test the effect on a 
dependent ,-ariable. 

induce d current Ekctric curren1 produced 
h)• changing a magnetic flux in lhe region of 
a conductoc or h)· mo,,ing the conductor in a 
magnetic fidd. 

inertia A propert)' of :In object, related to its 
mass, that opposes changes in motion. 

inertial frame of reference A frame of 
reference tha1 is either mo,,ing \\iLh a consun1 
,~locil)' or is stationary. II is not aettlerating. 

infla tion Pcriodoftimeinthecarl)•uni,ttSethat 
lasled I o-U seconds where the size of the unil'ttK 
expanded 1oaround 10 50 timesitsoriginalsize. 

inquiry q ue stion A question that defines lhc 
fOC1..1! of an in\'~tigation. 

Wulator A material Of" an object th.al dOC'! nol 

easily :lllo\\• heat, dcctrici1y, ligh1 or sound 10 
pass tluough it. Air,dolh and rubber are good 
dectrical insulators; feathers and wool are good 
thermal insula1or-s. 

inte ns ity A measure of 1he entrg)' tr.U\Smitted h)• 
3 wave or radiation. 

intrinsic b r ightness The actua1 brightness 
of a star, regardless o f the distance- from lhe 
observer. 

i.nterfettnce The variation of \\'lll\'e amplitude 
tha1 form! when two or more \\'3\"C'S of the same 
or different fttquencies come togcther. llie 
amplitude of the resulting wa\"e will be either 
larger or ! maller than lhe amplitude of lhe 
indi,·i<lual w:1,·es, depending on whether or oot 

their peaks and lrOUghs ma1eh up. If the peW 
and troughs match up, !his is called construc-th'e 
interference. If the peaks and troughs of the 
indi,•i<lual wa,·es do not ma1ch up, he re-sulung 
amplitude is smaller. This interference is ca.led 
des1n1cth"e interfettnce. 

International Syste m of Units 11\e most 
commonly used !)'Siem of measurement, 
including, for example, lhe metre, kilogram and 
Newton. Thes(" are known as SI units. 

in\•erse square law A physial law in which 
some quantity (e.g. gra,it.ational force-) is 
in,"enel)' prop<>,'tiona1 to distance squared; ror 
example: F, ... -!,--

ion An atom lha1 has gained or lost electrons 10 
become positi,·d)• or negati,·d y charged. 

ionised To n.-mo\"e Of" add an ekctron from an 
a1om, after which it becomes posi1h"el)' or 
negath'ci)' charged respccti,"el)'. 



ionising radiation Radiation with enough 
energy to alter 1M moleru.13.r struetutt of matter 
b)' displacing one or more electrons from an 
atom and 1hus ettating clccrricall)' ch:ugro ions. 

isolated system Si1Uation where lhet-e should 
onl)• be intc-mal forces acting betwem thc
obj«u and no inmaction "ith obj«u outsidc
thc- S)'Sl<'rll. 

isoto pe Atoms with the same number of pro1ons 
but "ith diffc-n-nt numben; of nc-utrons. 

K 
kd vin An absolute t<'rllpc-ratutt scalc- based on 

the triple point ofw:uer. 
kine tic en ergy Thc- enttgy of a lt'IO\i.ng body; 

measured in joules. Kinc-tic cnerg)' tS a scalar 
quantity. 

L 
Large H a dron Collider The world's largest and 

tn0$I pow~rl"ul ~le accdcr.uor, located 21 
CER..~ labor.uori<'s near Ge-n<'\11, Switzmand. 
It is a 27 km high!)' e,-:acuated rube in which 
panicks are accelerated to 99.999999% of 1M 
spttd of light. They are hdd in place in the ring 
h)· 2 huge array of suptteonducting magnc-U 

"ith a numbtt of accelerating SU'UCfllrcs to 
boost thc- c-nergy of the particles along thc- "11y. 

lasc:r Source of a narrow beam of intc-nS<', 
monochromatic, polarisc-d, coherent radiation. 

le n gth contTaetion Length in a n'IO\ing frame 
of rcfettnce appears shoner when ,ic-wed by a 
stationar)' obser,·tt. 

Lcnz's law A law stating that the direction ofthc
induced current in a conductor is such that its 
associated magnetic fkld oppos,es the change- in 
flux that caused it. 

lepton U'ptons are the six fundammtal panido 
of the Standard 1\iodcl tha1 do not expcr-imce 
thc- strong nuclear force. Exampks are the 
cltttron, the moon and neutrinos. llle charged 
leptons c-xpc-ric-ncc- thC' dectromagnctic force, 
but the neuu-al neuuinos do no1. 

ligh t -crnining diode (LED) Semiconductor 
diode that USC$ the excitation of decuons 10 
nnil light. 

linac Ahbre,-iation for 'linear attelerator'. Thc-se 
are subatomic panidc- acceler.uor d<'\ices that 
are used to genc-r.l.le beams of high~nttgy 
X-l"lll)'S 10 be used in rndialion therap)' for 
ancc-r treaunent. 

line o f action of the force Thc- linc- along which 
a fora.- is acting. The !inc- of action c-xtends 
fo1wards and bock"11rds from the fo,-ce \ttlor. 

linear accele rator l)'J)C of partick accclera1or in 
whlch parltdo are accelerated Ill a Slr.llght llll<'. 

literatu re review A summary of curren1 
pubtishcd knowledge in a particular area. 

longitudinal Extending in thc- direction of thc
kngth of something; running lc-ngth"ise, i.e . a 
W:1\-C ,ibrntion ua,-cb along the S3.m(- direction 
asthc-wa,-c. 

Lorent:% factor y • TI 
\o - 7 

Lorentt force The for-cc- c-xpttiolccd by a point 
charge lt'IO\i.ng along a wire tha1 is in a magnetic 
field; thC' force is at righ1 angles 10 both thC' 
current and thc- magnetic field. Namc-d fm thc
Du1ch ph)-stcist who shared a 1902 Nobel Prizc
fOf researching the influc-ncc- of mag:n<'1ism on 
rndiation. 

lumino sity The absolmc- brigh1nc-ss of a srar 
measured in waus oftOlal c-nergy output 

M 
magnetic Of or ttlating 10 magnetism or lllagJlltl$.. 

Ha,mg the proptttics of a magntl. Capable of 
being magntlised or attrnctc-d b)' a magnet. 

magne tic field A magn<'tic field tS an a~ 
influenced by a magnet or something "ith thC' 
proptttic-sofamagJl('t. 

magne tic flux The su-mgth of a field in a gh-en 
area expressed as the product of 1M area and 
the component of the field strength at right 
angles to the area (i.c-. (l): RA). 

magne tic flux d ensity Amount of magnc-tic 
flux ptt unit are:11. In other words, ii describes 
'the-cloS<'~ of magnetic field lines'. &um- as 
magnetic field slttnglh. 

magnetism 1\lagnc-tism is a ph)'Sical phenomenon 
caUS<'d h)· magnets that results in a field that 
auraru or repc-ls Olhc-r magnetic materials.. 

magnitude The siu or c-x1c-n1 of something. In 
physics, this tS usuall)' a quantitati\"~ measure 
c-xpr«sed as a numbtt of a siuidard uni1. 

m.ain s equence A group of stars l)ing on a I~ 
ruMing from the iop left 10 the bouom right of 
the Herwprung--Russdl diagram. 

mass d e fect The differcncc- bC'twem 1M mass 
of an atom and dte indi,idual masses of its 
constituen1 parts, i.c-. pro1ons, neu1rons and 
c-ltttrons. This is cquh-aknt to the binding 
enc-rg)' of the atom. Th.is c-nttgy difftte~ 
is hamc-ssed during fusion reactions and tS 
cakula1ed using Einsicin's equation, E = ml. 

mass number The number of nucleons (pro1ons 
and neutrons) in a nucleus. 

m ean Equal 10 1he 3\-crnge of a SCl of data. 
m echanical energy The cnttg)' tha1 a body 

posscsSC'$ duc- to its position or motion. ~tic 
enCT&)', gr.idtational energy and elastic poientia.l 
<'n<'rg)' 2re all forms of mechanical cnerg:y. 

m echanical wa, 'C A ~hanical wa\'e is a wa,-c 
that propagates as an oscillation of matttt and 
thtteforc uansfen <'nttgl' through a medium. 

m edian The middle numbtt for a set of data. 

medium A phrsical substantt, such as air or "111tt, 
through which a nxchanical. wa,-c is propagated.. 

meson Mesons are unstable suba1omic pa.nicks 
composed of one quark 3.nd one antiquark. 
They are in the hadron family-------p2Ctido 
madc- of quarks. Bar)"ons----subatomic particles 
composed of trutt quarb---are also part of the 
hadron famil)'. 

m etal M.a1c-rial. in which somc-of the dtttrons are 
oni)' loose!)' attracted to their atomic nuclei. 

m etal "\'8pour lamp Lamp that cont:lins a low
pressu~ gas that becom<'s c-xcited and nnits 
phoions "ith thc- cokmr characteristic of thc
clc-ment in thC' gas. c-.g. sodium \":Jpottt lamp. 

mistake An error which can be a,-oMkd. 
mnem onic A mJl('monic de,.ice is an)' learning 

t<'Chnique that aids information retc-ntion. 
Mnemonics aim to trnnsbtc- information into 
a form 1h21 the brain can retain beuer- than its 
original fonn. fa-en thc- procc-ss of IC'aming 
this con,-ersion might aid in the lr.lllSfc-r of 
information 10 long-1c-nn m<'rllory. 

mode A ,-alue tha1 appc-ars the ITI0$1 amount of 
times within a da1a siet 

model Representations of strueturcs or 
processes, such as phrsical models Of" digital 
modt".k, that are used 10 create' and IC'SI theories 
and c-xplain concq,ts. 

momen tum M omentum, p, is thc- product of 
an ob;ec:1's mass, m, and its ,-clocit)", v. O biccu 
"ith largtt momen1um require a larger force 10 
stop them in thC' samc- timc- that an object "ith 
smaller momcnrum lakes 10 stop. 

m o n ochnun.atic Ligh1 of a single colour, e.g. 
redligh1. 

m o nopole A single mass or point c-ltttric charge-. 
A mass is considered to be a monopok at its 
centre of mass. ,\iagnttic polo only exist, 2S far 
u wc- CW'T<'111l)• kilo\\•, as dipoles. 

N 
natural :latc llite A bod)' such 2S the Moon or 

a planet (not made b)' humans) tha1 is in orbi1 
around anothtt bod)'-

n ebula An in1c-rstdlar cloud in ou1tt sp:itt 
composed of dust and gasso.. The Latin word 
for cloud is nc-bula 

n el e barge \Vhen lhe number of positi\~ and 
nc-gati,-c charges in an obi<'<:t is llOl bahnced. 

n et force Thc- sum of all forces acting o n an 
obj('ct. 

n eutral Carrying no net d<'Clric chargc-; a 
situation in which positi,-c and negati,-e- ch:uges 
arc balanttd. 

neutrino An almost masskss neuu-al partidc
rclosc-d. during somc- nuclear ~ctions. 

n eu tron An uncharged subaromic panidc-. 
n eu tron bombardment A ph)-sical process b)• 

which a stable-atomic nuclc-us tS bomblrded 
\\ith high-spttd ions or neutrons inside a 
nuclear reactor. As a result, the atomk structure 
of the original nucleus changes and it bc-comes 
a diffc-n-n.1 c-lement. 

n eutron star Thc- remnant of :t supcmO\-:a, 
consisting entircl)' of neutrons. 

n ewton The SI uni1 for forcer.,,.'). 

Newton 's first law An ob;«t will maintain a 
constant ,-c&ocity unless an unbalanced, c-xte-mal 
force3.ctsonit. 

Newl'On 's law of uni\'Crsal gravit:atio• Law 
tha1 states tha1 the anracth-e gr.i,itational forcc
be1we-cn 1"'0 ma5SC'$ is directly proporrional 
10 1M product of their masses and invttscl)' 
proportional 10 the square of thc- distance 

New1·o n 's second law r-orce is equal 10 the ratc
of change of momen1um. This can be processed 
mathematically to: thc- accc-ltta.tion of :m obtc-ct 
is direct!)' proportional 10 thc- forcc- on the 
object and im-cndy proportional 10 the mass o f 
the ob;ect. 

Newton 's third law r-or e--.·er)' .action (force), 
thtte tS an equal and opposi1c- ~ction (force). 

nominal varia ble A ca1egorical \'ariabk- in which 
there- is no inh<'rent order. Nominal ,-ariablc-s 

can be coontcd but llOI ordtted 

non-contact force A force 2pplied to an obtect 
h)· anolMr bod)' "ithout an)' direct contaeL 

non-ionising radiation Radiation that does 
nOl ha\-C enough mcrgy to bttak the molecular 
bonds uithin molecules and 10 alter~ nwnbtt 
of electrons in an a1om. Lowcr forms of enttg)' 

in the decuom.agnetk sptttrum such as radio 
\\11\"0, mia-owa,-cs, ,•isible lighr and UVA 
rndiation are non-ionising. 

normal reaction force Forc-c- "ith which a 
surface pushes back on an objtt-1, at right angks 
ro the surfacc-. Saffi<' magnitude a s thC' apparent 
wright of an ob~. Srmbol fis or N, 11lC"3Sured 
in newtons. 

nuclear fiss io n r ea ctor A d<'\<itt builr to conuol 
and harness thC' energy from nuclear fission 
~ons. Nuclear powtt stations are Oll<' type
of nud~ reactor; othtt USC$ include ntedical, 
industrial, we-apons and research purposes. 
Ausual.ia has one nuclear ttactor (OPAL) at 
Lucas 1-kights in Sydnc)'. 

n u clear transmutation The changing of one 
clement into another. 
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nudeon A panidc looted an the nudros of an 
•tom. 

nucleosyntheds Proceu of fusion that results in 
lhc formation of the nucld of heavier t"lcmmts. 

nucleut1 1nt' ttntr.1I part of an a1om. 
nuclide Th<" r2.nge of atomic nuck-i u.sorincd 

wuh • particular atom, ""ii.ch tS ddinrd by its 
•tomk numbtt, and the \-an0U$ lSOlOJlCS of that 
•tom as idmtificd b)· tht'-mus nwnbtt. 

0 
ohm.Jc Bcha,i.ng according to Ohm's l2w; 

rcsaSlanc:t" of the nuterW tS constant ~css 
of1hc applied potential d1ffcrtntt. 

orbit ·~ circular p:ath an object takes around a 
«:ntr.il bod)'; for- eJWnpk, the s:uclli1c motion 
o{ 1hc moon around the t"arth or- 1hc p:ath an 
dcctron mts around • nucleus in Rutherford's 
atonuc modd. 

orbital Unlike the otbats of dtttrons pr-cdictcd b)• 
Rutherford and Bohc, an ortmal as the complex, 
lhrtt--dimmsion ttpOn o{ spaoc th21 an 
dCCtrOn occupies. The orbit.al IS rq>tt$Cntcd b)• 
a \\1'\"C function. 

ordinal variable A categorical ,•ariablc in which 
thcrt is an inhettnt or-dcr-. Ordinal ,-ar-iabks can 
be coun1cd 2S well as ordered. 

outlier A ,·2.hx- tha1 tics ouwdc- the nwn group 
of cbl:l of which i1 is a part. 

O\Tr tone An)• of the hightt4c1."d twmonics, 
CXC'tpl for the fundamental frequency. 

p 
p air pmductioo The ert:1tion of a pa.nick and 

its an1ipartide. This is commonl)• the inuh of 
two photons in1tt:Kti.ng or a photon in1cr.icting 
.,.,,th an :11tomic nucleus. 

paradox A litwuion that a~an to ha,~ 
contndictOI)' dcmmu. 

para1.laJl mm.-ement 11'c app:attnt m0\"Cffl01t of 
the cloitt st:11n rd.am~ to the bact.ground sun 
y, tuch ,s :IICt\l.lll)• d1.X' to the mot,on of 1M Earth 
•round W Sun. 

parent nucleus A nucleus on lhc rt2ctan1 sick 
o f a nudC:IIT «(Uation th:n ""'hc:n struck by a 
nculffln undergoes fission or sampl)' deays b)· 

"""""= parsec The distanec to a stat' that hat a p:anlbx 
aqgk of one- arcsttOl'ld; equal to 206265 AU. 

partlck acceluator A madunc dw can 
a«dcratc-achsrgrd paruck- (proton.da:tron) or
an :11tomic nudctn to \'CJ)'high spttds,incWing 
spttds that approach the speed of bghL 

particle radiation Refers to a form of cnttgy 
that is gil'cn off by atoms, in the for-m of small, 
11.i&lt-<eoeigy i.ubatomk. p;u 1kla., tlKh a~ alpha 
particles. be1:11 particles and pos.itrons. 

path difference The ddkrtntt in lhe lengths 
o{ the paths from each sbt to the Kttffl in• 
doublc--sfu ell:pcrimenL 

pcnctratina ability A mcflW'C ofOO\\• easily 
~i2,tion passes through rNUCf. 

pcrc:entase uncertainty 11'c: absotute 
unccnaint)' dil'idcd h)• the measurement, 
t"XprttSed as a percentage. 

perigee The c:losest point in an clliptic21 orbi1 
bel\\ttn a «:ntnl m:ns and an orbiting body. 

perihelion The point in an clhptiol orbit that is 
closcsttoWSun. 

period The time intcl','111 tilin to complete one 
C)~ of• rcgulart)• rr-pc:alll'I& phcnamcnon, 
such as a routing ob;cc1 or an a IOUndwa,-c. The 
SI unit for- period is seconds (I). 
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pc.non.al prolecth-e equipmen1 
(PPE) Clothing that showd be worn to 
minuru~ risk in an in,ntigaoon. Wmpks 
include e)T goggles or a labontory coa1. 

penua.slon A st)-k of writing which aims to 
persuade the audience-. Scientific rtports arc 
~ntta.lly written in an obpcct.1,~ St)'lic and a,'Oid 
usana: persuasion. 

phenomenon A fact"' hida IS described 
socnllbly. 

photocurTCnt Current auKd h)' the ~· of 
photod«troru: during the photodc-ctnc df'cct. 

pbotoe:lutric effect Spont.ancOUs rmission 
of dcctrons from a metal surfa« Y.hcn i1 is 
illuminated h)• light of P3rlicular frcquenctCS 
and energies.. 

p ho1oelectr0n An dcctron rt:lic:11Kd from an 
a1om d1.X' 10 the photoc-.lettnc df«t. 

p hoton hckct « bundk cl dcctromagnctic 
raduoon (light). 

pbolOfpbcre A thin b.)ff from "'hctt a sw-'s 
\,S1blc light is emitted. 

photo~-oltaie cell A ttD that con,-cru ,isible light 
from the Sun into ditta curTCnt dcetricity. 

pie diagram A rucubr diagr:un di\'idcd into 
KCton, y,,jth each sc-ctor rcpl'dCTiting the ,':llue 
of one K1 of data u a proporoon of the 1oul 

data K'I. 

ph'Ot polnl A point :11bout .... luch an ob,cct an 

""'"'· 
plane wa,-e A oonstan1 frcqutncy \lo'a\~ with 

wal"d'ronts dur att infinite parallel Imes or planes. 
planetary nebula "The usuall)' nng-shapcd 

nd>ula formed h)· an expanding lhcD o f g:11s 
around an agcing star.1bcse art basicall)• 
la)"ttS for-med as a r«UII of the \"llrious SUB" of 
fusion reactions and nuy 1nl'oh~ a considerable 
proportion of the star"s nun . 

polnt cbarsc An Kfcal siruauon m ""hich all of 
the charge on an ob;c<t as consldcml to be 
conttntntcd :11 a single potnL The point size is 
ncgbgibk in rcbtion to W distance bcl\lo'ttll it 
and another point charge. 

polarisation The phenomenon m Y.hich 
tranwcrsc "'11\-CS arc l'C$trictcd in their direction 
of,ibra1ion. 

pole The north-sc-cking nugncuc: pol,c of a 
nUign<"l. The north pole of a frttly suspended 
magnet IS :111uactcd to 1M Eanh'l gcogn.phic 
NOrth Pok (a magncuc south). "The south pole 
as annctcd to the Earth•, gqr:aphlC South Pole 
(a magncuc north). 

position The location of :an obttt:t .,..,th re,spcct to 
• rtfcrt:ntt poinL Position 1s a ,tttor quantity. 

positron The antimatter pair of the dcctr0n. h 
shartt the: same nuss as an dcctron but has 
oppo$,ile properties such 211 ftcctrorn:Jgnffic 
charge- and spin. 

posndate A suggestion that as put forward 
as a fact as• ham for- funhn ducussion or .......... 

potential differaicc The~ in dcaric 
p01CnW1 ~ttn two poinrs an• can:.uit, 
mcasuttd b)' a ,-ob:rnc1erwhcn pbcN acrou :a 
cimJil compc:,nctt. A battery acnes the polO"ltial 
diffcrtncc across :a circuit, which dmu the CUJrCnL 

potential energy Energy th:111 can be considered 
to be ·SIOttd' "''ithin a body dUt" 10 its position, 
rompolition or molccuJ•r arnng-cmen1. 

l)O'ttTr 11'c r2.1e at which wort. as done;• salar
quanury measured in \\'alts (W). 

prccWon The :ability to conmtmtl)' ob.ain the 
sam<" mcasurcmcnt. Th obwn precise results, 
)'OU muSt minimise random errors. 

prilnary source Origin.al sources of data or 
n"ldcnct Cffitt31od pcnoiul!y. 

projtttile Oh;«1 fflO\i.ng freely through the air 
w11hout an cng~ o r power sour« drhing iL 

proper length A mcasurnncnt of k-ngth made 
from 1hc frame of rdertnee: in which the 0QCct 
being measured n swionary. 

proper time A mcasUttmmt of bmc nu<lc "ilh 
a clodt that doesn't fTIO\~ rdat1,~ to the point 21 
\lo luch the Star"l :and t'IMf of tht C\"fflt occurs. 

proton A po5it!\Tly charged subatonuc partidt". 
protottar A coU:apsing cloud of gas that will 

n·cntuall)' become a star. 
puWU' A cdeslial ~ that is thought 10 be the 

rapkly ro«lling neuuon :WU" k:ft after the ~xpk,,sic,n 
fXa giant st:ar. ltcm.ilS rcgubr pubes ofr:k'.fio 
""'ff and Olher dcctromagnctic radution :115 ii. 
m-ol\'d 2,1 r.1111csolup to IOOOpuhcs pcrK'C.'Oad. 

pulH Ashonburst,for-cxampk-,oncwa,~. 
purpose A swonmt describing an dcu.il wtut 

will be unutigatod. 

Q 
qualitatl\-e variable Vari:lbks thal can be 

obscr\'cd but not measured. Examples include 
t)-pn; of animals and brigtuncu. 

qwint.it.ath-e variable Varubk-s thal can be 
mc:uurcd. Enmples ind~ y,--a,'dcngth and 

tcmpenuurc. 
quantum Ptund quanu.. ~ to the quaatUl1l 

model, d«tromagnmc taemuon 1:1 cnunod 
from ob,t'cts asdisctttc pacteucaDcd quantJ.. 
Each quantum has an energy proportional IO its 
frequency according 10 W «1uauon E • Jr/. 

quantum m ecban.lc 11 Alta of modttn partide 
ph)'Sks where the w:a,~ propcrdes of dcctrons 
attlllKhcd. 

quanlum num.Mr A numbct' that dcs(ribcs 
a property o f a particle; for aampk, eharg(: ....... 

qu.ark Quub att six: of w fundamcnul 
parudcs in the uni,vse. They cannot be found 
1ndi,·Kfually and onl)• CX!Sl bound h)' the strong 
force .,.,·uhin hadrons. 

R 
radian The ITIC2SUf'C' of• tTnlr.11 :11ngk 

subtending an arc equal in length 10 the radius; 
I full m-olution is cqw,-alcnt to 2• r.ldl:lDS. 

radiation "The process by wtuch cnctg)' ii 
cm.ucd by one- ob;c<t or S)"ltcm, tnnSmiucd 
through an intcn'ttling medium or spaoc, and 
ab5orhcd b)· another ob,cct or S)"Sl('ll'l. 

radloacti,-e Something that spontaneous!)• ml.its 
radi::uion in the form of alpha par-ticks. bcu 
particles and gamma N.)'S. 

radioisot ope An isolopc of a chemical ekmm1 
that cmilS radioacti,·ity due to its unstablie 
combination of ncurrons and procons in the 
nuckus. 

l"Uldom uror Error-sin measurement that occur 
an an unprtdictabk m:IN'ltt. 

raw data Data which h2S )'Ct to be pr1)tt'Ssnl 

ray Th<" str.aight line path of. Wl\'C, (Also a 
na"°"' be:un of light.) 

ray diagram Ra)• diagrams art ettatcd 10 follow 
the path oflight N.)'S as they intcr.ict .,.,;m e.tlcr 
•mirrororalcns. 

ftdsbin "The dwJ&c' {kM-enng) of frequency that 
oct"\U'S an any \\"a\'C phenomenon as the source 
of the \\.11\U fflO\U N'aY from the obstn"tt 
Likt"v.-isc, a blueshift occun 1f the source is 
m0\'Ul3 tO'lll,--ards w obscn'CI". 



referen ce point A poin1 aboo1 which a routiorul 
equilibrium can be cakulated for an ob;e« 
that is in static equilibrium. This point can be 
anrwhcrc, but is bes1 sclccted 10 caned 1)\(
torque of an unknown force in a problem. 

refractio n Thc bending of lhe dir«:tion of lr.11\'t'I 

of:1 r:i)' of light, sound o.- other W:l\'t' :is ii en1cn 
a medium of differing density. 

reliability The consistency of lhe ltSuhs rccefred 
from an exptriment or collection of data. 
Rdiabk ltSUlts arc also repeatable, meaning 
another scientist performing lhe UJnC anairsis 
will come up ..,.;m lhe same results. 

reputation Dcso-ibcs how somebody is known 
o.- perceh't'd. 

resultant One \·ccto.- lha1 is lhe sum of two o.
tll()tt vcctors. 

rhetoric St)'k of communicating lh:n aims 10 be 
ptrsuasi\·e. 

right-hand gi-ip r ule Used to find the direction 
of a magnetic field induced around a current
carr)'ing \\ire. 

right-hand rule TeUs us the force (palm) on a 
curttnt (lhumb) in :1 magnetic fidd (straigtu 
fingers). 

root mean square The square root of the arithmrtic: 
mean of the squattS of the numbers in a givtt1 set 

of nwnbtts.. ln 1enns of ahemaling p(ll,\tt, the root 

mean square \-:WC, P ,_ = ~ . Ahemati\'Cty, il i:s 
the dfecti.\'C mean (avm1ge) \'lllue of an AC suppl)'. 

rotational equilibrium A situation in which the 
sum of :tll lhe clock\.\ise 1orques is equal to lhe 
sum of :tll lhe anticloct....;se torques. 

s 
satellite Obj,ec1 in a stable orbit around a 

cenir.tl bod)•. Could be namra1, like a planet,« 
artificial, like a communications satcllite. 

scalar A physica.l quanti1y lhat is represented 
by a magnitude and uniis onl)'. ,\lass, time and 
spttd arc ex.ampks of scaJar quantities. 

scatter plo t A graph in which two \'ariabks arc 
plotted as points. The x coordinate of a particular 
poin1 is one measured \'31.ue of the independent 
\'ariable and they coonlin:ue i:s the corresponding 
measured \-aluc- of the dependent \-:triable. 

scientific method The procos scientists apply to 

consuuct lheories to explain prnctical obscr::uions. 
scie n tific theory 11\C theor)' that f"C$ullS from 

a tC$1cd and supported h)l)Olhcsis, as per lhe 
scientific method 

secondary source Outside sources or data or 
C\idencc such 2S from other people's scientific 
rq,orts, IO:lbooks or magazines. 

significant figutt:S ~ number of digits used. 
For example, S. l has two significan1 figures, 
whereas:. has 1us1 one s1grulican1 figure-. 

dmu.ltaneow. \Vhcn two e\'nllS occur al cxactl.)' 
the same time. 

sinusoidally Anything that \°:tries in lhc: form of 
a sine\.\°3\'C. 

slip rinp Components or alterna1ors (AC 
generators) tha1 :tllow a constant electrical 
connection 10 be made berwttn 1)\(- rotating 
annarure and the static cxtcma.l circui1 through 
which the gmer:ued al1ernating rurrnu flows. 

soft X- r ays X•r:irs with "'11\·elengths grc-attt than 
0.1 nm. They havt: '6utt energy and ptnelr.lti\'e 
J)O\\tt compared to hard X-rars. They arc used 
mostly frn- diagnostic imaging purposes. 

solar wind A continuous stream of charged pamdcs 
ejected b)· the Sun ll consi.'its n-oc.stl)· of prou,ns 
and dectrons and has enough energ)' to escape the 
Sun's gra\itational fdd, at speeds ranging from 
about 300 10 800kms - •, wluc:h allows it ro rcKh the 
Earth in aboul 3.9 cb)'S .. Tix: speed and intcmil)' of 
the charged particles depend M magnetic acti\ .. y 
:II different regions of the Sun. 

soleno id A coil of wire tha1 acts :is an 
elcctr0magnct when el«tric currnu is passed 
through it due 10 the magnftic fidd 1ha1 is set 
up b)' lhe current passing through iL 

spacetime A tom used to describe lhc: situation 
in which the lhrtt--dimensional spa« coordin:ue 
sys1em (x,y, :) is linked 10 the one-dimensional 
umeS)1item. 

sp«troscope A dC\-i«, optical or digital, for 
producing and recording spectra from sources 
of dcctromagnetic r:idiation for examination. 

s pectroscopy SpcctrosCOp)· is an area of srudy 
that describes lhc: interaction of all forms of 
elcctr0magnetic radiation with mantt, including 
refraction, diffraction and :1bsorption. This 
info.-mation can be further utilised to identif)' 
and quantif)' diffemu t}l)CS of m.aner. 

spud The ratio of distance lr.1\-dled 10 time 
taken. Speed is a scalar quantit)'. 

:iplil ring c ommutator A componNlt of DC 
gener:uors and moun that typically resembles 
:1 ring that has bttn cu, inio two equal piec-cs « 
shl-Us. Each pw-1 of the ring has a fixed conntttion 
10 lhc: ends of the coil, while also malting contact 
\.\ilh the stationary brushes... This means the 
connection beruttn the rotating coil and the Sllltic 
circuit is m"tt"Sed C"\"tT)' half tum, which ensures 
the dirttlion or curren1 in the circuit i:s constant 
(m the case of the gencra10.-) « the direction of 
rotation is consiant (m the case of the mow,-). 

Standard Mod cl 11\C Standard Model of partide 
physks is :1 malhem.atical ckscription of aU 
known particles and three of lhe forces acting on 
Lhem. It is currently the most suc«ssful theof-)1 

for predicting lhc: beha\iour and properties of 
lhe particles tha1 exist in nature. 

s tanding wa, ·e Also called a siationary wa\'C, the 
periodic disturbance in a medium resulting from 
lhe combination or two waves of equal frequency 
and intensity lr.1\-dling in opposite directions. 

s tator A portion of a machine tha1 remains 
stationar)' "ith rcspc,c1 10 rotating paris, 
especially the colle-ction o f stationa.r)' parlS in 
lhc magnetic circuits of a mo1or or gener:uo... 

s teady s t.ate theory A modd of the uni,ttSC 
based on an ido called lhe pnfect cosmological 
principle. This states Iha, the uni\'('f"S(' on 
lhe larges, scales looks essenriall}' lhe same 
C'\"Cf)'\\berc :11 all times.. 11lerefore, lhe unh'CTU" 
ma;n,ain~ IN°' camt'" a,"""'et- rlt-n~iry nr mallt'"I'" 
fott,-n-. The steady state thcor)' is not lhe 
acttpted model of the uni\'('f"S('. 

s tellar parallax 1l'le difference in direct.ion of 
a celestial object as sec:n by an obscn1.'r from 
two widdy scp:ar:ued points. The two poinrs 
generally used coincide with the position of 
Earth al opposi1c sides of the Sun during its 
:1nnual rotation sintt these arc- the most "idely 
separated 1oca,;ons a,-ailable to :asu-onomcrs. 

s tep-down transforme r Dc\ice tha1 de-creases 
lhe second.ar)• ,-ot1a.ge compared 10 ~ primary 
,-oltage. 

step -u p trans former [)(,.ice tha1 inctt2scs the 
sccondar)' \-oltagc compared 10 lhe primary 
,-oltage. 

stopping volt.age The applied \-oltage rrquirc-d 
10 s1op all photoel«:lrOnS from re-aching lhe 
coHcctor ele-ctrodc. For a pllrticular frcquenq 
of incidem ligh1 on a particular metal, the 
slopping \-Oltagc is a constanL 

storage ring Part of a S)'nchrotron where: the 
dcctrOns are h(-)d for a Jong period of rime 
while th<")' continuous!)• emi1 S)'tlChrouon lighL 

s trong nuclear force A shor1-rangc bur. 
powerful force or anrnction that acts b.-twttn 
:ill the nucleons in the nucleus. 11\C strong 
nudear force acu on quarl:s and binds them 
1ogether in hadrons. It also acts at largrr 
distances ro bind protons and neutrons together 
within :11omic nuclei. In the- Srandard Modcl or 
partide physics lhe strong rorce is described b )' 
quantum chromodrnamics and n mediated by 
:in exchange or gluons. 

subcritic al mass A quantity or 6ssik material 
th:11 is too small 10 sustain a chain reaction. 

s upercritical mass A quanti1y of fissile material. 
that is large enough ro sustain a chain reaction. 

s upcrnO\'ll A giant explosion lha1 occurs when a 
SIM man)' times larger lhan our Sun runs oul of 
nudear fuel. 

synchrotron Large p:micle accdera1or in a 
circular shapt producing: a very intense, very 
narrow beam of d«:lrOmagnctic radialion called 
S)'nchrou-on light. 

sys tem atic e r ror Errors that arc consinen1 and 
will occur again if !he in\-estigation is repeated 
inlhc:same\.\°3)'. 

T 
tangential Describes a dirc-ction forming a 

tangent IO a CUr\'C. 
tem perature Thc amount of heat in an object. 

te rminal ,-elocity Velocity a1 which the force o f 
drag is equal to the "'<"igtu of an object.. 

thermal energy A form of energy tramferttd 
:as a f"C$ull or a difference in 1empernm1t or 
a\"ttage kinetic enttgy within a S)'ilem. 

threshold freq uen cy The minimum frequency 
of clcctr0magnetic r.ldiation for which lhe 
photoelectric effect can occur for a given 
mal<'"rial. 

time dilation \Vhen one obser\tt watches C\'Cnts 
in a frame of rcferc-ntt r.ha1 is mo\ing (\ff)' 

fast) rcb.ti\·e to him/her, time in that frame of 
reference will appear to go more slowly. People 
in the mo,.ing rr:ime do not expcrien« any 
differcntt in the r:ne at which time passes. This 
effect is on<'" of the S1J1lllge consequences of 
Einstein's theory of speci.:al rclati\i1y. 

torque Any force or S)1item offorttS dut causes 
or 1cndi 10 cause rotation. 

t o rsio n b ala.nc::c ~,;= uSNt to measUtt 
\'Cr)' small twisting forces. Ca\'Cndish used 
this ck\<ice to measure the force of a unction 
between lead baUs h(-ld a sm.all dis1ance apan. 

transducer A ck\<ice thal recefres a sign.al in the 
form of one type of energy and con\·en.s it inro 
:lllOlhtt form of energy. 

transfer The com'Crsion or encrg)' from one 
S)'Stem to another. 

transform To change from one thing to anolher; 
for example, 10 change energy from cl«:uical 
potential energy 10 kinetic energ)'. 
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transformer A de1.•icc tlu1 u-ansfers an 
a11em:uing rurrtnl from one eircui1 10 00(: or 
mott othtt circuiis, usually with an ~sc 
(s1cp-up uansformtt) or dcett:11se (s1ep-down 
transfonnn) in ,·oh.age. The inpul goes 10 
a primary coil; the ou1pu1 is l.ab.-n from a 
s«ond.ar)' coil or windings linked by induction 
to !he primal)' coil. 

transmil To cause ligh1, heal, or sound etc. 10 
pass thrcM.Jgh a medium. 

tttnd The general o rientation. A 1ttnd line can 
be added to a graph to describe !he wa)· da1a is 
de-.'t'loping. 

tren d line A line drawn on a graph 10 shew.• lhe 
general relationship between !he independent 
and dependent ,'3.riabb. 

u 
uncertainty A description of !he range of data 

obtained; cakula1ed as± - ; -
uniform Constant, un\'llf)ing. 
units Propnties related 10 ph)'Sical 

mcasurcmenu. U niu can be fundamental like 
metres (m), SttOnds (s) or kilograms (kg). 
Units can also be dcm'ro b)• combining 
fundamental units like metres per sc-rond (m s-1

) . 

V 
validity The reasonableness of the results 

rttcived from an experiment o r collection of 
data. Valid rcsullS meet all the rcquiremcnis of 
the cri1ttia of the scientific method. 

variable A factor or condition that can change 
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vec tor A ph)-sical quantil)' that requires 
magnitude, uniu and a direction in order to be 
fuD)' defined. Vdoci1y, acceleration and force ~ 
examples o f ,"tttOr quantities. 

,·ector notation V«tor notation .,,,'ilhin this 
course is shown b)• adding an arrow abo•,e the 
,-ariable. For example, the ,'llriabk for \"t"locity 
will be- written as ii. 

,·elocily The ratio of displaectnent to time 1akcn. 
Velocit)' is a \ttto r quantit)'. 

,10haic pile An early form of battery consisting 
of a pile of pa.ired plates or dissimilar metals, 
such as zinc and ooppn, each pair being 
separated from the next by a pad moistened 
with an d«tJ'Ol)'le (mild acid). 

voltmeter A de1o'ice used to measure lhc , ·ohage 
change be1ween two poinu in a circuiL 

,ulu Volts (V) are the WU1 of dcctrical po1ential 
One ,'Oh ii; equal to one joule of potential O'IO""R)' 

given IO one coulomb of charge in a SOWtt of 
po1m.tial ditferc-ncc. TilC voltage- (V), or- numbtt of 
,dlSt is anomcr name for- lhc pmm.tial ditf~. 

w 
wave front The sci of poinis reached b)' a wa,~ 

or ,ibration at the same instant as the wa\'c 
1ra,tls through 2 medium. W'2,~ fronu gcnttal.l)' 
form a continuous line or $urface. 

wavelength The dis~ between one peak or 
crest of a \\'.111\"t" of light, heat or oilier Cf'lttg)' 

and the next corresponding peak or crest. 
Rqmscn1ed b)· the symbol ,t 

wave-particle duality The theory that, in some 
experiments, light and mancr bch:we like wa,'t's 
and, in other cxperimcnu, !hey beha,~ like 
particles. 

"'-eak nuclear force Thc .,,,n)( nudiear force is 
lhc interaction be1wttn quarks responsible for 
changing from one type of quark. to another. 
This force is d«cribcd b)• deClrOl\'t'ak theory 
and is rcsponsibk for radioactfrc dcca.)' and 
nuclear fission. In lhc Standard M odel of 
particle physics !his force is mediated b)' thc
\V and Z bosons. 

weight The force of attraction on a bod)' due to 
gra\il)'. 

white dwarf A small, \~f')' dense star around I.he 
size of a planet. A white dwarf is formed when a 
low-lllllS$ star, such as our Sun, exhausts all iu 
fucl and loses ilS OUlCI" la)'t'TS. h will C\-Cntually 
cool to bttome a black. dwarf ss no nudea.r fuel 
remains to gtt1era1e additional hc-a1 and energy. 

work The u-ansftt of energy as a result of the 
application of a fortt; measured b)• muhipl)·ing 
the fortt and !he displacerncnt of iu point of 
application along the line of action. Measured 
in;oulcsO). 

work func tion The cna-g)' required 10 TCfflO'l'e 
an decu-on from its St.ale of being bound 10 2n 
atom; =sw-ed in joules or dcctronvolts.. 

X 
X•ray diflraction X•rays diffract from a 

cr)'St.alline structure to produce a particular 
pauem. Analysis of I.his panttn m~als 
informa1ion abou1 !he spacing of a1oms in 
lhc sample. 



Index 
absolute frame of reference 314 
absorbed 250 
absorption spectra 249-50 
absorption spectrum 250 
accuracy 9, 28 
acoustic locators 61 
action-£eaction pairs I 09 
activity 428, 430 
adding 17 
aeroplane, banking 82 
aether 302. 303 
affiliation 28 
air resistance 55 
alpha decay 420 
alpha particles 420, 425 
alpha radiation 425, 426 
alternating cw-rent (AC) 20 I, 206, 222 

generators see electric generators 
induction motors 2 19, 220 

alternator 222- 3, 224 :see al.lo eleet.ric 
generators, AC 

altitudes I 11 
AM radio wave 243, 244, 245 
American Psychological Association (APA) 

academic referencing style 40 
ammeter 184 
ampere 178, 1 79 

equation 178 
Am~e, Andre-Marie 277 
Ampere's law I 76 
amplitude modulation 245 
Anderson, Carl 387 
angles in circles, equations 7 1 
angular velocity 70-1 

calculating, worked example 7 1 
equation 70 

annihilate 349,456 
annihilation 456 
anode 376 
antielectron 350 
antileptons 456 
antimatter 

and mauer 349-51, 454-6 
antineutrino 421 
antiparticle 329, 454, 467 
antiproton 350 
aphelion 130 
apogee 124 
annarure 218,219, 222 
astronauts 116, 11 7, 123 
astronomica1 unit 344 
astronomy 250,253,257 

indigenous 360 
astrophysical observations 253 
Atkinson, Robert 362 
atom 

labelling energy levels 394 
nuclear model of 383-5 
structure 375-87 
thought to be indivisible 376 

atomic absorption spectroscopy 250 
atomic bomb 434 
atomic clocks 309 
atomic model 380 

Bohr's 397-8, 4~2, 412 
quantum 404-13 

Rutherford's 383-5, 392 
atomic notation 417 
atomic number 41 7 
a toms 

emission spectra and energy lewis 
in 393 

excited states 250 
ground state 250,394 

Australian Centre for Neutron Scattering 
(ANSTO) 157, 161,386,458 

Austr.ilian S)'TlChroton 161. 309, 458, 460-3 
axis of rotation 94 

back emf 225 
in DC motors 225 

ball on a string 78-9 
circular path, worked example 79 

ballistic 50 
Balmcr, Johann 399 
Balmer series 398, 399 
banked comers 

worked example 83 
banked tracks 78, 8~3 
banking aeroplane 82 
bar graph 19 
baryon number 452, 454 
baryons 452,453 
basketball 57 
banery 220 
Baumgartner, Felix 55 
beam torque \\Tench 100 
beamlines 462- 3 
beta decay 421 
beta particles 421, 425-6 
beta radiation 425-6 
bias 14-15, 28, 29 
big bang 

creation event 347 
e,idence 348-51 
theory 342-54 

binding energy 442- 3 
black body 284, 355 
black-body radiation 284-5 

equation 284 
black hole 247, 371 
blueshifted 257-8 
Bohr, Niels 363, 385, 393-4 
booster ring 461 
Bragg, \'(lilliam 61 
braking 

magnetic 220 
regenerative 197, 225 

brushes 2 18,223,224,225 
Bunsen, Robert 250 

ca1culus 106 
calibrated equipment 15 
cancers 246, 386, 466 
candela 275 
cannonball 116, 300 
cannons 61 
carbon brushes 218, 223, 224,225 
carbon dating 432, 466 
carbon-nitrogen-oxygen (CNO) 

cycle 367-8 
carrier-wave frequency 245 

cathode 376-7 
cathode Ta)' tube (CRD 157, 376-7 
cathode ra)'S 376-7 
causatlOn 24 
Ca,·endish Laboratory 376, 381 
central maximum 270 
central tendency, measures 18 
centrifugal force 74 
centripetal acceleration 72- 5 

and satellites 118 
equations 72,86,87, 120 
vertically downwards 87 
vertically upwards 86 

centripetal force 73-5 
and satellites 118 
calculating, worked example 74 
equations 73 

CERN 463, 465, 468 
Chadwick,James 385 
Cliallmger Space Shuttle disaster 329 
charged particle 

acceleration, equation 148 
acceleration, worked example 148 
and force on, worked example 158 
and radius of the path formula 160 
charge-to-mass ratio 377-8, 380 
direction in a magnetic field 158 
direction of force on, worked 

example 159 
electron as 377 
force experienced, equation 148 
force on, within a magnetic field 

equation 157 
motion, worked example 379 
motion in fields 378-9 
motion in fields, equations 378-9 
speed and path radius, worked 

example l~I 
chemical ana1)-sis, neutron use 386 
chemical tagging 257 
circular motion 67-77 

forces that cause 73 
frequency equation 69 
in a magnetic field 159-60 
on banked tracks 78-85 
period equation 69 
speed equations 69-70 
tra,-elling 0\'er humps 87 
tra,-elling through dips 86 
uniform 69 
,·ertical 86-93 
vertical, worked example 88-91 

circumference formula 7 1 
classica1 physics 311, 322, 325 
climate change I 18 
CMB (cosmic microwave backg:rolllld) 

radiation 348,350,351 
coherent 269 
coUiders 463-70 
colour charge 454 
communicating 4, 36-42 
communications 118 
commutator 2 18, 225 
computer modelling 32 
conclusions, evidence-based 33-4 
conservation of energy, law of 192, 203, 392 
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conser\'ation of mechanical energy 88, 132 
equation 88 

consen'3tion of momentwn, principle of 385 
consistenc)' 

using units to check for dimensional 151 
constant field strength 110 
construcll\•e interference 266, 269, 270 

equations 270, 271 
conu-ol group 28 
com-ection 363 
com-ersion factors 41 
com-erring units 70, 288 
cooling 352 
Copemicuc, Nicol~uc 116 
copper wires 204, 206 
corpuscles 264 
correlation 24 
cosmological modelling 353 
cosmological models 342 
cosmological redshifl 344 
cosmology 353 
Crooke, \Villiam 251 
CSIRO 250 
Curie, Marie 420 
Curie-Joliot experiments 385 
currents, AC ,-ersus DC 206 
cyclotrons 463, 464 

data 
analrsis IO 
and inform:nion, analysing 4, 10, 18-21, 

24-31, 38 
and information, processing 4, 17-23 
collecting and recording 14 
continuous 19 
discrete 19 
distorted 2~1 
e\'aluating 24-5 
presenting 18-21 
quantitati,-e s« quantitati,·e data 
raw 14 
recording numerkal 10, 11 

data-logging equipment 11 
daughter nucleus 420, 431 
de Broglie, Louis 404 
de Broglie's waxelength of matter 404 

equation 404 
worked examples 405 

decay cur ,·e 429 
decay series 431- 2 
decimal p laces 17 
degrees and radians 71 
density of a star, equation 258 
design speed 8 1 

banked corners, worked example 83 
equations 8 1-2 

destructh-e interference 266, 269, 270 
equations 270, 271 

deterministic model 412 
diagrams 37 
diffraction 266-72 

and imaging 268 
gratings 251, 266-7 
neutron UK 386 
pauem 266, 273, 406, 407 

dipole 152 
direct current (DC) 20 I, 206, 222 

electric generaton s« dectric generators 
motors 214-19, 225 
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direction conwntions 51, 96, 111, 215 
discharge tube 252 
distance and time 306 
Doppler effect 257 
double-slit experiment, Young's 267- 72, 

295 
formula 271 

drag 
analysing effect of 61 
effect of 55 

drag force 55, 220 
dual nature of light 292, 295 
duality, wa,-e--particle 295 
DVDs 266 
dwarf star 360 
dynamics 51 

Earth 109,112,117, 126-7, 13~1, 240, 
242, 253, 259, 303, 316 
decay series 432 
engulfed by the Sun 365 
formation of 352 
receiving energy from the Sun 364 

Earth-Moon system 109 
eddy current braking 220 
eddy currents 197, 198, 20 I 
Edison, Thomas 206 
Einstein, Albert 6, 292, 293, 294-5 

and Galileo's ideas 301- 2 
and M.axweU's ideas 301-2 
and i\1..ichelson-.:vtorlcy experiment 303 
mass-energy equation 325-9, 362, 363, 

440, 442- 3, 456 
poslUlates 302, 304-6, 316,322, 323, 

324, 347 
theory of special relati,'ity 294, 300, 

302, 304-6 
thought experiments 301, 305, 314-15 

electric can 220 
electric field lines 14 7 
electric field scrength 148 

equations 148, 149 
electric fields 146 

compared 10 gra,'itational fields 151- 2 
equations 152 

electric force 
and gravitationaJ force 151 

electric generators 
AC 192, 197, 206,222- 7 
DC 224-5, 226,227 

electric motors 174, 197, 2 14-21, 222 
AC induction 219,220 
D C 214- 19, 220 
early 174 

electric trains 220, 225 
electrical field 

and radio wa,·es 245 
cleclrical field strength 

equation 149 
electrical potentiaJ 149 

equation 149 
electrical potentiaJ difference 149 
electromagnet 214, 220 
elcctromagnctic force 146 
elcctromagnctic induction 184 
dectromagnctic radiation sn E.t\1.R 

(electromagnetic radiation) 
electromagnetic spectrum 243-7 

charact·eristics of ,,-a,·es 243-4 

electromagnetic wa,·es 240, 241 
electromagnetism 240-S 

laws o f 30-I 
theory o f 240 

elecuomoth-c force: 184 
electron 14 7 sa also charged particle 

beam 460 
charge-to-mass ratio 377-8, 380 
cloud 412, 417 
diffraction patterns 406-7 
energy le,-eb 393 
energy le,-els, worked example 394 
in quantum mechanics 412 
lin:11c 460 
negati\-ely charged particles 377 
quantum interpretation 409 
scattering 406, 407 
viewing 411 

electron gun 152, 406, 460 
and electron wa\'clcngth, worked 

example 406 
equation 152 

electron microscopes 407 
elcctron-\'Olt 288 

and quantum energy, worked 
example 289 

com-crsion, worked example 288 
electron-positron annihilation 329, 349, 

456 
equation 329 

electrons 
and photons wa,-elcngths 407 

electrostatic forces 423 
clements, per lOdic table 419 
emf, induced 184, 187, 189-90, 195--6 

dirtttion 192- 5, 223 
in a coil, worked examples 1~1 
in an alternator or generator 222- 3 

emission spectra 250-3, 393 
EMR (electromagnetic radiation) 240, 243 

and spectroscop)' 249 Stt uUD 
spcctroscop)' 

described 282 
during the creation of the uni\'crse 349, 

350 
equation 287 
gamma rays 421- 2, 426 
re-radiated 286-7 
types 283 
worked example 287 

energy 
and mass equivaJcncc 362, 363 
and photon equation 292 
and work 86-93, 96 
binding 442-3 
in a conSl'ant gra,•itational field I 26 
in a non-constant gravitational 

fie.Id 126-31 
law o f conser\'ation of 192, 203, 392 
radiant 286 
rdeascd in nuclear reactions 44~2 
to mass com·crs.io n 326-7 

equatorial orbits 118 
equipment 

data-logging 11 
instrumentation 10-11, 15 
persona) pTOlecti\'C 12 

=on 
identifring 14-1 5 



outliers as 20 
random see random error 
systematic see systematic error 
techniques to reduce 15 

escape velocity 132- 3 
equation 132 
worked example 133 

Europa 122 
European Space Agency (ESA) 118, 124 
e,•idence-based conclusions 33-4 
exoplanets l 09, 117 
experiment, findings of 36 
expertise 28 
extrasolar planets I 09 u4! also e xoplanets 

Faraday, Michael 174,184, 185, 187, 189, 
201, 214, 215, 222,240 

Faraday's law of induction 189-92, 219, 
220 
equation 190 

Faraday's laws 376 
Fermi, Enrico 386, 437 
fermions 449, 451 
Fe)•nman, Richard 329 
Feynman diagrams 329 
field lines 110 
fields 110 
findings 33, 36 
fine struc ture constant 315 
fissile 435 
fission 435 

worked example 441- 2 
fission fragments 436 
fluorescent lights 252 
FM radio wave 244, 245 
force 

and direction on current-carrying wire, 
worked example 172- 3 

and the pivot point 94 
and torque magnitude 95 
between current-carr}<i.ng conductors 

equation 177 
due to gravity equation 50 
magnitude on current-carrying wire, 

worked example 171 
on a conductor 168-75 
on a current-carrying conductor 

equations 169-70 
through exchange of particles 450-1 

force arm 95 
force-<listance graph 132 
forces 

and gauge bosons 451 
between conductors 176-80 
between parallel conductors, worked 

example 177 
between parallel conductors 

with unequal currents, worked 
example 178 

non-contact 146 
frame of reference 300-1, 303, 309-11, 

314 
Fraunhofer, Joseph von 249-50 
Fraunhofer lines 250 
freefall 50, 117, 118 
free space, permeability 177 
frequency 69 
frequency modulation 245 
Fresnel, Augustin-Jean 272 

fringe 268, 270-1 
separation, equations 271 
separation and wavelength, worked 

example 272 
fuel combustion 329 

equation 329 
fusion 437 

GALAH (Galactic Archaeology with 
HERMES) survey 257 

galaxies 
formation of 352, 371 

Galilean principle of relativity 300-2, 3 16 
G.iJilei, Galileo 116, 362 
galvanometer 184 
gamma decay 421- 2 
gamma radiation 425--6 
gamma ra}' 244, 247, 283, 421- 2, 426 
gamma-ray burst 24 7 
Gamow, George 347 
Ganymede 122 
gauge bosons 449, 450 

and forces 451 
Geiger, Hans 383-4 
Geiger counter 384, 424 
Geiger- M.illler counter 384 
Gell-Mann, Murray 449 
generator see electric generators 
G lobal Positional System (GPS) 

satellites I I 8, 315 
global warming 124 
gluons 452 
gold foil experiment 383 
graphs IO, 18-21, 37 

drawing 20-1 
linear relationships 27 
non-linear relationships 27 

gra,1.tational attraction 
and satellites I 18 
between massive objects, worked 

example 108 
between small objects, worked 

example 107 
gra,1.tational constant 106 
gra,1.tational effect 109, 117 
gra,1.tational field 110 

and weightlessness 11 7 
constant 126 
non-constant 126-31 

gra\'itational field strength I 09, I I 0-1 3 
and satellites I 18 
at different altitudes, worked 

example 112 
equations 110-11 
formula 113 
of other planets 113 
on another planet or moon, worked 

example 113 
variations of the Earth 112 

gra,1.tational fields 
compared to electric fields 151- 2 
equations 152 

gra,1.tational force 106, 108, l 09, 11 O, 146 
acceleration, worked example I 09 
and e lectric force 151 

gra,1.tational force-distance graph 132 
gra,1.tational potential energy 87, 126-34 

changes in, worked example 131 
formula 87, 126, 127, 130 

in a non-consl'ant field, worked 
example 127 

gravitational waves, detecting 6 
graviton 450 
Gravitron 75 
gravity 52, 15 1, 450 

effect o f 109 
in the solar system I 09 

hadrons 452-4 
Hafele, Joseph C. 314 
Hafele-Keating experiment 314 
heat 246, 251, 255 
hea..-y w:uer 418 
Heisenberg, Werner 4 I 0 
Heisenberg uncertainty principle 349, 409, 

410, 411, 4 12 
helium 255, 259 
Hertz, Heinrich 24 1 
Hertzsprung- Russell (H- R) 

diagram 3 56-61 
Higgs, Pete r 459 
Higgs boson 458, 459 
high orbit 118,119 
Hipparchus 359 
Hoyle, Fred 347 
Hubble, Edwin 343-7 
Hubble constant 345 

worked example 346 
Hubble Space Telescope (HS1) 116, 118, 

124, 253, 268 
Hubble's law 345 
Huygens, Christian 264, 269 
Huygens' principle 264-5, 272 

worked example 265 
hydrogen atom 

absorption spectrum 396 
Bohr model, worked example 398 
speciaJ case of 402 

hydrogen bomb 438 
hydrostatic equilibrium 363, 364 
hypothesis 5, 6 , 9, 33-4, 36 

ideal transformer 20 I 
imaging and diffraction 268 
in-text citations 40 
incandescent filaments 25 1 
inclined orbits 11 8, 124 
indeterminacy principle 411 
indigenous astronomy 360 
induced current 187 

and an electromagnet, worked 
example 194 

and permanent magnet, worked 
example 193 

by changing area 195--6 
induction, Faraday's law of 189-92 
induction StO\·es 197, 198 
inertial frames of reference 301, 304, 314 
inflation 349 
information 

and data, analysing 4, IO, 18-21, 24-31, 
38 

and data, processing 4, 17- 23 
organising 9 

infrared 244,246, 251,252,283 
inquiry question 5, 6, 38 
instrumentation I 0-1 l 
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interference 266 
and diffrac tion 266-72 

interference pattern 270, 295 
interferometer 303 
lntemationaJ Space Station (ISS) 117, 119, 

120, 123, 304 
lntemationaJ System of Units (SI) 1 78 
in\'erse square law 106 
in\·estigations 

chart of different types 8 
conduc ting 4, 14-16 
initiating 4-7 
planning 4, 8-13 

lo 242 
ionisation 393 
ions 178 
isotopes 418, 419, 431 

worked example 418 

Joliot, Frederic 385 
Joliot-Curie, Irene 385 
joumaJs, peer-re\'icwed. 5 
Jupiter 109, 11 7, 122, 242 

Keh1in, Lord 362 
Kelvin-Helmholtz contraction 362, 366 
Kepler, Johannes 116, 11 9, 370 
Kepler's laws of the motion of planets 119 

worked example 120 
kinematics 50 
kinetic energy 87, 88, 130 

and momentum 325 
formula 87, 126 
of photoelectrons 293-4 

Kirchhoff, G ustav 2 50 

laminations 20 1 
Large Hadron Collider beauty 

(LHC b) 469-70 
Large Hadron Collider (LHC) 4 59, 463, 

464, 465, 468-70 
lasers 399 
launch \'elocity S2 
law of conservation of energy 192, 203, 

392 
length contraction 309, 316-19 

equation 317 
of distance travelled., worked 

example 3 19 
worked example 318 

Lenz, Heinrich 192 
Lenz's law 192- 7, 2 19, 220, 223, 225 

worked example 196 
leptons 449, 4 55-6 
levitation 198 
light 

as a continuous spectrum 251 
as a spiky speetrum 252 
clock 309-11 
dual nature 292, 295 
electr0magnetic narure o f 240-2 
is it slowing down? 315 
monochromatic 267 
particle (corpuscular) theory 264,268, 

272, 294 
quantum model 281-94 
quantum model, resistance 294-S 
speed of light, experimenta1 

estimates 240 
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synchrotron 459 
through a prism 250 
wa\'e model 24 1, 249, 263-77, 287, 

29 1, 29 2 
wa \'e model, resistance to 272- 3 
wa\'e theory 264-5, 269, 273 
white 267 
zigzag path of 311 

light bulbs 25 1, 274, 284, 28S 
UGO (Laser Interferometer Gravitational-

Wa,·e Observatory) 6 
linac 460 
line graph 19 
line of action o f the force 94, 95 
linear equation, determining 

for line of best fit 345 
linear relationship, graphing 27 
literature review 4, 9, 29, 32, 36 
logarilhms 4 29 
Loren12, H . A. 3 11 
LorenlZ factor 31 1- 12, 31 7, 322 
Loren12 force 157 
low orbit 118, 119, 124 
luminosity 356, 357 

of a Star using H- R diagram, worked 
example 358 

luminous intensity 275 
equation 275 

magnetic braking 220 
magnetic field 157 

circular motion wilhin 159-60 
depicting 159 
rotating 219 

magnetic Hux 185 
at an angle, worked example 186 
change in I 89, 190, 195-6 
equations 185, 190 
worked example 186 

magnetic H\Lx density 185 
magnetic force 

and coil of wire, equations 2 14, 22 l 
magnetism 157 
magnetoencephalography (MEG) 178 
magnitude 50 
MaJus, Etienne 277 
i\1aJus' law 275-6 

equation 275 
Marsden, Ernest 383-4 
Martell, Dr Sarah 257 
mass 

and energy equl\"aJence 362, 363 
and energy equi,·aJence, worked 

example 363 
and time 349 
con\"erted to energy 326-7, 440 

mass defect 327 
mass number 4 1 7 
mass-energy equation 325-9 
materials, sourcing appropriate 10-11 
matter 

and antimatter 349-51, 454-6 
behaves as wave and particle 4 10 
creation of 349-5 1 
de Broglie's standing wave equation 408 
de Broglie's wa\"elength 404 
dual nature of 408 
time and space 34 7 

Maxwell, James Clerk 240, 38 1 
electromagnetic wa\"e model 287 
equations 240-1 
theories 240, 241 
work 241- 2,301- 2, 304 

m ean 18 
m easurement 41 

physical limit to absolute accuracy 410 
m echanical energy 88, 222 

conserved. 88, 132 
total, equation 128 

m edian 18 
medical imaging 246, 247, 458 
m edicine 

neutron use 386 
nuclear 425 

m edium 301- 2 
medium orbit 118 
M eissner, W. 198 
M eissner effect 198 
M eitner, Lise 437 
m ercury 214 
m esons 452- 3 
m eial 

and work, worked example 293 
detector 192, 197 
vapour lamps 39 5 

m eteors 88 
m ethane 253 
method 

e\"'a luating lhe 28 
writing the 9 

M ichelson, Albert 242, 303 
Michelson-,\-lorley experiment 303 
microphones 192 
microscopes 268, 407 
microwa\"e O\'en 24 3 
microwa\"CS 244, 245-6, 283 
Milky \X'ay gala.xy 11 7, 257, 343, 371 
milliamperes I 79 
Millikan, Robert 15 1, 380 
mistakes 14 
m ode 18 
m odel 4 
modelling 32 
momenrum 

and kinetic energy 325 
principle of consen -ation of 385 

momentum, relativistic 322- 5 
equation 323 
worked example 324-5 

m onochromatic light 267, 26&-9 
monopoles 151- 2 
M oon 107, 108, l09, t 13, 116, 11 7, 118 
m oons 252- 3 
M orley, Edward 303 
m otion 

equations of we equation; equations 
in gravitational fields 10 5-36 
uniform horizontal 86 

MT SAT- IR satellite 118, 124 
Millier, Walther 384 
multi-body systems 108 
multiplying 17 
muon 316 

navigation system s 118 
near-polar orbits 118, 124 
negati,·e test charge 147 



neutral 417 
neutrinos 371, 386, 455, 458 
neutron 

decay 386 
discovery 385 
in atom 417 
released during fission 436 
star 371 
uses 386 

Newton, Sir Isaac 106, 116 
thought experiment 116 

Newton ian mechan ics 385 
Newtonian physics 300-1, 304, 316, 

323, 4 12 
assumptions 304-5 

Newton's corpuscular theory of light 264, 
272 

Newton's dispersion of light 
experiments 250 

Newton's first law o f motion 68, 151 
Newton's law of uni,·ersal gravitation 

106-8, I 19, 120,126, 15 1 
equation 106, 121 

Newton's laws of motion 78, 86, 106, 301, 
309 

Newton 's second law o f motion 50, 61, 68, 
73, 109, 110, 128, 148, 322 

Newton's third law of motion 68, 109, 
176--7 

non-contacl forces 146 
normal force 87 
normal reaction force 74, 86 
nuclear fission 434, 435-6, 435-7 
nuclear force 

Strong 146, 423 
weak 146, 450 

nuclear fusion 327, 362, 363, 437-8 
nuclear medicine 425 
nuclear reactions, energy released 440-2 
nuclear transmutation 420 
nucleons 416--17, 440 
nucleosynthesis 362, 366, 370 
nucleus 383, 41 7 

binding energy 442-3 
daughter 420 
missing mass 440 
parent 420 
radioactive and unstable 422-4 

nuclide 418, 435 

OBAFGKl\.1 classification 256 
observing stars 253-9 

for age 259 
for chemical composition 254-5 
for density 258 
for rotational and translational 

velocity 257-8 
for surface temperature 254 
for temperature 255-6 

oil-drop experiment 380 
OPAL research reactor 386, 458 
oral presentation 3 7 
orbit 118, 392 
orbital paths 118 
orbitals 409 
0rsted, Hans Christian 157, 184, 240 
oscilloscope 190 
outliers 20 
oxygen 253 

pair- production 349 
paradox 3 14 
paralla..x mo\·ement 344 
parent nucleus 420 
parsecs 344 
particle 

accelerators 157, 161, 465, 466 
annihilation 349 
creation 349 

particle-antiparticle pair 456 
particles 

in electric fields 146--56 
in magnetic fields 157-63 
subatomic 449 

path difference 269 
equation 269 

Pauli, \Xfolfgang 458 
peak-to-peak value 202 
peak \·alue 202 

and RMS AC, worked example 227 
peer review 5, 12, 16, 21, 29, 34, 40, 4 I 
penetrating ability 425 
percentage error 9, 18 
percentage uncertainty 9, 18 
perigee 124 
perihelion 130 
period 69 
periodic table of the elements 419 
periods 371 
personal protecti\·e equipment (PPE) 12 
persuasion 39 
phenomenon 28 
photocurren1 290 
photoelectric effect 

described 290 
explaining 291- 3 
observing 290-3 

photoelectric equation 293 
linear graph 293 

photoelectrons 290 
kinetic energy of 293-4 
kinetic energy of, worked example 294 

photography 275 
photon and energy equation 292 
photons 292, 349, 350 

absorption 400-1 
absorption, worked example 401 
and e lectrons wavelengths 407 

photoreceptors 244 
photosphere 364 
photomltaic cells 294 
pie chart 19 
pion 315 
pivot point 94 

and force 94 
and torque 95-6 

plagiarism, avoiding 40 
Planck, Max Karl Ernst Ludwig 287, 292, 

294-5, 381 
Planck's constant 293, 3 15, 410, 4 11 

equation 396 
Planck's equation 287, 397 

worked example 287 
planets 109, 113, 130, 252-3 
plum pudding model 380, 383, 384 
Poisson, Simeon 272- 3 
Poisson bright spot 273 
polar orbits 118 
polarisation 274-7 

Malus' law, worked examples 276 

polarised sunglasses 275 
positron 329, 350,387, 421 
postulates 302, 304-6 
potential energy 87, 88 
power 

consumption 179, 203 
distribution system 20 I 
large-scale AC supply 204-5 
loss equations 204 
output 203-4 
tools 220 

precision 9 
prefixes 4 1, 283 
p resenting your u-ork 36--40 
primary sources 5 
principle of conservation o f 

momentum 385 
problem solving 4, 32- 5 
procedure 

modifying the I I 
writing the 9 

projectile 50 
at an angle, worked example 58-9 
free-falling 50- I , 55 
free-falling, worked example 51 
horizontal, worked example 53-4 
launch velocity 52 
motion 49-65 
motion, at an angle 57-62 
motion, changing initial conditions 60 
motion, effect of drag 6 1 
motion, horizontal 50-6 
motion, vertical 52 

projectile motion 152 
equation 152 
of a charge, worked example 154-5 

proper length 3 17, 320 
propertime 311, 319 
proton 147, 350, 378 
proton~ntiproton annihilation 456 
proton-proton (PP) chain 367 
protostar 366 
pulsars 371 
purpose 5 
Pythagoras• theorem 52, 58, 99-100, 304 

quadratic equation, problem sol\'ing 153 
quanta 287 
quantitati\·e data, recording and 

presenting 17- 23 
quantum a tom 363 
quantum foam 352 
quantum mechanics 

defined 409 
view of the world 4 12 

quantum nwnbers 451, 452 
quarks 351, 449, 451-4 
questioning and predicting 4-7 

radians and degrees 71 
radiant energy 286 
radiation 246, 24 7 

and atom's nucleus 416 
and ethics 12 
CMB 348, 350 
detecting 424 
properties of alpha, beta and 

gamma 424, 425-6 
re-radiated electromagnetic 286-7 
synchrotron 459 
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radiath-c diffusion 363 
radio telescopes 253 
radio transmission system 245 
radio \\'3\-CS 241 , 243, 244, 245, 283 
radioacth-e atoms 416 s« also 

radioisotopes 
radioacti,-e decay 420 

equations 420, 421 ,422 
worked example 422 

radioacti,-e lamps 420 
1"3.dioacti,;ty 420-6 

measuring 430 
measuring, equatK>n 430 

r.1dioc2rbon d:uing 432 
1"3.dioisotopes 416 

anifici:ll 419, 431 
haJf.Jife 428-31 
natural 419,431 
radioacth-c 419 
uses 419,431 

radionuclide 431 
1"3.inbows 393 
random errors 14, 15, 28 
ratios 276 
raw data 14, 17 
re•radiated electromagnetic radiation 286-7 
redshift, cosmological 344 
redshifted 257-S 
reference list 40 
reflected sunlight 252- 3 
regener.3ti,·e braking 197, 225 
relativity 

and frame of reference 314 
and speed of light 302, 303 
Galilean principle of 300 
theory of general 6 , 343 
theory of special ,u Einstein, Albert 

reliability 9, 28 
rhetor-ic 39 
right-hand grip rule 157, 193, 195, 223 
right-hand rule 158, 159, 177 
risk 

assessments 12 
reducing 12 

nns (root mean square) ,-a.Jue 202,226 
and peak AC, worked example 227 
formula 226,227 

rotor 219 
Rutherford, Ernest 381, 383-5, 420 
Rydberg, Johannes 399 
Rydberg formula 399--400 

safety 11, 12, 14 
sampling size 15, 28 
satellites 

and Nen1on 116 
artificial 118-19 
communications 118 
defunct, removal of 119 
equations for orbital properties of 120 
geostatiOn3.r)' 118 
geosynchronous 118 
in orbit, worked example 122- 3 
motion 115-25 
narural 11 7 
orbital properties of 120-1 

Saturn 11 7, 121, 253 
Satumian model 380 
scalar quantity 50, 185 
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scalars 51 
scatter plot graph 19 
Schrodinger, Erwin 409 
Schrodinger's cat 409 
Schrooinger's equation 409 
scientific notation 41, 283 
scientific posrer 37 
scientific report 

editing 39 
presenting 36 
structuring 38 
writing 39 

scientific texts, interpreting 34 
seconcbry IOUTCN 5, 9, I S 
SI standard unit 242, 275 
Siding Spring Observatoq, 257 
significant figures I 0, 1 7 
simultaneity 

and spacetime 305-6 
lack of 306 

s imultaneous 305 
s ine 52 
skin cancer 246 
slip rings 223, 224 
sodium 254 
Soil Moisture and Ocean SaJinity (SMOS) 

probe 118 
solar panels 294 
solar spectrum 396 
solar system 

andgra\'iry 109, 110 
formation of 352 

sources 
analysis and synthesis of 38 
evaJuating 28-9 
primary su primary sources 
secondary s« seconchry sources 

space 
and light 323 
junk 119 
no1 absolute 316 

spacetime 305-6 
special relati,i1y, theory of ue aJu, Einstein, 

Albert 
e, idence for 309-2 1 

spectra 249,343,344 
absorption 249-50 
emission 250-3 
measuring 25 1 

spectral analysis 395-6 
equation 395 
worked example 396 

spectral lines 355, 358,360,392 
spectrometer 25 1 
spectroscope 251, 393 
spectroscopy 249-60 

neutron use 386 
speed 69-70 

calculating, worked example 70 
speed of ligh1 

and life spans 31~16 
and relati,ity 302,303 
and time and distance 306 
approaching 322 
approaching, equation 324 
changes 303, 315 
dete rmining 242 
equation 241 
has a constant vaJue 304 

measurement 242 
measuring, at home 243 
tr.l\"e) 322, 323 

split ring commut'alor 224 
Sputnik 118 
Standard Model of particle physics 448-57 
standby power 203 
st.anding•\\'3\·e linac 460 
St.arS 109, 11 7, 124, 247, 251, 252, 328, 

344 Me also observing Staf'S 

and Keh~Helmholtz contraction 362 
brightness 359 
classif)ing 355-6 
e"'Olution 365-71 
formation of 352 
greater than 8 solar masses 3 70 
less than 8 solar masses 369-70 
life and death 362- 72 
life cycle of 355-61 
main sequence 357 
on H-R diagram 358,360 
spcclrum analysis 356 

stator 2 19 
steady state theor)' 342,347 
Stefan-Boltzman law 258, 356 
step-down transformer 202, 206 
step.up tr.1nsformcr 202, 206 
stopping \'Oltagc 291 
storage ring 461- 2 
stringed instruments 245 
strong nuclear force 4 3 5 
subatomic particles 449, 467 
subtn11cting 17 
SuiSatl 123 
Sun 253, 255, 256, 259, 284-5, 344 

formation of 352 
fusion 328 
fusion, worked example 328 
knoo1edge about the 362 
life cycle 365 
modeUing 363-5 
nuclear fusion in 327, 437 
on the H-R diagram 360 
physical properties of 365 
srars bigger and smaller than 357 
structure of 363-4 
surface 364 
wobble 109 

sunglasses 275 
sunspots 362 
supercomputers 353 
superconductivity 198 
superconductors 198 
supergiants 357, 370 
supermicroscopcs 458 
supernova 370 
surface temperature 

of a star 254 
of a scar, worked example 285 

synchrotron 157, 16 1, 458, 459-63 
);gilt 459 
radiation 459 

systematic enor 14, 15, 28 

tables 10, 18, 20, 37 
technetium 425 
telescopes 242, 251, 268 

radio 253 
tele\'ision (TV) \\'3\'C 244, 283 



terminal velocity 55 
tesla 158 
Tesla, Nikola 158, 206 
Thomson,Joseph john Q.J) 377-8, 380, 

381, 407 
Thorne, Kip 6 
three-phase generators 224 
threshold frequency 291 
tides 109 
time 

and light 323 
and mass 349 
in different frames of reference 309-11 
space and matter 34 7 

time and distance 306 
time dilation 309, 311- 16 

equation 311 
worked example 313 

Tit.an 253 
torque 94-102 

and force magnimde 95 
and pimt point 95-6 
calculation, worked example 96 
calculation using perpendicular 

force 98-9 
calculation using perpendicular 

radius 99-100 
formula 96, 21 5 
in DC motors 215-19 
in DC motors, equations 216 
non-perpendicular equation 97 
on a coil 217 
on different objecrs 97 

torque wrench 100 
total energy of a satellite 129 
total mechanical energy 128 
l Otem Tennis 78-9 

ball's circular path, worked example 79 
train, Einstein's 305 
transformer 

core 201 
rated capacity 203 

transformer equation 201- 3 
current, worked example 203 
volt.age, worked example 202 

transformers 197, 201-8 
power, worked example 204 
workings of 201 

transmission line 
power loss, worked example 205 
voltage drop along, worked example 205 

transuranic 437 
travelling-wa,·e linac 460 
trend line 19, 20 
trends 20, 25 
trigonometry 52, 58, 78, 98, 99-100 
turning effect 94 
twin paradox 314-15 

ultraviolet 244, 246-7, 251, 252, 283 
uncertainty 18, 410 
uniform electric field 147 
uniform field 1 I 0, 111 
uniform horizontal motion 86 
unit symbols, correct use o f 41 
unitS 41, 70 

and dimensional consisrency check 151 
universe 

creation of matter in 349--50 
evidence for expansion of 343-4 
formation of simple elementS 350-1 
modelling the expanding 343 
predicting a dynamic 343 
smallest versus macroscopic scale 410 
viewing objects at the edge of 118 

,·alid conclusions 33-4 
,·alidit}' 9, 28, 29 
variables 5, I 0 
vector notation 50 
vector quantity 50, 96, Ill, 147, 157 
vectors 50, 51, 52 
visible light 241, 243-4, 283, 393 
visible wavelengths 244 
visualising data 18-21 

Vortex 75 
Voyager space probes 133, 253 

water 1 78, 258 
heavy 418 

water-drop experiment 380 
water molecules 245-6 
wave equation 240, 241 

used for light, worked example 241 
wawletS 264 
wan'.-particle duali1y 295, 404, 4 IO 
wave-particle theory, de Broglie's 404 
weather forecas ting 124 
weather pictures, deep-space 118 
weight 50 
weightlessness 11 7 
white dwarfs 357, 369 
white light 267, 393 
Wien, \'(filhelm 284, 285 
Wien's law 254, 284 

equation 284 
Wilson, Robert 348 
wobble 109 
work 92 

and energy 86-93, 96 
done by or on an electric field 150 
done in uniform electric fields 149 
done on a charge, equation 149 
done on a charge, worked example 150 
equations 92 
function of met.al, worked example 293 

work function 292 
working scientifically 2-42 

X-ray 243, 244, 247, 283, 407 

Young, Thomas 267 
double-slit experiment 267- 72, 295 
double-slit experiment, formula 271 

Yukawa, Hidek.i 435, 466 

Zeeman effect 392, 402 
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