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Introduction 
Welcome to the second edition of Physic1 for 1he lB Diploma. The content and structure of 
this second edition has been complete!}· revised to meet the demands of the 2014 lB Diploma 
Progmmme Physics Guide. 

Within the 1B Diploma Programme, the physics content is organized into compulsory topics 
plus a number of options, from which all stOOents select one. The organization of this resource 
exactly follows the 1B Physio Guide sequence: 

• Core: Chapters 1---8 co~·er the common core topics for Standard and Higher Level students. 

• Additional H igher Level (AHL): Chapters 9- 12 cover the additional topics fur Higher Level 
students 

• Options: Chapters 13- 16 cover Options A, B, C and D respectively. Each of these is 
available to both Standard and Higher Level students. (Higher Level students study more 
topics within the same option.) 

Each of the core and AHL topics is the subject of a corresponding single chapter in the 
Ph~ics for the IB Diploma printed book. 

The Options (Chapters 13- 16) are available on the website accompanying this book, as are 
useful appendices and additional student support (including Starting points and Summary of 
knowledge); www.hoddereducation.com/lBextras 

There are two additional short chapters offering physics-specific advice on the skills 
necessary for Graphs and data analysis and Prep.iring for the IB Diploma Physics 
examination, including explanations of the command terms. These chapters can be found on 
the accompanying website 

Special features of the chapters of Physics for the lB Diploma are described below. 

• The text is written in straightforward language, without phrases or idioms that might 
confuse students for whom English is a second language. 

• The depth of treatment of topics has been carefully planned to accurately reflect the 
objectives of the 1B syllabus and the requirements of the examinations. 

• The Nature of Science is an important new aspect of the 1B Physics course, which aims to 
broaden students' interests and knowledge be)')nd the confines of its specific physics content. 
Throughout this book we hope that students will develop an appreciation of the processes 
and applications of physics and technology. Some aspects of the Nature of Science may be 
examined in 1B Physics examinations and important discussion points are highlighted in 
the margins. 

• The Utilizations and Additional Perspecti\·es sections also reflect the Nature of Science, but 
they are designed to take students beyond the limits of the 1B syllabus in a variety of ways 
They might, for example, provide a historical context, extend theory or offer an interesting 
application. They are sometimes accompanied by more chal1enging, or research-sryle, 
questions. They do nor contain any knowledge that is essential for the 1B examinations 

• Science and technology have developed o\·er the centuries with contributions from scientists 
from all around the world. In the modern world science knows few boundaries and the flow 
of information is usually quick and easy. Some international applications of science have 
been indicated with the International Mindedness icon 

• \Vorked examples are provided in each chapter whenever new equations are introduced. A 
large number of self-assessment questions are placed throughout the chapters close to the 
relevant theory. Answers to most questions are provided at the end of the book 

• It is not an aim of this book to provide detailed information about experimental work or 
the use of computers. However, our Skills icon has been placed in the margin to indicate 
wherever such work may usefully aid understanding. A number of key experiments are 
included in the lB Physics Guide and these are listed in Chapter 18: Preparing for the 1B 
Diploma Physics examination, to be found on the website that accompanies this boo\.:: 
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• A selection of IB examination-style questions is provided at the end of each chapter, as well 
as some past 1B Physics examination questions 

• Links to the interdisciplinary Theory of Knowledge (ToK) element of the 1B Diploma 
course are made in all chapters. 

• Comprehensive glossaries of words and terms for Core and AHL topics are included in the 
printed OOOk. Glossaries for the Options are available on the website 

• Using this book 
The sequence of chapters in Physics for the IB Diploma deliberately follows the sequence of the 
syllabus content. However, the lB Diploma Phy.sic:s Guide is not designed as a teaching syllabus, 
so the order in which the syllabus content is presented is not necessarily the order in which it 
will be taught. Different schools and colleges should design a course based on their individual 
circumstances 

In addition to the study of the physics principles contained in this book, 1B science students 
carry out experiments and investigations, as well as collaborating in a Group 4 Project. These 
are assessed within the school (internal Assessment), based on well-established criteria 

The contents of Chapter I (Physics and physical measurement) have applications that recur 
throughout the rest of the OOOk and also during practical work. For this reason, it is intended 
more as a source of reference, rather than as material that should be fully understood before 
progressing to the rest of the course 

• Author profiles 

John Allum 
John has taught pre-university physics courses as a Head of Department in a variety of 
international schools for more than 30 years. He has taught 1B Physics in Malaysia and in Abu 
Dhabi, and has been an examiner for 1B Physics for many years 

Christopher Talbot 
Chris teaches TOK and 1B Chemistry at a leading 1B World School in Singapore. He has also 
taught 1B Biology and a variety of !GCSE courses, including !GCSE Physics, at Overseas Family 
School, Republic of Singapore 

• Authors' acknowledgements 
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chapters: Dr Robert Smith, University of Sussex (Astrophysics); Dr Tim Brown, University 
of Surrey (Communications and Digital Technology); Dr David Cooper (Quantum Physics); 
Mr Bernard Taylor (Theory of Knowledge, Internal Assessment and Fields and Forces); Professor 
Christopher Hammond, University of Leeds (Electromagnetic Waves); Professor Phil Walker, 
University of Surrey (Nuclear Physics); Dr David Jenkins, University of York (Nuclear Physics) 
and Trevor Wilson, Bavaria International School e.V., Germany. 

We also like to thank David Talbot, who supplied some of the photographs fur the book, and 
Terri Harwood and Jon Homewood, who drew a number of physicists. 

For this second edition, we would like to thank the following academics for their advice, 
comment and feedback on drafts of the chapters: Dr Robert Smith, Emeritus Reader in 
Astronomy, University of Sussex, Dr Tim Brown, Lecturer in Radio Frequency Antennas and 
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Measurements and uncertainties 

jf}iit1iifiill•]ti\ft 
• Since 1948, the Systeme International d'Unites (SI) has been used as the preferred 

language of science and technology across the globe and reflects current best 
measurement practice. 

• Scientists aim towards designing experiments that can give a 'true value' from their 
measurements but, due to the limited precision in measuring devices, they often quote 
theirresultswithsomeformofuncertainty. 

• Some quantities have direction and magnitude, others have magnitude only, and this 
understanding is the key to correct manipulation of quantities. 

1.1 Measurements in physics -,;nee 1948, thesy,r,me 
International d'Unites (SI) has been used as the preferred language of science and 
technology across the globe and reflects current best measurement practice 

• Fu ndamenta l and de rived SI units 
To oommunicate with each other we need to share a common language, and to share numerical 
information we need to use common units of measurement. An internationally agreed system of 
units is now used by scientists around the v.urld. It is called the SI system (from the French 'Systeme 
International') . SI units will be used throughout this course 

llil!llll!llmlilll Common terminology 
For much of the last 200 years many prominent scientists have tried to reach agreement on 
a metric (decimal) system of units that everyone would use for measurements in science and 

commerce. A common system of measurement is invaluable for the transfer of scientific 
information and for international trade. In principle this may seem more than sensible, but 
there are significant historical and cultural reasons v..hy some countries, and some societies and 
individuals, have been resistant to changing their system of units 

The SI system was formali:ed in 1960 and the seventh unit (the mole) was added in 1971 
Before that, apan from SI units, a system based on centimetres, grams and seconds (CGS) 
was widely used, while the imperial (non-decimal) system of feet, pounds and seconds was also 
popular in some countries. For non-scientific, everyday use, people in many countries sometimes 
still prefer to use different systems that have been popular for centuries. Confusion between 
different systems of units has been famously blamed for the failure of the Mars orbiter in 1999 
and has been implicated in several aviation incidents. 

The fundamental units of measurement 
There are seven fundamental (bas ic) units in the SI system: kilogram, metre, second, ampere, 
mole, kelvin (and candela, which is not part of this course). The quantities, names and symbols 
for these fundamental SI units are given in Table LI 

They are called 'fundamental' because their definitions are not combinations of other units 

(unlike metres per second, for example). You do not need to learn the definitions of these units 

Quantity Symbol 

length thedistancetravelledbyl,ghtinavacuumin1/2997924S8semnds 

temperaturn 

kilogram kg the mass of a cylinder of plat inum-iridium alloy kept at the lntemahonal Bureau of 
Wei htsandMeasuresinFranrn 

thedurationof9192631770oscillationsoftheelectromagneticrild iationemittedin 
the transmission between two specific energy levels in caesium-133 atoms 

that rnm>nt which, when flowing in two parallel conductors ooe metrn apart in a 
varnumproducesaforceof2x 10-7Nooeachmetreofthemnductors 

1/273.16ofthethermodynamic temperatureofthetriple pointof water 
an amount of substance thatrnntair,sas manypartkles as them arnatcrnsin 12 g of 
carbon-12 
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r 
Improvement in inst rumentation 
Accurate and precise measurements of experimental data are a cornerstone of science, and such 
measurements rely on the precision of our system of units. The definitions of the fundamental 
units depend on scientists' ability to make.very precise measurements and this has improved 
since the units were first defined and used 

Scientific advances can come from original research in new areas, but they are also driven 
by impro\·ed technologies and the ability to make more accurate measurements. Astronomy is 
a good example: controlled experiments are generally not possible, so our rapidly expanding 
understanding of the universe is being achie\·ed largely as a result of the improved data we can 
receive with the help of the latest technologies (higher-resolution telescopes, for example). 

named derived units 

Toi< Unk 
fund-1bllcc11tce,:it1 

Derived units of measurement 
All other units in science are combinations of the fundamental units. For example, the unit for 
volume is m1 and the unit for speed is ms-1. Combinations of fundamental units are known as 
derived units. 

Sometimes derived units are also given their own name (Table 1.2). For example, the unit of 
force is kgms-2, but it is usually called the newton, N. All derived units will be intro.::luced and 
defined when they are needed during the course. 

Quanti ty Combined fundamenta l uni ts 

newton{N) k ms-1 

paKill(Pa) preSSUll' kgm-1s-l 

hertz{Hz) frequency ,-, 
joule(J) kgmls-1 

watt(W) kgmls-l 

coulomb(() 

""'(Y) potentialdrfference kg mls-3A-1 

ohm{O) resistance k mls-lA-1 

Wi!ber{Wb) magnetic flux kgmls-lA-t 

11.'Sla(T) magneticfieldstll'ngth kgs -1A-1 

becquerel(Bq) radioactivity ,, 
Note that students are expected to write and recogni:e units using superscript format, such as 
ms-1 rather than m/s. Acceleration, for example, has the unit ms-2• 

Occasionally physicists use units that are not part of the SI system. For example, the 
electronvolt, eV, is a conveniently small unit of energy that is often used in atomic physics. Units 
such as this will be intro.::luced when necessary during the course. Students will be expected to 
be able to convert from one unit to another. A more common conversion would be changing 
timeinyearstotimeinseconds. 

Al well as some Uflits of measurement many of the ideas 
andprinciplesusedinphyskscanbedesrribedasbeing 
'fundamenra/'. Indeed, physics itself i5 often described as the 
fundamen@I science. But wflar exactly do we mean when we 
describe something as fundamenra/7 We coo/d replitce the won1 
with 'elementary' or 'bask', but that doe-; not really help us to 
understand its true meaning 

toexpress(probablyusingmathematiu).lfilis cornplkated. 
maybetheundertyingsimplicityha1notyetbei!ndisc0\'ered 

Fundamentalprir.c:iple1mustalsobe'true"everywherear.dfor 
all time. The fundamental principles of physics that Wi! use today 
havebeentested.ll'·lesledandtesteda,gaintocheckiftheyare 
trulylundamental.Of course.thereisalwaysapossibilitythatir. 
thefutureaprinciplethatisbelievedtobefundament<1lmmis 
discO\'eredtobeexpklinablebysimpleride;rs Oneofthecentralthemesofphysicsisthesearchfor fundamental 

partkles-particle1thataretheb<1sicbuildingblocksofthe 
universeanda1enot,lhemselve1,madeupofSffiilHerandsimpler 
particles. It is the same with fundamentaJ li!M and principle-; : a 
physicsprinciplecannotbedescribedasfundamentalifitcanbe 
expklinedby'simpler"ideas. Mostscientistsalsobelie~ethata 
principlecannotbereallyfundamentalunle-;sitisll'lativelysimple 

Consider two well-known laws in physiu. Hooke's law describes 
how some materials stfetch when fofces act on them. It is a simple 
klw.butili1notafundamentalklwbecauseitiscertain!ynotalway,; 
true. Thelawofcoo5efWl!iooofenergyisalsosimple.butili1 
desc:ribedaslundamentalbecausethereare no k.nownexceptions 
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• Table 1.3Standard 
metric(Sl)multipliers 
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• Scientific not atio n a nd metri c multipliers 

Scientific notation 
When writing and comparing very hrge or very small numbers it is convenient to use scient if ic 
notation (sometimes called 'standard form'). 

In scientific notation every number is expressed in the form a x id', where a is a decimal 
number larger than I and less than 10, and b is a whole number (integer) called the exponent. 
For example, in scientific notation the number 434 is written as 4.34 x HY; similarly, 0.000316 is 
writtenas3.16x JO-"i. 

Scientific notation is useful fur making the number of significant figures clear (see the next 
section). It is also used for entering and displaying large and small numbers on calculators. x!O~ 
or the letter E is often used on calculators to represent 'times ten to the i:o v.,er of .. .'. For example, 
4.62E3 represents4.62 x KY,or4620. 

The worldwide use of this standard form for representing numerical data is of great 
importance for the communication of scientific information between different countries. 

"'" 

TOK Link 

Standard metric multipliers 
In everyday language we use the v.urds 'thousand' 
and 'million' to help represent brge numbers. 
Thescientiftcequivalentsaretheprefixes 
kilo- and mega•. For example, a kilowatt is one 
thousand watts, and a megajoule is one million 
joules. Similarly, a thousandth and a millionth 
arerepresentedscientificallybytheprefixes 
milli- and micro•. A list of standard prefixes is 
shown in Table 1.3. It is provided in the Physin 
databook!e1. 

Eff•ctiw oammuniutica n••• conmmn~• and Nrmrinr9foty 
IMlat hits influenced rhe common language used in xience? To what exre,it does having a common 
stil!ldardapproachtomeasurementfacilitatethesharingofknow/edgeinphysks? 

There can be little doubt that communication between o;cientisll is much Ns.ier if they share a common 
o;cientificlanguage(symbols,units,51:andardo;cientificootationetc.asoutlinedinthischapter).Butareour 
modem methods of scientific communication and terminology the best, or coo Id they be improved I To what 
extentaretheyjustahi5toricalaccident,basedoothespecificlanguagesandculturesthatweredominant 
atthetimeoftheirdevelopment? 

• Sig nifica nt fi gures 
The more precise a measurement is, the greater the number of significant figures (digits) that 
can be used to represent it. For example, an electric current stated to be 4.20A (as distinct from 
4.19 A or 4.21 A) suggests a much greater precision than a current stated to be 4.2 A 

Significant figures are all the digits used in data to carry meaning, whether they are before 
or after a decimal point, and this indud.:i zeros. But sometimes :eros are used without thought 
or meaning, and this can lead to confusion. For example, if rou are told that it is 100km to the 
nearest airport, rou might be unsure whether it is approximately 100km, or 'exactly' 100km. 
This is a good example of why scientific notation is useful. Using LOO x ioJ km makes it clear 
that there are three significant figures. I x JQ} km represents much less precision. 

When making calculations, the result cannot be more precise than the data used to pnxluce 
it. As a general (and simplified) rule, when answering questions or processing experimental data, 
the result should have the same number of significant figures as the data used. If the number of 
significant figures is not the same for all pieces of data, then the number of significant figures in 
the answer should be the same as the least precise of the data (which has the fewest significant 
figures). This is illustrated in Worked example I 
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• Figure 1.1 
a The behaviour of 

graphene(amaterial 
made from a single 
layer of carbon 
atoms)canbeseen 
using a special 
type of electron 
microscope 
bComplexgasand 

Cat's Eye nebula, 
30001ightyearsaw~ 

1 Usetheequatioo 

P=¥ 
to determine the power. P. of an ejectric motor that raises a mass. m. of 1.5kg. a distance. h. of 1.128m 
in a time. t.of4.79s.(g:9.81ms-1) 

P=¥=1.5x\~j
9
x1.128 

Acalcukltorwilldi~!ayananswerof3.4652 .. ,butthisan'>W{'f1Uggestsaveryhighprecision,which 
isnotjustifiedbythedata.ThedatausedwilhthelNStnumberofsignificantfiguresisl.Skg.">Othe 
answer shoold al'iO have the same number 

'Rounding off' to an appropriate number of significant figures 
'Rounding off', as in Worked example I, should be done at the end of a multi-step calculation, 
when the answer has to be given. If further calculations using this answer are then needed, all 
the digits shown previously on the calculator should be used. The answer to this calculation 
should then be rounded off to the correct number of significant figures. This process can 
sometimes result in small but apparent inconsistencies between answers. 

• Orders of magnitude 
Physics is the fundamental science that tries to explain how and why everything in the universe 
behaves in the way that it does. Physicists study everything from the smallest parts of atoms to 
distant objects in our galaxy and beyond (Figure LI) 

Physics is a quantit3tive subject that makes much use of mathematics. Measurements and 
calculations comnxmly relate to the v..urkl that we can see around us (the macroscopic world), 
l:ut our observations may require microscopic explanations, often including an understanding of 
molecules, atoms, ions and sub-atomC particles. Astronomy is a brarx:h of physics that deals with the 
other extreme - quantities that are very much bigger than anything we experience in evet)Ua)' life. 

The study of physics therefore invokes dealing with both very large and very small numbers. 
When numbers are so different from our everyday experiences, it can be difficult to appreciate 
their true size. For example, the age of the universe is believed to be about !01~s, but just how big 
is that number? The only sensible way to answer that question is to compare the quantity with 
something else with which we are more familiar. For example, the age of the universe is about 
100 million human lifetimes. 

When comparing quantities of very different sizes (magnit udes), fur simplicity we often make 
approximations to the nearest power of 10. When numbers are approximated and quoted to the 
nearest power of 10, it is called giving them an order of magnitude. For example, when comparing 
the lifetime of a human (the \\UT\dwide average is aOOUt 70 years) with the age of the universe 
(1.4 x J01°y), we can use the approximate ratio 1010/161. That is, the age of the universe is aOOUt 
106 human lifetimes, or we could say that there are eight onlers of magnitude between them. 



range of masses in 

1. 1 Measurements in physics 

Herearethreefurther exarnples: 

• The mass of a hydrogen atom is 1.67 x 10-!7 kg. To an order of magnitude this is 10-11 kg 

• The distance to the nearest star (Proxima Cemauri) is 4.01 x 1016 rn. To an order of 
magnitude this is 1017 m. (Note: log of 4.01 x 1016 • 16.60, which is nearer to 17 than to 16.) 

• There are 86400 seconds in a day. To an order of magnitude this is lo"is. 

Tables 1.4 to 1.6 list the rnnges of mass, distance and time that occur in the uni\·erse. You are 
recommended to look at computer simubtions representing these ranges. 

Object Mass/kg 

1011 

ourga!a:,;y(theMi lkyWif"j) 1ot1 ,,. 
"'" 

a large passenger plane 101 

a!argeildutthuman l<Y 
a large book 

a raindrop 10- 6 

10-10 

a hydrogen atom 10-11 

10-lO 

Time period 

distan{e to the edge of the visible universe age of the universe 

diameterofourga!axy(theMilkyWay) 101s 

timesin{ehumansfif51:appearedonEarth 1011 

timesin{elhepyramidswerebuiltinEgypt 1011 

typical human lifetime 

one day 

altitudeofacruisingp!ane 

height of a child timeperiodofhigh-frequencymund 10- ' 

howmu{hhumanhairgrowsbyinoneday timeforlighttotravelac:rossaroom 10- 8 

timeperiodofosdl!atiooofalightwave 10-1 1 

timelorlighttotravelacrossanudeus 10-11 

• Table1.STherangeofdistancesintheuniverse • Table 1.6Therangeoftimesintheuniverse 

• Estimation 
Sometimes we do not have the data needed for accurate calcubtions, or maybe calculations 
need to be made quickly. Sometimes a question is so vague that an accurate answer is simply 
not possible. The ability to make sensible estimates is a very useful skill that needs plenty of 
practice. The worked example and questions 2- 5 below are typical of calculations that do not 
have exact answers 

When making estimates, different people will produce different answers and it is usually 
sensible to use only one (maybe two) significant figures. Sometimes only an order of magnitude 
is needed. 
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2 Estimate the mass of air in adassroom. (demityof air= 1.3kgm-1} 

A typical dassroom might hiM! dimensions of7m x am x 3m, so its volume is about 170ml 

mass:densityxvolume:170x 1.3:220Kg 

since this is an estimate, an answer of 200kg may be more appropriate. To an order of magnitude it 
wouldbel<Ykg 

1 Estimatethemassof 
il apageofabook 
b airinabottle 
c adog 
d waterintheoceansolthewO!'ld 

2 Giveanestimateloreac:hofthelollawing 
ii theheightofahousewiththreellOOfs 
b how many times a wheel oo a ur rotates during the lifetime of the car 
c howmanygrainsofsandwouldfillarnp 
d thethicknessofapageioabook 

J EstimatetheloOowingperiodsoftime 
ii how many seconds there are in an avernge human lifetime 
b how long it would take a person to walk around the Earth {ignore the time not spent walking) 
c howlongittakeslorlighttotr<M!lacrossaroom 

4 Research the relevant data so that you can compare the folklwing measuremeots. (Give yoor answer as an 
order of magnitude.) 
ii thedistancetotheMoonwiththecircumfereoceoltheEarth 
b themassoftheEarthwiththemassofanapple 
c the time it takes light to travel 1 m with the time between your heartbeats 

1.2 Uncertainties and errors -scientistsaim towardsdesigning 
experiments that can give a 'true value' from their measurements, but because of the 
limited precision in measuring devices, they often quote their results with some form 
of uncertainty 

111!11!1111111 Certainty 
Although scientists are perceived as \ffir\.::ing towards finding 'exact' answers , an unavoidable 
uncertainty exists in any measurement. The results of all scientific investigations have 
uncertainties and errors, although good experimentation will try to keep these as small as possible 

When we receive numerical data of any kind (scientific or otherwise) we need to know how 
much belief we should place in the information that we are reading or hearing. The presentation 
of the results of serious scientific research should always have an assessment of the uncertainties 
in the findings, because this is an integral part of the scientific process. Unfortunately the same 
is not true of much of the information we receive through the media, where data are too often 
presented uncritically and unscientifically, without any reference to their source or reliability. 

No matter how hard we try, even with the very best of measuring instruments, it is simply 
not possible to measure anything exm:rly. For one reason, the things that we can measure do not 
exist as perfectly exact quantities; there is no reason why they should 

This means that e1.'Cl'y measurement is an approximation. A measurement could be the most 
accurate ever made, for example the width of a ruler might be stated as 2.283 891 03 cm, but that 
is still not perfect, and even if it was we would not know because we would always need a more 
accurate instrument to check it. In this example we also have the added complication of the fact 
that when measurements of length become very small we have to deal with the atomic nature of 
the objects that we are measuring. (Where is the edge of an atom!) 
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The uncertainty in a measurement is the range, abo~·e and below a stated value, m·erwhich 
we would expect any repeated measurements to fall. For example, if the average height to which 
a ball bounced when dropped (from the same height) was 48cm, but actual measurements varied 
between 45cmand 51 cm, the result shoukl be recorded as 48 :i: 3cm. The uncertainty is :i:3cm, 
but this is sometimes better quoted as a percentage, in this example :i:6%. Obviously, it is desirable 
that experiments should produce results with km uncertainties - such measurements are described 
as being precise. But it should be noted that sometimes results can be precise, but wrong! 

The more precise that a measurement is, the greater the number of significant figures (digits) 
that can be used to represent it. 

If the correct ('ttue') value of a quantity is known, but an actual measurement is made 

that is not the same, we refer to this as an experimental e rror. That is, an error occurs in a 
measurement when it is not exactly the same as the correct value. For example, if a student 
recorded the height of a ball's bounce as 49cm, but careful observation of a video recording 
showed that it was actually 48cm, then there was an error in the measurement of +I cm. 

AU measurements involve errors, whether they are large or small, fur which there are many 
possible reasons, but they should not be confused with mistakes. Errors can be described as 
either random or sysrcrnatic (see below), although all measurements involve both kinds of error to 
some extent. 

The words error and uncertainty are sometimes used to mean the same thing, although this 
can only be true when referring to experiments that have a known correct result 

ToK link 

'One aim of the physical science5 has been ro give ilfl exact pkrure of rhe mareriaJ world. One ac:hiellemenr 
ofphysicsinrhet1Wntiethcenturyhasbeentoprovethatthisaimisunartainable.' 

Cil!lscientistseverbeuu/ycertainoftheirdiscoveries? 

Thepopularbeliefisthatsciencedealswith'lacts'and,toalargeextent,thatisafaircomment,butit 
alsogivesaninrnmpleteimpressiooofthenatureofsclence.The51:atementismisleadingilitsuggests 
thatscienti1tstypicallybellevethattheyhaveuncove1edcertainuniversal'truth1'foralltime.Scientilic 
knowledge i1 provisional and fully open to change if and when we make new discoveries. More than 
that,iti1theessentialnatureofsclenceandgoodscienti1tstoencouragethere-examinationofexi1ting 
'Knowledge'andtolook/Ofimprovementsandprogress 

• Different kinds of uncertainty 
The uncertainty in experimental measurements discussed in this chapter is a consequence of 
the limitations of scientists and their equipment to obtain IOO'K. accurate results. However, we 
should also consider that the act of measurement, in itself, can change what we are attempting 
to measure. For example, connecting an ammeter in an electric circuit must affect the current it 
is trying to measure, although every effort should be made to ensure this effect is not significant. 
Similarly, putting a cold thermometer in a warm liquid will alter its temperature. 

'Uncertainty' also appears as an important concept in mcdern physics: the Heisenberg 
uncertainty principle deals with the behaviour of sub-atomic particles and is discussed in Chapter 
12 (Higher Level sm.::lents). One of its core ideas is that the more precisely the position of a 
particle is known, the less precisely its momentum can be known, and vice versa. But it should be 
stressed that the Heisenberg uncertainty principle is a fundamental feature of quantum physics 
and has nothing to do with the experimental limits of current bboratory technology. 

• Random and syst ematic errors 

Random errors 
Random errors cannot be avoided because exact measurements are not possible. Measurements 
can be bigger or smaller than the correct value and are scattered randomly around that value 
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Random errors are generally unknown and unpredictable. There are many possible reasons for 
them, including· 

• limitations of the scale or display being used 

• reading scales from wrong positions 

• irregular human reaction times when using a stopwatch 

• difficulty in making observations that change quickly with time. 

The reading obtained from a measuring instrument is limited by the smallest division of 
its scale. This is sometimes called a readability (or reading) er ror. For example, a liquid-in­
glass thermometer with a scale marked only in degrees (23°C, 24°C, 25°C, etc.) cannot reliably 
be used to measure to everyO.l°C. It is usually assumed that the error for analogue (continuous) 
scales, like a liquid-in-glass thermometer, is half of the smallest division - in this example 
:t0.5"C. For digital instruments the error is assumed to be the smallest division that the meter 
can display. Figure 1.2 shows analogue and digital ammeters that can be used for measuring 
electric current. 

A common reason for random errors is reading an analogue scale from an incorrect position. 
This is called a parallax er ror - an example is shown in Figure 1.3. 

H--- ,-~,oo:oc, 
--~~ reading 

- :::"' """'" 
• Figure 1.2 Digital and analogue ammeters measuring the same • Figure1.3Parallaxerrorwhenreadingthelevel 

ofliquidinameasuringcylinder 

Systematic errors 
A systematic error occurs because there 
is something coruis1endy wrong with the 
measuring instrument or the metho.::I used. 
A reading with a systematic error is always either 
bigger or smaller than the correct value by the same 
amount. Common causes are instruments that 
have an incorrect scale (wrongly calibrated), or 
instruments that have an incorrect value to begin 
with, such as a meter that displays a reading 
when it should read :ero. This is called a :ero 
offset e r ror - an example is shown in Figure 1.4 
A thermometer that incorrectly records room 
temperature will produce systematic errors when 
used to measure other temperatures 

• Accuracy 

• Figure1.4Thisvoltmeterhasazerooffset 

errorof0.3V,sothatallreadingswillbetoo 
large by this amount 

A measurement that is close to the correct value (if it is known) is described as accurate, but in 
science the word accurate also means that a sel of measurements made during an experiment have 
a small, systematic error. This means that an accurate set of measurements are approximately 
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evenly distributed around the correct values (whether they are close to it or not), so that an 
average of those measurements will be close to the true value 

In many experiments the 'correct' result might not be known, which means that the 
accuracy of measurements cannot be known with any certainty. In such cases, the quality of the 
measurements can best be judged by their precision: can the same results be repeated/ 

The difference between precise and accurate can be illustrated by considering arrows fired 
at a target, as in Rgure 1.5. The aim is precise if the arrows are grouped close together and 
accurate if the arrows are approximately evenly distributed around the centre of the target. The 
last diagram shows both accuracy and precision, although in e\·eryday conversation we would 
probably just describe it as accurate. 

• Figure1 .5 Differencebetweenprecisionandaccuracy 

A watch that is always 5 minutes fast can be described as precise but not accurate. This is an 
example of a systematic zero offset error. Using hand-operated stopwatches to time a 100 m race 
might give accurate results (if there are no systematic errors), but they are unlikely to be precise 
because human reaction times will produce significant random errors. 

Identifying and reducing the effects of errors 
If a single measurement is made of a particular quantity, we may have no way of knowing 
how close it is to the correct result; that is, we probably do not know the size of any error 
in measurement. But if the same measurement is repeated and the results are similar (\ow 
uncertainty, high precision), we will gain some confidence in the results of the experiment, 
especially if we have checked for any possible causes of systematic error. 

The most common way of reducing the effects of random errors is by repeating measurements 
and calculating a mean value, which should be closer to the correct value than most, or all, of 
the individual measurements. Any unusual (anomalous) values should be checked and probably 
excluded from the calculation of the mean 

Many experiments involve taking a range of measurements, each under different 
experimental conditions, so that a graph can be drawn to show the pattern of the results. (For 
example, changing the voltage in an electric circuit to see how it affects the current.) Increasing 
the number of pairs of measurements made also reduces the effects of random errors because the 
line of best-fit can be placed with more confidence 

Experiments should be designed, wherever possible, to produce large readings. For example, a 
metre ruler might only be readable to the nearest half a millimetre and this will be the same for all 
measurements that are made with it. When measuring a length of90cm this error will probably 
be considered as acceptable (it is a percentage error of 0.56%), but the same sized error when 
measuring only 2 mm is 25%, which is probably unacceptable. The larger a measurement (that is 
made with a particular measuring instrument), the smaller the percentage error should be. If this 
is not possible, then the measuring instrument might need to be changed to one with smaller 
divisions 

It is possible to carry out an experiment carefully with good quality instruments, but still 
have large random errors. There could be many different reasons for this and the experiment 
may have to be redesigned to get over the problems. Using a stopwatch to time the fall of 
an object dropped from a hand to the floor, or measuring the height of a bouncing ball, are 
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nm examples of simple experiments which may have significant 
random errors 

The effects of systematic errori cannot be reduced by repeating 
measurements. Instruments should be checked for errors before- they 
are used, but a systematic error might not even be noticed until a 
graph has been drawn of the results and a line of best-fit found not 
to pass through the expected intercept, as shown in Figure 1.6. In 
such a case it might then be sensible to adjust all measurements up 
or down by the same amount if the cause of the systematic error can 
be determined. 

• Absolute, fra ctional and percentage 
uncertainties 

Uncerta inties in experimenta l data 
Uncertainties in e-xperimental data can be expressed in one of three 
ways: 

']/ _ 
0 Time 

• Figure1.6Thebest-fit 

line for this speed-time 

graphforatrolleyrolling 

fromrestdownaslope 

does not pass through 
theorigin,sotherewas 

probablyasystematicerror 

• The absolute uncertainty of a measurement is the range, above and below the stated value, 
within which we would expect any repeated measurements to fall. For example, the mass of a 
pen might be stated as 53.Zg ± 0.1 g, where the uncertainty is ±0.1 g. 

• The fractional uncertainty is the ratio of the absolute uncertainty to the measured value. 

• The percentage uncertainty is the fractional uncertainty expressed as a percentage 

Uncertainties e-xpressed in percentages are often the most informative. Experiments that 
produce results with uncertainties of less than 5% may be desirable, but are not always possible 

3 Themassofapieceofmetalisquotedtobe346g;.2.0% 
a Whatistheabsoluteuncertainty? 
b What is the r,mge of va lues that the mass could be expected to have? 
c Whatisthefra.c:tiOOilluocertainty? 

a 2.0%of346gis;.7g(tothenearestgram,aspw;idedinthedataintheque5tion) 

b 339gto3S3g(to3s.ignificant1igure,;) 

c 2%isequivalentto~ 

Ideally unce-rtainties should be quoted for all e-xperimental measurements, but this can be 
repetitive and tedious in a learning environment, so they are often omitted unless being taught 
specifically. 

It is usually easy to decide on the size of an uncertainty associated with taking a single 
measurement with a particular instrument. It is often assumed to be the readability error, 
as described earlier. Howe\·er, the overall uncertainty in a measurement, allowing for all 
experimental difficulties, is sometimes more difficult to decide. For example, the readability error 
on a hand-operated stopwatch might be 0.01 s, but the uncertainty in its measureme-nts will be 
much greater because of human reaction times. 

The amount of scattering of the readings around a mean value is a useful guide to random 
uncertainty, but not syste-matic uncertainty. After the mean value of the readings has been 
calculated, the random unce-rtainty can be assumed to be the largest differe-nce between any 
single reading and the mean value. This is shown in the following worked e-xample 
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4 The following measurements (in cm) were recorded in an experiml'flt to measure the height to which 
abil llbounced:32.29.33.32,37and28.Estimate valuesfortheabsoluteandpercentage random 
ur-.c:erta intiesintheexperiment 

The mean of these six readings is 31.83 cm, but ii would be sensible to quote this to two significant 
figures (32cm), as in the original data. The measorement that has the greatest differmce from this 
value is 37cm. so an e5timate of the 1mcertainty is 5cm. which means a percentage uncertainty of 
(5137)x100:14% 

Notethatifthl'samedatahild~nobtainedintheorder28,29,32.32.33.37.ilwouldbediffirnlt 
tobelievethattheuncertaintie5wererandom,andanotherexpklnationforthevariationinresults 
wouldneedtobefound 

Uncerta int ies in calculated resu lts 
When making further calculations based on experimental data, the uncertainty in individual 
measurements should be known. It is then important to know how to use these uncertainties to 

determine the uncertainty in any results that are calculated from those data. 
Consider a simple example: a trolley moving with constant speed was measured to travel a 

distanceof76cm ± Zcm (±Z.6%) ina timeof4.Js ± O.Zs (±4.7%). 
The speed can be calculated from distance/time• 76/4.J • 17.67 ... , which is 18ms-1 when 

rounded to rn.u significant figures, consistent with the experimental data. 
To determine the uncertainty in this answer we consider the uncertainties in distance and 

time. Using the largest distance and shortest time, the largest possible answer for speed is 78/4.l • 
19.0Z .... Using the smallest distance and the longest time, the smallest possible answer for speed 
is 74/4.S • 16.44 .... (The numbers will be rounded at the end of the calculations.) 

The speed is therefore betv.1een 16.44cms-1 and 19.0Zcms-1• The value 19.0Z has the greater 
difference (I.JS) from 17.67. So the final result can be expressed as 17.67 ± l.JScms-1, which is a 
maximum uncertainty of 7.6%. Rounding to two significant figures, the result becomes 18 ::t 1 cms- 1 

Uncertainty calculations like these can be very time consuming and, for this course, 
approximate methods ilTt accrptabk. For example, in the calculation for speed shown aOOve, the 
uncertainty in the data was ± Z.6% for distance and ±4.7% for time. The percentage uncertainty 
in the final result is approximated by adding the percentage uncertainties in the data: Z.6 + 4.7 • 
7.3%. This gives approximately the same value as calculated using the largest and smalleot possible 
values for speed. Rules for finding uncertainties in calculated results are given below. 

Rules for uncertainties in calculations 

• For quantities that are added or subtracted: add the abwluu uncertainties. In the Physio data 
booklet this is given as· 

If y •a±b then f..y •f..a+ l'J, 

• For quantities that are multiplied or divided: add the individualfrac1io11.al or perce111agr 
uncertainties. In the Physics data booklet this is given as 

• For quantities that are raised to a power, n, the Physics daw booklet gives· 

If y•an then ~ - 1~-¥-)1 
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• For o ther functions (such as trigonometric functions, logarithms or square roots): calculate 
the highest and lowest absolute values possible and compare with the mean value, as shown 
in the fullowing worked example. But note that although such calculat ions can occur in 
connection with laboratory work, they will 11ot be required in examinations. 

5 Anangle,ll,wasmeasuredtobe34°21°.Whatistheuncertaintyintheslopeofthisangle? 

largerabsoluteuncertainly:0.675-0.649:0.026 
(0.700-0.67S:O.D2S,whithissmaHerthan0.026) 

So, tan/J:0.6720.03{u1ingthex1menumberof'iignilicantfigure1a1inlheoriginaldata) 

5 Amass of 346 "' 2g was added toa mass of 129"' 1 g 
a Whatwastheoverallabsoluteunc:ertainty? 
b What wastheovera llpercentagetmcertainty? 

6 Theequatioo s:1"3t1 was used tocakulateavaluefor swhen a was 4.3 20.2ms-1 and twas 1.4,. 0.1 s 
a Calrnlateavaluefors 
b Calrnlatethepercentageuncertaintyinthedataprmided 
c Calrnlatethepercentageuncertaintyintheamffl!r 
d Calrnlatetheabsoluteuncertaintyintheanswer 

7 A certain quantity was measured to have a magnitude of (1.46 "'0.08). What is the maximum uncertainty 
inthesquarerootofthisquantily? 

U sing computer spreadsheet s t o calculat e uncerta inties 

Computer spreadsheets can be very helpful when it is necessary to make multiple calculations 
of uncertainties in experimental results. For example, the resistivity, p, of a metal wire can be 
calculated using the equationp • Rrn-2/1, where rand I are the radius and length of the wire, 
and R is its resistance. Figure 1.7 shows the raw data (shaded green) of an experiment that 
measured the resistance of various wires of the same metal. The rest of the spreadsheet shows 
the calculations imuked with pnx:essing the data to determine resistivity and the uncertainty 
in the result. A computer program can then be used to draw a suitable graph of the results, and 
this can include error bars (seepage 13) 

RH i• tanc•, P• rc.,..tag e Racliu • , r Pa r<: enl:ai;I• P• .-c•nlag• 
R / fl.iO.Z uncertainty / mm unccrt•inty uncertainty 

n inR ±0.0imrn lnr ' 

Pen:ent• ge R•sisli vily, PercentDge Ab• olutc 
unca1:a,inty p =R rv'/1 unccrteinty uncertainty 

in/ o m · inp o m 

• Figure 1.7 Usingaspreadsheettocalculateuncertaintiesinaresistanceexperiment 

8 a Use a computer spreadsh~t to enter the same raw data as shown in Figura 1.7 
b U1ethespreadsh~ttoconfirmtheresult1ofthernlculations1hown 
c What difference would it make to the results ii the radius of the wire rnukl ooly be measured to the 

neare5thalf a millimetrn? 
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r 
Uncerta;nues 
'Allscientificknowledgeisuncertain .. .' 

Richard P. Feynman (1998), The Meaning of It AU: Thoughts of a Citizen-Scientist 
It is not only measurements that have uncertainties. All scientific knowledge is uncertain 

in the sense that good scientists understand that anything we believe to be true today, may 
have to be changed in the light of future discoveries or in. sights. This doubt is fundamental to 

the true nature of science. At any time, past or present, in the development of science there is 
an accepted body of knowledge, and the greatest advances come from those who question and 
doubt the status quo of existing knowledge and thinking 

• Figure1.8 

Showing uncertainty 
using error bars 

• Representing uncerta inties o n graphs 
Graph drawing skills are discussed in detail in Graphs and data analysis on the free 
accompanying website. 

The range of random uncertainty in a measurement or a calculated result can be represented 
on a graph by ll'ling crossed lines to mark the point (instead of a dot) 

Error bars 
Figure 1.8 shows an example - a graph of distance against time for the motion of a train. Vertical 
and horizontal lines are drawn through each data point to represent the uncertainties in the two 
measurements. In this example, the uncertainty in time is :tO.Ss and the uncertainty in distance 
is :t I m. These lines, which usually have small lines to indicate clearly where they end, are called 
error ba rs (perhaps they m::iuld be better called uncertainty bars). In Figure 1.8 the space outlined 
by each error bar has been shaded for emphasis - it is expected that a line of best-fit should pass 
somewhere through each shaded area 

8 
35 

0 
0 1 2 3 4 S 6 7 g 9 10 

Timels 

In some experiments the error bars are so short and insignificant that they are not included on 
the graph. For example, a mass could be measured as 347.46 :t 0.01 g. The uncertainty in this 
reading m::iuld be too small to show as an error bar on a graph. (Note that error bars are not 
expected for trigonometric or logarithmic functions.) 

Uncertainty of gradients and intercepts 
If the results of an experiment suggest a straight-line graph, it is often important to determine 
values for the gradient and/or the intercept(s) with the axes. However, it is often possible to 

draw a range of different straight lines, all of which pass through the error bars representing the 
experimental data 
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• Figure 1.9 
Finding maximum 

gradientsforaspring­
stretchingexperiment 

We usually assume that the best-fit line is midway between the lines of maximum possible 
gradient and minimum possible gradient. Figure 19 shows an example (for simplicity, only the 
first and last error bars are shown, but in practice all the error bars need to be considered when 
drawing the lines). 

Figure 1.9 shows how the length of a metal spring changed as the force applied was increased 
We know that the measurements were not very precise because the error bars are long. The line 
of best-fit has been drawn midway between the other two. This is a linear graph (a straight line) 
and it is known that the gradient of the graph represents the force constant (stiffness) of the 
spring and the x-intercept represents the original length of the spring. Taking measurements 
from the best-fit line, we can make the following calculations: 

force constant• gradient• 
6
~: ~9 • 19Ncm- 1 

original length• x-intercept • 1.9cm 

To determine the uncertainty in the calculations of gradient and intercept, we need to consider 
the range of straight lines that could be drawn through the error bars. The uncertainty will 
be the maximum difference between values obtained from graphs of maximum and minimum 
possible gradients and the value calculated from the best-fit line. In this example it can be 
shown that: 

force constant is between 14Ncm-1 and 28Ncm-l 

original length is between 1.1 cm and 2.6cm 

The final result can be quoted as; 

force constant• 19 :t 9Ncm-l 

original length• 1.9 :t0.8cm 

Clearly, the large uncertainties in these results confirm that the experiment lacked precision 

z 90 

] 80 

length/cm 
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1.3 Vectors and scalars -Somequantitieshavedirectionand 
magnitude, others have magnitude only, and this understanding is the key to correct 
manipulation of quantities 

r Models in three dimensions 

Spatial awareness and an appreciation that the principles of science apply to three-dimensional 
space can easily be overlooked when studying the nm-dimensional pages of a book or a screen 
Knowing the directions of some physical quantities (in two or three dimensions) is important for 
understanding their effects. Such quantities are called vectors. Mathemat ical treatment of vector 
quantities in three dimensions (vector analysis) began in the eighteenth century. 

~ • Vector and scalar quantities 
~ The diagrams in Figure 1.10 show the force(s) acting on an object. In Figure IJOa the object 

is being pulled to the right with a force of 5N. The length of the arrow represents the size of 
the force and the orientation of the arrow shows the direction in which the force acts. The 
length of the arrow is proportional to the force. In Figure 1.!0b there is a smaller force (3 N) 
pushing the object to the right. In both examples the object will move (accelerate) to the right 

c 3N ~ In Figure LlOc there are two forces acting. We can add them together to show that the effect 
- ~ is the same as if a single force of 8N (• 3 + S) was acting on the object. We say that the resulwm 

(net)forceis8N. 
d ~ In Figure I.led there are tv.uforces acting on the object, but they act in different directions 
~ The overall effect is still found by 'adding' the tv.u forces, but also taking their direction into 

account. This can be written as +S + (-3) • +ZN, wherefurces to the right are given a rositive 

• ~N sign and forces to the left are given a negative sign. The resultan. twill be the same as if there 
was only one furce (2N) acting to the right. In Figures 1.!0e and LlOf there are also two forces 

5 N acting, but they are not acting along the same line. For these forces, the resultant can be 
determined using a scale drawing or trigonometry (see page 16) 

f Clearly, force is a quantity fur which we need to know its direction as well as its magnitude (size) 

40"..;:II S_N Quantities that have both magnitude and direction are called vecto rs. 

--- · --~ Everything that we measure has a magnitude and a unit. For example, we might measure the mass of 

• Figure 1.10 

quantities 

a book to be 64-{lg. Here 640g is the magnitude of the measurement, but mass has no direction 

Quantities that have only magnitude, and no direction, are called scalars. 

Most quantities are scalars. Some common examples of scahrs used in physics are mass, length, 
time, energy, temperature and speed. However, when using the following quantities we need to 
know both the magnitude and the direction in which they are acting, so they are wctors: 

• displacement (distance in a given direction) 

• velocity (speed in a given direction) 

• force (including weight) 

• acceleration 

• momentum and impulse 

• field strength (gravitational, electric and magnetic). 

The symbols for vector quantities are sometimes shown in bold italic (for example, F). Scalar 
quantities are shown with a normal italic funt (fur example, m). 

In diagrams, all vectors are shown with straight arrows, pointing in the correct direction, 
which have a length proportional to the magnitude of the vector (as shown by the forces in 
Figure 1.11). In this course vector calculations will be limited to tv.u dimensions. 

The importance of vectors is easily illustrated by the difference between distance and 
displacement. The pilot of an international flight from, say, Istanbul to Cairo needs to know 
more than tha t the two cities are a distance of 1234 km apart. Of course, the pilot also needs 
to know the 'heading' (direction) in which the phne must fly in order to reach its destination. 
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• Figure1.11 

Using a parallelogram 

Similarly, in order to draw accurate maps or make hnd surveys, the distance and direction of a 
chosen position from a reference point must be measured 

• Combination and resolution of vectors 

Adding vectors to determine a resultant 
When t\<-0 or more scalar quantities are added together (for example masses of 25 g and 50 g), 
there is only one possible answer (resultant): 75 g. But when vector quantities are added, there is 
a range of different resultants possible, depending on the directions im-olved. 

To determine the resultant of the two forces shown in Figures l.!Oeor !.!Of there are two 
possible methods: by drawing (graphical method) or by trigonometry. 

G raphical method 

The t\<-0 vectors shown in Figure 1.IOf are drawn carefully to scale (for example, by using 
I cm to represent IN), with the correct angle (140°) between them. A parallelogram is then 
completed. The resultant is the diagonal of the parallelogram (see Figure 1.11). Remember that 
the magnim.::le and the direction should both be determined from the diagram. In this example 
the resultant force is represented by the line drawn in red. Its length is 3.4 cm, which represents 
3.4N, at an angle of36° to the 5.0N force. 

,:i~ --- ---- ---- --z :~> 

Trigonometric method 

5.0N 
(5.0cm) 

The forces in Figure I.lie are at right angles to 
each other. This means that a parallelogram 
drawn to represent these forces will be a 
rectangle (Figure 1.12) and the magnitude of 
the resultant of the forces, F, can be found using 
Pythagoras's theorem: 

P•3.02+5.02•34 

F•5.8N 

... L 
S.ON 

• Figure1.12 

The direction of this force can be determined by using trigonometry: 

tan 6 • ¥o (6 is the angle that the resultant makes with the direction of the 5.0N force) 

6. 31° 

You will nm be expected to determine trigonometrical solutions if the parallelogram is not a 
rectangle. 

Subtracting vectors to find their difference 
We may need to know the difference between two \·ectors when we are considering by how much 
a vector quantity has changed. This is determined by subtrac1ing one vector from the other. A 
negative vector has the same magnitude, but opposite direction, as a positive vector, so when 
finding the difference between vectors P and Q we can write: 

P -Q• P+ (-Q) 



• Figure 1.13 

If we want to know 

between PandQ 
(diagram a)weadd P 

to-Q(diagram b) 

1.3 Vectors and scalars 17 

Figure 1.13 shows how vectors are subtracted graphically. The red line represents the difference 
when a panicular vector changed in magnitude and direction from P to Q 

C 
p 

Multiplying and dividing vectors by scalars 
If a vector P is multiplied or divided by a scalar number k, the resultant vectors are simply kP or 
P/k. If k is negative, then the resultant vector becomes negative, meaning that the direction is 
reversed. 

• Resolving a single vector into t w o components 
We have seen that two individual vectors can be combined mathematically to find a single 
resultant that has the same effect as the two separate vectors. This process can be reversed: a 
single vector can be considered as having the same effect as two separate vectors. This is called 
resolving a vector into two components. Resolving can be very useful because, if the two 
components are chosen to be perpendicular to each other (often horizontal and vertical), they 
will then both be independent of each other, so 
that they can 00th be considered totally separately. 

Figure 1.14 shows a single vector, A , acting at an 
angle 9 to the horizontal. If we want to know the 
effects of this vector in the horirontal and venical 
directions, we can resolve it into two components: 

cos B •~ 

,nd 

sinB • ~ 

so that 

,nd 

component 
~=Acose 

• Figure1.14 Resolvingavector intotwo 

perpendicular components 

Both of these equations and the associated diagram are given in the Physics data bookie!. 
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6 Figure 1.15 showsaboxrestir,goo a sloping 
rurlace(an'indinedpl,me').Theboxhasa 
weightofS8SN.Whatarethecomponent1 
of weight 
a downtheslope? 
b peq,endKuiartyintotheslope? 

a compoomtdownthellope:585sin23° 
:230N 

b compoomtintothellope=S85cos23° 
:540N 

TOK link 

• Figure 1.1 5 

What i5 the nature of certainty and proof in mathematics? 

S.C:ience is mo'illy bi!Sed on knowledge gained from experimentation and measurement. although it has 
beenmadeveryclearinthischapterthatabsoluteaa:uracyandcertaintyinthegatherir,gofdatai1not 
poss ible. In cootra'il. !tie essential theories and methods of pure mathematics seem to deal with certainty 
Mathematics is an indispmsible tool for a physicist for many rei!Sons. including its conciseness, its lack of 
ambiguity and its usefulne11 in making predictions. Mo'il important principles in physics can be summarized 
in mathematical focm 
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• Examination questions - a selection 
Paper 1 IB questions and IB style questions 

Q1 The diameter of a wire was measured three times with an instrument that has a zero offset error. The results 
were 1.24 mm, 1.26 mm and 1.25 mm. The average of these results is: 
A accurate but not precise 
B precise but not accurate 
C accurate and precise 
D not accurate and not precise. 

Q2 The approximate thickness of a page in a textbook is: 
A 0.02 mm 
B 0.08 mm 
C 0.30 mm 
D 1.00 mm. 

Q3 Which of the following an approximate conversion of a time of 1 month into SI units? 
A 0.08y 
B 30d 
C 3 x 106 s 
D all of the above 

Q4 The masses and weights of different objects are independently measured. The graph is a plot of weight 
versus mass that includes error bars. 

'!. 10 

0 
0 1.0 2.0 3.0 4.0 5.0 

Mawl<g 

These experimental results suggest that 
A the measurements show a significant systematic error but small random error 
B the measurements show a significant random error but small systematic error 
C the measurements are precise but not accurate 
D the weight of an object is proportional to its mass. 

QS Which of the following is a fundamental SI unit? 
A newton 
B coulomb 
C ampere 
D joule 

Q6 The distance travelled by a car in a certain time was measured with an uncertainty of 6%. If the uncertainty 
in the time was 2%, what would the uncertainty be in a calculation of the car's speed? 
A 3% 
B 4% 
C 8% 
D 12% 
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Q7 Which of the following quantities is a scalar? 
A pressure 
B acceleration 
C gravitational f ield strength 
D displacement 

QS The current in a resistor is measured as 2.00 A± 0.02 A. Which of the following correctly identifies the 
absolute uncertainty and the percentage uncertainty in the current? 

Absolute uncertainty Percentage uncertainty 

A 

D 

C /BOrgitnizatiofl 

Q9 Which of the following is a reasonable estimate of the order of magnitude of the mass of a large aircraft? 
A 101 kg 
B 105 kg 
C 107 kg 
D 10g kg 

Q10 Which of the following is equivalent to the SI unit of force (the newton)? 
A kg ms-1 

B kg m2 s-1 

C kg m s-2 

D kg m2 s2 

C /BOrgitnizatiofl 



II Mechanics 

N wf' / 8m,' 
car / 20m 

jf}iit1iifiill•]ti\ft 
• Motion may be described and analysed by the use of graphs and equations. 
• Classical physics requires a force to change a state of motion, as suggested by Newton in 

his laws of motion . 
• The fundamental concept of energy lays the basis on which much of science is built. 
• Conservation of momentum is an example of a law that is never violated. 

2 .1 Motion - Motion may be described and analysed by the use of graphs 
and equations 

Kinematics is the study of moving objects. The ideas of classical physics presented in this 
chapter can be applied to the movement of all masses, from the very small (freely moving atomic 
panicles) totheverylarge(stars) 

To completely describe the motion of an object at any one moment we need to say where 
it is, how fast it is moving and in what direction. For example, we might oNerve that a car 

is 20m to thewest ofanobserver, and moving northeast at a speed of8ms-l 
(seeFigure2.1). 

Of course, any or all of these quantities might be changing. In real life the 
movement of many moving objects can be complicated; they do not often move 

1:!~!7 • ~~f;;:~th1i~~::
0
a:d they might even rotate or have different parts moving in 

• Figure2 .1 Describing the 

positionandmotionofacar 

In this chapter we will develop an understanding of the basic principles of 
kinematics by dealing with single objects moving in straight lines, and calculations 
will be confined to those objects that have a regular motion. We will consider the 
effects of air resistance later in this chapter. 

r fve,ything is moving 

The study of motion must be a cornerstone of science because everything moves. Stars and 
galaxies are moving apart from each o ther at enormous speeds, the Earth orbits the Sun and 
everything on Earth is rotating around the axis once every day. Atoms and molecules are 
in constant motion, as are the sub-atomic particles within them. Of course in everyday life 
many objects appear to be stationary, but only because we are only comparing them with their 
surroundings. If we were to imagine that an object was truly, absolutely, no! in motion, we would 
have no way to prove it because all motion is relative to something else. 

• Distance a nd disp laceme nt 

Displacement is defined as the distance in a given direction from a fixed reference point 

The displacement of an object is its position compared with a known reference point. For 
example, the displacement of the car in Figure 2.1 is 20m to the west of the observer. To 
specify a displacement we need to state a distance and a direction from the reference point. 
The reference point is often omitted because it is obvious - for example, we might just say that 
an airport is 50km to the north. Although a displacement can be anywhere in three dimensions, 
in this topic we will usually restrict our thinking to one or two dimensions 

Displacement and distance are both given the symbols. This should not be confused with 
the symbol for speed (and velocity), which is l '. The symbol Ii is also widely used for vertical 
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• Figure2.2Awalk 

in the park 

• Figure2.3Tracking 

transportation 

distances (heights). The SI unit for distance is the metre, m, although other units, such as mm, 
cm and km, are in common use. 

Because a direction is specified as well as a m3gnitude (size), displacement is a ~·ector 
qW1ntity. Distance is a scalar quantity because it has magnitude, but no direction. 

Figure 2.2 shows the route of some people walking around a park. The total dimrnce walked 
was 4 km, but the displacement from the reference point varied and is shown every few minutes 
by the vector arrows (a--e). The final displacemem is zero because the walkers returned to their 
starting place. 

The transport of various vehicles, goods and people around the world is big business, and 
is monitored and controlled by many countries and international companies. This requires 
accurate means of tracking the location and movement of a large number of vehicles (ships, 
aircraft etc.) and the rapid communication of this information between countries. 

• Speed and velocity 

Speed is defined as the rate of change of distance with time. 

Speed is a scalar quantity and it is given the symbol 11. Its SI unit is metres per second, ms-1 

Speed is calculated from: 

ed distancetrnvelled 
spe '" timetaken 

The delta symbol (i'!.) is used wherever we want to represent a (small) change of something, so 
we can define speed in symbols, as follows· 

If an object is moving with a constant speed, determining its value is a straightforward 
calculation. However, the speed of an object often changes during the time we are observing 
it, and the calculated value is then an average speed during that time. For example, if a car 
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is driven a distance of 120km in 1.5h, its a\·erage speed is 80kmh-1, but its actual speed 
will certainly have varied during the journey. At any one time we could look at the car's 
speedometer to find out the instantaneous speed - that is, the speed at that exact instant 
(moment). In kinematics we are usually more interested in instantaneous values of speed (and 
velocity and acceleration) than a\·erage values 

Average speeds are calculated over lengths of time that are long enough for the actual speeds 
to have changed. Instantaneous values have to be calculated from measurements made over very 
short time intervals (during which time we can assume that the speed was constant) 

Speed is calculated using the distance travelled in the time being considered, regardless of 
the direction of motion. If the walkers in Figure 2.2 took 2 hours to walk around the park, their 
average speed would be f:..i/f:..r (• 4/2) • 2kmh-1. 

@llfttf!j,j ]U.p Travel timetables 
Figure 2.4 shows a timetable for the Ghan, a train that travels across Australia between 
Adelaide and Darwin, a distance of 2979 km along the track. 

Adelaide- Alice Springs- Katherine- Darw in 

Operates all year 

s,m 
Depart Adelaide 12.20pm 

Moo 

Arrive Alice Springs 1.45pm 
Depart Alice Springs 6.00pm 

9.00am 

Depart Katherine 1.00pm 

5.30pm 

• Figure2.4 Ghantraintimetable 

Additional servicesoperate JuntoAug 

12.20pm 

Thurs 

1.45pm 
6.00pm 

9.00am 

1.00pm 

5.30pm 

l a Calculate the journey time and hence the average speed. 
b Why is your answer to a misleading/ 

We are often concerned not only with how fast an object is moving, but also with the direction 
of movement. If speed and direction are stated then the quantity is called wlociry. 

Vdocity is defmed as the rate of change of displacement with time (speed in a given direction): 

Note that f:..s in this equation refers to displacement and not to the overall distance. (To avoid 
confusion, it is often better to define speed and velocity in words, not symbols.) 

Velocity has the same symbol and unit as speed, but the direction Sffluld usually be stated as 
welL since velocity is a vector quantity. However, if the direction of motion does not change, it is not 
uncommon to refer to a speed, of s;ry 4 ms-1, as velocity because the direction is understood from the 
context. 

Returning to the walkers in the park - at the end of their walk their average speed was 
2 kmh-1, but their average velocity was zero because the final displacement was zero. This 
might not be a very useful piece of information; we are more likely to be interested in the 
instantaneous velocit y at various times during the walk 

When the velocity (or speed) of an object changes during a certain time, the symbol u is 
used for the initial tdociry and v is used for the final wlociry during that time. These velocities are 
not necessarily at the beginning and end of the entire motion, just the velocities at the start and 
end of the period of time that is being considered 
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• Figure2.5 Usinga 

The distance travelled in time! can be determined using the equation· 

distance • average speed x time 

For an object with consum1 acceleration: 

average speed • 1-<initial speed+ final speed) 

For example, if a car accelerates uniforml}· from 12 ms-! to 16ms- 1, then its average speed during 
thattimewasl4ms-1• 

In symbols, this is shown as: 

This equation is given in the PhY5ics data lxX>klet 

Data logging in motion investigations 
The use of motion sensors and data loggers (see Figure 2.5), light gates and electronic timers, 
and video recording have all made the investigation of various kinds of motion more interesting, 
much easier and more accurate. 

motion detector 

~ 
Jf ,, 

• Acce lerat ion 

walk back and forth 
in front of 

Any variation from moving at a constant speed in a straight line is described as an acceleration. 
It is very important to realise that going faster, going slower and/or changing direction are all 
different kinds of acceleration (changing velocities). 

Acceleration, a, is defined as the rate of change of velocity with time: 

a•~•~ (if the acceleration is constant over time 1'11) 

The SI unit of acceleration is metres per second squared, ms-l(the same as the units of velocity/ 
time, ms-1/s). Acceleration is a vector quantity. 

Acceleration can be: 

• an increase in velocity (positive acceleration) 

• a decrease in velocity (negative acceleration - sometimes called a d.ecekra1ion) 

• a change of direction. 



--

• Figure2.6 

Constant velocities on 
displacement-time 
graphs(s-tgraphs) 
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Reaction times when timing motions 
The deby between seeing something happen and responding with some kind of action is 
known as reaction rime. A typical value is about 0.20s, but it can vary considerably depending 
on the conditions involved. A simple way of measuring a person's reaction time is by measuring 
how far a metre rule falls before it can be caught between thumb and finger. The time can then 
becalculatedusingtheequations • 5,2 

The measurement can be repeated with the person tested being blindfolded to see if the reaction 
time changes if the stimulus (to catch the ruler) is either sound or touch, rather than sight 
Whatever tests are carried out, our reaction times are likely to be inconsistent. This means 
that whenever we use stopwatches operated by hand, the results will have an unavoidable 
uncenainty (see Chapter 1). It is sensible to make time measurements as long as possible to 

decrease the significance of this problem. (This reduces the percentage uncertainty.) Repeating 
measurements and calculating an average will also reduce the effect of random errors. 

l Use the method described above (or any other) to measure your reaction time when the 
stimulus is sight. Repeat the measurement 10 times 

What was the percentage variation between your average result and )UUr quickest 
reaction time? 

b Did )'Ullr reaction times improve with practice? 

• Graphs describing motion 
Graphs can be drawn to represent any motion and they provide extra understanding and insight 
(at a glance) that very few people can get from written descriptions or equations. Furthermore, the 
gradients of graphs and the areas under graphs often provide additional valuable infurmation 

Displacement-time graphs and distance-time graphs 
Displacement- time graphs, similar to those shown in Figure 2.6, show how the displacements of 
objects from a reference point vary with time. All the examples shown in Figure 2.6 are straight 
lines and can be described as representing linear relationships 

U{'tf;"(A I~,. I~ . 
i", •• : ,l ,L___ 

O t O Time,t O Time, t 
equal time intervals 

• Line A represents an object moving away from a reference point such that 
equal displacements occur in equal times. That is, the object has a constant 
velocity. Any linear dispbcement-time graph represents a constant velocity 
(it does not need to start o r end at the origin) 

• Line B represents an object moving with a higher velocity than A 

• Line C represents an object that is moving closer to the reference point. 

• Line D represents an object that is stationary (at rest). It has zero velocity and 
stays at the same distance from the reference point. 

• Figure2.7 Motioninopposite 

directions represented on a 
displacement-time graph 

Displacement is a vector quantity, but dispbcement-time graphs like these are usually 
used in situations where the 10C1tion is in a known direction, so that the direction may 
not need to be stated again. Displacement in opposite directions is represented by the 
use of positini and negative values. This is shCN.'n in Rgure 2.7, in which the solid 
line represents the motion of an object moving with a constant (positive) velocity. 
The object moves towards a refereoce p:>int (v.hen the displacement is zero), passes it, 
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• Figure2.8 

displacement-time 

graphs 

• Figure 2.9 

Displacement-time 

graphs for an object 

moving up and then 

• Figure2.10 Finding 

a constant velocity 
fromadisplacement­

timegraph 

and then moves away in the opposite direction with the same velocity. The doued line represents 
an identical speed in the opposite direction (or it coukl also represent the original nDtion if the 
directionschosentobepositiveand negative were reversed) 

Any curved (non-linear) line on a displacement- time graph represents a changing velocity, in 
other words, an acceleration (or deceleration). This is illustrated in Figure 2.8. 

'i~>_ 'i~ I A I 
C 

0 0 0 
0 Time. t O Time. r 

Figure 2.8a shows motion away from a reference point. Line A represents an object accelerating 
Line B represents an object decelerating (negative acceleration) 

Figure 2.8b shows motion towards a reference point. Line C represents an object accelerating. 
Line D represents an object decelerating (negative acceleration) 

The values of the accelerations represented by these graphs may, or may not, be constant 
(this cannot be determined without a more detailed analysis). 

In physics, we are usually more concerned with displacement- time graphs than distance­
time graphs. In order to explain the difference, consider Figure 2.9. Figure 2.9a shows a 
displacement-time graph for an object thrown vertically upwards with an initial speed of 
20 ms-1, without air resistance. It takes 2 s to reach a maximum height of 20 m. At that point it 
has an instantaneous velocity of zero, before returning to where it began after 4s and regaining 
its initial speed. Figure 2.9b shows how the same motion would appear on an overall distance-­
time graph. 

'1"h 'J"p· : i C : 

0 ': -----. ': ... .. • 

0 2 4 0 2 4 
Time/1 Time/1 

G r adients of displacement- time graphs 

Consider the motion at constant \·elocity .shown in Figure 2.10 

From the graph, the velocity v is given by· 

v . !!!.... 20- 8.0 • 2.0ms- l 
f..1 8.0-2.0 



• Figure2.11 Finding 

velocity from a 

curveddisplacement­

timegraph 
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Note tha t the velocity is numerically equal to the gradient (slope) of the line. This is always true, 
whatever the shape of the line. 

The instantaneous velocity of an object is equal to the gradient of the displacement-time 
graph at that instant. 

Figure 2.11 shows an object moving with increasing velocity. The velocity at any time (for 
example r1) can be determined by calculating the gradient of the tangent to the line at that 
instant. 

' 
' ' M 

t, B 

The triangle used should be large, in order to make this process as accurate as possible. The 
tangent drawn at time t 2 has a smaller gradient because the velocity is smaller. At time t1 the 
velocity is higher and the gradient steeper. So, in this example: 

velocity at 11 • ~! = !·.~ • * • 0.83ms-
1 

1 Figure2.12representsthemotionofatrainonastraighttrockbetwe{>ntwostations 

b Howfarap,arta1ethestations? 
c Cakulate the maximum speed of 

the train 
d What wastheaveragespeedofthe 

trainbetwe{>nthetwostations? 

2 • Draw a disptacement- time graph 
for a swimmer who swims S0m 
atarnnstant~of1.0ms-1it 
theswimmingpoolis2Smlong 
and the swimmer takes 1 s to tum 
aroundhallw,Yjthroughthera{e 

b Findouttheil'leragespeedofthe 
worldfre{>stylerecordholderwhen 
the100mrecordwaslastbrnken 

c Theworldrecordforswimming 
50minapoolofleogth2Smis 
qukkerthanforswimmingina 
pooloflengthSOm.Suggestwhy 

$.,·DOOL t!:woo 
B 

2000 

1000 

0 
0 so 100 150 200 250 300 

• Figure2.12 

3 Draw a dis.p!ocement---time graph for the following motion: a 
stationary {ar is 25m aw<Yt: 2 s later it starts to mOYe further awifi in 
astraightlinefromyouwitha{onstantac:{elerationof1.Sms-11or4 
seconds: theo it continues with a{onstantvelocity loranothl.'f8s 

4 Oi>suibe the motion of the runner shown by the graph in Figure 2.13 • Figure 2.13 



28 2 Mechanics 

• Figure2.15 

velocityAimegraphs 

5 a Di>suibethemotklnrepresentedbythegraphinFigure2.14 ,srf\;-~ 4 

~ ~ A B 

! 1 1 3 5 7 

i:5 -~ Time/s 

-2 
- 3 
-4 
- 5 

• Figure2.14 

b ComparethevekxitM!satpoinllAandB 
c When is the object ma.ing with its maximum and minimum velocities? 
d Estimate values for the maximum and minimum vekx:itM!s 
e Suggestwhat kindolobjectcouldmmeinthisway 

Velocity-time graphs 
Any velocity- time graph, like those shown in Figure 2.15, shows how the velocity of an object 
varies with time. Any straight (linear) line on any velocity- time graph shows that equal changes 
of velocity occur in equal times - that is, a constant acceleration 

, '~----- B:'. A i~ • fr • '"{ : > > '< --- --, : C 
-51, : : 
] -~ - - : : 
~ 0 ' : 0 0 

o"------v-----' r O Time. r O Time,t 
equal time intervals 

• Line A shows an object that has a constant positive acceleration. 

• Line B represents an object moving with a higher positive acceleration than A. 

• Line C represents an object that is decelerating (negative acceleration). 

• Line D represents an object moving with a constant velocity - that is, it has zero acceleration. 

i"~, J ',,, 
0 ', 

',!:~·t 
_, 

Curved lines on velocity- time graphs represent changing accelerations. Velocities in 
opposite directions are represented by positive and negative values. The solid line in 
Figure 2.16 represents an object that decelerates uniformly to zero velocity and then 
moves in the opposite direction with an acceleration of the same magnitude. This 
graph could represent the motion of a stone thrown in the air, reaching its maximum 
height and then falling down again. The acceleration remains the same throughout 
(9.81 ms-2 downwards). In this example velocity and acceleration upwards have been 
chosen to be negative, and velocity and acceleration downwards are positive. The 
dashed line would represent exactly the same motion if the directions chosen to be 
positive and negative were reversed. 

• Figure2.16Velocitiesin 

opposite directions 



• Figure2.17 Finding 

the gradient of a 
velocity-time graph 
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Gradients of velocity-time graphs 

Consider the motion at constant acceleration shown in Figure 2.17 

From the graph: 

accelerntion, a•~•;_~=:~• 1.0ms-l 

Note that the acceleration is numerically equal to the gradient (slope) of the line. This is always 
true, whatever the shape of the line 

The instantaneous acceleration of an object is equal to the gradient of the velocity- time 
graph at that instant . 

1 TheredlineinFigure2.18'ihowsanobject 
decelerating(withadecreasingnegative 
aa:eleration).Usethegraphtofindthe 
instantaneousacc~erationat10s 

AtangentdrawnatthetimeoflOscan 
beusedtodeterminethevalueofthe 

aa:eleration, a=-¥t= ~2-_
1~ =-0.SSms-1 

lnthisexamplethelargetrlangleu'ied 
todeterminethegradientaccurate!y 
wasdrawnbyextendingthetangentto 
the axes for convenience 

Areas under velocity-time graphs 

-, ~ 

J 
,,s 
i 
~ 
> 10 

c1 
'-1 

25 
Time/s 

• Figure 2.18 Findinganinstantaneousacceleration 

from a velocity-time graph 

Consider again the motion represented in Figure 2.17. The change of displacement, s, between 
the fourth and ninth second can be found from (average velocity) x time 

5 • 
12 ; 7·0 

X (9.0- 4.0) •48m 

This is numerically equal to the area under the line between r • 4.0s and t • 9.0s (as shaded in 
Figure 2.17). This is always true, whatever the shape of the line. 

The area under a velocity-time graph is equal to the change of displacement in the 
chosen time. 
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2 FigtJre2.19as.howshowthevelocityofacarchang,edinthelirst5saflerstarting. Usethegrnphto 
estimatethedistancetravelledinthistime 

lnFigure2.19bthebluelinehasbeendrawnsothattheareaunderitandtheall!aundertheoriginal 
linearethesame(asjudg,edbyeye) 

distance:areaundergraph=-}><16><5.0:40m 

, I r:v 1t2J 10 10 ! 

5 5 [ 

0 0 : 
0 1 2 3 4 5 0 1 2 3 4 5 

Tirools Time/s 

• Figure2.19 Determiningthedisplacementofacarduringacceleration 

6 a ~scribethemotklnrepreseritedbythegraphin 
Figure2.20 

b Calrnlateacc~erationsforthethr!M'partsolthe 
Journey 

c Whatwasthetotaldistancetrav~ledl 
d Whatwastheaveragespeedl 

7 The v~ocity of a car was rNd from its 
speedometer at the moml'llt it started and <Nery 
2safterwaids 
Therucces'iivevalues(ms-1)were:0.1.1,2.4,6.9. 
12.2.18.0,19.9.21.3and21.9.Plotagraphof 
these readings and use ii to estimate the maximum 
ac:celeratklnandthedistancecoverl.'din16s 

8 • ~scribethemotklnoftheobjectrepreo;ented 
bythegraphinFigure2.21 

b Calrnlatetheacc~erationdtJringthefir'>IBs 
c Whatwasthetotaldistancetravelll.'din12s? 
d What was the total displac:ement after 12 s? 
e WhatwastheaveragespeeddtJringthe 

12sinterval7 

9 Sketchavelocity- timegraphofthefollowing 
motion: acaris100mawayandtravl.'11ir,galonga 
straightroadtowardsyouataconstantvekxityol 
25ms-1.Twosecondsaflerp;issingyou, thedriver 
deceleratestJnifonnlyandthec.-irstops62.5m 
iNlaylromyou 

-,,·ovh, . : : 
§30 I I 
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20 i ! 
1.0 ! ! 

0 
0 1 2 3 4 5 6 7 B 

• Figure2.20 

-1,,16 

f12 
~ 8 

• 4 

• Figurel.21 

Time/s 

10 1:i 14 
fnme1s 
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Mllh@\li mow Biomechanics and 100m sprinters 
World-class sprinters can run 100m in about !Os (see Figure 2.22). The average velocity is easy 
to calculate: v • 100/10 • !Oms-1• Clearly they start from O ms-1, so their highest instantaneous 
velocitymustbegreaterthan!Oms-1. 

Trainers use the science of biomechanici to improve an athlete's techniques, and the latest 
computerized methods are used to analyse every moment of their races. The acceleration off the 
blocks at the start of the race is all important, so that the highest velocity is reached as soon as 
possible. For the rest of the race the athlete should be able to maintain the same speed, although 
there may be a slight decrease towards the end of the race. Figure 2.23 shows a typical velocity­
time graph for a 100m race completed in !Os. 

}::0------------ --------i 
> : 

8 i 

6 i 

4 i 

2 i 
O i 

I a Estimate the highest acceleration 
achieved during the race illustrated in 
Figure2.23. 

b When does the athlete reach their 
greatest velocity/ 

c Explain why the t\<O 5haded areas on 
the graph are equal. 

d Using the internet to collect data, 
draw a graph showing how the world 
(or Olympic) record for the 100 m has 
changed over the last 100 years. 

0 2 4 6 8 10 

• Figure 2.22 Usain Bolt broke the • Figure 2.D Velocity-time graph 
world record for 100m ina time of for an athlete running 100m 
g_s8secondsinBer1inin2009 

Acceleration - time graphs 
An acceleration- time (a--t) graph, like 
those shown in Figure 2.24, shows how 
the acceleration of an object changes 
with time. In this chapter, we are mostly 
concerned with constant accelerations 
(it is less common to see motion graphs 
showing changing acceleration). The 
graphs in Figure 2.24 show five lines 
representing constant accelerations 

Predict the 100 m record for the year 
2040. 

• Figure2.24 Graphsofconstantacceleration 

• Line A shows zero acceleration, constant velocity. 

• Line B shows a constant positive acceleration (uniformly increasing velocity) 

• Line C shows the constant negative acceleration (deceleration) of an object that is slowing 
down at a constant rate. 

• Line D shows a (linearly) increasing positive acceleration. 

• Line E shows an object that is accelerating positively, but at a (linearly) decreasing rate. 
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Areas under acceleration-time graphs 

Figure 2.25 shows the constant acceleration of a moving 
car. Using a • !J.l!/!J.t, between the fifth and thirteenth 
seconds, the velocity of the car increases by: 

~~ 1.5 -----~---

! 
!J.l!•a!J.1 • LS x8.0 • 12ms-1 ] 

The change in velocity is numerically equal to the area O 0 

under the line between I • Ss and 1 • 13 s (shaded in 
Figure 2.25). This is always true, whate\·er the shape of • Figure 2.2S Calwlating change of 
the line. velocity from an acceleration-time graph 

The area under an acceleration- time graph is equal to the change of \·elocity in the 
chosen time. 

10 Orawana{{eleratioo- timegraphloracarthat 
'ilartslromre'il.aa:eleratesat2ms-11or51, 
thentrave!satrnn'ilantvelocitylor8s. 
beloredeceleratingunilorm!ytore'ilagain 
inafurther21 

11 Figure2.26showshowtheac{elerationofa 
car{hangedduringa6s interval.lfthecar 
wastravellingat2ms-1 alter1s.e'ilimatea 
suitableareaunderthegraphandu~itto 
determinetheapproximate1peedofthe{ar 
afterSs 

12 Figure2.271how1atl.'nnisball being1tru{kby 
arac:quet.Sket{hapossiblevelocity-timegraph 
andanac:celeration---timegraphfromlsbefore 
impac:ttolsaftertheimpac:t 

13 Skel{hpo11ibledispla{ement- timeand 
'ii'locity- timegraphsforabouncingball 
droppedfromll'st.Continuethesketc:hesunlil 
thethirdtimethattheballmntac:tstheground 

Graphs of motion; summary 

\~I 
Timl'ls 

• Figure2.27Striking 
• Figure2.26 

If any one graph of motion is plotted (s-1, v---1 or a- 1), then the motion is fully defined and the 
other two graphs can be drawn with information about gradients and/or areas taken only from 
the first graph. This is summarized in Figure 2.28 

gradients ....... ..... 
• Figu re 2.28 The connections between the different graphs of motion 

To reproduce one graph from another by hand is a long and repetitive process, because in order 
to produce accurate graphs a large number of similar measurements and calculations need to be 
made over short intervals of time. Of course, computers are ideal for this purix:,se. 

In more mathematically advanced work, which is not part of this course, calculus can be used 
to perform these proces.ses using differentiation and integration. 
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Milfii@.j \eLW Kinematic equations: veh icle brak ing distances 
Figure 2.29 represents how the velocities of two identical cars changed from the moment that 
their drivers saw danger in front of them and tried to stop their cars as quickly as possible. It 
has been assumed that both drivers have the same reaction time (0.7s) and lx>th cars decelerate 
atthesamerate(-5.0ms-1). 

The distance travelled at constant velocity before the driver reacts and depresses the brake 
pedal is known as the 'thinking distance'. The distance trawlled while decelerating is called 
the 'braking distance'. The total stopping distance is the sum of these two distances. 

i2s~, !20 i 
J i 

15 ! 

10 I B 

S i A 

0 ' 

Car B, travelling at twice the velocity of car A, has twice the thinking 
distance. That is, the thinking distance is proportional to the 
velocity of the car. The distance travelled when braking, however, is 
proportional to the velocity squared. This can be confirmed from the 
areas under the v--r graphs. The area under graph B is four times the 
area under graph A (during the deceleration). This has important 
implications for road safety and most countries make sure that people 
learning to drive must understand how stopping distances change with 
the vehicle's velocity. Some countries measure the react ion times of 
people before they are given a driving licence. 

Set up a spreadsheet that will calculate the total stopping distance 
for cars travelling at initial speeds, u, between O and 40 ms-1 with 

0 1 2 3 4 5 

• Figure2.29 Velocity-time graphsfor 

two cars braking 

a deceleration of -6.5 ms-2. (Make calculations every 2 ms-1.) The 
thinking dist ance can be calculated from s, • 0.7u (reaction time 0.7 s). 
In this example the braking time can be calculated from lb• u/6.5 
and the braking distance can be calculated from s0 •(u/2)rb. Use the 
data prcx:luced to plot a computer-generated graph of stopping distance 
(y-axis) against initial speed (x-axis) 

• Equations of motion for uniform acceleration 
The five quantities u, v, a, s and! are all that is needed to fully describe the motion of an object 
moving with uniform (constant) acceleration. 

• u • velocity(speed)atthestartoftimet 

• v • velocity (speed) at the end of time r 

• a• acceleration(constant) 

• s • distance travelled in timer 

• r = time taken for velocity (speed) to change from u to v and to travel a distances 

If any three of the quantities are known, the other two can be calculated using the two 
equations below. If we know the initial velocity u and acceleration a of an object, and the 
acceleration is uniform, then we can determine its final velocity v after a time ! by rearranging 
the equation used to define acceleration. This gives· 

This equation is given in the PhyJics darn bookkt. 
We have also seen that the distance travelled while accelerating uniformly from a velocity u 

to a velocity v in a time I can be calculated from: 

(v+u)1 ,-------,-----

This equation is given in the PhyJics darn bookkt 
These two equations can be combined mathematically to give two further equations, 

shown below, which are also found in the Physics darn booklet. These very useful equations 
do not involve any further physics theory; they just express the same physics principles in a 
different way. 
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v1 •ul+Zas 

s • ur+{at2 

Remember that, the four equations of motion can only be ll'led if the accelerntion is uniform 
during the time being considered. 

The equations of motion are covered in the 1B Mathematics course (and also treated in 
calculus form). 

3 AFormula0nerMirigcar(seeFigure2.30) 
accejeratesfromrest(i.e.itwasstatiorary 
tobeginwilh}at18ms-l 
a Whiltisitsspeedafter3.0s? 
b Howfardoesillril'lelinlhistime/ 
c lfilcontinuestoa,ccejerateatthesame 

rate,whatwillitsvelocitybeafter ithas 
travelled200mfromrestl 

d Convertthefinalvejocitytokmh-1 

a v=u+at 
v:0+(18x3.0) 

v:54ms-1 

• Figure2.30 Formula0necarsreadytostartthe 
Canadian Grand Prix 

Butnotethatthedistancernnbernlculateddirectty,withoutlirstcakulatingthefinalvelocity,as 
loHows 
S:Ut+latl 

2 
s:(Ox3.0)+{0.Sx18x3.01j 

c vl:ul+2as 
vl:01+(2x 18x200) 

vl :7200 

v:85ms-1 

d 85ms-1 = 85 x 3600= 3.1 x 105 mh-1 

3.1x105 mh-1=¥=310kmh-1 

4 A train travelling at 50ms-1 (180kmh-1) needs to decelerate uniformly so that it stops at a station 
2kilometresawiSj 
a Whatistheneceso;arydeceleratiool 
b Howloogdoesittaketostopthetrain? 

a vl:ul+2as 
01:501+(2xax2000) 

-50' 
a=~ 

a:-0.63m,1 

0:50+(-0.625)xt 

t=o.~~5 .. aos 
(Attematively.s=u;vtcouldhavebeenused.) 
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14 A ball rolls down a slope with a comtant acceleration. When it passes a point Pits velocity is 1.2ms-1 and 
ashorttimelater itpasses pointQwithavelocityof 2.6ms-1 
ii What was its average velocity between P and Q? 
b If it took 1.4stogofmm PtoQ.whatisthedistance PQ? 
c 'Nhi!tistheaccelerationofthehilll? 

15 A plane accelerates from rest along a runway and takes off with a velocity of 86.0ms-1. Its <Kceleration 
duringthistimei12.40ms-1 

• 'Nhatdistancealongtherunwaydoestheplanetravelbeforetake-off? 
b Howlongafterstartingitsaccelerationdoestheplanetakeoff) 

16 Anocean-goingoiltankercandeceleratenoquickerthan0.0032ms-1 
ii What is the minimum distance needed to stop if the ship is travelling at 10 knots? (1 knot= 0.514ms-1) 
b How much time does this deceleration requill!? 

• Whatisthealll'fageacceleration) 
b 'Nhatisthespeedofthecarafterthistime? 

11 A car travelling at a constant velocity of 21 m,1 (faster than the speed limit of SOkmh-1) passes a 
stationarypolicecar.Thepolicecaracceleratesaftertheothercarat4.0ms-1 for8.0sandthencontinues 
withthesamevelocityuntilitmertakl'ltheothercar. 
• 'Nhendidthetwocarshavethesamevelocity? 
b Ha1the~icecarmertakentheothercarafte110s1 
c By equating two equations for the same distance at the same time, determine exactly whro the police 

carmertakestheothercar. 

19 Acarbrakessuddenlyandstop12.4slater.aftertravel lingadistanceof38m 
• 'Nhatwa1it1deceleration? 
b 'Nhatwasthevelocityofthecarbeforebraking? 

20 Aspacecrafttravellingat8.00kms-1arreleratesat2.00K 10-1m1-1 for100hours 
• 'Nhilt isitsfiflillspeed? 
b Howfardoesittravelduringthisacceleration? 

21 Combinethefirsttwoequations olmotion(given oop<19e33)toderivethesecoodtwo(v1=u1+2il:land 
5:Ut+-}itl) 

r 
Obmvatioa, 

Scientific knowledge only really developed after the importance of experimental evidence 
wasunderstcxxl. 

The equations of motion fond Newton's laws of motion) are a very important part of chssical 
physics that all stOOents shOllld understand well. They were first proposed at an early stage in the 
historical development of physics, when experimental techniques were not as developed as they are. 
today. However, these basic ideas about motion still remain just as important in the moclern v.urld 

Early scientists, like Galileo and Newton, were able to make careful observations and gather 
enough evidence to support their theories about idealized motion despite the fact that friction 
and air resistance always complicate the study of moving objects. This is especially impressive 
because some of their theories contradicted ideas that had been accepted for 2000 years. 

• Acceleration due to gravity 
We are all familiar with the motion of objects falling towards Earth because of the force of 
gravity. Figure 2.31 shows an experiment to gather data on distances and times for a falling 
mass, so that a value for its acceleration can be calculated. The electronic timer starts when the 
electric current to the electromagnet is switched off and the steel ball starts to fall. When the 
ball hits the trapdoor at the bottom, a second electrical circuit is switched off and the timing 
stops. Alternatively, a position sensor could be used to track the fall of the ball 
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• Figure2.31 

An experiment 

acceleration due to 

gravity 

5 Suppo..e that when the mass fell 0.84m the time was measured to be 0.42s. Calculate its gravitational 
acceleration 

s=ur+}"at1 

0.84:0+(0.Sxax0.422} 

il=ios:a :9.Sms-1 

I 

City g/m s-l Of course, obtaining an accurate and reliable result will require further measurements. 
The measurement could be repeated for the same height, so that averages could be 
calculated. But it would be better to take measurements for different heights, so that an 
appropriate graph can be drawn, which will provide a better way of assessing random 
and systematic errors 

Bangkok 

Cape Town 
Chicago 

Mexico City 

Tokyo 

9.799 

If accurate measurements are made in a vacuum (to be sure that there is no air 
resistance), the results are very similar (but not identical) at all locations on the Earth's 
surface. Some examples are shown in Table 2.1 

• Table2.1 Valuesofgin 

somecitiesaroundtheworld 

The acceleration due to gravity in a vacuum near the Earth's surface is given the 
symbol g. This is also called the accels"rat ion of free fall. The accepted value of g is 
9.81 ms-2• This value should be used in cakulations and is listed in the Phyiics data 
booklet. Anywhere on ths" Earth's surface (or in an airplans") can be considered as 'near 
to the Earth's surface'. 

It is very important to remember that all freely moving objects dose to the Earth's 
surface experience this same acceleration, g, downwards. This is true whether the 
object is large or \·ery small, or whether it is moving upwards, downwards, sideways or 
in any other direction. 'Freely moving' means that the effects of air resistance can be 
ignored and that the object is not powered in any way. In reality, however, the effects 
of air resistance usually cannot be ignored, except for large, dense masses moving 
short distances from rest. But, as is often the case in science, we need to understand 
simplified examples first before we mo•,e onto more complicated situations. 

6 A coin falls from rest out of an open window 16m above the ground. Asruming that there is no air 
resistance 
a whatisits~elocitywhenithitstheground? 
b howkmgdidittaketo fallthat distance? 



a vl=lr+2as 
vl:01+{2x9.81x16}:314 

v=18ms-l 

b v=u+at 
18:0+9.81t 

t=~=l.Ss 

7 A ball is thrown vertically upwards and reaches a maximum height of 21 .4m 
a Calculi!tethespeedwithwhkhtheballwasreleased 
b Whatassumptiondidyoumake? 
c Wherewilltheballbe3.0Ssafteritwasr~eased? 
d What will its velocity be at this time? 

2.1 Motion 37 

a vl:u1 +2as 

Whentheballhastravelledadistaoces=21.4m,it1speed.v.atthehighestpointwillbezera 

01:u1+(2x-9.81x21.4) 

ul:419.9 

u:20.Sms-1 

lnthisexample,thevectorquantitiesdirectedupwards(u,v.5)areconsideredposiliveandthe 
quantity directed downwards (a) is negatiw. The same answer would be obtained by reversing all 
thesigns.Usingpositiveandnegatiwsignstorepresent\leclors(likedisplacement,Vl'locityand 
acceleration)inoppositedirectionsiscommonpractice 

b It was assumed that there was no air resistance 

t 5:Ut+-}af1 
s=(20.Sx3.0S)+(-}x-9.81 x3.osi) 

s:16.9mabovetheground 

dv=u+at 
V:20.5+(-9.81x3.05) 

v= -9.42ms-1 {m011in9 downwards) 

In all of the fo llowing questions. ignore the possi~e effects of air resistance. Use g = 9.81 ms-l 

22 Sugge51 possible rwsom why the accek>rntion due to gravity is not the same everywhere on the Earth"s 
surface 

23 • How long does ii take a 51:one dropped from rest from a height of 2.1 m to reach the gfO\.lnd? 
b II the stone wa1 thrown downwards with an initial wlocity of 4.4ms-1. with what speed woold it hit 

the ground? 
t II the stone was thrown vertically upwards with an in itial velocity of 4.4 m s-1 , with what speed would it 

hit the ground? 

24 A small rock is thrown vertically upwards with an initial velocity ol 22 ms-1. When will its speed be 
lOms-17 (Them are two possi~e answers.) 

25 A fa lling ball has a wlodtyof 12.7ms-1as it passes awindow4.81 m abcwethe groond. When will ii hit 
the ground? 

26 A ball isthrownverticai'lyupwardswith a speed of 18.Sms-1 from a window that is 12.Sm ahoYethegroond 
• When will it pass the same window mO\'ing down? 
b Withwhi!tspeedwillith ittheground? 
c Howlarabovethegf0llndwastheballafterexactly2s? 

27 Twoballsaredroppedfromrestfromthesameheight.llthesecondball i1r~eased0.7501afte1thelir1t, 
andassumingtheydonothittheg1ound.howlaraparta1ethetwoballs 
• 3.00saflerthesecondballwasdropped? 
b 2.001later? 

28 A stone is dropped from rest from a height of 34m. Another stone is thrown downwards O.Ss later. If they 
both hit the ground at the same time, what was the initial v~ocity of the second 51:one? 
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29 lo Worked example 3 an a{{eleration of 18ms-l was quoted for a Formula Ooe rilc:ing car. The driver of 
thatca1rouklbesaidtoexperien{ea'g·f0Ke' ofoearty2g,andduringthe{ourseofatypical ra{eadriver 
may have to undergog-foo:es of nearly Sg. Explain what you think is me.-mt by a 'g-lor{e' of 2g 

30 Stone A is dropped from rest from a difl.Alter ithas fallen Sm, stone Bis dropped 
ii Howdoesthedistan{ebetweenthetwo1tones{hange{ilatall)astheyfall? 
b Explainyouramwer. 

31 ii A Ilea il{{~erates at the enormous aver.tge rate of lSOOms-1 during a vertical take-off that lasts only 
about0.0012s. Whatheightwill thelleareac:h? 

b Measure how high you can jump verti{ally (standing in the same plilc:e). and use the resutt to cal{ulate 
your take-off velocity 

c In order to jump up you had to bend your knees and redu{e your height. Measure t7f how much your 
heightwa1reducedjustbeforejumping,thenusetheresulttoestimateyou1averageac{eleratioo 
during take-off 

d Whatwastheduratiooofyourtake-ofl? 
• Compa1eyou1pe1hxmanrnwiththellea's 

32 Use the internet to leam more about the GOCE project, which ended in 2013 {Figure 2.32) 

• Figure2 .32 TheGravityFieldandSteady-State 
OceanCirculation Explorer (GOCE) satellite was 

launchedbytheEuropeanSpaceAgencyin2009 

• Figure 2.33 BurjKhalifain0ubai 

33 Figure2.33showsthetallestbuilding intheworld:BurjKhalila io0ubai. 
ii How loog would it take an object to reach the ground if it was dropped from 828m (the height of 

BurjKhalila)? 
b With what speed would it hit the ground? 

34 The times of fall for a ball dropped from different heights (Figure 2.31) were measured 
a Sketchtheheight- timegraphyouwouldexpecttogetlromtheseresults 
b By{onsideringtheequation 5= ut +.~11. what would be the best graph to draw to produce a straight 

best-frtltnefromwhKhlheac{elerntionduetograv1tyrnuldbedeterm1ned? 

• Fluid resistance and terminal speed 

~2()()~ 150 

terminal A 

': ! ....... 8 

As any object moves through air, the air is forced to move out of the 
path of the object. This causes a force opposing the motion called ai r 
resistance,or d rag. 

Similar forces will oppose the motion of an object moving in any 
direction through any gas or liquid. (Gases and liquids are both described 
as fluids because they can flow.) Such forces opposing motion are generally 
described as flu id resistance. 

Figure 2.34 represents the motion of an object falling towards Earth. 
Line A shows the motion without air resistance and line B shows the 
motion, more realistically, with air resistance. 

When any object first starts to falL there is no air resistance. The initial 
acceleration, g, is the same as if it was in a vacuum. As the object falls 

20 
1/s 

• Figure2.34 Anexampleofagraphof 
velocityagainsttimeforanobjectfalling 
undertheeffectofgravity,withand 
without air resistance 

faster, the air resistance increases, so that the rate of increase in velocity 
becomes less. This is shown in the Figure 2.34 by the line B becoming less 
steep. Eventually the object reaches a constant, maximum speed known as 
the te rminal speed ot tem1inal wlociry ('terminal' means final). The value of 
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an object's terminal speed will depend on its cross-sectional area, shape and weight, as discussed in 
Section 2.2. The terminal speed of a skydiver is usually qm:xed at about 200kmh-1 (56ms-1) - Figure 

2.35. Terminal speed also depends on the density of the air - in October 2012 Felix Baumgartner 
(Figure 2.36), an Austrian skydiver, reached a world record speed of 1358kmh-1 by starting his jump 
from a height of about 39km ab::we the Earth's surface where there is very little air . 

. - -
.\ - ' ~t J 

.... '!;_)'" ' , .. 

• Figure2.35Skydiversinfreefall • Figure2.36FelixBaumgartnerabouttojump 
fromaheightof39km 

The design and motion of simple parachutes make interesting investigations, especially if they can 
be videoed falling near to vertical scales. The movement of an object falling vertically through 
a liquid (oil for example) is slower and can also be investigated in a school laOOratory. It may 
also reach a terminal speed, and have a pattern of motion similar to that shown in Rgure 2.34 
Computer simulations are also useful for gaining a quick appreciation of the factors that affect 
terminal speeds. Air resistance is discussed in greater detail later in this chapter (page 52) 

Galileo 
It is a matter of common observation that 'heavier objects fall to 
Earth quicker than lighter objects'. This is easily demonstrated 
by dropping, for example, a ball and a piece of paper side by side. 
The understandable belief that heavier objects fall faster was 
a fundamental principle in 'natural philosophy' (the name for 
early studies of what is now known as science) for more than 
2000 years of civilization. In ancient Greece, Aristotle had 
closely linked the motion of falling objects to the belief that all 
processes ha\·e a purpose and that the Eanh was the natural 
and rightful resting place for everything. 

In the sixteenth century the Italian scientist Galileo (Rgure 2.37) 
was among the first to suggest that the reason why various 
objects fall differently is only because of air resistance. He 
predicted that, if the experiment could be repeated in a vacuum 
(without air), all objects would have exactly the same pattern of 
downwards motion under the effects of gravity. 

• Figure2.37GalileoGalilei 

In one of the most famous stories in science, Galileo dropped different masses off a balcony on 
the Tower of Pisa in Italy to show to those watching on the ground below that falling objects 
are acted on equally by gravity. This story may or may not be true, but one of the reasons 
that Galileo is so respected as a great scientist is that he was one of the first to actually do 
experiments, rather than just think about them 

It was many years later, after the invention of the first vacuum pumps, that Isaac Newton and 
others were able to remove the effects of air resistance and demonstrate that a coin (a 'guinea') 
and a feather fall together 
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In 1971 that famous experiment was repeated 
on the Moon (Figure 2.38) when astronaut 
David Scott dropped a hammer and feather 
side by side. Millions of people all o\·er the 
world were watching while he reminded 
them of Galileo's achievements. The 
strength of gravity is less on the Moon than 
on the Earth because the Moon is smaller 
Objects accelerate towards the Moon at 

al:out i of the rate that they \muld on the 

Earth(g• L6ms-2). 

1 
~:~!~:~:t:~:·~:~:~x;:~~~:~~i::lly • Figure 2.38 Dropping objects on the Moon 

repeated on the Moon, but do you think that there were other scientists who were equally 
deserving of credit for advancing understanding of motion and gravity? Give the names of 
two such pioneers of science and list their greatest achievements. 

pmmmma What is science? 
The Italian scientist Galileo Galilei (1564- 1642) is famous for his pioneering work on kinematics 
and falling objects, and it has been acknowledged that he was one of the first practical scientists 
(in the modem meaning of the \mn:I.). But what, exactly, is science and what makes science 
different from other human activities / 

This is not an easy question to answer in a few \mn:l.s, although there are certainly important 
characteristics that most scientific activities share: 

• Science attempts to see some underlying simplicity in the vast complexity around us 
• Science looks for the logical patterns and rules that control events 
• Science seeks to accumulate knowledge and, wherever possible, to build on existing 

knowledge to make an ever-expanding frame\mrk of understanding 

Most importantly, science is based on experimentation and evidence - that is, science relies on 
'facts' that are, at the current time, accepted to be 'true'. No good scientist \muld ever claim that 
something must be absolutely 'true' fur all time - one of the leading characteristics of science 
is the constant independent and widespread testing of existing theories by experiment. No fact 
or theory can ever be proven to be true for all times and all places, so science often advances 
through experiments that try to disprove new theories or existing knowledge. 

The question 'what is science/' is often answered by explaining how scientists work, the so.­
called 'scientific method', which can be s.ummarized as follows, although any particular scientific 
process can show variations from this generalized pattern: 

• Choose a topic for investigation (for 
example, the design of golf balls -
Figure2.39). 

• Research available information on the 
chosen topic (maybe use the internet to 
find out about the design of golf balls) 

• Ask a suitable question for investigation 
(for example, would a larger golf ball 
travelfunherthanasmallergolfball, if 
struck in the same way?) 

• Use theory to predict what you think will 
happen in the investigation (for example, 
you might think that a smaller ball has 
less air resistance and so will go further). • Figure 2.39 Why are golf balls a certain size? 



• Figure2.40 

components of 

velocity 
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• Design and carry out an investigation to test your prediction 
• Process the results and evaluate their uncertainties 
• Draw conclusions, accepting or rejecting your predictions 
• If the conclusions are unsatisfactory, repeat them and/or redesign the investigation. 
• If the conclusions are satisfactory and can be repeated, present )UUr findings to other 

people. 

35 A well-known old Chinese proverb says ·1 hear and I forget. I see and I remembl.'f. I do and I understand" 
Consider your own knowledge of physin. To what extent has doing experimental work improoed 
your ur.derstanding? Do you think doing more experimental work {and less theoretical work) would 
improve· 
• yourinterest? 
b yourexaminationrerults? 

Explain your answers 

• Projectil e motion 
In our discussion of objects moving through the air, we have so far only considered motion 
vertically up or down. Now we will extend that work to cover objects moving in any direction 
A projectile is an object that has been projected through the air (for example, fired, launched, 
thrown, kicked or hit) and which then moves only under the action of the forces of gravity (and 
air resistance, if significant). A projectile has no ability to power or control its own motion 

Components of a projectile's velocity 
The instantaneous velocity of any projectile at any time can conveniently be resolved into 
vertical and horizontal components, l'v and vH' as shown in Figure 2.40. 

vertical velocity of 

:=r71=.: l{_______ <=l"'"ffi' 
of velocity 
vH=vcosll 

Becall'le these components are perpendicular to each other, they can be treated 
independently (separately) in cakubtions 

When there is no air resistance, all objects moving through the air in the uniform gravirational 
field close to the Earth's surface will accelerate vertically downwards at 9.81 ms-l because 
of the force of gravity. This is true for all masses and for all directions of motion (including 
moving upwards). In o ther words, any object that is projected at any angle will always accelerate 
vertically downwards at the same rate as an object dropped vertically (in the absence of air 
resistance) 

Because of the acceleration due to gravity, the values of the vertical component and the 
resultant velocity of a projectile will change continuously during the motion, but it is important 
to realise that the horizontal component will remain the same, if the air resistance is negligible, 
because there are no horizontal forces acting on the projectile. 
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TOK Link 

The independence of horizontal and vertical motion in projectile morion seems to be counter-intuitive. How 
do srientists worl: around their imuitions? How do scientists mal:e use of !heir intuiriom? 

Human intuition has played a significant part in many scientific discmeries and developments, but scientists 
also need the imagination to propose theories that may sometimes seem contrary to 'common sense' 

This is espec~lly true in understanding the weird rea lm of quanl\.lm physics, where relying on everyday 
experiences for inspiration is of little or no use. But it is worth rememberirlg that many of the well­
e1tablished mncepts and theories of clas1ical physin that are taught now in schools would have seemed 
improbabletoscientistsatthetimetheywerefirstproposed 

36 At one particularmometitatennis ball is moving upwards with velocity of 28.4m1-1 at an angle of 15.7° 
tothehorizootal.Cak:ulatetheve1ticalandhorizontalcomponentsofthi1velocity 

37 Atia imaftisdesce<idingwithaconstantvelocityof480kmh·1atanangleof2.0°tothehorizontal 
a What is the vertical component of the p~ne's vekxity7 
b How long will it take to descend by 500m on this flight path? (Give the answer to the nearest minute.) 

38 A stone is projected upwards at an angle of 22° to the vertical. At that moment it has a vertical 
rnmponentofvelocityol38ms-1 
a What is the horizontal component of vekxity at this time? 
b After another second will 

i thehorizontalcomponent 
l l theverticalrnmponent 
begreater,smallernrthesameasbefOfel(lgnoretheeffectsofairresistance.) 

Parabolic trajectory 
Figure 2.41 shows a moboscopic pholograph of a bouncing ball. In a stroOOscopic photograph the 
time intervals between the different positions of the ball are always the same. 

The typical trajecto ry of a projectile is parabolic (shaped like a parabola or part of a 
para bob) when air resistance is negligible. For example, Figure 2.42 shows the trajectory of an 
object projected horizontally compared with that of an object dropped vertically at the same 
time. Note that both objects fall the same vertical distance in the same time 

; .. ' . . . . . • • 
• • 

• Figure 2.41 Parabolic trajectory of a bouncing ball 

~initialhOfizontalvelocity 

\ , 

object ~ 
projected \ 

horizoolillly 

i--oo;,ctdropp,d \ 
' vertica lly 

1, 
• Figure2.42Theparabolic 

trajectoryofanobjectprojected 

horizontally compared with an 

object dropped vertically 
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• Figu re2.43 
Trajectories of 

were commonly 
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The distance travelled and time of flight of various projectiles have- always made popular and 
interesting physics investigations. Video recording and analysis make this much easier and more 
accurate. Many computer simulations are also available that enable students to quickly compare 
trajectories under different conditions 

Ballistics 
The study of the use of projectiles is known as ballistics. Because of its close links to hunting 
and fighting, this is an area of science with a long history, going all the way back to spears, and 
bows and arrows. Figure 2.43 shows a common medieval misconception about the motion of 
cannon balls: they were thought to travel straight until they ran out of energy. 

• Figure2.44 Abullet'frozen'byhigh-speed 
photography 

Photographs taken in quick succession became useful in analysing many types of motion in 
the nineteenth century, but the trajectories of very rapid motion (like projectiles) was difficult 
to understand until they could be filmed, or illuminated by lights flashing very quickly 
(stroboscopes). The photograph of the bullet from a gun shown in Figure 2.44 required high­
technology, such as a very high-speed flash and very sensitive image recorders, in order to 
'freeze' the projectile (bullet) in its rapid motion (more than 500ms-1). 

Use the internet to find out about the v..ork ofEadweard Muybridge. 

Effects of air resistance 
In practice, ignoring the effects of air resistance can be unrealistic, especially for smaller and/ 
or faster-moving objects. So it is important to understand, in general terms, how air resistance 
affectsthemotionofprojectiles 

Air resiiumc:e (drag) provides a force that opposes motion. Without air resistance we assume 
that the horizontal component of a projectile's velocity is constant, but with air resistance it 
decreases. Without air resistance the vertical motion always has a downwards acceleration of 
9.81 ms-2, but with air resistance the acceleration will be reduced for falling objects and the 
deceleration increased for objects moving upwards 

Figure 2.45 shows typical trajectories with 
and without air resistance (for the same initial 
vebciry). Ncxe that with air resistance the 
path is no longer paraOOlic or symmetrical 

Calculations on projectile motion 
If the velocity (speed and direction) of 
any projectile moving through the air is 
known at any moment, then the equations 
of motion can be used to determine 
the object's velocity at any time during 
itstrajectory.Tocarryomanyof1hese 

• Figure2.45Effectofairresistanceonthe 
trajectoryofaprojectile 
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calculations, we must assum.e that theTe is no air resiitance and that the downwards acceleration due 
wgratiityisalways9.BlmJ-i. 

The transfer of gravitational potential energy (mgh) to kinetic energy (j"nw1) can sometimes 
provide an alternative solution to a problem - by equating these two energies we see that for a 
mass falling from rest through a vertical height close to the Earth's surface· 

mgh•j-1nti 2 

O bjects p rojected h orizonta lly 

8 A bullet is fired hllfizootally with a speed of 524ms-1 from a height of 22.0m above the ground 
Cakulatewhereitwillhittheground 

First we need to ukulate how long the bullet i1 in the air. We can do this by finding the time that the 
ximebulletwouldhi!Vetakentolall tothegroundilithadbeendroppedverticallylromrest(sou=O) 

S=(J(+at' 

22.0=}x9.81 xt1 

t=2.12s 

Without air resistance the bullet will cootinue to travel with the xime horizootal component of velocity 
(S24ms-1)untilithitstheg(OI.Jnd2.12slater.Therefme 

horizontaldi1tancetravelk>d:horizontal~ocityxtime 

horizontaldi1tance:S24x2.12:1.11x101m 

39 Make a rnpy of Figure 2.45 and add to it the trajectories of an object projected in the xime direction with 
ii lowerinitialvelocity 
b higherinitial velocity 

40 ii Useaspreildsheettocalrnlatethevertkalandhllfizontaldispli!cements(every0.2s)ofastonethrown 
hllfizootally off a dill (from a height of 48m) with an in itial velocity of 25ms-1. Continue ulculatioos 
untilithitstheground 

b ~otagrnpholthestooe'strajeclOfY. 

41 Ariflei1a imedhllfizontallyanddirectlyatthecentreolatargetthati152.0maway 
ii lfthebul lethadaninitialvelocityol312ms-1,howloogwooldittaketoreac:hthetarget? 
b Howfarbelowthecentrewooldthebullethitthetarget? 

O bjects projected at other angles 

The physics is the same for all projectiles at all angles: trajectories are still parabolic and the 
vertical and horizontal components remain independent of each other. But the mathematics is 
more complicated if the initial motion is not vertical or horizontal 

The most common problems involve finding the maximum height and the maximum 
horizontal distance (range) of the projectile. 

If we know the velocity and position of a projectile, we can always use its wrrical component 
of velocity to determine: 

• the time taken before it reaches its maximum height, and the time before it hits the ground 

• the maximum height reached (assuming its velocity has an upwards component) 

The horizomal component can then be used to determine the range 
If the velocity at any time is needed, for example when the projectile hits the ground, then 

the \·ertical and horizontal components have to be combined to determine the resultant in 
magnitude and direction 
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9 A stone was thrown upwards from a height 1.60m abc1.ethe ground with a speed of 18.0ms-1 at ar1 
angleofS2.0°tothehorizontal.As~mingthatairresi5tanceisnegligible.cakulate 
a itsmaximumheight 
b theverticalrnmponentofvekx:itywhenithitstheground 
c thetimetake<itoreachtheground 
d thehorizontaldi5tancetothepointwhereithitstheground 
e thevekx:ityof impact 

First we need to know the two rnmpone<its of the initial velocity 

Uy=usin!l:18.0sin52.0°:14.2ms-1 

U11=UCOS!l:18.0rns52.0°:11.1ms-1 

a Using v1 = u1 + 2as for the upwards vertical motion {with directions upwards rnmidered to be 
positive). and remembering that at the maximum height v= O. we get 

0:14.21+[2><(-9.81)><1) 

s =+10.:lm above the point from which it was released; a total height of 11.9m 

(Using~= gh is an alternative way of performing the same calculation) 

b Usingvl:ti+2asforthernmpletemotiongives 

vl:14.21 +(2x(-9.81)x{-1.60)1 

v= 15.3ms-1downwards 

t Usingv=u+atgives 

-15.3:14.2+(-9.81)t 

d Usings:vtwiththehorizontalrnmpone<itofvelocitygives 

s:11.1x3.0:33.3m 

e Figure 2.46 illustrates the information we hir.e determined so far and the unknown angle andvekx:ity 

• Figure2.46 

From looking at the diagr.-im. = c.-in use Pythagoras·s theorem to c.-ilrnlate the velocity of imp.Kl 

(velocityofimpact)l=(horizontalrnmponem)l+(vertkalrnmponent)l 

v;1=11.11+15.3l 

v,=18.9ms-1 

Theangleofimpac:twiththehorizontal,11.canbefoundusingtrigonometry 

tan!l=* 

0:54.0° 
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42 Repeat Worked example 9 lor a stone thrown with a velocfly ol 26 ms- I at an angle of 38° to the 
horizootalfromaclifftop.Thepointofreleasewas33mvertic:aHyabovethesea 

43 Them3ximumtheoreticalrangeolaprojectileoccur1wheoiti1projectedatanangleol45°tothe 
ground (once again. ignoring the effects of air resistance). Calculate the maximum distance a golf ball will 
trav~bel0<ehittingthegroundifitsinitialvelocityi172m1-1.{Becauseyouneedtoassumethatthere 
i1noai1resistance,youranswe1shouldbemuchhigherthantheildualrangesachievedbytop-class 
golfers.) 

44 A jet of water from a hose is aimed dimctly at the base of a flower. as shown in Figure 2.47. The water 
emergesfromthehosewithaspeedof3.8ms-1 

• Figu re2.47 • Figure2.48 

ii Calrnlatetheangle,6.andtheverticalandh0<izontalcomponentsoftheinitialvelocityofthewater. 
b Howfarawaylromthebaseoftheplantdoesthewaterhittheground) 

45 AballrollsdowntheslopeshowninFigure2.48andisthenpro;ectedhorizontallyoffthl'tabletopatpointP. 
ii Show that the maximum range of the ball is given by R = 2,/h,fi;. {lgn0<e any eflect1 due to the 

spinning of the ball.) 
b Whatassumptioo{s)didyoumake? 
c Exptainwhyyouranswerto a didnotdependoothemassoftheball 

46 If the maximum distance a man can throw a ball i1 78 m. what is the minimum speed of release of the 
ball? {Assume that the ball tand1 at the same height from which it was thrown and that the greatest range 
f0<agivenspeedi1whentheangleis4S0

.) 

MHfi!U\IUlefW Projectil es in sport 
Many sports and games involve some kind of object (often a ball) being thrown, kicked or hit 
through the air. Obvious examples are basketball (see Figure 2.49), tennis, football, badminton, 
archery, cricket and golf. The skill of the players is to make the ball, or other object, move with 
the right speed and trajectory, and often to also be able to judge correctly the trajectory of an 
object moving towards them 

• Figure2.49Abasketballmovesinapproximately 

parabolic flight 

The mass, shape, diameter and the nature of the surface of 
a ball will all affect the way in which it moves through the 
air after it has been 'projected'. Although in most sports it 
can be assumed that the ball will fullow an approximately 
parabolic path through the air, if the ball always had a 
perfectly parabolic trajectory then the game would be 
predictable and less skilful. The effect of the air moving 
over the surface of the ball plays an important part in many 
sports and good players can use this to their advantage by 
putting spin on the ball. There is a difference in air pressure 
on opposite sides of a spinning ball, pnxlucing a force that 
affects the direction of motion 
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Part of the fun of playing or watching sports is to 
see a ball being struck or thrown with such skill 
that it travels with great accuracy and speed, or 
goes a long distance. It is interesting to consider 
how the design of the balls in different sports has 
evolved. 

Badminton is an unusual srort because the design of 
the shuttlecock delibemely produces non-parabolic 
trajectories (see Figure 2.50). A shuttlecock has 
a small mass for its cross-sectional area, which 
means that it can travel very fast when it is first 
hit; after that, air resistance has a significant 
effect, considerably reducing its range. Most of a 
shuttlecock's mass is concentrated in the 'cork' at 

• Figure 2.50 Badminton shuttlecock trajectories are not parabolic the oprosite end from the feathers, so that it always 
moves in flight such that the cork leads the motion 

• Figure2.51 
The upwards force on 
a rocket accelerates it 
into space 

l In which srort can the struck ball trnvel the longest distance? Find out if there are any 
regulations in that game that try to limit how far the ball can travel. 

2 If the balls from a variety of different sports were all dropped from the same height onto 
the same hard surface, which one 'M:luld bounce up to the greatest height/ Discuss possible 
reasons why that ball loses the smallest fraction of its energy when colliding with the 
surface and why that is important for the srort in which it is used. 

3 Research an explanation of how spin can cause a ball to change direction. 

2. 2 Forces - c1assica1 physics requires a torce to change a state of motion, as 
suggested by Newton in his laws of motion 

At its simplest, a force is a push or a pull. A force acting on an object (a body) can make it start 
to move (Figure 2.51) or change its motion if it is already moving. In other 'M:lrds, a force can 
change the velocity of an object; accelerations are caused by forces 

Forces can also change the shape of an object. That is, a force can make an object become 
deformed in some way. For example, when we sit on a soft chair the deformation is easy to see. 
When we sit on a hard chair, or stand on the floor, there is still a deformation but it is usually 
too small to see. 

Clearly, the effect of a force will depend 
on the direction in which it acts. Force is a 
vec1orquantity.Likeallvectors,aforcecanbe 
represented by drawing a line of the correct 
length in the correct direction (shown with 
an arrow), to or from the correct point of 
application. The vector arrow should be clearly 
labelled with an accepted name or symbol 
The length should be proportional to the 
magnitude of the force. For example, in Figure 
2.52 vector arrows represent the different 
weights of two people 

When discussing the forces acting on an object, we may alternatively talk about applying a 
force to an object, or exerting a force on an object 

The symbol F is used for force and the SI unit of force is the newton, N. One newton is 
defined as the (resultant) force that makes a mass of I kg accelerate by I ms-z. 
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• Figure 2.52 Weight 
acts downwards from 

Objects as point particles 
When a force is applied to an object in simple situations, the shape and size of the o bject are 
often not of much importance, and adding details to any drawing can lead to confusion. We 
might, for example, \ffinder if an extended object shown in a drawing will tip or rotate when 
acted on by furces. See Figure 2.61 for an example. For this reason, and for simplicity, objects are 
often represented as points - point particles. 

• Different types of force 
Apart from obvious everyday pushes and pulls, we are surrounded by a number of different types 
of force. In the following section we will introduce and briefly discuss these types of furce; 

• weight 

• tension and compression 

• reactionforces 

• friction and air resistance 

• upthrust 

• other non-contact forces (like weight) 

Weight 
The weight , W, of a mass is the g ravitationa I fo rce that pulls it towards the centre of the Earth. 
Weight is related to mass by the following equation: 

\V•mg 

In this equation, W is the weight in newtons, m is the mass of the object in kilograms and g is 
the acceleration due to gravity in metres per second squared (m s- l). The larger the mass of the 
object, the bigger its weight. (The symOOl \Vis more commonly used for work.) 

An altemati\·e interpretation of g is as the ratio of weight to mass, g • W/m. Expressed in 
this way, it is known as the gravitational field strength with the unit of newtons per kilogram, 
Nkg-1 (I Nkg- 1 • I ms-2).A certain mass would weigh lesson the Moon because the Moon has 

a smaller gravitational field strength than the Earth 
The value of g on, or close to, the Earth's surface is assumed to be 9.81 ms-2, although it 

does vary as we saw in Table 2.1. For quick approximations a value of g • !Oms-l is often 
used - which is only a 2% difference. The value of g decreases as the distance from the centre 
of the Earth increases. For example, at a height of 300km aOOve the Earth's surface the value 

15kg 

weight, 1S0N 
weight,6S0N 

of g has decreased slightly to 9.67 ms-l. This means 

that objects at that height, such as a satellite 
or astronauts in orbit around the Earth, are nor 
weightless (as is often believed), but weigh only a 
little less than on the Earth's surface 

If we want to represent the weight of an object in 
a diagram, we use a vector arrow of an appropriate 
length drawn vertically downwards from the centre 
of mass of the object, as shown in Figure 2.52. The 
centre of mass of an object can be considered as the 
'average' position of all of its mass. For symmetrical 

and uniform objects the centre of mass is at the 
geometrical centre. 

The mass of an object stays the same wherever 
it is in the universe, but the gravitational force 
on an object (its weight) varies depending on its 
location. For example, the acceleration due to 

gravity (gravitational field strength) on the Moon 
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is 1.6 ms-1 and on Mars it is 3.7 ms-z. The acceleration due to gravity is different on the Moon 
and Mars because they have different masses and sites compared with the Earth. In deep space, a 
very long way from any star or planet, any object would be (almost) weightless 

Unfortunately, in e\·eryday conversation the word 'weighing' is used for finding the mass 
of an object, in kg for example (not the weight in N), and the question 'what does that weighr 
would also usually be answered in kilograms, not newtons. This is a common confusion that 
every student and teacher of physics has to face. 

10 An astronaut has a mass of 62.2 kg. What would her weight be in the following locations? 
a oolheEarth'ssurfac:e 
b inasat~lite300kmabovetheEarth 

e avery,verylongwayfromanyplanetorstar 

a W:mg:62.2x9.81:610N 
b W:62.2x9.67:601N 
c W:62.2~ 1.6: 100N 
d W:62.2x3.7:230N 

47 Calculatetheweightofthefollowingobjectsoothesurfac:eoftheEarth 
a acarofmass12S0kg 
b a newborn bahyofmass3240g 
c onepininapileofS00pin1thatha1atotalmassofl24g 

41 A girl has a mass of 45.9kg. U5e the data given in Table 2.1 to cakulate the difference in her weight 
between8angkokandloodon 

49 a It is said that 'an A380 plane has a maximum take-off weight of 570 toones' {Figure 2.53). A tonne is 
the same as a mass of 1000kg. What is the maximum weight of the plane {in newtons) during take-off? 

b Theplanecancarryamaximumofabout8S0pas1engers.Estimatethetotalmassofallthepassenger1 
and crew. What percentage is this of the total mass of the plane on take-off? 

c The maximum landing weight is '390 toones·. Suggest a reason why the plane needs to be less mass.M! 
whenland ingthanwhentakingoff 

d Calculate the difference in ma11 and explain where the 'missing' ma11 has gone 

• Fig ure2 .53TheAirbusA380isthe 

largestpassengerairplaneintheworld 

50 Theweightofanobjectdecrea1esveryslightlyasitsdistanceabovetheEarth'ssurfaceincrease1.Suggest 
why the weight of a11 object might not increase if it was taken down a mine shaft and closer to the centre 
oftheEarth 

51 A mass of 50kg would have a weight of 44SN on the planet Venus. Whati1 the strength of the 
gravitationalfieldthere?Comp.-ireitwiththevalueofg onEarth 

52 Coosider two sciid spheres made of the same metal. Sphere A has twice the radius of sphere 8. Cakulate 
theratioofthetwospheres'circumferences,surlac:ear&1S,volumes,massesandweight1 
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MHtil@jjj.j,tW Force meters and we ighing 

• Figure 2.54 

Forces are most easily measured by the changes in length they produce when they squash or 
stretch a spring (or something similar). Such instruments are called fora meters (also called 
newton meters or spring l:d,rncei) - see Figure 2.54. In this type of instrument the spring usually 
has a change of length proportional to the applied force. The length of the spring is shown 
on a linear scale, which can be calibrated (marked) in newtons. The spring goes back to its 
original shape after it has measured the force 

Such instruments can be used for measuring forces acting in any direction, but they are also 
widely used for the measurement of weight. The other common way of measuring weight is 
with some kind of 'balance' (scales). In an equal-arm balance, as shown in Figure 2.55, the 
beam will only balance if the tv..u weights are equal That is, the unknown weight equals the 
known weight 

In this type of balance, the pivot could be moved 
closer to the unknown weight if it is much heavier 
than the known weight(s). The balance then has 
to be calibrated using the principk of momems. 
This principle is not part of the course, but it may 
befamiliartostudentsfromearlierwork 

Either of these methods can be used to determine 
an unknown weight (N) and they rely on the 
force of gravity to do this, but such instruments 
are much more commonly calibrated to indicate 

equaldi51an{es 

mass (kg or g) rather than weight. This is • Figure 2.55 An equal-arm balance 
because we are usually more concerned with the 
quantity of something, rather than the effects 
of gravity on it. We usually assume that mass (kg) • weight 
(N)/9.81 anywhere on Earth because any variations in the 
acceleration due to gravity, g, are insignificant for most, but not 
all, purposes. 

I If you were buying something small and expensive, like gold or 
diamonds (Figure 2.56), should the amount you are buying be 
measured as a mass or a weight/ Explain your answer. 

Tension and compression 

• Figure2.56An 
expensive ring 

F ~ F :::~~~t
0

:!~ti!~ ::~:;::n~ o; (;~:~: ~).it;t::~e~~~l!:g~to~u:~::::ds are 

familiar examples of objects under tension, but 
tensile forces are also very common in more rigid 

F-0-F :~~:.t~~~~: i:: ~:~:i~;~~a~t~: !~eal:~o;J;~ 

• Figure 2.57 
Object under a tension 
and b compression 

moving outwards. 
When an object is squashed by equal and 

opposite forces pushing it inwards, we describe it 
as being under compression (Figure 2.57b). 

All structures have parts that are under tension and 
parts under compression. The stone pillars at Stonehenge, 

~:~~~ ~;t:t:~-:~:;i: :::~:;~:tti:~~~:ion • Figure 2.58 Stonehenge was 
builtover4000yearsago 

resting on top 



• Figure2.59Model 
suspension bridge 
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The horizontal slabs on the top of stonehenge bend wry slightly, so that the top surface 
is compressed, while the lower surface is under tension and this can result in destructive 
cracks spreading upwards. Similar principles apply to the construction of all modem 
buildings, bridges etc. As an example consider Figure 2.59, which shows a sketch of a 
suspension bridge, along with the parts that are under tension (T) and the parts under 
compression (C).Construction of model bridges of various designs, followed by observation 
of the testing of their strengths by adding increasing loads is a popular educational exercise 
for physics students. 

Reaction forces 
If two objects are touching (in con1acr with) each other, then each 
must exert a force on the other. For example, if you push on a wall, 
then the wall must also push back on you; when you srnnd on the floor 
your weight presses down but the floor must also push up on you to 
support your weight. If this was not true you would fall through the floor 
or the wall 

In Figure 2.60 the boy's weight is pushing down on the ground and his hand is also 
pushing the wall. The force of the wall on the boy's hand and the force of the ground 
on his feet are examples of contact forces (also called reaction forces). These forces 
are always perpendicular to the surface and that is why they are often called normal 

• Figure 2.60 Reaction forces reaction forces (the \\-Ord 'normal' used in this way means perpendicular) 

frictiooC}:--
• Figu re2.61 Friction opposing motion 

ground 

• Figure2.62Weneedfrictiontowalk 

Solid friction 
When objects are moving (or trying to mm·e) and they are in contact with 
other surfaces, forces between the surfaces act in such a way as to oppose 
(try to stop) the motion. This type of force is called frict ion. 

There are many ways of trying to reduce the effects of friction in an 
attempt to make movement easier, but friction can never be completely 
overcome. Friction between two objects acts parallel to the surfaces of 
both, in the opposite direction from the motion (or intended motion) 
This is shown in Figure 2.61, in which a block is being accelerated by 
being pulled by a rope along the floor. 

But without friction, movement \1-0uld be very difficult. Consider 
how you walk across a room (Figure 2.62) - in order to take a step, the 
fuot pushes backwards on the ground and, because of friction, the ground 
pushes forward on the foot. Without friction, walking and most methods of 
transportation would be impossible 

Friction is discussed in more detail later in this chapter. 
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Air res istance 
Air resistance (sometimes called drag) is also a force that opposes motion. An object moving 
through air has to knock the air out of the way, and this produces a force in the opposite 
direction to motion 

• Figure 2.63TheLZRRacerswimsuitisbuiltusing 

NASA technology 

• Figure 2.64 Shanghaimaglevtrain 

• Figure2.65 Windtunneltesting 

The study of the factors affecting air resistance is of great 
importance when discur.sing falling objects, parachutes and all 
modes of transport (especially for vehicles moving fast) and it has 
many interesting sporting applications 

The amount of air resistance depends on the cross-sectional 
area of the moving object, but also on the way in which the air 
flows past the surfaces. Altering the shape of an object and the 
nature of its surfaces can have a considerable effect on the air 
resistance it experiences. Changing the shape and/or surface of 
anobject,particularlyatthefront, inordertoreduceair 
resistanceiscalledstreamlining. 

Most importantly, the faster an object moves the higher 
the air resistance opposing its motion becomes. Typically, 
for a given object, it is often ar.sumed that air resistance 
is proportional to the speed Jquaud. This means that air 
resistance becomes much more important for objects moving 
very quickly. The air resistance opposing a 100m sprinter 
moving at 10ms- 1could be 400 times bigger than on a 
casual walker moving at 0.5 ms-1. The retarding effects of 
air resistance on a car driving a few blocks to the local shops 
at an average speed of JOkmh- 1 would be much \er,s than 
the same car driving at 110 km b-1 along a motorway (about 
!)times greater). 

Similar ideas apply to the drag effects when an object, 
person or animal moves through (or on) water (fluid 
resistance). For example, the amount of resistance experienced 
by a swimmer can be reduced by about 5% by wearing drag­
reducing swimsuits, as shown in Figure 2.63. Of course it is 
very important that the suit does not affect the swimmer's 
movement in any way and that the extra weight of the 
swimsuit is insignificant 

Figure 2.64 shows one of the magnetic levitation ('maglev') 
trains that run between Shanghai and its main airport, which 
is about JO km away. Magnetic forces lift the train above the 
surface of the track to eliminate friction, and the streamlined 
shape of the train is designed to reduce air resistance. The 
train completes the journey in about 7 minutes and reaches 
a top speed of about 430kmh- 1, although in test runs it 
exceeded 500 km b-l. 

The effect of air resistance on different objects is often tested 
in 'wind tunnels' (Figure 2.65). lnsteOO of the object moving 
through stationary air, it is kept still while fast moving air is 
blown against it. 
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Mllh@\li mow Ai r t ravel 

• Figure2.66 Forces 

on objects that are 

floating or buoyant 

Aircraft use a lot of fuel moving passengers and gocxls from place to place quickly, but we are 
all becoming more aware of the effects of planes on global warming and air pollution. Some 
people think that governments should put higher taxes on the use of planes to discourage people 
from using them too much. Improving railway systems, especially by operating trains at higher 
speeds, will also attract some passengers away from air travel. Of course, engineers try to make 
planes more efficient so that they use less fuel, but the laws of physics cannot be broken and jet 
engines, like all other heat engines, cannot be made much more efficient than they are already. 

Planes will use a lower fuel if there is a lower air resistance acting on them. This can be 
achieved by designing planes with streamlined shapes, and also by flying at greater heights 
where the air is less dense. Flying more slowly (than their maximum speed) can also reduce the 
amount of fuel used for a particular trip, as it does with cars, but people generally want to spend 
aslittletimetravellingaspossible 

The pressure of the air outside an aircraft at its typical cruising height is far too low fur the 
comfort and health of the passengers and crew, so the air pressure has to be increased inside 
the plane, but this is still much lower than the air pressure near the Earth's surface. The 
difference in air pressure between the inside and outside of the plane would cause problems if 
the plane had not been designed to withstand the extra forces. 

Planes generally carry a large mass of fuel, and the weight of a plane decreases during a 
journey as the fuel is used up. The upwards force supporting the weight of a plane in flight 
comes from the air that it is flying through and will vary with the speed of the plane and the 
density of the air. When the plane is lighter towards the end of its journey it can travel higher, 
where it will experience less air resistance. 

l a Find out how much fuel is used on a long-haul flight of, say, 12 hours. 

b Compare your answer with the capacity of the fuel tank on an average si:ed car. 

On a short-haul flight as much of 509(, of a plane's fuel might be used for taxiing, taking 
off, climbing and landing, but on longer flights this can reduce to under 15%. Explain 
the difference 

2 Do )OU agree that the use of planes should be discouraged in some way? Does the rest of )"'.)Ur 
group agree with you? Does the government have the right or obligation to try to change 
people's behaviour by the use of taxes? (Taxes on alcohol and cigarettes are similar examples.) 

Upthrust 
Upthrust is a force exerted vertically upwards on any object that is in a fluid (gas or liquid). This 
force arises because the pressure of the fluid on the object is greater at its bottom than at its 
top. Upthrust acts in the opposite direction to weight and its effect is to reduce the apparen1 

weight of the object. 
The upthrust from water is a familiar experience for swimmers and divers and is the same 

force that keeps a boat afloat. The weight of a floating object, or an object buoyant under water, 
is equal and opposite to the upthrust (see Figure 2.66). Upthrust forces also exist on objects in air, 
but they are less significant and are only normally noticeable on very light objects like balloons 

flOilling 

buoyant at 
constant depth 

upth~ ight 



54 2 Mechanics 

• Figure2.67 

Free-body diagrams. 

Theobjecthasasolid 

outline and the forces 
areshowninred.The 

dotted lines might 

Non-contact forces 
Of all the forces discussed above, gmtJiiational fora (weight) is different from the others because 
it acts across space and there does not need to be any contact (between an object and the 
Earth). Magnetic forces and electTic forces behave in a similar way, and non-contact nuclear forces 
also exist within atoms. Understanding these fundamental forces plays a very imponant part in 
physics. These forces are all covered in more detail in later chapters of this book 

In order to fully explain all the contact forces mentioned earlier in this chapter, it v.uuld be 
nece,sary to consider the electromagnetic forces acting between particles in the different objects/ 
substances 

• Free-body diagrams 
When objects come into contact with each other they exert forces on each other. This means 
that even the simplest force diagrams can get confusing if all the forces are included. To avoid 
this confusion, we often draw only one object and show only the forces acting on that one object 
Forces that act from the body onto something else are not included. 

Drawings that show only one object and the forces acting on it are called free-body 
diagrams. Some simple examples are shown in Figure 2.67 

a Aboxootheground b TheMoonllfbilingtheEarth 

weight 

c Aswingingpendulum d Aboxpulk>dak>ngtheground 
(atconstant5!)ee(l) 

weight 

53 Figure 2.68 shows two unequal masses coonected by 
stringoverafrictioolesspulley.Drawfree-body 
diagrnmstoshowtheforcesactingoobothmasses 

54 Figure2.69representsahotairballoon.Thetworopes 
are stoppir,g ii from moviog vertically i!WiJY from the 
grouod.Orawafree-bodydiagramforalltheforces 
actiogonthebasket 

• Figure2.68 • Figure2.69 



/! ' '• 
Wi!ight,mg 

• Figure2.70 
Resolving the weight 
of a pendulum into 

components: 

F,.. =mgsinll 
F8cmgcosll 

• Resultant fo rces and component fo rces 

Resu ltants 
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There is usually more than one force acting on an object. In order to determine the overall 
effect of two or more forces on an object, we must add up the forces, taking their directions into 
consideration. This gives the resultant (overall, net) force acting on the object 

Determining the sums and differences of vectors, such as forces, was covered in Chapter I. It 
might be helpful to review that section before continuing. 

55 Thre{'separateforcesof1N,2Nand3Nactonanobjectatthesametime.tftheforcesareparallelto 
eachotherwhatarethepossiblevaluesforthema,gnitudeoftheresultantforce? 

56 Use a M:ale drawing to determine the resultant of two forces of 8.SN and 12.0N acting at an angle of 
120°toeachother. 

57 Calculatetheresultantofforce1of7.7Nand4.9Nactir.gperpendicularlytoeachother. 

58 The resultantoftwoforcesis 74N to the west. tf one force was 18N to the south, what was the size and 

59 A32kgboxisbeingpushedacrossahorizontalfloorwithahorizootalforceof276N.Thefrictionalforce 
isequalto76%ofitsweight 
a Orawafree-bodydiagramforthebox 
b Whati1there1ultantforceonthebox? 

Components 
T\Kl or more fun:es can be combined to give a resultant, but the 'op!X)Site' piocess is just as important 

A single force can be considered as equivalent to two separate forces, which are usually 
chosen to be at right angles to each other (FcosB and FsinB). This is called rcsoltJing a force 
into t\Kl components (Chapter 1). 

Resolving forces into components is usually done when a single force is not acting in the 
direction of motion. As an example, consider the swinging pendulum shown in Figure 2.70. 
The single force of the weight, mg, can be resolved into a force, FA' acting in the instantaneous 
direction of motion and a force, FB, that is at right angles to FA acting along the line of the 
string and equal and opposite to the tension in the string 

60 The mass of the peodulum mown in Figure 2.70 is 382g and the angle o is 27.4° 
• Whatistheteosioninthestring? 
b Whatistheforceactinginthedirectionofmotion? 

,1 Themassshowni.nFig·".re2.71iss.<.ationaryonthes.lope{inc/ined·~ 
plane). 3.41::g 
a Draw a free-body dfagram showmg the forces acting on the mass 
b Reo;o!ve the weight of the mass mto two components that are 

paral lelar.dperpend1culartothe1lope. _____ 24" __________________ _ 

62 Aresultantforwardforceof8.42x 104Nac:tingooatrainofmass 
3.90x105kgacceleratesitarateof0.216ms·1wheniti1tril'lelling • Figure2.71 
onahorizontaltracl:: 
• lfthetrainstartstoclimbas.lopeofangle1 .00°tothehorizontal,calculatethecomponeotofweight 

acting down the slope 
b What is the new resultant force acting on the train? 
c Predictapossibleacceleratiooofthetrainasitstartstocl imbthes.lope 
d Sugge1twhyitismoredifficultfortrainstotravelup1teeper1lopesthanlorcars 

• Tra nslational equilibrium 

An object that has no resultant force acting on it is said to be in translational eq uilibrium. 

The word 'translational' refers to movement from place to place. Being 'in equilibrium' means 

that the forces acting on an object are 'balanced', so that they have no overall effect and the 
object will therefore continue to move in exactly the same way (or remain stationary). 
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• Figure2.72 
The object is in 

equilibrium,but 

equilibrium 

It should be noted that it is possible for parallel, equal and opposite forces to act on an object 
along different lines and thereby cause it to rotate, as shown in Figure 2.72. The object will start 
to rotate under the turning effect of the two forces, but there will be no translational movement 
It is not in rotational equilibrium. 

• Newton's fi rst law of motion 
Newton's first law of motion summarizes the conditions necessary for translational equilibrium: 

Newton's first law of motion states that an object will remain at rest, or continue to move in 
a straight line at a constant speed, unless a resultant force acts on it. 

In other v..ords, if there is a resultant force acting on an object, it will accelerate 

Examples of Newton's first law 
It is not possible to have an object on Earth with 110 forces acting on it because gravity affects 
all masses. Therefore any object that is in equilibrium must ha\·e at least two forces acting on 
it, aOO quite possibly many more. All moving objects, o r objects tending to move, will also have 
frictional forces acting on them. If an object is in translational equilibrium, then the forces 
acting on it (in any straight line) are balanced, so that the resultant force is zero. Consider the 
following examples. 

• Objects at rest with no sideways forces - The OOx shown in Figure 2.67a is in equilibrium 
because its weight is equal to the normal reaction furce pushing up on it. 

• Horizontal motion at constant velocity - Consider Figure 2.67d, which also shows an object 
in translational equilibrium because the forces are balanced. It may be stationary or moving 
to the right with a constant velocity (we cannot tell from this diagram) 

• Vertical motion of falling objects - Figure 2.73 shows a falling ball. In a the ball is just 
starting to move and there is no air resistance. In b the ball has accelerated and has some 
air resistance acting against its motion, but there is still a resultant force and acceleration 
downwards. Inc the speed of the falling ball has increased to the point where the increasing 

air resistance has become equal and opposite to the 
weight. There is then no resultant force and the ball is in 

Q G:t Q,,, 
i .! f r1.>sl1taoce Wi!ight f l resistance 

translational equilibrium, falling with a constant velocity 
called its terminal velocity or terminal speed. 

we'9hl weight 

• Figure2.73Theresultantforceonafalling 

objectchangesasitgainsspeed 

• Figure2.74 Acyclistaccelerating 

• H orizontal acceleration - Figure 2.74 shows the forces 
acting on a bicycle and rider. Because the force from the 
road is bigger than air resistance the cyclist will accelerate 
to the right. fu the bicycle and rider move faster and faster, 
they will meet more and more air resistance. Eventually 
the air resistance becomes equal to the forward force (but 
opposite in direction) and a top speed is reached. This is 
similar to the ideas used to explain the terminal speed of a 
falling object and the same principles apply to the motion of 
all vehicles 

We know that any object that is stationary for some time, like a 
lxx>k placed on a table, is in equilibrium, and an object moving 
with constant velocity is also in equilibrium. &it it is important 
to realise that a moving object that is only at rest for a moment 
is not in equilibrium. For example, a stone thrown vertically 
in the air comes to rest fur a moment at its highest point, but 
the resultant force on it is not zero and it is not in equilibrium. 
Similarly, at the instant that a race is started a sprinter is 
stationary, but that is the time of highest resultant force and 
acceleration. 
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T hree forces in equilibrium 

If two forces are acting on a mass such that it is nor in equilibrium, then to produce 
equilibrium a third force can be added that is equal in magnitude to the resultant of the 
other two, but in the opposite direction. All three forces must act through the same point 
For example, Figure 2.75 shows a free-body diagram of a ball on the end of a piece of string 
kept in equilibrium by a sideways pull that is equal in magnitude to the resultant of the 
weight and the tension in the string. 

The equilibrium of three forces can be investigated simply by connecting three force meters 
together with string just above a horizontal surface, as shown in Figure 2.76. The three forces 
and the angles between them can be measured for a wide variety of different values, each of 
which maintains the system stationary. 

weight 

• Figure2.75 Three forceskeepingasuspendedball 

in equilibrium 

,3 Draw fully labelled tree-body diagrams for 
a aarmovinghorizontallyat constantvelocity 
b an aim af t moving horizontally with a constant velocity 

• Figure2.761nvestigatingthreeforcesin 

equilibrium 

c aboatdeceleratingaflertheenginehasbeenswitchedoff 
d aaraa:eleratingupahill 

U Figure 2.77 shows the path of an object thrown through the air withoot air ll'Sistance. Make a copy of the 
diagramandilddtoitvectorarrowstorepresentthelorcesactingontheobjectineachposition 

• Figure2.77 

,s Aheavy~itcaserestingonthegroondhasamassof30.6kg 
a Draw a labelled free-body diagram to show the forces itCling on the ~itcitse 
b Re-drawthesketchtoshowalltheforcesilClingifsomeonetriestoliftupthecasewithavertical force 

of1S0N 

66 Stand on some bathroom scales with a heavy book in your hand. Quickly move the book upwards wh ile 
watching the reitding on the scales. Repeat , but this time move the book quickly downwards. Explain your 
observat ions 

,1 a lfyooareinan~evator{lifl)withyoureyesciosed,isitpossibletotellifyouarestatiooary,ormoving 
upormovingdown?Explain 
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b A per'iO!l in an ek>vator(lift} experiences two fo.-ces: tnl'ir weight downwards and the riormal reiKtioo force 
llp from the floor. Sl«>tdl a free.body diagram to show the forces acting on a persoo in an e~ator ii 
I they are moving at a constant velocity 
i i theyarestartingtom<M!downwards 
l ll theyarestartingtomovetJpwards 
iv theelevatordeceleratesafterithasbeenmOYingdownwards 
v theelevatordeceleratesafteritha1beenm0Yingllpward1 

68 A skydiver is fa lling with a terminal velocity of about 200kmh- 1 when he opens his parachute 
ii Drawfre{'·bodydiagramss.howingtheforce1actingonthl'skydiver 

i atthemomeotthattheparachut eopens 
ll ju1tbeforetheskydiverreaches theground 

b Sketch a flllly labelled graph showing how the velocity of the skydiver changed from the momeot he 
lefttheplanetothetimehelandedontheground 

69 ReferbacktoFigure2.71,whichshowsaboxrestingona'ilope.ltcanonlystay5tationarybecameofthe 
frictional force opposing its movement down the slope. What is the magnittJde of the frictional force? 

70 Figure 2.78 shows a climber tJSing a rope to get llp a mountain. Draw a free-body diagram to represent 
theforce1actingontheclimber 

• FigtJre2.78 • FigtJre 2.79 

71 Figure 2.79 represents two raindrops falling side by side with the same instantaneous velocity. The forces 
actingondropAareshownandithasaradiusr. 
ii Copy the diagram and show the forces acting on drop 8, which has radius 2r. 
b Describe the immediate motion of the two drops and explain the difference 

Jlli!ll!IIIIIII Aristotle and natural philosophy 
Isaac Newton is widely quoted as writing mo.::lestly about his achievements: 'I do not know what 
I may appear to the world, but to myself I seem to have been only like a OOy playing on the 
sea-shore, and divening myself now and then finding a smoother pebble or a prettier shell than 
ordinary, whilst the great ocean of truth lay all undiscovered before me.' 

Newton's apparent humility is also reflected in the following quotation: ' .. .if I have seen a 
little further it is by standing on the shoulders of giants.' Although this is not an entirely original 
quotation, it is believed that Newton was giving credit to those scientists and philosophers who 
had preceded him. Among these was Aristotle. 

Aristotle (384- 322 oc) was a Greek philosopher and one of the most respected founding 
figures in the development of human thinking and philosophy. His work covered a very wide 
range of subjects, including his interpretation of the natural world and the beginnings of 
what we now call science, although it was called 'natural philosophy' and had a very different 
approach from mo.::lem scientific methods 

Although the 'science' of the time did not involve careful observation, measurements, 
mathematics or experiments (remember, this was more than 2300 years ago), Aristotle did 
appreciate the need for universal (all-embracing) expbnations of natural events in the world 
around him 



• Figure2.80 

• Figure2.81 

A simple experiment 
to measure frictional 

Solid friction 
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He believed that everything in the 1MJrld was made of a 
combination of the four elements he called earth, fire, air and water 
The Earth was the centre of everything and each of the four earthly 
elements had its natural place. When something was not in its 
natural place, then it 1MJuld tend to return - in this way he explained 
why rain falls and why flames and bubbles rise, for example 

With our greatly improved knowledge in the mcxlem world it can 
be easy to dismiss Aristotle's work and point out the inconsistencies 
But his basic ideas on motion, for example, were so simple and 
powerful that they were widely believed for more than 1500 years, 
until the age of Galileo and Newton. 

As discussed earlier, friction is a force that will try to stop any solid surface moving o\·er another 
solid with which it is in contact. The origins of friction can be various and complicated but, in 
general terms, the magnitude of frictional forces will depend on; 

• the nature of the t\1-U materials 

• the 'roughness' of the surfaces of the two materials (roughness is not easily defined and 
although rougher .surfaces often create more friction, it would be wrong to assume that 
rougher surfaces always increase frictional forces) 

• the forces acting normally between the surfaces (pushing them together). 

To reduce the friction between t\1-U given .surfaces, something should be placed between them 
This could be water, oil, air, graphite, small rollers or balls. Fluids used in this way are called 
lubrican/5 

The forces of friction can be im·estigated using simple apparatus such as that in Figure 2.81, 
which shows a wcxxlen block being pulled on a horizontal table. The horizontal pulling force is 
increased until the block jus! starts to move 

Applying Newton's first law, if the block is not moving then it must be in translational 
equilibrium, so that there is no resultant force and the frictional furce must be equal and 
opposite to any pulling force, as indicated by the force meter. If the block is pulled with a bigger 
force but it still does not move then the frictional force must also have increased, remaining 
equal and opposite to the pulling force. But the frictional force will ha\·e an upper limit, and 
if the force is continually increased, at some time it will become greater than the maximum 
possible value of the frictional force. Then there will be a resultant force on the block and it will 
accelerate (seeFigureZ.82). 
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• Figure2.82 

How frictional forces 
change as the force friction 

applied increases 

limiting 
51:atic 

friction F, 

O no pull 
stationary 

~ pull 
stationary 

~ pull 
stationary 

~ pull 
stationary 

~: ~ pull a<celernting 

Usually the frictional force during motion (dynamic fr iction) is less than the maximum 
frictional force before movement has started (static friction). The force of dynamic friction can 
be considered to be approximately the same for all speeds. That is, for any given two surfaces, 
the force of dynamic friction has an approximately constant value, whereas the force of static 
friction can vary from zero up to a limiting value. 

Figure 2.83 shows typical results showing how the maximum value of the 

"''.'tzL··········.·.···········. 
" : 
j" j 

120 ---------· i : 
- ' ' 

0 ' : 

static frictional force varies as the total weight pressing down is changed by 
loading masses on top of the block. Note that the total weight is equal to the 
normal reaction force between the surfaces, R. 

If the experiment shown in Figure 2.81 is repeated with the same block, 
but with surface B resting on the table, the measurements of frictional 
forces will be (approximately) the same. Even though the area of A may be 
half that of B, the pressure under the block will be doubled (p =FIA - see 
Chapter J), pushing the surfaces closer together. In this simplified analysis, 
maximum values of frictional force depend only on the nature of the two 
surfaces and the normal reaction force between them, and not on the area 
involved 

0 s.o 10.0 
Normalreactioofom• 

(=totalweighlpfl'ssirig 
down), RIN 

• Figure2.83Typicalvariationof 

Looking at Figure 2.83, we can see that maximum static frictional force, 
F m=' is proportional to normal reaction force, R, so that: 

normalreactionforce(asimilarpattern 

ofresultswillbeobtainedfordynamic whereµ is a constant for friction between these two materials, which can be 
determined from the gradient of the graph. friction) 

It is usual to quote two different values - for static friction µ
1 

and for 
dynamic friction µd. These constants are known as the coeff icients of 
friction. (The term 'coefficient' simply means a constant used to multiply a 
variable, in this case a force.) Since these coefficients/constants are ra1ios of 
forces, they ha\·e no units. 

Table 2.2 gives some examples of the coefficients of static friction. Values are quoted for mu 
clean, dry, flat, smooth surfaces. Although such simplified situations are a very useful starting 
point in any analysis, it should be understood that in realistic situations frictional forces are 
often complex and unpredictable 



Approximate values 

dry snow 

graphite 

rnbbertyre 

rubber tyre roadsuffilce(wet) 

glass 

rubber tyre roadsurface(dry) 

glass glass 

Approximate coefficients 
of static fri ction,µ, 
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The following two equations for frictional forces can be found in the Physici data booklet. 

Alternatively the maximum possible frictional furces are given by F rnax • 14,R, or F max • µ0R 

11 a Whatisthecoeffidentolfrictionforthetwosurfacesrepresented inFigure2.83? 

b Assuming the results were obtained for apparatus like that shown in Figure 2.81, what minimum force 
would be needed to move a bkxk ot total mass 
i 2009 
ii 20009? 
ii i Whyisanyanswerto li unrellable? 

c Estimate a ~alue for the dynamic lrictiooal force for the same app.1ratus with a 2009 mass 
i lormovementatl.Oms-1 

ii tor movement at 2.0ms-1 

a µ,=~=~~
0

:0.40(Thisisequaltothegradientolthegraph.) 

bi F1:µ,R=µ/T'f}=0.40x0.200x9.81 :0.78N 
ii 0.40x2.000x9.81:7.8N 
ii i Because the answer is extrapolated from well outside the range ol experimental results shown 

on the graph 

c I We woukl expect the dynamic frictional force to be a little smaller than the maximum static 
frictionalforce,sayabout0.6Ninsteadof0.78N 

ii Thedynamicfrictionalforceisusuallyassumedtobeindependentofspeed,mtheforcewould 
stillbeabout0.6Natthehigherspeed 
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@imj@jj ietM Tyres and road safety 

• Figure2.84 Tread 

on a car tyre 

Much of road safety is dependent on the nature of road surfaces and the tyres on vehicles. 
Frict ion between the road and a vehicle provides the forces needed for any change of velocity -
speeding up, slowing down, changing direction and going around comers. Smooth tyres will 
usually have the most friction in dry conditions, but when the roads are wet, ridges and grooves 
in the tyres are needed to disperse the water (Figure 2.84) 

To make sure that road surfaces produce enough friction, they cannot be allowed to become too 
smooth and they may need to be resurfaced every few years. This is especially important on sharp 
comers and hills. Anything that gets between the tyres and the road surface - for example oiL 
water, ice and snow - is likely to affect friction and may have a significant effect on road safety. 

Increasing the area of tyres on a vehicle will change the pressure underneath them and this 
may alter the nature of the contact between the surfaces. For example, a farm tractor may have 
a problem about sinking into soft ground, and such a situation is more complicated than simple 
friction between two surfaces. Vehicles that travel over soft ground need tyres with large areas 
tohelpavoidthisproblem 

I Use the internet to find out what materials are used in the construction of tyres and toad 

surfaces to produce high coefficients of friction. 

72 • Expli! inwhatacoefficil.'fltoffrictionequaltozernwouldmean 
b lsitpossibletohiweacoefficientoffrictiongreaterthan1?Explainyouranswer. 

73 a A30kgwoodl>ncontainerre51:s0fladrymnuetefkxlr.Estimatethefoo:eneededtostarttomo,,eitsideways 
b EstimatethesolidfrictiOflalforceopposingthemotionofaSSkggirlskatinga<rossice 

74 Considerquestion61ar.dFigure2.71.Themasscanoolybe1tationaryonthe1lopebecauseoffriction 
• Expli! inhowanincl inedplanecanbeusedtodetermineavalueforthecoeffkientofstatkfriction 

betweenthesurfa<es 
b If the bkx:k shown in the diagram just begim to 'il ip down the 'ilope when the angle is 45°, calculate a 

valueforthecoeflicientofstaticfriction 

75 Thecoefficientoffrictioobetweeoammingcarandtheroadsurfa<eooadrydaywas0.67 
• lfthecaranddriverhasatotalmassof1400kg.whatfrictionalforcea<tsbetweentheroadand 

the tyre? 
b If three pas5engers with a total mass of 200kg get into the car. caku!ate a new value for the frictiooal force 
c Oiscussthepossibleeffectsonsafetyofhiwingextrapassengersinthecar 

76 Howcanfrktionwithroadsbe inueasedundericyconditions? 

77 Suggest why Formula One racing drivers 'warm up' the tyres oo their cars. Find out how this is this done 
Alm.suggestwhyFltyresaresoli!rge 

78 Suggestcircumstancesunderwhkha'rougher'surlacemightreduce(ratherthaninuease)friction 
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'11!1111!1111111 Newton's Principia: an outstanding combination 
.. of using mathematics and intuition 

Isaac Newton is generally accepted as having been one of the greatest scientists of all time. His 
three books collectively called Philosophia; Naiuralii Principia Mathematica, generally known 
as the 'Principia', which include his bws of motion (and gravitation), are among the most 
influential books ever published (Figure 2.85). 

NewtonwasEnglish,buthis ======-------
books were written in Latin. In order Pill LOSO PHI.LE 

NA TUllA LI S 

PRINCIPIA 

......... , .• ':...l:~--

to advance the understanding of 
mechanics, Newton is often credited 
with 'inventing' the mathematics of 
calculus, which now plays such an 
important role in the application of 
mathematics to many branches of 
advanced physics. But the 'invention' 
ofcalculuswasamatterofconsidernble 
debate between Newton and the 
notable German mathematician 
Gottfried Leibniz, who also had 
reputableclaims.(Butwascalculus 
invented or discovered!) • Figure 2.85 Title page of Newton's Principia 

One of the most famous stories in the history of science is that Newton was suddenly 
inspired to think of gravity in a new way when observing an apple falling from a tree. It makes a 
good story to think of this as a moment of inspira1io11, a flash of inmirion, but we will ne\·er know 
if that was true or not. But certainly Newton himself did make reference to apples falling from 
trees while expbining his thought processes in devising his law of gravitation 

Sudden, unexpected moments of inspiration have always played an important part in the 
development of new ideas in all areas of human thinking. However, the American inventor 
Thomas Edison is famous for saying that 'genius is 1% inspiration and 99% perspiration', 
suggesting that hard work is also needed to com·ert great ideas into something useful. 

• Newton's second law of motion 
Newton's first law establishes that there is a link between resultant force and acceleration. 
Newton's second la,v takes this further and states the mathematical connection - when a 
resultant force acts on a (constant) mass, the acceleration is proportional to the force: 

o-F 

Both force and acceleration are vector quantities and the acceleration is in the same direction as 
the force. 

Investigating the effects of different forces and different masses on the accelerations 
produced is an important pan of most physics courses, although reducing the effects of friction 
is essential for good results. (Air tracks or friction-compensated runways are useful in this 
respect.) Such experiments also show that if the same resultant force is applied to different 
masses, then the acceleration produced is inversely proportional to the mass, m - for example, 
doubling the mass results in half the acceleration 

Combining these results, we see that acceleration is proportional to F/m. Newton's second 
lawcanbewrittenas: 

Foe ma 

If we define the unit of force, the newton, to be the force that accelerates I kg by I ms-2, then we 
can write: 

force (N) • mass (kg) x acceleration (ms-2) 

F • ma 
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This widely used equation is listed in the Physics daw booklet. 
This is just one version of Newton's second law and it is restricted to ll'le with constant 

masses. A second version of the law will be discll'lsed bter in this section, after the concept of 
momentum has been inmxluced. 

Note that for gravitational forces (weights, W), F • ma can be written as \V • mg, where g 
represents the acceleration due to gravity. (W • mg was used earlier in this chapter.) 

Newton's second law shows dearly that sudden changes of speed (large accelerations or 
decelerations) require large forces (F <>< a). This can be very helpful in explaining why, for 
example, a glass will break when dropped on the floor, but might not break if dropped onto a 
cushion (5horter time and larger deceleration on the hard floor, so that the forces acting on the 
gbssarebigger). 

12 a Whaltl'sultantforreisneededtoacce1ernte1 .8kgt1)':0.3ms-1? 

b What aa:eleratioo would be produced if the same force Wl.'fe applied to a mass of BOOg? 

a f=ma 
f:1 .8x3.3 
F:S.9N 

b a=fn 

a=~ 
0.800 

a:7.4mi-1 

13 AcarengineproducesafOfWardforreof4400N,buttheforcesofairresi5tanceandfrictiooopposing 
themotionofthecarareatotalof1900N 

a Whatistheresu ltantforceactingoothecar? 

b If the car accell.'fates under the action of this force by 1.Bms-1, what is its total mass? 

a resuttantforre,f=4400-1900 

b m={ 

m- 2S00 ---u-
m:1400kg 

------, 

14 a Whatistheresu ltantforreactingooamassof764gfallingtowardsEarth(assumethereisnoair 
resi5tance)l 

b What is the common name of this force? 

a f=ma 
f:0.764x9.81 

---, 

f:7.49N 

b lhisforceisu~llycalledthe1Wightoftheobjectand,inthi1cootext,theequationf=mawould 
usualtybewrittenasW:mg 

Newton's second law can also be applied to small masses, like atomic particles. For example, an 
electron has a mass of 9.1 x 10- Jl kg and if a force of IN were to act on it, it \1-Uuld accelerate at 
a rate of I.Ix J(}'Oms-l ! 

Forces acting for a limited time 

The resultant forces that change the velocities of variOll'l objects do not continue w act forever. 
Often such forces act for a few seconds or less, and in the case of many impact s and col lis ions 
the duration of the forces involved may be only fractions of a second. (The word interaction is 
often used as a general term to include all possible situations.) 



• Figure2.86 1mpact 
in a sand-pit reduces 
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As an example, consider a fulling object. If a mass is dropped onto a surface, the force exerted 
during the impact is TIO{ equal to its weight (as is often thought) but can be calculated from 
F • ma. For example, if a falling 2.0 kg mass lands in sand and its speed is reduced from 6.0 m s- 1 

to zero in 0.SOs, then the average deceleration is -12 ms-l (0-6.0)/0.50), and the average 
retarding force is 24 N. If the same mass was dropped onto concrete at the same speed, the time 
for the impact would be much less and the force much bigger. For example, if the impact lasted 
0.050s, then the average retarding force would be 240N 

The forces on the long jumper shown in Figure 2.86 are reduced because the time of impact 
is increased by landing on sand 

Whenever any moving object is stopped, the longer the time of impact, the smaller the 
deceleration and, therefore, the smaller the forces involved. These ideas are very useful when 
using physics to explain, for example, how forces are reduced in accidents 

When the aim is to accelerate an object with a force, the longer the time for which the force 
is applied, the bigger the change of \·elocity. In many sporting activities a ball is struck with 
some kind of bat, club or racquet, and the longer the time of contact the better. This is one 
reason for the advice to 'follow through' with a strike. 

79 Whiltresuitantforu>isneededtoaa:elerateatrainofmass3.41x101kgfromre51to15.0ms·1inexactly201? 

10 When a force of 5.6N was applied toa 4.3Kg mass ii accelerated by 0.74m,1. Cakuklte the frictional 
forceactingonthemass 

11 A small plane of mass 12400 kg is <Kcelerated from re51 along a runway by a ll'sultant force of 29600N 
a Whatistheacceleratioooftheplane? 
b lftheacceleratiooremainscon51ant.whatdi51anceisneededbehxetheplanereachesitstake-off 

speedof73.2ms·1? 

12 A car of mass 1200kg was travelling at22ms·1 when the brakes were applied. The car came to ll''il in a 
distanceof69m 

b Whatwastheaverageresultantforceactingontheca1? 

13 A big box of mass 150kg is puHed by a horizontal. thin rope in an effort to move ii sidewaysakmg the 
ground.Theboxju51beginstomovewhenthefrictiooal forceis340N 
ii Draw a free-body diagram to show all the forces acting on the box when ii starts to move 
b lfthetensioointheropeis380N.cakukltetheaccelerationolthebox 
c Explain what might happen if an attempt was made to accelerate the box at 1 ms-l 

U A metal block of mass 650g moves horizootaHy across a sheet of glass at a constant speed while a force 
of2 .8Nisapplied 
ii 'Nhi!tisthecoefficientofdynamicfrictionforthese'iUrtaces? 
b If a 940g block of the same metal is pulled across the glass with a !Ofce of 4.SN. calculate the 

accelerationprodLJCed 

15 Asmalltraincaniaqeofmass 125001:grestsonasiope 
a lfthecoelficientol51aticfrictionis0.42,whatisthebiggestangleofaslope(tothehorizontal)thatwill 

enablethecarriagetoremainstationary? 
b 'Nhentheslopeisatthatangle.iftheengineproducesaforceof6.0x 104Nparalieltothetrack, 

calculatetheaccelerationofthetrainuptheslope 
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86 Use Newton's second taw to explain why it will hurt you more if you are struck t,; a hard ball than by a 
softb.Jllwiththesamemassandspeed 

87 'Nhatforcewouldbeneededtoaccelerateaproton(mass1.67x10-llkg)by1.0x1010ms-1? 

88 Atrol leycootainingsandispulledacrossafrictionlesshorizontal1Urfacewithasmallbutconstant 
re1Ultantforce.Di>suibeandexplainthemotklnofthetrolley ifsandcanfa llthrooghaholeinthebottom 
of the trolley 

89 A man of mass 82.5kg is standing still in an elevator (lift) that is accelerating upwards at 1.SOms-1. 
• Whatisthere1Ultantforceactingontheman7 
b 'Nhatisthenorfllillll!actklnforceactingupwardsoohimfromthefloor? 

90 Figull!2.87showstwomassesconnectedbyalightstrir.gpassingoverapulley 

• Figure2.87 

a As1Uming there is no friction, calculate the acceleration of the two blocks 
b What rerultant force is needed to accelerate the 2.0kg mass t,; this amouot? 
c Draw fully labelled free-body diagrams for the two masses, showing the magnitude and directioo 

of all forces 

111 A high-jumper {Figure 2.88) of mass 75.4kg raised his centre of mass from 0.980m to 2.0Sm when 
deariogahigh-jumpb.J1setat2.07m --. , . 
~~ 

-~ ­
/ ---• Figure2.88 

a Whatverticaltake-offspeedwasnecessaryinorderforhimtorisetothisheight? 
b If the athlete took 0.22 s to project himself upwards, what was the average re1Ultant force acting on him? 
c Whatforcedidthegroondexertupwardsonhim? 
d What did the athlete do in order to mak.e the ground push him upwards/ 
• Explain,usinggoodphysics,whyitissensibleforhimtolandoofoamwheofallingb.Jcktotheground 

U • Explain why a person jumping down from eveo a small height should bend their knees as they land 
b Explainhowairbags(andlorseatbelts)reducetheinjuriestopassengersincaraccidents 

93 A basketball of mass 0.62kg was thrown downwards with an impdd speed of 16ms-1 onto some 
bathroom scales and the maximum force was estimated to be 280N 
a If the average force exerted on the b.JII was about half the maximum force, what was the approximate 

deceleratiooofthebasketball/ 
b Estimate the length of time that the basketball was in coo tact with the scales before it bounced away 

fromtherurface 



2.2 Forces 67 

• Newton's third law of motion 
Newton's third law tells us about the forces acting between two bodies. Whenever any two 
objects come in contact with each other, or otherwise interact, they exert forces on each other 
(Figure 2.89). The two forces must always ha\·e the same magnitude; more precisely, the force 
that A exerts on B is equal and opposite to the force that B exerts on A 

pcintofcontild: 

• Figure 2.89WhentwobodiesinteractF,._ =-Fu 

Newton's third law of motion states that whenever one body exerts a force on another body, 
the second body exerts exactly the sa me force on the first body, but in the opposite direction 

Essentially this law means that forces must alwayi occur in equal pairs, although it is important 
to realize that the two forces must act ondiffercnl bodies and in opposite directions. The two 
forces are always of the same type, for example gravity/gravity or friction/friction. Sometimes 
the law is quoted in the form used by Newton: 'to every action there is an equal and opposite 
reaction'. In everyday terms, it is simply not possible to push something that does not push back 
on you. Here are some examples: 

• If you pull a rope,theropepulls)UU. 

• If the Earth pulls a person, the person pulls the Earth (Figure 2.90). 

• If a fist hits a cheek, the cheek hits the fist (Figure 2.91) 

• If you push on the ground, the ground pushes on )OU 

• If a boat pushes down on the water, the water pushes up on the boat (Figure 292) 

• If the Sun attracts the Earth, the Earth attracts the Sun 

• If a plane pushes down on the air, the air pushes up on the plane 

• Figure2.90 Theforceonthe 

womanisequalandoppositeto 

theforceontheEarth 

• Figure2.91 Theforceonthegloveisequaland 

oppositetotheforceonthecheek 
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• Figure2.92 Theforcepushingthemanforwardisequaltothe 

forcepushingtheboatbackwards 

94 Figure 2.93 shows a suggestion to makl> a sailing boat move when there is no wind. Discuss how effective 
this method could be 

• Figure 2.93 

95 A book has a weight of 2N and is at rest on a table. The table exerts a nOffilill rea<tioo force of 2N 
upwards on the book. Explain why these two force-; are not an example of Newton's third law 

96 Seven examples of pa irs of Newton·s third law for{es are provided above. Give three more examples 
Trytousedifferenttypesofforre 

97 A large cage with a small bird sitting on a perch is put Oil some weigh ing scales. What happens to the 
weight shown on the scales when the bird is flying around the cage (compared with whell it is sitting 
still)?Explainyouranswer 

TOK Link 

Classica!physiabelievedthatthewholeofthefutureoftheuniversecou/dbepredictedfromknowledgeof 
thepresentstate. Towflatextentcanknowledgeofthe presenrgiveusknowledgeofthe future? 

All matter is made of particles and it has been ~ggested that if we could know everything about the 
present state of all the particles in a system (the ir positions, energies. movements etc), then maybe we 
could use the laws of {lasskal physics to predict what will happen to them ill the futu re. If these ideas 
couldbeexpandedtoillcludeeverything.thenthelutureoftheuniversewouldalreadybede<:idedand 
predetennined. and the many apparently unpredictable events of everyday life and human behaviour (like 
you redd ir,g these words at this momelll) would just be the laws of physics in disguise 

However, we now know that the laws of physics (as imagined by humans) are not always so precisely 
defined. norasfullyunderstoodasphysicistsofearlieryearsmayhavebelieved. Theprinciplesofquantum 
physics in particular contrast with the laws of classical physics. Furthermore. in a practical sense it is tota lly 
incon{eivablethatwecouldeverknowenoughaboutthepresentstat eofeveryth ing intheuniverseill 
ordertousethosedatatomakedetailedfuturepredictions 
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2.3 Work, energy and power -thetundamenta1con,ep101 
energy lays the basis on which much of science is built 

Energy is probably the most widely used concept in the whole of science and the word is also 
in common use in everyday language. Despite that, the idea of energy is not easy to explain or 
define, although it is still a very useful concept 

• Figure2.94Thetoydogsgettheirenergyfrom 

When a bmery is fitted in a child's toy dog (Figure 2.94), 
it moves, jumps up in the air and barks. After a certain length 
of time the toy stops >mrking. In order to try to uplain this we 
will almost certainly need to use the concept of energy. Chemical 
energy in the battery is transferred to electrical energy, which 
produces motion energy in a small electric motor. Some energy 
is also transferred from electricity to sound in a loudspeaker. 
Eventually all the useful energy in the battery is transferred to the 
surroundings. The concept of 'energy' makes this easier to explain. 

We can talk about the energy 'in' the gasoline (petrol) we put 
in the tanks in our cars (for example) and go on to describe that 
energy being transferred to the movement of the car. But nothing 
has actually flowed out of the gasoline into the car, and all this is 
just a convenient way of expressing the idea that the controlled 
combustion of gasoline with oxygen in the air can do something 
thatweconsidertobeuseful 

Perhaps the easiest way to understand the concept of energy is 
this: energy is needed to make things happen. Whenever anything 
changes, energy is transferred from place to place or from one 

form to another. Most importantly, energy transfers can be calculated and this provides the 
basic 'accounting system' for science. Any event will require a certain amount of energy for it 
to happen and if there is not enough energy available, it cannot happen. For example, if you 
do not get enough energy (from )'Ullr food) you will not be able to climb a 500 m hill; if )'UU do 
not put enough gasoline in your car you will not get to where you want to go; if energy is not 
transferred quickly enough from an electrical heater it will not keep your room warm enough 
in cold weather 

Calculating energy transfers is a very important part of physics and we start with very 
common situations in which energy is transferred to objects to make them move. 

• Work done as energy transfer 
One very common kind of energy transfer occurs when an object is moved (displaced) by using 
a force. This is called doing work (symbol \\7). The word 'work' has a very precise meaning in 
physics, which is different from its use in everyday language: 

work done • force x displacement in the direction of the force 

If the force is constant and in the same direction as movement, we can write: 

However, in many examples either or both of these two assumptions may not be true. 
The unit of work is the joule,J. IJ is the work done when a force of IN displaces an object 

I m in the direction of the force. The same unit is used for measuring all forms of energy ~ 
kilojoule, kJ, and megajoule, MJ, are also in common use 

Work and energy are scalar quantities 
The weightlifter in Figure 2.95 is nm doing any work on the weights over her head while they 

are being held still, because there is no movement. But energy is being transferred in her muscles 
and, no doubt, they hurt because of that 

If the movement is perpendicular to a force, no work is done by the force. For example, 
the force of gravity keeps the Moon in orbit around the Earth (Figure 2.96), but no work is 
being done. 
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• Figure2.97 
Movement that is not 
in the same direction 

,,~KllloftheMoon 

(not to scale) 

• Figure 2.95 This weightlifter is not doing any • Figure 2.96 No work is done as the Moon 

15 How much work. is dooe when a 1.5kg mass is raised 80cm vertically upwards? 

Theforceneededtoraiseanobject(atconstantvelocity)isequaltoitsweight(mg)andthesymbolh 
is widely used for vertical distances. (To avoid rnffiusion, Wwill normally be used to represent wOO( 
andnotweight.) 

W:Fs 

W:mgxh 

W:1.5><9.81><0.80 

Calculating the work done if the force is not in the same direction as 
the disp lacement 
Sometimes a displacement is pnxluced that is not in the same direction as the force (Figure 297) 
For whatever reason, the object shown can only be displaced in the direction shown by the 
dashed red line, but the force is acting at an angle 6 to that line. 

distancemoved,s 

We know that work done • force x displacement in the direction of the force. In this case the 
force used to calculate the work done is thecomponcru of Fin the direction of movement - that 
isFcos6,.'lOthat: 

\V=Fscos B 
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This equation is listed in the Physics daw booklet. 
If force and movement are in the same direction, cosB equals I and the equation becomes 

W • Fs, as before. If the force is perpendicular to motion then cos B equals zero and no \\-Ork is 
done. 

16 The 150kg box in Figure 2.98 was pulled 2.27m across horizontal ground by a force of 248N. as shown 

-;,.( 
s··'248N 

132N 

• Flgure2.98 

a How much WOfk was done by the force? 
b lfthefrictionalf0fcewas132N,whatwastheaccelerationofthebox7 
c Suggest whyitmaymakeiteasiertomovetheboxifitispulledinthedirections.hownbythedashedline 
d Whentheboxwaspulledatar1angleof20.0°tothehorizontal, the!Ofceusedwas204N.Cak:ulate 

thewOO<donebythisfOfceinm011ingtheboxhorizonta llythe~medistance 

W:248x2.27:S63J 

b a=.fn 

a,,(248
1
~132) 

a:0.773m,1 

t Whentheboxispulled inthisdirection,thelOfcehasaverticalcomponentthathelpsreduc:ethe 
normalreactionforcebetweentheboxandtheground.Thiswillreducethelrictionopposing 
horizontal movement 

d TheforceisnotactinginthesamedirectionasthemoYement.Tocak:uliltetheworl::doneweneed 
tousetheh0fizontalcomponentolthe204Nforce 

18 Cak:ulatetheworkdooewhena12kgsuitcaseis 
a pushed1.1macros.sthefloorwilhaforceo1S4N 
b lifted1.1mupwards 

H The pram in Figure 2.99 is being pul led with a force that is not in the ~me direction as its movement 
Calcu late the work done when the pram is pulled 90cm to the right with a force ol 36N at an angle of 
28°tothehorizontal 

• Figure2 .99 
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100 lnFigure2.100agardener 
is pushing a lawnmower 
atarnmtants.peedof 
0.8Sms-1 withaforce,P,of 
70Natanangleof40°to 
the ground 
a Calcukltethemagnitude 

ofthefrictionalforn.>,F. 
b How much work is 

done in moving the 
tawnmower lor:Os? 

• Figure 2.100 

Calculating the work done by varying forces 
When making calculations using the equation W • FscosB we must use a single, 
constant value for the force but, in reality, forces are rarely constant. In order to 

calculate the work done by a mrying force we ha\·e to make an estimate of the ai>erage 
force involved. In some situations we can as.sume that the force varies in a predictable 
and linear way, so that the average force is halfway between the starting force and 
the final force. A simple example would be calculating the work done in stretching 
a spring, as shown in Figure 2.101. Provided that the spring is not overstretched, the 
force is proportional to the extension (displacement of the end of the spring), as 
shown in the force-extension graph. (This relationship is known as Hooke's law.) 

lLd . 
~Extensioo,x 

Using W • Fs in this situation involves using the average force during the 
extension of the spring. As the spring was stretched, the force increased linearly from 
zero to F and the average was F/1. The work done, W, was therefore (F/2) x t:J..t. (The 
symbol x is commonly used to represent extensions, and l',.x changes of extension.) 

This calculation is identical to a calculation to determine the shaded area under 
the graph. This is always true ~ if the way a force varies with displacement is known 
in detail, a force-displacement graph can be drawn and then: 

• Figure2 .101 Force 

and extension when 

stretching a spring 

• Figure2 .102 

(displacement)graph 

The area under a force--displacement (distance) graph equals the work done. 

The usefulness of determining the work done from the area under a graph becomes 
more obvious when we consider stretching a material like rubber, for which the 
displacement is nm proportional to the force. Typica lly, rubber becomes stiffer the 
more it is stretched. Figure 2.102 shows a possible force-extension (displacement) 
graph for rubber. 

The work done, W, in stretching the rubber by 40cm (for example) is found from 
the area under the curved graph. This can be estimated from the shaded triangle, 
which is judged by eye to have a similar area 

\V • 0.5 x 50 x0,40 • !OJ 

1

t 2j 
0 0.40 

Eld:ension,x 



17 a Calculi!tetheworkdoneinraisingthecentreofgril'lityof 
atrampol inistofmass73kgthroughaverticalheightof 
2.48m(!;eeFigure2.103) 

b Whenhelandsonthetrampolineheisbroughttorestfor 
amomentbef0<ebeingpushedupintheairagain.lfthe 
maximum displaa>ment of the trampoline is 0.8m, sketch a 
forc:e--di1placementgraphf0<thesurfaceofthetrampoline 

a W:f5:weight x height:mg x h 

W:73 x 9.81 x 2.48:1800J 

b Theshapeofthegraphisnotknown.soithasbem 
drawnlinear~forsimplicity (Figure2.104).Theare.-i 
underthegraphmustbeapproximate~equalto1800J 
(ign0<inganyenergytransferredtootherf0<ms).This 
means that the maximum force must be about 4500N. 
sothat0.5x0.8 x 4500: 1800) 

~45006---------------- , ~ i 

area = 1800) ! 
0 ' 

0 0.8 
Extensiorvm 

• Figure2 .1 04 
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• Figure2 .103 Themorethe 
trampolinestretches,thehigherthe 

trampolinirtcanjump 

101 Aspringwas48mm long with no force applied . When afoo:eof8.3Nwas applied its overall length 
extended to 74mm. Howmuchworkwasdooeonthespfing(assumingthatthespfingobeyed Hooke"1 law)? 

102 Some springs are designed to be compressed (squashed) a1 well as stretched. The suspension system of a 
caris agoodexampleofthis 
ii Estimate the maximum downwards force you can exert on the side of a car and how far down it w ill 

movebecauseofyourforce 
b Cak:ulateanapproximatevaluelortheworkdoneonthespringinthisprocess 

103 AlongthinstripofaplasticwasstretchedbyhanginglOOgmas1esontheendofit.For massesupto 
0.800kgtheextensionwasproportionalto thelorce!ilretchingit.Theextensionwas14cmloraloadof 
0.800kg. For heavier loads the plastic became more flexible and when it broke with .-i 103d of 1.2 kg, the 
extension was 30cm and the plastic had permanent~ changed shape 
a Sketchaforc:e--distar.c:egraphtorepresentthisbehil'liour. 
b EstimatethetotalwOO<dooeinstretchingthep!asticto: 

I 14cm 
11 30cm 

c Suggestwhathappenstotheenergytranslerred 
duringthe!itretchingoltheplastic 

104 Asteepergradientonalorce--extension{F- s)graph 
meansthataspringrequiresagreaterlorcetostretch 
itbyacertainamount.lnotherwords,thegradientof 
alorc:e--extensiongraphrepresentsthestiffnessofthe 
spring.!J.f/!J.siscalledtheforcec0fl5tmtolthespring, 
butasimilarconceptcanbeusedwhenstretching 
materials other than springs 
a Calculatethef0<ceconstantforthespringrepresented 

inFigure2.105 
b How much wOO< was done when the spring was 

extendedby8.0cm? 
c Whatwasthelengthofthespringwhentheforcewas 

19Nifitsoriginallengthwas27.0cm? 
d Explain why rt would be unwise to use inf0<mation 

lromthi1graphtopredictthelengthofthespringila 
mass of 10kgwa1 hung from its end 

~ 36 

~ 32 

• Figure2 .105 
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· ·- Force and extension: stress and strain 
---· - Force- extension graphs can be drawn for specimens of different materials (often in the shape 

of wires). Such graphs provide imp:mant basic information about the stiffness and streng1h of 
the actual specimens tested, whether they remain out of shape and their ability to store energy 
when stretched. Of course, all this depends not only on what the specimen is made of but also 
on its original length and cross-sectional area. However, if we draw str~n-strnin graphs (rather 
than force-displacement graphs), they can be applied to specimens of any shape of the same 
material 

• Figure2.106 
Stress-strain graph 

force . change in length 
stress•~ stram • original length 

Ai; an example consider Figure 2.106a, which shows the stress~train relationship for a metal 
wire up to the roint where it breaks. 

From this graph we can make the following conclusions al:out this metal 
• For strains up to about 0.05 (5%), any extension produced will be proportional to the force 

applied (stress is proportional to strain) 
• For bigger stresses, the metal becomes less stiff. 
• The wire will be approximately twice its original length when it breaks. 
• The i,mr\.:: done in stretching the material can be found from the area under the graph if the 

dimensions of the wire are known. 

' ~ 1·:::::~ 
0.05 1.0 

~1 -----z-----i , .. ----------
A 8 

, ~~~~~~~~~~ 

Strain 

Figure 2.106b represents the same metal, but shows what happens as the force is reinot'ed in two 
different situations. For A the maximum force on the wire did not take it beyond its limit of 
proportionality and the wire returned to its original shape. This is called 'elastic' behaviour. 

For B the wire stretched a lot more before the force was removed and the wire was permanently 
deformed from its original shape. This is known as 'plastic' behaviour. 

l a If the original length of the wire was 1.ZOm and its cross-sectional area wasJ.8 x 10-8 m2, 

calculate the force required to break the wire and its length just before it broke. 

b Estimate the force needed to break another wire of the same metal, but of length 2.4m 

2 Calculate the ratio stress/strain for the linear section of the graph. This is the stiffness of 
the metal What are the units of stiffness/ 

3 Approximately how much i,mr\.:: was done in stretching this wire to its breaking point/ 
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• Different forms of energy 
When anything happens (i.e. something changes) it is because energy has been transferred from 
one form to another or from one place to another. It is important to have an overview of the 
most important forms of energy. In this section we will briefly introduce the following: 

• gravitational (potential) energy 

• nuclear (potential) energy 

• chemical (potential) energy 

• electric (potential) energy and energy transferred by an electric current 

• elastic strain (potential) energy 

• thermal energy (heat) 

• radiantenergy 

• kinetic energy (including wind energy) 

• internalenergy 

• mechanical wave energy (including sound and waves on water). 

(Although it is not needed for this chapter, it may be of interest to note that any mass has an 
energy content that is equivalent to the magnitude of the mass. The two are rebted by Einstein's 
famous equation E • mc2• This is covered in Chapter 7.) 

Potential energies 
When 'M:lrk is done to stretch a spring (see Figure 2.101), we say that energy has been transferred 
to it and that the energy is then in the form of ebstic potential (strain) energy. (Ebstic 
behaviour means that when the force is removed the material will return to its original shape 
When we say that a material is strained, we mean that it has changed shape.) While the spring 
is stretched we can say that energy is 'stored' in it and that the energy is still available for bter 
use, possibly to do something useful like running a toy or a wind-up watch. Elastic ix:,tential 
energy is just one of several more important forms of potential energy. 

Potential energies are energies that are stored. In general, potential energies exist where 
there are forces between objects. The following is a list of the important potential energies· 

• When a mass is lifted off the ground against the force of gravity, we say that it has gained 
gravitational potential energy. This energy is stored in the mass. If the mass is allowed 
to fall, it loses gravitational ix:,tential energy and this energy could be transferred to do 
something useful. 

• Nuck.ir (potential) energy is associated with the forces between panicles in the nuclei cl all atoms. 

• Chemical (potential) energy is associated with the forces between electrons and other 
particles in atoms and molecules. 

• Electric (potential) energy is associated with the forces between electric charges 

• Elastic strain (potential) energy is asoociated with the forces needed to change the shape of objects. 

Kinetic energy 
Work has to be done on any object to make it move from rest or to make it move faster. This 
means that all moving objects have a form of energy. This is called kinet ic energy. ('Kinetic' 
means related to motion.) Wind energy is the kinetic energy of moving air. 

Energy being transferred 
When energy is being transferred from place to place, we may refer to the following forms of 
energy: 

• electrical energy carried by an electric current 

• thermal energy (heat) transferred because of a difference in temperature 
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• rad iant energy transferred by electromagnetic waves ('light energy' or 'solar energy' are 
specific examples of electromagnetic radiant energy) 

• mechanical waves (like water and sound waves) involve oscillating masses. They combine 
kinetic energy and potential energy (see Chapter 4). 

Internal energy 
There is a large amount of energy inside substances because of the random motions of the 
particles they contain and the forces between them. The total random kinetic energy and 
electric potential energy of all the particles inside a substance is called its interna l energy. 

Whenever objects mo\·e in everyday situations, some or all of their kinetic energy will be 
transferred to internal energy because of frictional forces (and then thermal energy spreads out 
into the surroundings) 

• Examples of energy transfers 
Everything that happens in our lives involves transfers of energy, so we do not need to look far 
for examples. When we switch on an electric fan, energy transferred from the electric current is 
changed into kinetic energy of the fan and then the kinetic energy of the moving air. After the 
fan is turned off, all of that energy will have spread out into the environment as thermal energy 
and then internal energy. But where did the current get its energy from? Maybe in a nearby 
power station the chemical energy in oil was transferred to internal energy and kinetic energy of 
steam, which was then converted to kinetic energy in the turbines that generated the electricity. 

The Sun has provided most of the energy we use on this planet. Nuclear energy in hydrogen 
nuclei in the Sun is converted to internal energy and radiation. The radiation that reaches Earth 
is transferred to chemical energy in plants (and then animals). Oil comes from what remains of 
plants and small organisms that died millions of years ago and have then decayed in the absence 
of oxygen 

18 Des{ribe the energy transfers that ocrnr when a mass hanging verti{ally on the end of a metal spring is 
displaced and allowed to move up and down (OS<:illate) freely until it stops moving 

Wheneverthespringisstrel{hedorsquashedthell'willbechangesinela51:kpotentialenergy. 
Whenever the mass moves up and down there will be transfers of gravitational potential energy. 
When the s.pring and mass I= potential energy, the mass will gain kinetic energy. The mass will 
I= kineli{ energy when it is transferred ba{k to potential energy. Some energy will be rnntinually 
transferred to the surroundings in the form of thermal energy, m that eventually lhl' motion will stop 

105 Make a single flow {hart showing all the energy transfers li51:ed in the two paragraphs above 

106 Name devices whol{' main US{'S are to perform the following energy transfen 
a electridtytosound 
b {hemicaltoelectricity 
c nucleartoele<:tricity 
d soundtoelectridty 
• {hemicaltoelectromagnetkradiation 
f {hemicaltokinetic 
g elasticstraintokinetic 
h kinetictoelectricity 
I {hemicaltointernal 
J electromagneticradiationtoelectricity 
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• Principle of conservation of energy 
The study of the different forms of energy and the transfers between them is the central theme 
of physics. The main reason that the concept of energy is so important lies in the principle of 
conservat ion of energy. ('Conservation' means to keep the same.) 

The principle of conserrnt ion of energy states that energy cannot be created or destroyed; it 
can only be transferred from one form to another. 

In other words, the total amount of energy in the universe is constant. This is perhaps the most 
important principle in the whole of science. If, in any particular situation, energy seems to have 
just appeared or disappeared, then we know that there must be an explanation for where it has 
come from or where it has gone to. It is worth repeating at this point that aU everyday processes 
spread (dissipate) some energy into the surroundings and this dissipated energy is then of no 
further use to us, but it has not 'disappeared' 

In order to use the principle of conservation of energy, we must be able to measure and 
calculate energy transfers. Equations for calculating quantities of energy in its different forms 
(see the next section) are essential knowledge for all students of physics 

r 
The importance of the conservation of energy 
Despite its considerable importance, the wide-ranging principle of conservation of energy 

~;::~; ~ a~~~;l~r:::~t::~ ~=::~:: :~;;1'.::::s~~; ~:. ;·~/:~;l:~~;~~\:~!~~~7~ 
which, all mechanical processes dissipate energy into the surroundings, making it difficult to 
quantify where energy is going. So it is perhaps not surprising that it t(X}k so many years for the 
principle to become fully established. But since then no experiment has ever pro.::luced results 
that have contradicted the principle, although the original concept of energy has had to be 
adapted and broadened over time to include heat and mass 

• Figure2.107 Amass 

gaining gravitational 

potential energy 

Calculating mechanical energies 
G ravitational potential energy 

When we lift a mass we transfer energy to it and, because we are using a force to mo\·e 
it, this kind of energy transfer can be described as an example of doing work. We have 
already seen (in Worked example 17) that we can calculate the work done from 
W • mgh. The difference in energy that a mass has, because of the work that was done 
to move it up or down to a new position, is called its chang~ in gravitational potential 
energy(FigureZ.107) 

The symbol E is used to represent energy in general and Ep is used to represent 
gravitational potential energy in particular. When a mass m is raised a vertical height 
M, as shown in Figure 2.107, the change in gravitational potential energy, i'IEp, can be 
calculated from: 

This equation is included in the Physics dara bookie!. 
Note that this equation enables us to calculate changes in gravitational potential energy 

between various positions. If we wanted to calculate the 'total' gravitational energy of a mass, we 
would have to answer the question, gravitational potential energy compared with where? This 
might be the fl(X}r, sea level or the centre of the Earth, for example. This is discussed further in 
Chapter 10. 
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19 Howmuchgravitationalpotentialenergyisgainl.'dineilChofthesesituatiom7 
a An 818g book is raised 91 cm from the floor to a desk 
b AS6kgb0')'walksup1814-cm5tepsfromthefirsttothesecondfloorofabuilding 
c The ,;ame boy walks down to the first floor from the second floor. 

a M,=mgllh 

M,=0.818x9.81x0.91 

M,=7.3J 

b M,=mgllh 

M,=56x9.81x(18x0.14) 

M,=1400J 

Thenegativesignmwnsthatthegravitationalpotent~lenergyislessthanonthesecoodlloor 

107 • What is the difference in gravitational potential energy of a 74 kg mountain climber betwe{'n the top 
and bottom of a 2800m mountain7 

b Is the value of the gril'litational field strength the ,;ame at the top and bottom of the mountain? II not, 
doesitaffectyouranswerto al 

108 Acablecarrisesaverticalheightof700minatotaldistancetravelll.'dof6km{Figure2.108) 

• Figure 2.108 NgongPingcablecarinHongKong 

• Howmuchgravitat iooalpotential energymustbe 
translerredtoacarolmass 1800kgduringthe 
joumeyilithaseightpassengerswithanaverage 
massof47kg1 

b Suggest reasons why a lot more energy {than your 
answerto a)hastobetranslerredinmakingthis 

109 • Howmuchgravitationalenergymustbetranslerred 
toanelevatoroftotalmass2340kgwhenitrises72 
floors,ei1Chofaverageheight3.1m? 

b Thesameamountolgravitationalpotentialenergy 
mustbetransferrl.'dfromtheelevatorwhenit 
comesdownagain.Elevatorsusecounterweights 
(see Figure 2.109). As the elevator comes down the 
counterweightgoesup,andwhentheell"Jatorgoes 
upthecounterweightcomesdown.Explainthe 
advantageolthissy5tem.Funicularrailwaysusually 
havetwocarriages:asonegoesup,theother • Figure2.109 Anelevatorandits 
comes down counterweight 
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Kinetic energy 

Consider a mass m accelerated uniformly from rest by a constant force, F, acting in the direction 
of motion over a distances. The \\-Ork done can be calculated from \V • Fs. But F • ma and 
v! • ul + 2ai (with u • 0), so the equation can be re-written as· 

,, I 
W•Fi•maXTa"•rv2 

That is, the kinetic energy of a moving mass, EK, can be calculated from: 

EK•+mv2 

This equation is included in the Physics dara bookie! 

20 Cakulatethekineticeneigyofacarofmass 1320kgtravellingat27ms-1 

fK=t1'yl 

fK=}x 1320x271 

fK:4.8x105J 

110 ii Cakulatethekineticenergyof 
I asoccerball(mass440g}Kicl«.>dwithaspeedof24ms-l 
II a24gbulletmovingat420ms-l 

b Estimate the Kinetic energy of a wofTliln sprinter in an Olympic 100m r<Ke 

11 1 A mass of 2.4kg in motion has kinet ic energy of 278J. What is its speed? 

11 2 Anelectronhasamassof9.1x10-11kg.lfitmovesat1%ofthespeedoflight,whatisitskinetic 
energy?(Speedoflight:3.00x10Sms-1) 

113 A caflravelling at 10ms-1 has kinetic energy of 100kJ. If its speed incr&11es to 30ms-1, what is its new 
kinetic energy? 

Elastic potential energy 

Figures 2.101 and Figure 2.102 show force-extension graphs with the areas underneath 
representing the work done by the force (energy transferred) during the stretching of a spring or 
other material 

If the spring or material stretched elastically, it will recover its shape when the force is 
removed and the energy transferred again can be be used to do something useful. This energy 
stored is called das1ic po1entialrnergy and, as discussed before, it is equal to the area under the 
graph. Elastic p:>tential energy is a particularly helpful concept when explaining the behaviour 
and usefulness of springs and rubber. 

If the stretching force, F, is proportional to the extension, /':J.x, as shown in Figure 2.101, then 
the gradient 

f•constant,k 

where k is known as the force constant of the spring or material. Sometimes the term 'ipring 
coruranr' is used. The units of k are N m- 1 (or N cm- 1). A larger force constant means that a 
spring/material is stiffer - more force is required to produce the same extension. A larger force 
constant willberepresentedbyasteepergraph 

Consider again Figure 2.101 in which the force is proportional to extension and a force F 
produces an extension 1'ix. An equation for the elastic p:>tential energy, Er, can be determined by 
considering the area of the triangle under the graph up to that point: 

Ep•fFt:i..t 
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and because 

This equation is in the Physics data bookle1. 
If the force is not proportional to the extension then this equation cannot be used, but the 

energy transferred can still be determined from an estimate of the area. However, useful elastic 
potential energy is often associated with proportional stretching, such as in springs that are not 

overstretched. Non-linear force-extension graphs usually represent materials that do not return 
to their original shape when the force is moved, so that much of the energy that was transferred 
in stretching cannot be stored and then recovered. (The energy will tend to make the material 
get warmer.) Rubber is an important exception (see Figure 2.102). 

21 When a tom• of 38.2Nwas applied toast~ spring its length increased linearly from 23.7cm to 
34.1cm 
a Calculatethelorreconstantofthisspring 
b Calculatethelength ofthespringiftheforceisreducedto22.4N 
c CalculateavaluefortheextensionproducedbyalorceofSO.ON.Wtr;isyouranswerunreliable? 
d Howmuchelit51:icpotentialenergyisstoredinthespring 

i whenitsextensionis5.9cm7 
ii whenthef0fcewas7.6N? 

f Explainwhydoublingastretchingforcecanresultinmultiplyingthestoredelasticpotentialenergyt,; 
four. 

a t=-b.= (0.34;~-~-237) :3G7Nm- l 

b l1x=f=*=0.0610m 

Addingthistoan0figinal{unstretched)lengthof0.237mgivesanoveralllengthof0.298m. 

c i'i.x=f=~=0.136m 

Thisvalueisunreliablebecausewedonotknowifthespring"sextensionis51illproportionaltothis 
largerforce (whichisgreaterthanthevaluequoted in theoriginalque51ion) 

d fp=-tlu" 

=fx367x0.05!Jl:0.64J 

e x=f=tifr=o.021m 

=fx367x0.0211:0.081J 

f lftheextensionisproportionaltolhelorce.doublingtheforcealsodoublestheextension 

114 Describe. including a 'iUrlable diagram. how you could perform an experiment to determine the force 
constant of a spring 

115 a lfaspringhasaforcemnstantof 134Nm-1.whatextension is producedbyafOfce 10N7{As'iUme 
thatthespringisnotoverstretched.) 

b Howmuchelasticpotentialenergyisstoredinthespringwiththisforce? 
c Whatforcewouldbeneededtostore1.S1Jofelasticpotentialenergyinthespring7 

116 E51imate the amount of elastic potential energy stored in the 'iUspeosion system of a car when a family 
offourpeoplesitirisideit 
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Milfii@.j \eLW Making work easier 
When lifting a heavy object vertically, the amount of (gravitational 
potential) energy that we need to transfer to it is governed only by 
its weight and the vertical height (mgh). For example, to lift a 100kg 
mass a height of I m requires about 1000 J of work to be done on it. 
Although IOOOJ is not a lot of work that does not mean that we can 
do this job easily. 

There are two main reasons why this job could be difficult. Firstly, we 
may not be able to transfer that amount of energy in the time required 
to do the work. Another way of saying this is that we may not be 
powerful enough. (Power is discussed later in this chapter.) Secondly, 
we may not be s1rong enough because we are not able to provide the 
required upwards force of about IOOON. Power and strength are often 
confll'led in everyday language. 

Lifting (heavy) weights is a common human activity and many types 
of simple 'machine' were invented many years ago to make this type 
of work easier, by reducing the force needed. These include the ramp 
(inclinedplane),thelei'crandthepulley (Figure2.IIO). 

In each of these simple machines the force needed to do the job is 

~ 

~ 

• Figure2.110 Simple 

reduced, but the distance moved by the force is increased. If there were no energy losses (any 
energy lor.ses \\-Ullld be mainly due to friction), the work done by the force (Fs) would equal the 
useful energy transferred to the object being raised (mgh). In practice, because of energy losses, 
we would transfer more energy using a machine than if we lifted the load directly without the 
machine. This is not a problem because we are usually much more concerned about how easy it 
is to do a job, rather than the total energy needed or the efficiency of the process. 

l Figure2.111 showsacarjackbeingusedto 
raiseonesideofacar. 

Estimate how much gravitational 
energy must be transferred to the car so 
thatatyrecanbechanged 

. "-.r' 

I '/ 
' • 1 

I 

A=: T , 
b By changing the design of the jack it is 

por.sible in theory to raise the car with 
almost any sized force that we ch<X>se. 
Estimate a convenient force that IIK)st 
people would be happy to use with a 
car jack. • Figure2.111 Changingacartyreusinga 

Use )UUr answers to parts a and b to 
simplemachine(carjack) 

estimate how far the force must move in order to raise the car. 

d Explain how it can be possible for the force to move such a large distance. 

Discll'ls why it might be useful for there to be a lot of friction when using a car jack. 

Mechanical transfers of energy 
So far in this chapter we have introduced important equations for four different kinds of 
mechanical energy: 

• Work done (energy transferred) when a force IIK)Ves an object: 

W•Fi 

• Kinetic energy of a moving object: 

Ei:: • -}mvi 
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• Figure2.112 

Transferring 

gravitational 
potential energy to 

kinetic energy 

• Changes of gravitational potential energy when an object moves up or down: 

tiEP•mgtih 

• Elastic potential energy when something is deformed elastically 

Ep•+ktixl 

When objects change their motion, energy will be transferred between these forms, and we can 
equate the appropriate equations to each other in order to predict what will happen, as shown 
by the following examples. In order to do this we need to assume that no energy is transferred to 
other forms (such as thermal energy or internal energy). This usually means that fiction and/or 
air resistance have to be considered to be negligible 

l Gravitational potential energy/kinetic energy 

When an object falls towards the ground it transfers gravitational potential energy to kinetic 
energy. When we throw or project an object vertically upwards we have to give it kinetic energy, 
which is then transferred to gravitational potential energy. At its highest point the kinetic 
energy of the object will be zero and its gravitational potential energy will be highest 

For an object of mass m that falls from rest moving through a vertical height, Afi, 
without air resistance we can write: 

mgi'lh • {nw2mn 

It follows that· 

vlmn•Zgflh 

This useful equation is equivalent to the equation of motion; vl • u2 + Zas , with u • 0, a written 
as g, and s written as tih. The same equation can be used for objects moving upwards. The 
equation can also be used for objects moving up or down slopes (without rolling), but only if we 
assume that friction is negligible. 

Experiments to measure the highest speed of an object that has fallen vertically from a 
known height will show that, in practice, the kinetic energy gained is less than the gravitational 
potential energy lost. The difference can provide some information about the forces of air 
resistance that were acting on the falling object. Figure Z.112 shows a related experiment in 
which a falling mass, m, pulls another mass, M, along a horizontal table. In this investigation 
air resistance might not be significant, but frictional forces probably are. Both masses will gain 
kinetic energy. 

A
"'"' "''"'"""ey 

m 

M 



• Figure2.114 Using 

project a trolley 
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22 A ball i1 dropped from a height of 18.3m. With what speed does ii hit the ground? What assumption did 
youhavetomakeinDfdertodothiscakulation? 

vl<=:2gllh 

vl-==2x9.81 x 18.3 

v.,,.=18.9ms-1 

Thisassumesthattherewasnoenergydi1sipatedbecauseofai1resistance.Notethatthisquellion 
could be written in a different Wifof: with what speed would a ball have to be thrown upwards in 
Dfdertor&1ehaheightof18.3m 

23 The ball shown in Figure 2.113 was ~eased from rest in position A. It accelerated down the slope and 
hild it1highest1peedatthelowestpoint.ltthenfTlO'leduptheslopeontheotherside,r&1ehingits 
highestpointatB 

• Figure2.113 

a Explain whyBislowerthi!nA 

b Oescribethemotion oftheballafterleavingposilionB.explainingtheenergytransler1untilillinally 
come1to1e1tatF 

a Astheballrollsbac:kwards,mdfDfWardsthereisacontinuoustransferofenergybe~n 
gravitationalpotentialenergyandkineticenergy. Theballwouldonlybeabletoreachthesame 
heighta1Aandregainallolitsgnwitationalpotentialenergy.iltherewasnofriction.Becauseof 
frictionwmekineticenergyofthefTlO'lingballistransferredtointemalenergyintheballandthe 
slope,soitcannotr&Khthesameheight 

b Theballacce\eratesasitmove1downtheslope.Whenilrei1ChesF.alloftheextragril'litational 
potentialithadbecauseofitsp05itionatBhasbeentransferred.andtheb.lllhasilshighest 
speed. Thebal l dec~erate1a1itmovesupt0Caskineticenergyistransferredbac:ktogril'litational 
potential energy. At all times that the ball is moving, o;ome energy i1 being tram/erred to internal 
energy, so that the maximum height and maximum speed of the ball get less and less. Eventually the 
ballllop1atF. 

2 Elastic potential energy/kinetic energy 

Sometimes we might use the energy stored in a spring, or a rubber band, to give an object kinetic 
energy and project it across the ground or through the air. Figure 2.114 shows an experiment in 
which an elastic cord is used to project a trolley across a horizontal surface. When the furce is 
released the trolley will move to the right as the stretched elastic regains its shape. The effect on 
the initial speed of the trolley of varying the force, the extension or the mass of the trolley can 
be investigated. 
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Firing an arrow from a bow uses the same kind of energy transfer from elastic potential energy. 
Assuming that the stretching force is proportional to the extension it produces, this kind of 
energytransfercanbeexpressedquantitativelyasfollows: 

+kt.x1•inwl 

Although it should be noted that much of the original energy can be transferred to other forms, 
rather than just the kinetic energy of the projected object. Consider the following example. 

24 a Assume that the forcernmtant of a catapult is 480Nm-1 and calcutatelhe maximum possible speed 
ofaSOgstooefiredfromacatapultiftheextemionoftherubberoothecatapultislBcm 

b Explain why in practice the ildual speed will be much smaller. 

O.Sx480x0.18":0.Sx0.0Sxv1 

V:17.6ma1 

b lheequationassumesthat all oftheelastitpotentialroergyintherubberistransferredtothe 
kinetitenergyofthestone.butiopracticealotofthestoredenergywill betramferredtokinetic 
energyoftherubberandtomakiogtherubberslighllywa1Tner. 

117 From what height would you have to drop a mass for it to hit the ground 
withaspeedo/el@CtiySms-1?(Assumenoairresistance.) 

118 A stooe is thrown vertically upwards with a speed of 14ms-1. What is the 
maximumpossibleheightthatitcooldriseto? 

119 lnordertoestimatetheheightofabuildiog.aballisrepeatedlythrown 
vertkallyupwardsanditsspeedchangeduntililjustreachesthetopof 
thebuilding{seeFigure2.115) 
• tf the b.111 takes 4.2s from the moment it is released to the time it takes 

tohitthegroood.estimatetheheighlofthebuilding 
b What are the maio sources of error in this experiment? 

120 A ball is allowed to move down the slope shown in Figure 2.116.l 
a tftherurfaceisfriction-free.whatisitsspeedatpointl'?Ognoreany 

elfectsduetotheballrolliog/spinning.) 
b The same ba ll is then allowed to move down the friction-free slope • Figure 2.115 

shown inFigure2.116b.WhatisitsspeedatQ? 
c Expiain why the ball reac:hes po4nt P more quickly than point Q 
d But. of course, balls do roll down slopes. Suggest how this will affect your aoswers 

• Figure2.116 



121 Arubberball wasdrnppedverticallyontothefloorfroma 
height ofl.Om.AflercollidingwiththeflOOfitbouncedup 
toaheightof60cm. Aftathenextbounceitonlyreacheda 
heightof36cm 
ii In what form is the energy whrn the ba ll is in rnmac:t 

with the ground? 
b li5tthernergytramfersthattakeplac:efromther~ease 

oftheballuntilthetopofthefirstbounce 
t Cakuiatethespeedoftheballjustbeforeandjustaftait 

touchestheflOOfduringthefirstbounce 
d Predkttheheightofthethirdboonce.Whatas:;omption 

didyoumake? 
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• Figure 2.117 

12l Figure 2.117 shows a pendulum. Calcu late the maximum velocity of the pendulum when released from 
re5tasshown 

123 A5l!!i!I ball of mass 124g. moving at 8.24ms-1 on a horizontal frictionless wrfac:e. collides with an 
open-wound compression spring that has a force con5tant of 624Nm-1. 'Ntlat is the maximum possible 
compression of the spring? 

124 Arubberb.lndofma114.7gi1stretchedby12cmandthenreleasedsothilt iti1projectedvertically. The 
forceandextensionareproportionaltoeac:hotherandtheforceconstantofthebondis220Nm-1 and 
only10%oftheeiasticpotentialrnergyistransferredtokineticenergy.Cak:ulatetheheighttowhkh 
therubberbimdwillrise 

125 A gymnast of ma'» 391:g falls from a height of 2.3m onto the horizontal surface of trampoline. E!itimate 
aneffectivecombinedforceconstantofthespringsifthetrampolinedepressesby43cmbefores.he 
comes to a momrntary stop 

3 D oing work to cha nge motion 

Using forces to accelernte or decelerate objects is a very common human activity. The 
relationship work done equals change of kinetic energy therefore has many uses. The equation is 

Fs •{mvl -i'nul 
When using this equation, the force, F, must be assumed to be constant, o r an average force can 
be used. Where the force does not vary linearly, the area under a force-distance graph can be 
used to determine the change in kinetic energy. 

This equation can be ll'led for objects that are accelerating or decelernting, but if the motion 
starts or ends with an object at rest (zero kinetic energy), we can write: 

Fs •{-mvl 

This equation shows us that when a force is used to stop a moving object, the smaller the force 
that is used, the longer the stopping distance of the object. (Or the greater the force used, 
the shorter the stopping distance.) Therefore, in order to reduce the forces in an impact, the 
stopping distance (and time) should be made as large as possible. For example, jumping into sand 
involves less force on our lxxlies than jumping onto solid ground 

If the speed of an object is decreasing because of "'°rk done by friction and/or air resistance, 
its kinetic energy will be transferred to internal energy, thermal energy and maybe some 
sound. We say that the energy has been dissipated, which means that it has spread out into the 
surroundings. This very common process is happening around us all the time 

Moving objects might also slow down because they collide with other things. fu with friction, 
this will result in the dissipation of energy, but usually some energy is also used to deform the 
shape of the objects. The change of shape might be temrorary, but it is often permanent 

25 Aconstantresultantforceof2420N<Ktsona9801:gcaratrest.Whatis itsspeedafterthecar has 
moved 100m? (Ignore resistive lorres.) 

Fs=-}mvl 

2420>< 100=}x980xvl 

v=22ms-1 

(Us ing F = ma and the equations of motion will gi<.e the x1me answer.) 
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26 What il'lerageforceis needed to stop a car of mass 1350kgtrilllelling at 28ms-1 in a distance of65ml 

Fs=tT'vl 

fx65=}x 13S0x2B1 

f:8100N 

27 lnarnraccident,thedri'lermustbestoppedfrommovingforward(relativetothernr)andhillingthe 
steeringwheelinadistanceofle-;sthan2Scm 
a tf he has a mass 0180kg, what force is needed to stop him in thisdistanc:e ii he and the rnrwere 

travelling at lOms-1 immediately before the impact) 
b Howisthisforceappliedtohim? 

a fs=}mvl 
fx0.2S=fx80x101 

f= 16000N 

b Theforceisappliedmainlybyaninflatedairbdg(Figure2.118)and/orfromaSNt~t.ltisavery 
largefora>,butrnmiderably lessthantheforcethatwouldactonhimifhecollidedwiththesteering 
wheel.Theeffectoftheforceisalsoredua>dbecauseitisspreadoveralargear&i.(Thisreducesthe 
pressure.) 

• Figure 2.118 Anairbaggreatlyreducestheforcesinanaccident 

126 Whataverageforceisneededto 
reducethespeedofa4000001(g 
trainfrom40ms-1to10ms-1ina 
distanceofl.Okm? 

127 'Crumplezones'areadesignfeature 
olmostvehides(Figure2.119) 
Theyaredesignedtornml)fessand 
deformpermanentlyiftheyareina 
rnllision.Use.theequationfs=fmvl 
tohelpexplamwhyaveh1de 
shouklnotbetoostiffandrigid 

121 Abungeejumper(Figure2.120)of 
mass61kgismovingat23ms-1 

whentherubberbungeernrdbegins 
to become stretched 
ii Cakulateherkinetkenergyatthat 

• Figure 2.119 Thefrontofthecarisdeformedbutthe 
passengercompartmentisintact 

Figure 2.121 shows how the extension of the mrd varK's with the applied force 
b W'hatquantityisrepresentedbytheareaunderthisgraph? 
c D{>suibe the r~ationship between force and extension shown by this graph 
d Use the graph to estimate how much the rnrd has extended by the time it has brought the jumper to 

a stop 



2.3 Work, energy and power 87 

• 2000 

.I 

2S 
Extemiorv'm 

• Figure2.120 Bungeejumpingin 

Taupo, New Zealand 

• Figure 2.121 Force-extensiongraphforabungeecord 

129 A pole-vaulter of mass 59.7kg fa lls from a heightof4.76m ootosome foam 
a Cakulatethem.-iximumkineticenergyonimpact 
b Wi ll air resistance have had a significant effect in reducing the velocity of impil(t? Expla in your answer 
c lfthefoamdef0fmsby81cm,cakulatetheaverageforceexertedonthepole-vaulter 

130 Explain why you shoukl always bend your legs when jumping down onto the ground 

131 • Ana ilinapieceofwoodis1truckoncebya 1.24kg hammermming at 12.7ms· 1. lfthenailispushed 
15 mm into the wood what was the average fOfce exerted on the nail? 

b Whiltassumptiondidyoumake? 

Milfi@iliomow Regenerative braking systems in trains 
The kinetic energy that must be given to a long, fast-moving train is considerable. Values 
of !()'!J or more would not be unusual. When the train stops, all of that energy has to be 
transferred to other forms and, unless 
theenergycanberecovered, the 
same amount of energy then has to be 
transferredtoacceleratethetrainagain 
This is very wasteful, so the train and 
its operation should be designed to keep 
the energy wasted to a minimum. One 
way of doing this is to make sure that 
big, fast trains stop at as few stations as 
possible, perhapsonlyattheirorigin 
and final destination. 

Most ways of stopping moving vehicles 
involve braking systems in which 
the kinetic energy of the vehicle 
is transferred to internal energy • Figure 2.122 The Light Rail Transit trains on the SBS 
because of friction. The internal network in Singapore have regenerative braking 



88 2 Mechanics 

energy is dissipated into the surroundings as thermal energy and cannot be recm·ered. A lot 
of research has gone into designing efficient 'regenerative braking systems' in recent years, 
usually involving the generation of an electric current, which can be used ro transfer energy to 
chemical changes in batteries. 

Small electric trains, which are often operated underground or on overhead tracks, are a 
feature of most large cities around the world (Figure 2.122). Such trains U'lually have stations 
every few kilometres or less, so regenerati\·e braking systems and other energy-saving policies 
are very important. When designing a new urban train system, it has been suggested that 
energy could be saved by having a track shaped as shown in Figure 2.123. 

• Figure2.1 23Possibletrackprofile 

l Explain exactly what is meant by 'saving energy'. 

2 Explain the reasoning behind the proposal shown in Figure 2.123 

J Discuss other features of an urban train system that could 'save energy'. 

4 Discuss which kind of engine/motor would be the best choice for such trains. 

ToK Lin~ 
~atannceptll 
To what extent is scientific lmovvledge based Ofl fundamenra/ concepts such as energj? Whar happens ro 
scientific knowledge when our umJers@nding of such fundamental concepts changes or e\/0/ves? 

A!l'fdefinitionofphysicswillalmostcertainlyincludereferencetoenergy.massandforce. These concepts 
areconsideredesseritialtoanunderstandingofhowtheuniversebehaves. Theyarealsodescribedas 
fundamen@I because scientists rnttently bel ieve that these concepts have no simpler explanations. so that 
an understanding of physics bl'gins with them. But oor understanding of these fundamefltal concepts has 
changedoverthecenturiesandmaycontinuetoevolveinthefuture 

• Power as a rate of energy transfer 
When energy is transferred by people, animals or machines to do something usefuL we are often 
concerned about how much time it takes for the change to take place. If the same amount of 
useful work is done by two people (or machines), the one that does it faster is said to be more 
powerful. (in everyday U'le the word 'power' is used more vaguely, often related to strength and 
without any connection to time.) If the same amount of useful work is done by two people (or 
machines), the one that does it by using the least overall energy is said to be more efficient. 

Power is the rate of transferring energy. It is defined as: 

power • ene:::r:;~!:red 

The symbol for power isPand it has the SI unit the watt, W (I W • !Js- 1). The units mW, kW, 
MW and GW are also in common use. The following are some examples of values of power in 
everyday life 

• A woman walking up stairs transfers chemical energy to gravitational energy at a rate of 
aboutJOOW. 

• An !SW light bulb transfers energy from electricity to light and thermal energy at a rate of 
18jouleseverysecond 

• A 0.0001 W calculator transfers energy at a rate of 0.0001 joules every second 
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• A 2 kW water heater transfers energy from electricity to internal energy at a rate of 
2000 joules every second. 

• A typical family car might have a maximum output power of JOO kW. 

• A 500MW oil-fired power station transfers chemical energy to electrical energy at a rate of 
500000000 joules every second. 

• In many countries homes use electrical energy at an average rate of about I kW. 

In this chapter, the energy transfer we are concerned with is that of doing v.urk, W, so that we 
can write: 

v.urkdone 
power • time taken 

This equation is nm given in the Physics data bookkt. 

28 Cakulatethe average power of a 75kg climbefmming upa height of 30m in 2 minute,; 

I 
P=¥f 
P:~ 

P:7Sx9.81x30 
2'60 

P:180W 

29 What average power is needed to accelerate a 1200kg car from rest to 20ms-1 in 8.0s? 

I 

P=¥f 
P:kineticenergygainedltimetaken 

P:~ 

P:O.Sx 1~~0x202 

P:3 x 104W(:30kW) 

Power transferred w hen trave lling at constant ve locity 
The calculation for Worked example 29 ignored the large amount of work done in overcoming 
air resistance. But when any vehicle travels at a constant velocity, aU of the work done is used 
to overcome resistance, rather than produce acceleration. If we replace t,.W with ft,.s in the 
equation for power (where Fis the resistive force which, at constant velocity, is equal and 
opposite to the forward force), we get 

p . ~ 

and, because~ • v, it follows that: 

i:ower to maintain constant velocity • resistive force x speed 
P• Fv 

This equation is given in the Phy:;ks data booklet. 
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30 A small boat is powered by an outboard motor with a maximum output power of 40kW. The greatest 
speedofthebo.ltis27knots(lknot:1.8Skmh-1).WhatisthemagnitudeofthelOfWardforce 
providedbythemotoratthisspeed? 

1.BSkmh-1"' 1.s~i7o~
000 

"'o.s1 mi-1 

At the maximum speed, resistive force, F"' maximum force from engine 

40000:Fx(27x0.51) 

• Efficiency 
It is an ever-present theme of physics that, whatever we do, some of the energy transferred 
is 'wasted' because it is transferred to less 'useful' forms. In mechanics this is usually becall'le 
friction or air resistance transfers kinetic energy to internal energy and thermal energy. The 
u~ful energy we get out of any energy transfer is always less than the wwl energy transferred 

When an electrical water heater is used, nearly all of the energy transferred makes the water 
honer and it can therefore be described as 'll'leful', but when a mobile phone charger is used, for 
example, only some of the energy is transferred to the battery (mo;;t of the rest is transferred to 
thermal energy). Driving a car involves transferring chemical energy from the fuel and the useful 
energy is considered to be the kinetic energy of the vehicle, although at the end of the journey 
there is no kinetic energy remaining 
A process that results in a greater useful energy output (for a given energy input) is described as 
being more efficient. Efficiency is defined as follows 

Because it is a ratio of two energies, efficiency has no units . It is often expressed as a percentage. 
It should be clear that, because of the principle of conservation of energy, efficiencies will alwayi 
be less than I (or 100%). 

An alternative definition of efficiency is obtained by dividing work by time to get power· 

useful power out 
efficiency • total power in 

These two equations are given in the Physics daw bookler 
It is possible to discuss the efficiency of any energy transfer, such as the efficiency with which 
our bxlies transfer the chemical energy in our food to other forms. However, the concept of 
efficiency is most commonly used when referring to electrical devices and engines of various 
kinds, especially those in which the input energy or power is easily calculated. Sometimes we 
need to make it clear exactly what we are talking about. For example, when discll'lsing the 
efficiency of a car do we mean only the engine, or the whole car in motion along a road with all 
the energy dissipation due to resistive forces? 

The efficiencies of machines and engines usually change with the operating conditions. 
For example, there will be a certain load at which an electric motor operates with maximum 
efficiency; if it is used to raise a very small or a very large mass it will probably be inefficient 
Similarly, cars are designed to have their greatest efficiency at a certain speed, usually about 
IOOkmh-1. If a car is driven faster (or slower) then its efficiency decreases, which means that 
morefuelisusedforeverykilometretravelled. 

Car engines, like all other engines that rely on burning fuels to transfer energy, are 
inefficient because of fundamental physics principles (Option B). There is nothing that we 
can do to change that, although better engine design and maintenance can make some 
improvements to efficiency. 
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Experiment to 

efficiencyofamotor 
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In recent years we have all become very aware of the need to conserve the world's energy 
resources and limit the effects of burning fussi\ fuels in power stations and various mcx:les of 
trnnsport on global warming (see Chapter 8). Improving the efficiency of such 'heat engines' has 
an important role to play in this worldwide issue. 

Many experiments can be designed to determine the efficiency of various machines or 
processes. Figure 2.124 shows how the efficiency of an electric motor can be found by comparing 
the electrical power input to the rate at which it can raise a known load (weight). The variation 
of efficiency with load and/or input power can be investigated. 

=•m 

'"1" 

ruw, 
ruk>r 

thredd 

31 a lnanexperiment.energyisprO'l'idedtoanelectricmotoratarateof0.80W{Figull!2.124). lfitraisesa 
20gloadby80cm in1.3s.whatisitsefficiency? 

b Whathappenstoall theenergythatisnottransferredusefu llytotheload? 

a Powerusedtoraisemass.P=~ 

P: 0.Q2 X 9;~)1 X 0.80 

P:0.12W 

efficiency= ~~l=~r:i~~t 

efficiency=~=0.15{or15%) 

b 85%oftheenergytramferredbyelectricitytothemotordoesnotgousefullytotheincreased 
gravitatiooalenergyoftheload.Thewastedenergygoesmostlytointemal energyinthemotor. 
which is then transferred as thermal energy to the surroundings. In addition. some energy will have 
beentransferredtosoundandsomeenergywasusedtostretchthestringthatconnectedtheload 
to the motor 

132 • How much energy must be transferred to lift twelve 1.7kg bottles from the ground to a 'ihelf that is 
1.2mhigher7 

b If this task takes 18s, what was the average useful power involved? 

1B Estimate the output power of a motor that can raise an elevator of mass 800kg and six passengers 
38floors in52s.(Assumethereisnocounte<Weight.) 

134 How large are the resistive forces opposing the motioo of a car that is operating with an output power 
ofBkWataconstantspeedof17ms-1) 

135 a What is the output power of a jet aircraft that has a fOfWard thrust of 660000N when trave lling at its 
topspeedof950kmh-1(264ms-1)thf0\Jghstillair1 
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b If homes use on average 1 kW of electrical power, how many homes could this some amoont of power 
rupp!y? 

c Discusswhethertherapidlyincll!a1inguseofaircrnflfortravelc1oondthewondshouldbe 
discouraged 

136 The output from a power station is 32S MW. What is the power input if it is 36% efficient? 

137 AITlilnusescramptopusha60.0kgboxontothebdckofatruck,asshowninFigure2.125. Toliflthe 
boxdirectlywoukliequirnaverticalforceofS90N,butbyusingthernmpthisfo1Ceisreduced 

• Figure2.125 

a Calcuiatetheminimumhxceneededtopushtheboxuptherampifthereisnofriction 
b lnpractketheforceneededwa1392N.Whatwa1thesizeofthefrictionalforce?Expiainwhythis 

force can be useful 
c The length of the ramp is 2.11 m. Calrnlate the work done in pushing the box along the ramp from the 

groundontothetrud:: 
d Theusefulenergytransferredtotheboxi1itsgravitationalpotent ial energy.Calculatetheeffidencyof 

using the ramp 

2.4 Momentum and impulse -conse,vationotmomentumisan 
example of a law that is never violated 

• M omentum 
The product of mass and velocity is an important quantity in physics. 

Linear momentum is defined as mass multiplied by velocity 

Momentum is given the symOOl p and has the units kilogram metre per second, kg ms-1• 

p•mv 

This equation is listed in the Physics data booklet. 
Because kinetic energy, EK • fmv 2, the connection between momentum and kinetic energy 

can be expressed as: 

EK • fn 

This equation is included in the Physics data booklet 
In all calculations concerning momentum it is very important to remember that momentum 

is a vector quantity and the direction should always be given. In the core of this course we only 
deal with momentum in straight lines (linear momentum), but similar ideas can be applied 
elsewhere to the angular momentum associated with rotating objects or particles (Option B) 

32 A ball of mass 540g moving vertically downwards hits the ground with a velocity ol 8.0ms-1. After 
impactitbouncesupwardswithaninitialvelocityofS.Oms-1 

a Calculate the momentum of the ball immediately before and after impcct 
b What was the change of momentum during impact (f..p)? 

a Initial momentum before impact, p:mu= 0.54 x 8.0= 4.3kgms-1 downwards. Final momentum 
aflerimpact,p:mv:O.S4x5.0:2.7kgms-1upwards 

Theoppositedirectiommaybell!pll!sentedbypositiveandnegativesigmratherthanwritten 
descriptions. That is, the momentum Defore impact was +43kgms-1 and the momentum 
afterwardswas-2.7kgm1-1.{Thechokeofsignsisinte1Changeable.) 

b f..{J={-2.7)-{+4.3)=-7.0kgms-1 (upwards) 
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Newton's second law expressed in terms of rate of change of momentum 
Returning to Newton's second bw of motion (F • ma), we can now rewrite it in terms of 
momentum by using the definition of acceleration, a• (v - u)/1: 

F • m(v
1

- u) 

This equation can be expressed in words as: force equals change of momentum divided by time, 
or forc:e equali the rate of chang~ of momentum. This version of Newton's second law is commonly 
written in the form: 

This equation is listed in the Phyiic:s daia booklet. 
For most situations the tv..u versions of 

Newton's second la,v of motion are equivalent 
and the choice of which to use depends on the 
information provided. Because the version abO\·e 
does not require a constant mass, it is a more 
generalized statement of the law. 

Figure 2.126 shows a karate chop being used to 
break some wocden boards. Consider 
F • /J.p//J.1: to maximize the force acting between 
the hand and the lx>ards, the ma,s striking 
the boards must be as brge as possible and moving 
with a large speed. The time of impact needs to be 
as small as possible. 

• Impulse and force-time graphs 

Impulse 
As discu,sed earlier in this chapter, many forces 
act on objects only for a limited time, and the 
longer the time that the force acts for, the greater 
the effect produced. For this reason the concept of • Figure 2.126 Karate chop on wooden boards 

impulse is introduced: 

Impu lse is defined as the product of force and the time for which the force acts: 

impulse • F/J.t 

Rearranging the equation F • !J.p/!J.1 gi,·es· 

F/J.1 • /J.p 

This equation is given in the PhyJics daia booklet. Expressed in words it is: 

impulse • change of momentum 

Impulse has the same units as momentum: kgms-1 (or Ns may be used). In this book we will not 
use any symbol to represent impulse 
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33 Cakulatetheaver<1geforceexerted onthebouncingballbythegroondinWorkedexample32ifthe 
duratiooofimpactwas0.18s 

f=¥t 

f=~=-39N 

(Thenegativesignrepre-.entsaforceupwards.) 

AltematM'!y, the same answer could be obtained using F = ma 

a=(v~u)= {-S.Ob~J+8.0) =-72ms-l 

Then, 

f:ma:0.54x{-72}:-39N 

Force-time graphs 
In many simple impulse calculations we can assume 
that the forces involved are constant, or that the 
average force is half of the maximum force. For more 
accurate work this is not good enough, and we need to 
know in detail how a force varies during an interaction. 
Such details are commonly represented by force- time 
graphs. The curved line in Figure 2.127 shows a typical 
example of a force varying over time tJ.1 

In general, the area under any force-time graph 
for an interaction equals force x time, which equals 
the impulse (or change of momentum). This is true 
whatever the shape of the graph. The area under the 

1
1 f\ _,cea -FM 

'-~ 
Time 

• Figure2.127Graphshowinghowa 

curve in Figure 2.127 can be estimated by drawing a rectangle of the same area (as judged by 
eye), as shown in red. F .. is then the average force during the interaction 

Force sensors that can measure the magnitude of forces over short intervals of time can be 
used with data loggers to gather data and draw force-time graphs for a variety of interactions, 
l:oth inside and outside a laboratory. Stop-motion replay of video recordings of collisions can 
also be very interesting and instructive 

Force- time graphs can be helpful when analysing any interaction, but especially impacts 
invoked in road accidents and sports 

34 Figure 2.128 showshow the fOfceon a 57g tennis bal l moving at 24ms-1 varied when it was struck by a 
racquetmovingintheoppositedirection 
a Estimatetheimpulsegiventotheball. . 

1000 
b Whatwasthevekx1tyoftheballafterbe1ngstruckbythe 'iii [ZQ 

racquet, ~ 1 

, Th.eball.isstru.ckwith.thesamelorcewithdiflerent. .£ j 
racquets.Expla1nwhyaracquetwithlooserst11ng1w1II i 
retumtheb.lllw1thh1gherspeed. SOO 1 

d Whatisthedisadvantageofplayingtenniswitharacquet ) 
w1thloose1tnngs? J 

a Approx1matea1eaundergraph= 0 
1000x{3.0x10-3}:3.0Ns O 1 2 3 4 S 6 

b mt..v:3.0 

t..v=/Q~7 :53ms-1 

Time/ms 

• Figure2 .128Force-timegraphfor 

striking a tennis ball 
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The initial velocity was 24ms-1 towards the racquet. If the changeofVl'locity was 5:lms-1. then the 
ball must hil'le moved awirf from the racquet with a Vl'locity of (53 - 24)"' 29ms-1 

t The time of contact with the ball, flt, will be longer with looser strir.gs, so that the same force will 
produce a bigger impulse {change of momentum) 

d Thereislesscontroloverthedirectionoftheball 

138 Atrainofmass2.3x 106kgtravellingeastaloogastra;ght trackat 14.3ms-1 reduces itsspeedto 
9.Sms-1. What is the change of momentum? 

131 Whataverageforceisneededtoreducethespeedofa 1200kgcarfrom24ms-1 to 11ms-1 in4.8s7 

140 Abaseball bathitsaballwithan<1Verageforceof970Nthatactsfor0.0088s 
• What impulsewasgiventotheball7 
b What was the change of momentum of the ball? 
t The b.111 was hit back in the same d irectioo that it came from. tf its speed before beir.g hit was 

32ms-1, what was its speed afterwards? {Mass of baseball was 1459.) 

141 Figure 2.129 shows how the force between 
twocollid ingcarschangedwithtime.8oth 
carsweredrivinginthesamedirectionand 
afterthecollisiontheydidnot5ticktogether. 
a Estimate the impulse 
b Justbeforethecollisionthefastercar(mass 

1200kg)wastri1Vl'llingat18ms-l . E5timat e 
its1peedimmediatelyaflerthecoll i1ioo 

142 A soft ball {A) of mass 500g is moving to 
therightwithaspeedof3.0ms-l whenit 
collideswithanothersoftball(B)moving 
tothelefl.Thetimeofimpactis0.34s, 
afterwhichballAreboundswithaspeedof 
2.0ms-1 

]10000~ 
5000 

0 
0 o.s 1.0 1.5 

a 'NhatwasthechangeofvelocityofballA7 
b 'Nhat was the change of momentum of ba ll Ai 
c CalculatetheaverageforceexertedonballA 
d Sketchaforce-timegraphfortheimpact 

• Figure2.129 

e Addtoyoorsketrhaposs ibleforce---timegraphforthe 
coll isiooofhardballsofsimilarmassesandvelocities 

f Suggesthowaforce---timegraphforball8wooldbe 
different{orthesame)asforballA 

143 Acardriverinvolved inanaccidentwa1preVl'ntedfrom 
hittingthesteeringwheelbytheactionofanairb.J.g.Figure 
2.130 shows how the force on the driver varied during the 
accident(untiltheca1wa1stationary) 
• If the maximum force or, the driVl'f was 2800N. e5timate 

theaverageforreactingduringthe0.25s 
b 'Nhat was the change of momentum of the driver? 
t If the mass of the driver was 73 kg. what was the speed in 

kmh-1ofthecar anddriverbeforetheaa:ident? 

144 ConsiderFigure2.126 

Time/s 

!,_b_ 
0 0.25 

nme1s 

• Figure2.130 

• Discuss in detail how the movement of the Karate expert can maximize the forre exerted on the 
boards 

b Suggest what features of the boards will help to make this an impressive demonstratioo 

145 a Whatisthemomentumofa 1340kgcarthathas4.30x 105Jofkineticenergy7 
b 'Nhat is the kinetic energy of a 340g mass that has a momentum of 8.3kgms-11 
t 'Nhat is the mass of a sub-atomic particle that has a momentum of 2.50 x 10-llkgms-1 when its 

kineticenergyi13.43x1Q -1 6J7 
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• Conservation of linea r momentum 
We know from Newton's third law that whenever any two objects interact (most commonly 
collide) with each other for time i'lt, they must always exert equal and opposite furces, F, on each 
other. Consider again Figure 2.89. 

FA• -FB 

It follows that the impulses, Fl'.t, and changes of momentum, l'.p, must also be equal and 
opposite· 

FAl'.1 • -FJP,t 
l'.pA • -l'.pB 

In other v..ords, if objects A and B exert forces on each other, any gain of momentum of A must 
be equal to the loss of momentum of B so that the overall momentum is unchanged. It should 
be stressed that this is true only if no orher, exiemal, forces are acting. This is expressed in the law 
of consen'l'.ltion of momentum: 

The total (linear) momentum of any system is constant, provided that no external furces are 
acting on it 

Although the principle of conservation of momentum contains essentially the same physics as 
Newton's law, it is usually of much greater use in everyday situations. This is because it relates to 
the masses and velocities before and after an interaction, rather than the varying furces during 
short time intervals. 

r Why momentum is an important concept 

There are no known exceptions to the principle of conservation of momentum (Newton's 
third law) and this is why momentum is such an important quantity in physics. Like energy, 

:::1;~~:si:;
1
:i;~:s~:~:~~:

0
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involving forces between any number of different objects, including everything from the 
astronomically large to the microscopically small (e.g. collisions of atomic particles) 

The following points always need to be remembered when using the principle of conservation 
of momentum: 

• Momentum is a vector quantity, so its direction must always be included in calculations 
• The system must be isolated - only the interacting objects can be considered and there can 

be no forces acting from outside of that system 
• Immediately afur an interaction, external forces (like friction) will usually affect the 

motions of the objects. 

It is easy to give examples in which the momentum of an object decreases to :ero, which 
may appear to contradict the principle of conservation of momentum. This apparent loss of 
momentum is usually because the system is not isolated - it is acted on by external forces, such 
as friction. In other examples, some or all momentum may appear to be lost when something 
collides with an object that has a much greater mass. The motion after impact may be too small 
to observe or measure. A typical example could be a person jumping down onto the ground. The 
predicted motion of the person- Earth system after impact is insignificant. 

The force of gravity commonly increases the momentum of falling objects, but the objects 
are not isolated systems - there are external forces acting on them. For example, a 3 kg rock 
experiences a gravitational force towards the Earth of approximately JON and therefore gains 
momentum as it accelerates down. The law of conservation of momentum predicts correctly that 
the Earth must gain an equal momentum upwards towards the rock. Because the mass of the 
Earth is so great, its gain of momentum is insignifJCant. 



Figure 2.131 shows water 
guns. Before it is used a gun 
and the water inside it have no 
momentum, but when water is 
fired forward it ga.ins momentum. 
The principle of conservation of 
momentum tells us that the gun 
must gain an equal momentum 
in the opposite direction 

• Figure2.1 31 WatergunsarepopularduringtheSongkran 

festival in Thailand 

35 MassA(4.0kg) is mO'l'ing at 3.0ms-1 to the right when itcollkleswith mass B (6.0kg) moving in the 
oppositedirectionatS.Oms-1 

a lftheystkktogetherafterthecollision.whatistheirvelocity? 
b Whatassumptiondidyoumake? 

a The total momentum must be the same before and after collision. Choosing velocities and momenta 
(momentums) to the right to be positive and to the left to be negative 

momentum of A=mAuA = 4.0 >< (+3.0) = +12.0kgms-1 

momentum of 8 = m1u1 = 6.0 >< {-5.0) = -30kgms-1 

Therefore, the total momentum (before) the collision is +12 +{-30) = -18kgms-1. The total 
momentum after the collision must be the same as that before, so 

mAilvAil=-18kgms-1 

(4+6)vAB=-18kgms-l 

VAR"~:-1.Bms-1 

Thenegativesignmeansthevelocityistothelefl 

Thiseii'.planationhasbeenwrittenoutindetail toaidunderstanding.Amoredi=twifjof 
amwering any such question involving two masses interacting is as follows 

momentum before interaction= momentum after interaction 

In this example 

{4.0x3.0)+{6.0x-S.0):(4.0+6.0)xvAB 

vAs=-1.Bms-1 

b Theassvmptionmadeisthattherearenoexternallorcesactingonthesystem.tfthereare 
signifiuntfrictionalforcesinvolved.thecakulatedamwerunbetakentobetheinstantaneous 
vekxityimmediatelyaflercollision.andtheelfectsoffrictionrnnbeconsideredafterwards 

36 A bus of mass 5800kg travelling at a steady 24ms-1 runs into the back of a car of mass 1200kg 
travell ing at Hlms-1 in the same direction. If the car is pushed forwards with a vekxity of 20ms-1. 
rnlculate the velocity of the bus immediately after the collision. (Assume this is an isolated system and 
ignoretheac:tionsofthedriversandengines.) 

(5800>< 24) +(1200x 18):(5800 ><Vru,)+(1200x 20) 

Vru,=23.6ms-1intheoriginaldirection 

97 
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37 Abulletofmass 12.0gisfiredataspeedof 
550ms-1 fmmarifleofm.m1.40kg(Figure 
2.132).WhathappenstotherifJe/ 

In this exampJe the total momentum is zern 
This m&ins that the momentum of the bullet 
must be eqwl and opposite to the momentum 
of the rifle 

momentumbeforeintera,c:tion= 
momentum after interaction 

mAuA+mgu9 =mAvA+mgv8 

0+0:(0.012x550)+(1.40xvri11.) 

v,;11o" -,\~
0 

=-4.71ms-1 

The negative sign shows that the rifle moves 
intheoppositedirectionfmmthebullet 
{Thisisoflenulledrecoil.) 

• Figure2.132 

• .QB The principle of conservation of momentum and road accidents 
~--·- Theprincipleofconservationof 

momentum is useful when determining the 
speeds of vehicles involved in accidents. 

More than 1.2 million people are killed 
in road accidents every year in the world, 
and aOOUt 25 million are seriously injured. 
Ai; a global average, people have about a I 
in 80 chance of dying in a road accident 
However, there are very large differences 
in safety standards between countries, 
mostly because of the differences in the • Figure 2.133 Momentum is conserved in this 

behaviour of drivers and other road users, 
as well as the standards of policing and the quality of the road systems 

The design of new vehicles in mo.st countries of the world now includes many features intended 
to protect the occupants in the event of an accident. These so called passive safety standards 
include seat belts, air bags, padding on interior surfaces and crumple zones, all of which reduce 
forces in impacts by increasing the times and distances involved. But worldwide the majority of 
people killed in road accidents are unaffected by these measures because they are not insi.:k the 
vehicles: they are typically either pedestrians or on bikes of various kinds, and struck by faster­
moving \•ehicles. 

l Find out from the internet where your country ranks in a list of the annual number of road 
accidents/fatalities. If possible, al.'lO determine the major causes of road accidents in )'Ollr 
country and discuss how the situation could be improved. 

2 It is widely accepted that \·eh ides travelling tCKJ fast (for the conditions) are a major cause 
of serious accidents. Remember that when a car's speed doubles, its kinetic energy increases 
by a factor of four. Reducing speed limits is an obvious suggestion to try to reduce the 
number of accidents, but many people are against this idea. Suggest why. 



2.4 Momentum and impulse 99 

146 A body of mass 2.3kg movir.g to the leftat82{ms-1 rnllides with a stilliOOilry mass of 1.9kg. If they 
sti{klogether,whatistheirveloc:ityaf terimpact? 

147 A 50.9kg bag of cement is dmppedfrom rest ootothegroundfrom a height of 1.46m 
• 'NhatisthemaximumspeedoftOOba,gasithitstheground) 
b Will the actual speed be much differmt from the maximum theoretical speed) Expla in your answer. 
t Asrumingthattheba,gdoesnotboon{e.predictthernmbinedspeedoftheEarthandbagafterthe 

impa{I. (Mass of the Earth= 6.0 x 1024 kg.) Is it possible to measure this speed? 

148 lnanexperimenttofindthespeedola2.4gbullet,itwasfiredintoa6S0gblockofwoodatrestona 
fri{tion-free rurfac:e. tf the block (and bullet) moved off with an initial speed of 96{ms-1. what was the 
speed of the bul let? 

149 A ball mming vertiul!y upwards decelerates and its momentum decreases, although the law of 
rnnseivillion of momentum states that total momentum unnot {hange. Explain this observillion 

150 An astronaut of mas.s 90kg pushes a 2.3kg hammer away from her body with a speed of 80{ms-1 

Whathappenstotheastmnaut1Howrnns.hestopmD'ling7 

151 Two toy cars travel in straight lines towards eac:h other on a friction-free track. Car A has a mass of 432g 
and a speed of 83.2{ms-1. CMS has a mass of 287g and speed of 68.2{ms-1. lfthey sti{k together 
after impa{t, what is their combined velocity) 

152 A steel ball of mass 1.2kg moving at 2.7ms-1 rnll ides head-on with anothersteel ball of mass0.54kg 
movir.gintheoppositedirectionat3.9ms-1.TheballsbolJn{eoffea{hother.eachretumingba<k inthe 
directionitrnmefrom 
a lfthesmallerball hadaspeedafterthe{ollisionof6.0ms-1,tJSethelawofconservationof 

momentumtopredic:tthespeedofthelargerball 
b lnlact.thisresultisnotpossible.Suggestareasonwhynot 

153 Figure2.134s.howstwotrolleysonafric:tion-freeStJrfac:ejoinedtogetherbyathinwbberrnrduncler 
tension.Whenthetrolleysarereleased.theyac:celeratetowardsea{hotherandthemrdquic:k!y 
becomes loose. Where would yoo expect the two trojleys to rnllide with eac:h other) 

C§J1---------la 

• Figure2.134 

• Vehicle propulsion 
In order to accelernte a vehicle, or to keep it moving at a constant velocity o\·ercoming friction 
and air resistance, a force is needed. This can be achieved by the vehicle pushing backwards on 
a road, so that the road pushes the vehicle forwards (Newton's third law). But for the motion 
of !:oats or vehicles trnvelling through the air or space there is better way of explaining the 
motion by considering the momentum given to something in the opposite direction from the 
intended vehicle motion 

When the propeller in Figure 2.135 spins, a force pushes the water backwards, and an equal and 
opposite force therefore pushes the boat forwards. The backwards momentum of the high-speed 
water would be equal and opposite to the forward momentum of the slower-moving boat if 
there were no other forces acting on the boat. 

The use of oars and paddles in lx>ats involves similar principles, while propellers on planes and 
helicopters make air mo\·e at high speed in the opposite direction from the vehicle's intended 
motion 

The jet engines on the plane shown in Figure 2.136 bum fuel combined with oxygen from the air 
that is taken in at the from of the engine. The resulting gases are ejected (thrown out) at the back 
of the engine with high speed. The gain in backwards momenrnmofthegases must be equal and 
op(Xll>ite to the forward momentum of the engine and plane (if no other forces are acting) 

Newton's third law offers an alternative and equivalent explanation - the force pushing the 
gases backwards is equal and opposite to the force pushing the plane forwards. Similar ideas 
can be applied to rockets, except that no air is taken in at the from 



• Figure2.135 Thepropeller 

atthebackof aboatexertsa 

forceonthewaterandthewater 

pushesbackonthepropeller 

• Figure2.136 Ajet engine 

154 Arod@ter.gineonasp;1cecraftoltotalmasslOOOOkgejected 1.4kgofhotgases<Nerysernndatan 
averagediscontinuousspeedof240ms-l 
il WhatwiJSthelorceoothe~ecraft7 
b Whatwastheaccelerationofthespaceuaft7 
c If the engines were used for 30s, what was the impulse given to the spac:euaft7 
d WhatwiJSthechangeofvelocity? 

~ -

---- ~- .. 
-~·· .. -17-

• Figure2.137 

155 a Use Newton"s third law to explain how the heiicoptershown in Figure 2.137 can hoVl'fin the air. 
b The helicopter blades give downwards momentum to the air. Apply the law of conservation of 

momentum to this situation 

TaK Urtk 

Do conserwtion laws- resuict or enable further developmenr in physio? 

The'simplkity"ofconservationlawsandthefactthattheycanbeappliedtoanythingand everything 
makes them ~ery useful and conceptually appealing. However, it could be argued that their unquestiooed 
acceptanceamongscienti51sa<tuallyinhibitsoriginalthinking. 



• Figure2.138 
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• El astic co llisions, inelastic collisions and explosions 
When objects come inw contact (or otherwise interact) with each other and exert forces on 
each other for relatively short periods of time, the interactions can be described as 'collisions'. 
We normally expect some or all of the kinetic energy of macroscopic objects to be dissipated in a 
collision, but it is important to define the extreme case 

A collision in which the total kinetic energy of the masses is the same before and after the 
collision is known as an elastk coll ision. 

In our everyday, large-scale \1-Urld elallic collisions are not possible because some energy is always 
dissipated into the surroundings. 

Momentum is conserved in all collisions and in the theoretical extreme of an ebstic 
collision, kinetic energy is also conserved. The two conservation equations representing this 
situation can be combined together simultaneously to predict exactly what \1-Uuld happen if an 
ebstic collision occurred (but this is not required in this course). For example, if a mass collides 
ebstically with another identical mass at rest, the only possibility is that the moving mass will 
stop and the other mass will move off with the same n•locity as the first mass. The scientific 
purpose of a Newton's cradle (Figure 2.138) is to demonstrate this effect. 

Collisions in which some or all kinetic energy is transferred to other forms of energy are called 
inelastic collisions. All collisions of everyday objects are inelastic. 

A collision in which the objects stick together is called a totally inelastic collision. 

In an 'explosion', masses that were originally at rest with respect to each other are propelled in 
different directions, so that there is higher kinetic energy after the explosion than before. By 
definition this type of interaction clearly cannot be described as elallic and can be considered to 
besimilartoatotallyinelasriccollision in reverse 

The percentage of the total kinetic energy retained in collisions between masses moving 
together along a straight line can easily be investigated by measuring their masses and their 
speeds before and after the impact, although a low-friction surface is necessary for reliable 
results. It is instructive to investigate how the results change when the masses are varied, or the 
natures of the colliding surfaces are changed. Typically, objects made from elastic materials, 
like steel and rubber, retain the most kinetic energy. (Remember that a material described as 
ebstic regains its shape after a force has been removed.) Conversely, inelastic materials deform 
permanently and much energy is dissipated as internal energy and thermal energy. 

The concepts of internal energy, sound and deformation cannot be used sensibly to describe 
individual molecules. Therefore, on the microscopic scale, collisions between particles such as 
molecules in a gas are usually elastic and easily modelled by computer simulations 
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156 A railway truck of mass 8340kg travelling at 14.3ms-l collides with another truck of mass6420kg 
travellingat8.78ms-1 in the same direction 
• tf after collision the two trucks become joined together, what is their initial speed? 
b Cak:uliltethepercentageofkinetkenergyretainedinthecollision 

157 Atroileyofmass2.0kgisfOO'lingataspeedof1.3ms-1directlytowardsanotherstationarytrolleyof 
massl.Okg 
a tfimmediatelyaflerthecollisionthe1kgtrolleymovesataspeedof1 .4ms-1,whatisthespeedofthe 

other trolley? 
b Cak:ulatetheamountofene<gydissipatedinthisrnllision 

158 tfinthepn!viousque5tionthespeedofthelkgtrol~yaflerthecollisionwasstatedtobe4.1ms-1 

(1n5tead of 1.4ms-1). explain why ii woukl 51:ill be possible to calrnlate an answer 104' part • of the 
que5tion,butnotpart b. 

15!1 A cannon of mass 11001<.gfill!s acannonballolmass6.2kgataspeedof 190ms-1 (Figull!2.139) 

• Figure2.139Firingacannon 

a Cak:u!.itetheinitialrecoilspeedofthecannon 
b Thepurposeoffiringthecannonistotransferchemic:alenergyoftheexplosiveintokinetkene<gy 

ofthecannonb.Jll,butthecannonisalsogivenkinetkenergy.Calculatethepercentageofthetotal 
kinetkenergythiltisca1riedbythecannonball 
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• Examination questions - a selection 
Paper 1 tB questions and IB style questions 

01 M is a small mass on the end of a lightweight string. It has been pulled to one side with a force that keeps it 
stationary. 

Which of the following four diagrams is the correct free-body representation of the forces acting on the 
mass? 

C 

r 
02 An object of weight W is slipping down a slope (inclined plane) that makes an 

aogle of B with the hmiwotal If the object is ma,;iog with coostaot speed, what ' '.;:'~ 
1s the magnitude of the frictional force up the slope? / < 
A W 

' B WsinB 

C Wcos B 

D 1,11 
2 

03 The work done when a constant force acts on a mass is always equal to: 
A the magnitude of the force multiplied by the distance moved by the mass 
B the magnitude of the force multiplied by the displacement perpendicular to the force 
C the magnitude of the force multiplied by the displacement in the direction of the force 
D the vector sum of the force and the distance moved by the mass. 

w 

04 A rocket is travelling across space when its engine ejects gases of total mass m in a time r. The speed of the 
gases relative to the rocket is v. 
Which of the following is the correct expression for the force exerted by the gases on the rocket? 

A m, 

B ~ 
2 

C mvr 

D ~ 
r 
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QS Which of the following is a correct definition of the instantaneous velocity of a moving object at time r? 

A distancemoved 
time taken 

8 displacement 
t1metaken 

C rate of change of displacement at time t 
D rate of change of distance at time r 

Q6 A big object is dropped from a large height. It hits the ground at time T after being dropped. Which of the 
following graphs best represents how the speed, v, of the object varies with t ime, t, until just before it hits 
the ground? 

1L 
0 T < 

Q7 When the motion of two cars was compared, it was found that car A was more powerful than car B. Which 
of the following statements must be true? 
A Car A produces more useful energy than car B. 
B Car A produces a greater force than car B. 
C In the same time, car A does more useful work than car B. 
D In the same time, car A moves a greater distance than car B. 

Q8 A mass of 5kg is pulled up a slope at a constant speed of 2ms-1. After rising a vertical height of 4m, the 
total work done was 1200J. The work done in overcoming friction was: 
A lOOOJ B 200J C 2400J D 1400J 

Q9 An increasing force acts on an object and its acceleration increases as shown in the graph. 

r:L···············: 
.i 4 : 

~ 2 i 
0 ' 

0 4 8 121620 

If the object was initially at rest, what is the speed of the object after 20 seconds? 
A O.Sms-1 B 2.0ms-1 C 100ms-1 D 200ms-1 
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010 If there is no resultant force acting on an object, which of the follOV,1 ing quantities must also be zero? 
A speed B velocity C acceleration D momentum 

011 An electric motor raises a 2.5kg mass a distance of 12 m in a time of 6s. If the efficiency of the process was 
20%, what was the input power to the motor? 
A 10W B 25W C 250W D SOOW 

012 A mass is moving at a constant speed with a kinetic energy EK. What is the kinetic energy of another mass 
that has twice the mass and half the speed of the f irst mass? 

A §s_ 
2 

013 A vehicle is driven up a hill at constant speed. Which of the following best describes the energy changes 
involved? 
A Chemical energy is converted into gravitational potential energy. 
B Chemical energy is converted into gravitat ional potential energy, sound and thermal energy. 
C Gravitational potential energy is converted into chemical energy. 
D Gravitational potential energy is converted into chemical energy, sound and thermal energy. 

C /BOrgillliZntion 

014 A weight W is suspended from the ceiling on the end of a length of string. According to Newton's third law 
of motion there must be another force equal and opposite to the weight. This second force is: 
A the dOV,1nwards force of the string on the ceiling 
B the upwards force of the string on the weight 
C the upwards force exerted by the weight on the Earth 
D the tension in the string. 

015 A stone is thrOV,1n up into the air at an angle to the horizontal. Assuming that air resistance is negligible, 
which of the follQV,1 ing is nor constant while the stone is moving through the air? 
A horizontal component of velocity 
B vertical component of velocity 
C total energy of the stone 
D acceleration of the stone 

016 A steel ball is released from rest into a cylinder containing oil. Which of the following statements is 
incorrect? 
A The force opposing motion is called drag. 
B If the cylinder is large enough the ball will reach a terminal speed. 
C The weight of the ball is reduced in the oil. 
D A larger ball will experience a greater resistive force. 

017 When an unstretched steel spring was extended by 10cm the elastic potential energy stored in it was 
0.20 J. What was the force constant of the spring? 
A 4.0 x 10-3 Nm-1 
B 4.0Nm-1 

C lONm-1 

D 40Nm-1 

018 When a ball was dropped onto a hard surface a student believed that the collision was elastic. For this to be 
true, the ball must: 
A bounce up to the same height from which it was dropped 
B stretch a lot 
C be made of rubber 
D get hotter. 
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Q19 A gas atom strikes a wall with speed vat an angle 8 to the normal to the wall. The atom rebounds at the 
same speed v and angle 8. 

··~ ,/ 1 
Which of the following gives the magnitude of the momentum change of the gas atom? 
A zero 
B 2mvsin8 
C 2mv 
D 2mvcos8 

Paper 2 18 questions and IB style questions 

C /BOrg,mization 

Q1 A bullet of mass 32g is fired from a gun. The graph shows the variation of the force Fon the bullet with 
time r as it travels along the barrel of the gun. 

The bullet is f ired at timer= O and the length of the barrel is 0.70m. 
a State and explain why it is inappropriate to use the equation s = ut + V:iat2 to calculate the 

acceleration of the bullet. (2) 
b Use the graph to: 

i determine the average acceleration of the bullet during the final 2.0ms of the graph (2) 
ii show that the change in momentum of the bullet, as the bullet travels along the length of the 

barrel, is approximately 9 N s. (3) 
c Use the answer in b ii to calculate: 

i the speed of the bullet as it leaves the barrel (2) 
ii the average power delivered to the bullet. (3) 

d Use Newton's third law to explain why a gun will recoil when a bullet is fired. (3) 

C /BOrf}itnization 



Examination questions 107 

Q2 A clay block initially on the edge of a table is fired away from the table, as shown in the diagram. 

0.85m 

groond 

""' , aybkxk pa<h 

(nottosull') 

The initial speed of the clay block is 4.3ms-1 horizontally. The table surface is 0.85m above the ground. 
a Ignoring air resistance, calculate the horizontal distance travelled by the clay block before it strikes the 

ground. (4) 
b The diagram shows the path of the clay block neglecting air resistance. Make a copy of the diagram and 

show on it the approximate shape of the path that the clay block will take assuming that air resistance 
acts on the clay block. (3) 

C /BOrgillliZittion 

Q3 a A system consists of a bicycle and cyclist travelling at a constant velocity along a horizontal road. 

i State the value of the net force acting on the cyclist. (1) 
ii On a copy of the diagram, draw labelled arrows to represent the vertical forces acting on 

the bicycle. (2) 
m With reference to the horizontal forces acting on the system, explain why the system is travelling 

at constant velocity. (2) 
b The total resistive force acting on the system is 40 N and its speed is 8.0 m s-1. Calculate the 

useful power output of the cyclist. (1) 
c The cyclist stops pedalling and the system comes to a rest. The total mass of the system is 70kg. 

i Calculate the magnitude of the initial acceleration of the system. (2) 
ii Estimate the distance taken by the system to come to rest from the time the cyclist 

stops pedalling. (2) 
iii State and explain one reason why your answer to c ii is only an estimate. (2) 

C /BOrgillliZittion 

Q4 a Explain the difference bet\/1/een the coefficients of static and dynamic coefficients of friction. (2) 
b The angle of a flat wooden slope to the horizontal is increased slowly until a metal cube just 

begins to slide down the surface. If the coefficient of static friction between the surfaces is 0.56, 
what is the greatest possible angle before the cube begins to slide? (2) 
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• Figure3 .1 
Differences between 
solids,liquidsand 

gases;thevector 
arrows represent 
the velocities of the 

• Thermal physics deftly demonstrates the links between the macroscopic measurements 
essential to many scientific models w ith the microscopic properties that underlie these 
models. 

• The properties of ideal gases allow scientists to make predictions about the behaviour of 
real gases. 

3.1 Thermal conceptS -thermal physics deftly demonstrates the links 
between the macroscopic measurements essential to many scientific models with the 
microscopic properties that underlie these models 

• Molecular theory of so lids, liquids and gases 
An understanding of the particulate nature of matter is essential basic knowledge in physics, 
chemistry and most other branches of science. 

• In solid s the molecules (or atoms, o r ions) are held close together by strong forces, usually in 
regular patterns. The molecules vibmte about their mean positions. See Figure 3.1 

• In liquids the molecules still vibrate, but the forces between some molecules are overcome, 
allowing them to move around a little. The molecules are still almost as close together as in 
solids, but there is little or no regularity in their arrangement, which is constantly changing 

• In gases the molecules are much further apart than in solids and liquids, and the forces 
between them are very, very small and usually negligible (except when they collide). This 
results in all molecules moving independently in random directions with a range of different 
(usually fast) speeds. These speeds are continually changing as a result of collisions. 

0 
liquids have a gases do not 

fixed shape fixed volume have a fixed shape 
and volume butavariilbk>shape orvciume 

1-, t} ~- ~ \ ! ..._II 

~ 
,_,_ / 
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\I'-../ I 

/~"-~!'. \ ,--\I'-
//\ (- I t- K ·<.--

moiecull'Shaveenooghkinetk molec:uk>smove inrandom 
in fixed position eoergytoove1Comesome directions at high speeds 

lorcesandmovearound 



• Figure3.2Thisthermogram,takenusing 
infraredradiation,usescolourtoshow 
differenttemperaturesinasaucepanona 
cooker.Thescalerunsfromwhite(hottest), 

throughred,yellow,greenandblueto 
pink(coldest) 

lb 
Time 

• Figure3.3Twoobjects(AandB)at 

differenttemperatures,insulatedfrom 

theirsurroundingsbutnotfromeach 
other,willreadlthermalequilibrium 
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• Thermal energy and temperature differences 
Energy transferred from hotter to colder as a result of a temperature 
difference is called thermal energy. Thermal energy is often called 
'heat', but this can be confusing because the word heat is also commonly, 
and wrongly, used for the energy inside substances. The energy inside 
substances is called internal energy. 

Objects continuously exchange energy with their surroundings. An 
object that is hotter than its surroundings will give out (emit) more energy 
than it takes in, and a colder object will take in (absorb) more energy than 
it gives out 

Figure 3.2 shows the temperature differences in a saucepan and cooker, 
which will result in a flow of thermal energy. Thermal energy is always 
transferred from higher temperature to lower temperature. 

Temperature determines the direction of the net thermal energy 
transfer between two objects. 

Consider the simple example of two objects (or substances) at different 
temperatures able to transfer thermal energy between themsekes, but 
isolated from everything around them (their s11rro1mdi11gs). The hotter 
object will transfer energy to the colder object and cool down, while at 
the same time the colder object warms up. A!; the temperature difference 
between the two objects gets smal1er, so too does the rme of thermal 
energy transfer. This is represented in Figure 3.3, which shows how the 
temperature of two objects (A and B) might change when they are placed 
in thermal contact with each other. (Being in 'thermal contact' means 
that thermal energy can be transferred between them, by any means.) 
fa·entually they will reach the same temperature. 

If the temperatures have stopped changing and 00th objects are at the 
same temperature, the objects are said to be in thermal eq uilibrium and 
there will be no net flow of thermal energy between them. 

In any realistic situation, it is not possible to completely isolate/ 
insulate two objects from their surroundings, so the concept of 
thermal equilibrium may seem to be idealized. The concept of 
hotter objects getting colder and colder objects getting hotter 
suggests an important concept: eventually everything will end up at 
the same temperature 

• Temperature and absolute temperature 
The temperature scales that we use today were designed for simplicit y and easy 
reproduction. On the Celsiu s scale (°C), sometimes called the centigrade scale, 0 °C 
is defined as the temperature at which pure water forms ice (at normal atmospheric 
pressure), and 100 °C is defined as the temperature at which pure water boils (at normal 
atmospheric pressure). It is important to realize that this temperature scale was devised for 
convenience - that is, these values were chosen, they were not discovered. In particular, 
0 °C is definitely not a zero of temperature, nor a zero of energy. It has no significance 
other than being the melting point of ice. (For example, J0°C cannot be considered to be 
'twice as hot' as S°C.) 

The Celsius temperature scale is used th roughout the world and is a good example of how the 
effective communication of data between individuals and countries is dependent on an agreed 
system of units. For historical and cultural reasons, there a few countries (notably the USA) in 
which the Fahrenheit temperature scale is still in use. 
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A comparison of 

temperatures in 
degrees Celsius and 

After it was predicted that almost all molecular motion stops at -273 °C (see page 127), it 
made sense to make this the true zero of temperature. This temperature is commonly called 
absolute : ero. 

The Kelvin (absolu te) temperature scale is an adaptation of the Celsius scale with its zero 
at -273"C. (A more precise value is -273.15°C.) On this scale the unit is kelvin, K (not °K) 
Changes in temperature of I "C and I K were chosen to be identical, which makes conversion 
from one scale to the other very straightforward: 

T/K • BfC + 273 

In the equation above, note that use of the symbol T for temperature implies the Kelvin scale 
and the symbol 6 implies the Celsius scale. Table 3.1 compares some important temperatures on 
the two scales. 

When making calculations inmlving temperature changes, either degrees celsius or kelvins 
may be used, but it is important to remember that when dealing with calculations involving just 
one temperature, kelvins must be used 

Temperature 

meltingpointofwater 

body temperature 

boiling point of water 

1 The normal freezing point of me1rnry is -39°(. What is this temperature in keMn? 

1 • The world's highest and lowest recorded temperatures are reported tobe S8°C (in Libya) and-89°( 
{in Antarctica). What are these temperatures oo the Kelvin scale? 

b The temperature of some water is raised from 17°C to S5°C. What is the temperature rise in kelvins? 

2 • The volume of a gas is 37cml when its temperature is 23°C. If the volume is proportional to the 
absolute temperature {K), at what temperature {0 C) will the volume be SOcml? 

b What will the volume be when the gas is at -15°0 

• Interna l energy 
All substances contain moving particles. In the context of this chapter, the word 'particle' is a 
general term that might apply to a molecule, an atom or an ion. Although different substances 
may contain any or all of these, most substances are molecukn- and in the rest of this chapter the 
term 'molecule' will be used to describe the particles in any substance. 

Moving molecules have kinetic energy. The molecules might be moving in different ways, 
which gives rise to three different forms of random molecular kinetic energy· 

• Molecules might be vibrating about fixed positions (as in a solid) - this gives the molecules 
vibrat ional kinet ic energy. 

• Molecules might be moving from place to place (translational motion) - this gives the 
molecules translat ional k inetic energy. 

• Molecules might also be spinning (rotating) - this gives the molecules rotational kinetic energy. 

Molecules can have potential energy as well as kinetic energy. In solids and liquids, it is the electrical 
farces (between charged particles) that keep the molecules from moving apart or moving closer 
together. Wherever there are electrical forces there will be electrical potential energy in a system, in 
much the same way as gravitational potential energy is associated with gravitational force 



• Figure3.4 0ne 

hand is receiving 

thermal energy and 

losing it 

3. 1 Thermal concepts 111 

In gases, however, the forces between molecules are usually negligible because of the larger 
separation between molecules. This is why gas [lK}lecules can move freely and randomly. The 
molecules in a gas, therefore, usually have negligible electrical potential energy - all the energy 
is in the form of kinetic energy. 

So to describe the total energy of the molecules in a substance, we need to take account of 
both the kinetic energies and the {X}tential energies. This is called the imernal energy of the 
substance and is defined as follows; 

The internal energy of a substance is the sum of the total random kinetic energies and total 
intermolecular {X}tential energies of all the [lK}lecules inside it. 

It is im{X}nant not to call internal energy 'heat'. That is, we should not refer to the thermal 
energy (or heat) in anything. 

In the definition of internal energy given above, the word 'random' means that the molecular 
movements are d isordered and unpredictable. That is, they are not linked in any way to each 
o ther, or ordered - as their motions would be if they were all moving together, such as the 
molecules in a macroscopic motion of a moving car. The [lK}lecules in a moving car have both 
the ordered kinetic energy of macroscopic movement together and the random kinetic energy of 
internal energy. 

Summarizing the differences between temperature, internal energy 

and thermal energy 
Temperature, internal energy and thermal energy are widely used and are very important 
concepts throughout all of science, but they are commonly misunderstood and misused terms. 
To stress their im{X}rtance, the meanings of these concepts are summarized below. 

• lnrernal energy is the total energy (random kinetic and potential) of all the molecules inside a 
substance. 

• If energy is transferred to a substance it gains internal energy and its molecules move faster. 
We say that it has become houer and this is measured as an increased 1emperarnrc. A more 
precise meaning of temperature is given on page 127. 

• Thermal fii.ergy (heat) is energy flowing from a higher temperature to a lower temperature 

In any particular example, the object or substance we are considering is often called the system, 
and thermal energy flows between the system and the surroundings. Students may know that 
thermal energy is transferred by conduction, convection and radiation , but detailed knowledge 
of these processes is not needed in this chapter. They are discussed later, in Chapter 8. 

In Figure 3.4 thermal energy is being conducted into one hand and out of the other. 

ToK Link 

Ob5ervation through sense perception plays a key role in making measurements. Does sense perception play 
differeritrolesindiffereritareasofknow/edge? 

The scientific meaning of temperatull! is linked to microscopic molecuiar energies, but our appll'Ciation of it 
isiargelybasedooewrydaysenseperceptionsofhotandrnld(whichall!easilyshowntobeunreliable) 
Does this help 01 hinder our unde<1tanding ol the temperature? Which of the other arNS of knowledge are 
sodependentoninlormationd~ivereddill'Ctlytothebodythroughthesensesoftouch, sight, hearingetc.l 
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3 Equalmassesoftwodifferentsolidsat20°Carebothheatedto40°C 
a Discuss whether they have the same amount of interflill energy to begin with 
b Discuss whether the same amount of thermal energy was transferred to both of them 

4 Figure 3.5 '>ketches how the resultant force between two molecules varies with separation; Xo represents 
the average equilibrium separation between molecules in a mlid. The molKules in a gas are typically ten 
timeslurtherapartthaninasolid .!1~ ,~ I 

0 , 

J;.~ o Separatioo 

' I 
• Figure 3.5 How intermolecular force 

varies with molecular separation 

a Describe how the resultant force between molecules 
(intheirequilibriumpositioos)changesiltheymm e 
l furtherapart 
II slightly closer together. 

b What can you conclude from this graph about how the 
sizeoflorcesbetweenmolecules inagasisdilferentfrom 
fOfcesinasolid? 

c ExplainwhyyoomightexpectthedensityofgilSestobe 
about 103timessmallerthanthedensityofsolids 

5 The'sparkles"emittedfromasparkler(Figure3.6)are 
veryhot.Explainwhytheydonotusuallycauseanyharm 
when they land on people or their clothing. Use the terms 
'temperature·. 'intemalenergy'and'thermalenergy'in 
yourexplanation. {Thehotsparkleritselfwillcausebumsif • Figure3.6Sparklersareusuallynot 

touched.) asdangerousastheymaylook! 

• Heating and wo rking 
Apart from supplying thermal energy to a system ('heating' it), there is another, very common 
and fundamentally different way to make something hotter: we can do mechanical work on it 
A simple example v..uuld be the force of friction causing a temperature rise when surfaces rub 
together. Heating is a non-mechanical transfer of energy. 

Figures 3.7 and 3.8 provide examples of these different ways of raising the temperature of an 
object. In Figure 3.7, the internal energy of the screw will rise as it gains thermal energy from the 
hand holding it. In Figure 3.8, its internal energy will rise because a force is twisting the screw 
into a piece of wocd against resistive forces opposing it - doing mechanical work 

• Figure3.7 Gettinghotterbybeingincontact 

withsomethingatahighertemperature 

• Figure 3.8 Gettinghotterbecause 

work is being done 
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• Figure3.9 James 
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Understanding heat: James Prescott Joule 
The SI unit of energy is named after the Englishman, James Prescott Joule (Figure 3.9), who 
was a nineteenth-century physicist and manager of a brewery. His experiences as a brewer may 
have contributed to his renowned skills in accurate measurement, especially those involving 
small temperature changes 

In the middle of the nineteenth century, 'heat' was believed to be an undetectable 'caloric fluid' 
that flowed from hotter to colder things. But Joule tried repeatedly to show that 'heat' was just 

another form of energy that could be transformed 
from an equal amount of other forms, such as kinetic 
energy or gravitational potential energy. 

In particular, he is remembered for his 'mechanical 
equivalent ofheat' experiments in which mechanical 
energy was used to raise the temperature of water. It 
is even claimed that he spent part of his honeymoon 
trying to measure a very small temperature difference 
between the top and bottom of waterfalls, v.hich is not 
aneasythingtodo! 

His work united the separate topics of energy and 
'heat', and was important in the later development of 
the law of conservation of energy and the first law of 
thermcxlynamics. Joule also worked with Lord Kelvin 
on thermometry and temperature scales 

l The use of the word 'heat' can be confusing, especially if it is used to represent both energy 
inside objects as well as energy being transferred. Discuss the use of the word 'heat' in this 
Additional Perspective 

llil!llll!llmlilll Earlier ideas about heat were limited by a lack of knowledge about the particle 
nature of matter 

A little more than 200 years ago, heat was explained in terms of a vague 'caloric fluid' that 
flowed out of a hot object. This was an example of one of many serious scientific theories that 
were developed to explain observed phenomena, but which were never totally satisfactory 
because they could not explain all observations. The earlier 'phlogiston' theory of combustion is 
another such theory related to heat. 

Looking back from the twenty-first century, these theories may seem unsophisticated and 
inaccurate (but imaginative!). However, they should be judged in the context of their times, and 
at the time of these theories (seventeenth and eighteenth centuries) the molecular theory of 
matter had not been developed, so the current understanding of the flow of thermal energy was 
not possible then. 

• Heating and cooling graphs 
The dotted blue straight line in Figure 3.10 shows how the temperature of an object heated 
at a constant rate changes with time under the idealized circumstances of no thermal energy 
(heat) losses. The temperature rises by equal amounts in equal times. However, thermal energy 
losses to the surroundings are unavoidable, so the curved red line represents a more realistic 
situation. The curve shows that the rate of temperature rise decreases as the object gets hotter. 
This is because thermal energy losses (from the object to the surroundings) are higher with 
larger temperature differences. If energy continues to be supplied, the object will eventually 
reach a constant temperature when the input power and rate of thermal energy loss to the 
surroundings are equal 
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Some specific heat 
capacities of 

room temperature 

• Figure3.10 Atypicalgraphof 
temperatureagainsttimeforheating 

roomtempe<atu re 

• Figure3.11 Atypkalgraphoftemperature 
against time for an object cooling down to room 
temperature.Notehowthegradientdecreases 

When something is left to cool naturally, the rate at which thermal energy is transferred away 
decreases with time because it also depends on the temperature difference between the object 
and its surroundings. This can be seen in Figure 3.11, in which the rate of cooling (as shown by 
the gradients at different times) gets less and less. 

• Specific heat capacity and thermal ca pacity 

Specific heat capacity 
To compare how different substances respond to heating, we need to know how much thermal 
energy will increase the temperature of the same mass (usually I kilogram) of each substance by 
the same amount (I Kor I °C).This is called the specific heat capacity, c, of the substance. (The 
word 'specific' is used here simply to mean that the heat capacity is related to a specified amount 
of the material, namely I kg.) 

The specific heat capacity of a substance is the amount of energy needed to raise the 
temperature of I kg of the substance by I K. (Unit: J kg- 1 K- 1, but 0 C-1 can be used instead 
ofK-1.) 

The values of specific heat capacity fur some common materials are given in Table 3.2. 

Specificheatcapacity/Jkg-1K-1 

dry earth 

glass(typkal) 

rnnuete(typical) 

In simple terms, subotances with high specific heat capacities heat up slowly compared with 
equal masses of substances with lower specific heat capacities (given the same power input) 
Similarly, substances with high specific heat capacities will cool down more slowly. It should be 
noted that water has an unusually large specific heat capacity. This is why it takes the transfer of 
a large amount of energy to change the temperature of water and the reason why water is used 
widely to transfer energy in heating and cooling systems. 



• Figure 3.12 
Determining the 

specific heat capacity 

• Figure3.13 
Determining the 

specific heat capacity 
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If a quantity of thermal energy, Q, was supplied to a mass, m, and produced a temperature 
rise of f:J.T, we could calculate the specific heat capacity from the equation: 

c•m~T 

(Remember that the delta sign, f:J., is used widely in science and mathematics to represent a small 
change in a quantity.) 

This equation is more usually written as follows 

Q•mcf:J.T 

This equation is included in the Physics data booklet 
When a substance cools, the thermal energy transferred away can be calcubted using the 

same equation. 
The simplest way of determining the specific heat capacity of a substance experimentally 

is to supply a known amount of energy from an electric heater placed inside (immersed in) the 
substance. Such a heater is called an immersion heater. This is easy enough with liquids, but for 
solids it is often necessary to drill a hole in the substance to allow the heater to be fitted inside, 
ensuring good thermal contact. 

In the two experiments shown in Figures 3.12 and 3.13, a joulemeter is used to measure the 
energy transferred directly. (More commonly, the energy can be calculated using knowledge of 
electric circuits, from the equat ion: electrical energy • Vii , which is covered in Chapter 5.) 

jou~meter 

joolemeter 

expanded polystyrene cup 
to provide insulation 
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2 Suppose that the metal block shown in Figure 3.12 had a mass of 1500g arid was heated for 5 minutes 
with an 18W heater. If the tempe,ature of the block rose Imm 18.0°( to 27.S°C, calculate its specific 
heatcapacityassumingthatrioenergywastransferredtothesurrouridings 

Q:Pt 

c= 1.s
1
!;2~\"-

6
1°~.0l 

=3BOJkg- 10c-1 

In making such calculations, it has to be assumed that all of the substance was at the same 
temperature and that the thermometer recorded that temperature accurately at the relevant 
times. In practice, both of these assumptions might lead to significant inaccutacies in the 
calculated value 

Furthermore, in any experiment involving thermal energy transfers and changes in 
temperature, there will be unavoidable losses (or gains) from the surroundings. If accurate results 
are required, it will be necessary to use insulation to limit these energy transfers, which in this 
example \\Ullld have led to an overestimate of the substance's specific heat capacity (because 
some of the energy input went to the surroundings rather than into the substance). The process 
of insulating something usually involves surrounding it with a material that traps air (a poor 
conductor) and is often called lagging. 

In the following que5tiom, assume that no energy is transferred to or from the surroundings 

6 How much e<1ergy is needed to raise the temperature of a block of metal of mass 3.87kg by 54 °C if the 
metalhasaspecificheatcap;tCityof456H::g-1K-1/ 

7 Whatisthespecificheatcap;tCityofaliquidthatrequires3840Jtoraisethetemperatureolamassof 
1S6gby18.0K? 

8 Airhasadensityof1.3kgm-1 arx!aspecificheatcap;tCityol1000Jkg-1°C-1.lf5001dwastransferredtoa 
room of I/Olume 80m1, what was the tempe,ilture rise? 

, If 1.0MJ of energy is transferred to 15.0kg of water at 18.0°C, what will the final temperature be? 

10 A drink of mass 500g has bi!en poured into a glass of mass 250g (of specific heatcap;tCity 8S0Jkg-1°C-1) 
in a refrigerator. How much energy must be removed to rnol the drink arid the gla'ili from 25°C to 4 °C? 
(Assumethedrinkhasthesamespecificheatcapacityaswater.) 

11 A20W immersion heater is plac:ed in a 2.0kg iron block at 24°C for 12 minutes. What is the final 
temperature?(Specificheatcapacityofiron:444Jkg-1°C-1.) 

12 How kmgwill it take a 2.20',:W kettle torai'>{' the temperature of 800g of water from 16.0°( to its boiling 
point? 

13 An air coodilioner has ii cooling power of 1200W and is k>ft in ii room rnntaining 100kg of air (specific 
heat ci1p;1city lOOOJkg-1 0c- ~ at 30°C. What will the temperature be after the air conditioner has been 
switchedonforlOminutes? 

14 A water heater fora shower i1 rated at 9.0kW. If water at 15°C flows through ii at a rate of 15',:gevery 
3 minutes, what will be the temperature of the water in the shower? 

15 A burner on ii gas cookerrai'>{'s the temperature of SOOg of water from 24°C to 80°C in exac:tly 
2 minutes. What is the effective d'lerage power of the bumer? 
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Exchanges of thermal energy 

Figure 3.3 shows the temperature- time graphs of two objects at different temperatures placed in 
good thermal contact so that thermal energy can be transferred relatively quickly, assuming that 
the system is insulated from its surroundings. Under these circumstances the 1hermal energy given 
oui by one object is equal w the thermal energy absorbed by 1he other object. Exchanges of thermal 
energy can be used as an alternative means of determining a specific heat, as illustrated by 
question 16, or in the determination of the energy that can be transferred from a food or a fuel 

Calorimetry is the name used to describe experiments that try to accurately measure the 
temperature changes produced by various physical or chemical processes. Energy transfers can 
then be calculated if the masses and specific heat capacities are known. Calorimetric techniques 
may involve specially designed pieces of apparatus, called calorimeters, which are designed to 

limit thermal energy transfer to, or from, the surroundings 

16 Aklrgemetalboltof!Tlil'is53.6gwasheatedfo<aloogtimein 
anOYeOat24S"C.Theboltwastransferred;r;qukklyasposs.ibk> 
fromtheOYeOintoabeakercootilining257.9gofwaterinitially 
<1123.1°C{Figure3.14).Thewaterwasstirredcontinuooslya!ld 
thetemperatu!l'rosetoamaximumof26.5°C 
a Cakulatetheenergytramferredtothewater. 
b 'Nhywastheboltkeptintheovenforalongtime7 
c 'Nhywasthetransfermadequickly? 
d Cakulatethe5PKilicheatcapacityofthematerialof 

whichthebolti1milde 
• Vo/trfwasitnl'Cessarytostirthewater? 
f lsthevalueforthe5PKifkhe<llcapacilyoftheboltlikely 

tobea11underestimateora11overe1timateofitstrue 
value?Explainyouram=r. 

D thread used to 
transferhotbcit 

. 

17 When 14.Sg of a certa in fuel wa1 b\Jmed, thermal er.ergy was • Figure 3.14 A hot metal bolt placed 
transferrl.'dto63.9gofw<ller.Thewatertemperaturerose 
from18.7°Cto42.4°C.Assumingthatnothermalenergy 
was tramferrl.'d into the surroundings, calculate the maximum 
amount of energy that can be transferred from 1 kg of this fuel. (This i1 known as its ,;pecifk energy.) 

11 Wheri running water into a bath tub, 84kg ofw<llerat 54°( was added to 62kgolwater at 17°( 
• What was the final temperature? 
b What assumption did you make? 

1!1 Sandinit~llyat27.2°C isilddedtoanequalmassofwater<ll 15.3°C.lfthespecificheatcap<1cityol 
sand i1 822Jkg-1°(- I and the 5PKilk heatcopacityol water is 4180Jkg-1 °(-1, whotwill be the final 
temperatureofthemixture?(Assumenoenergyi1transferredtothesurrounding1.) 

Therma l capacity 
Many everyday objects are not made of only one substance, and referring to a specific amount 
(a kilogram) of such objects is not sensible. In such cases we refer to the thermal capacit y of 
the whole object. For example, we might want to know the thermal capacity of a room and its 
contents when choosing a suitable heater or air conditioner 

The thermal capacity of an object is the amount of energy needed to raise its temperature by 
I K. (Unit: J K- 1 or J 0 C-1.) 

thermal capacity, C • £ 

3 How much thermal energy is needed to iricrease the temperature of a kettk> and the water inside it from 
23°Cto77°Cifitsthermalcapacityis6S00JK-11 

Q:Ct..T 

Q:6500x(77-B) 

Q:3.51 X 101) 
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For the fo llowing qtJestions, assume that no energy is tram/erred to or from the surroundings 

20 The thermal capacity of a satJcepan and its controls is 7000J K-1. How loog will it take a 1.S kW electric 
cookertoraisethe temperattJreofthe satJcepananditscootentslrom22°Cto90°C? 

21 If it took 32 minllle5 for a 2.S kW heater to raise the temperature of a room from 8°C to 22 °C, what was 
the room's thermal capacity? 

22 If the contents of a refrigerator with a cool ing power of 40SW have a thermal capacity of 23.9kJK- I, how 
longwill ittakeforthea~eragetemperaturetoberedtJcedfrom 19.S0°CtoS.20°C? 

@ijm@\j(O),tM Therma l capacity and building design 
In countries with hot, dry climates, keeping cool in the daytime can be a major problem, 
especially if is not possible or desirable to tJse air conditioners. People in these countries have 
known for centuries abotJt the advantages of building homes with large mass and, therefore, 
brge thermal capacity (Figure 3.15). In some climates, it is also common for the air temperature 
to fall significantly at night because of the low humidity and the lack of clouds, which allows 
thermal energy to be radiated away. 

• Figure3.15 Athick-walledtraditiona1Africanhouse 

During the day, the radiated thermal energy from the 
Sun warms the building and using large amounts of 
materials like earth and stone (which have relati\·ely 
high specific heat capacities) to make a home with a 
high thermal capacity ensures that the temperature 
rise is not too quick. At night, for the same reason, the 
temperature of the building will not fall suddenly and 
the people inside can keep warm. This effect produces 
a pleasant thermal 'lag', with the temperature inside the 
building 'cooler' in the morning and 'hotter' in the late 
afternoon or e\·ening. 

In essence, buildings with high thermal capacity 'average 
out' the temperature extremes that wouk:l otherwise be 
caused by the weather conditions and any significant 
changes in temperature between day and night. This is a 

useful property of nearly all buildings, whether they are located in hot or cold climates, and most 
buildings are best designed to have high thermal capacities. However, the economic costs of using 
brge quantities of otherwise unnecessary building materials will usually limit the mass of buildings. 

l a Make estimates of the various quantities of building materials needed, and then 
calcubte the approximate thermal capacity of a house simibr to the one shown in the 
foregroundofFigure3.15. 

b Assuming that on a hot day the radiated thermal energy from the Sun arri\·es 
perpendicularly down on the building's roof at a rate of850Wm-2, calcubte the 
maximum temperature rise produced during I hour in the middle of the day. Assume 
that 5% of the thermal energy is absorbed in, and spread evenly throughout, the 
building. (It is likely that every effort will be made to ensure that the building does mx 
absorb radiant energy falling on it - by using light colours to reflect back the energy.) 

The temperature rise yotJ calctJbted in b was probably much higher than that which 
actually happens. Suggest why. 

d Sketch a graph to show how you think that the air temperature in a hot, dry country 
may vary over a period of nm cloudless days and nights. Then add to your graph a 
sketch showing how the inside temperature of a building such as that shown in 
Figure3.1Svariesoverthesametime. 

Suggest why air temperatures are always measured in the shade. 
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Jli!llll!lmlllll The inevitable t ransfer of mechanica l energy to internal energy 
We know that, without a force pushing them forwards, all moving objects will tend to decelerate 
and eventuall}· stop because of the forces of friction. Sometimes we need to provide extra forces 
to stop a moving object, such as a car. This too is usually done with the help of friction. When 
friction acts to slow motion, the macroscopic ordered kinetic energy of the moving molecules is 
transferred to the random, disordered kinetic energies of the molecules in both surfaces. There 
will be a rise in internal energy and temperature. Thermal energy will also be transferred to the 
surroundings. 

The 1ransfer of ordered energy ro diwrdered energy can nor be stopped or reversed. If a moving 
object has been stopped by friction, it is simply not possible to transfer the increased internal 
energy (involving the random kinetic energies of molecules) back into the macroscopic o\·erall, 
ordered kinetic energy of the moving object. Because of this, we may consider that useful energy 
has been 'wasted' by the frictional braking. 

Consider the example of a car stopping under the action of its brakes. Friction between 
the tyres and the road, as well as air resistance on the surface of the vehicle, will contribute 
to the resistive forces, but for simplicity we can assume that all the kinetic energy of the car is 
transferred to raising the temperature of the brakes (FigureJ.16). An example of this kind of 
calculation can be found in question 23 

Falling objects transfer gravitational potential energy to kinetic energy. If they do 
not bounce when they hit the ground, we can assume in the short term (for ease of 
calculation) that all of the energy is transferred into the internal energy of the object. 
In other words, no thermal energy is transferred to the ground or surroundings. An 
interesting example is the expected small rise in temperature of water after it has fallen 
over a waterfall (FigureJ.17) 

• Figure 3.16 Thediscbrakesonacarcanget 
very hot 

• Figure 3.17 Thewatertemperatureatthebottomofthe 
wate rfallwillbealittlehigherthanatthetop 
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! • 
melting 
pcint -

23 Acaroftotalmass1200kgtrave llingat17.3ms- l hasfourdiscbrakes,eacholmass424gandspecilic 
heatcapacity1S80Jkg-1°c-1 
a Calrnlatethekineticenergyofthecar. 
b Estimate the maximum temperature ri,;e of the brakes wheo they arl! used to decelerate the car to rl!st 
c The ll!al temperature ri,;e will be less than that calculated in part b, but why would a temperatull! rise 

begreaterifthedecelerationwasgreaterl 

24 A 12g bullet travelling at 670ms--1 (twice the speed of sound) is fired into a wooden block of mass 650g 
a Estimate the temperature rise if the combined thermal capacity of the bullet and wood was 1880J K-1 

b What assumption hil'le you made? 
c Without using a detailed cak:ulation, what temperature rise would be produced by a similar bullet 

travellingathatfthespeed? 

25 Using a steady fOfceof 160N, a paddle wheel was turned 
insideatankcontaining8.00kgofwaterat18.6°C 
(Figure3.18) 
a lftherotatingf0fcewasmovedatotaldistanceof250m, 

how much wOO< was done? 
b Estimatethefinaltemperatureofthewater 
c Why is it difficutt to demonstrate that mechanical energy 

canbedirectlytransferredtoanequj,,,alentamoontof 
internal energy? 

26 A1800gpieceofleadfell14.8mofftheroofofabuild ing 
a tfthespecificheatcapacityofleadis130Jkg-1 °c-1 

estimatethetemperatureriseoftheleadaflerithitthe 
ground 

b WhalMsumptionsdidyouhavelomilkeinordertobeable 
to do this calculation? 

c Expla inwhyapieceofleadoftwicethemasswouldhil'le 
approximately the same temperature rise if it fe ll the same 
distance 

27 HorseshoeFallsatNiagarahasavertk:alheightofS3m.What 
is the maximum possible temperalull! rise of water fa lling from 
thetoptothebottomofthiswaterfall? 

• Phase change 

• Figure3.18 Joule'sapparatusfor 

turning mechanical energy into 

internal energy. 

A ph ase is a region of space in which all the physical and chemical 
properties of a substance are the same. A particular substance can 

-)-- m_ a_da~g ---{ liqtJid 

exist in a solid phase, a liquid phase or a gaseous phase. These are 
sometimes called the three stares of matter. For example, water can 
exist in three phases (states): liquid, ice (solid) and steam (gas). A 
bottle containing oil and water would have two phases, both in the 
liquid state. 

When thermal energy is transferred to a solid it will usually 
get hotter. For many solid substances, once they reach a certain 

• Figure 3.19Temperaturechangesasasolid 
temperature they will begin to melt (change from a solid to a 
liquid), and while they are melting the temperature does not 

isheatedandmelted(notethatthelinesare 

curvedonlybecauseofenergytransferredto 
the surroundings) 

change (Figure 3.19). This temperature is called the melt ing point 
of the substance, and it has a fixed value at a particular air pressure 
(Table 3.3). Melting is an example of a phase change. Another word 
for melting is fu sion. 

JI.-. Similarly, when a liquid cools, its temperature will be consrnnt at its melting point while it 
~ changes phase from a liquid to a solid (Figure 3.20). This process is known as solidifying or 

freezing. Be careful - the word 'freezing' suggests that this happens at a low temperature but this 



i j liquid 

solidifying 

llilrtS ,o 
solidity 
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is not necessarily true (unless we are referring to turning water into ice, for example). The phase 
changes of water are such common events in everyday life that we all tend to think of them as 
the obvious examples but, of course, many other substances can melt and freeze. For example, 
molten iron 'freezes' at 1538°C. 

(The graphs shown in Figures 3.19 and 3.20 have lime represented on their 
horizontal axes, but the shape of the graph would be the same if rime were 
replaced by energy tmnsfcrred (assuming the power was constant).) 

A change of phase also occurs when a liquid becomes a gas, or when 
a gas becomes a liquid. The change of phase from a gas to a liquid can 
be by boiling or evaporation, but generally this process can be called 
vapori:ation. Changing from a gas to a liquid is called condensation . 
The temperature at which boiling occurs is called the boiling point 
of the subsrnnce, and it has a fixed value for a particular air pressure 
(see Table 3.3). Boiling points can vary considerably with different 
surrounding air pressures. 

• Figure3.20Temperaturechanges 

whenaliquidcoolsandfreezes 
(solidifies) 

A graph showing the temperature change of a liquid being heated to 

boiling will look very similar to that for a solid melting (Figure 3.19), while 
the graph for a gas being cooled will look \·ery similar to that for a liquid 
freezing(Figure3.20). 

• Figurel.21 

Changes of phase 

• Table 3.3 Melting 
points and boiling 

points of some 
substances(atnormal 

To melt a solid or boil a liquid, it is necessary to transfer thermal energy to them. However, 
as we haYe seen, melting and boiling occur at constant temperatures, so that the energy supplied 
must be used to overcome intermolecular forces and to increase molecular separations. In the 
case of melting, some forces are oYercome, but in the case of boiling all the remaining forces are 

When a liquid freezes (solidifies) the same amount of energy per kilogram is emitted as was 
needed to melt it (without a change in temperature). Similarly, boiling and condensing involve 
equal energy transfers 

Figure 3.21 represents the four principal phase changes. Table 3.3 li5ts the melting and 
boiling points of some common substances 

0 
metting 

frl!Ning 

~aporizatioo 

Melting point Boiling point 

'C K 'C K 

atmosphericpressure) _ ,_1,oo_ o~ (e_<h_aa_o)~-----=--~--~~--~--
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Evaporation and boiling 
Molecules in a liquid have a range of different 
kinetic energies that are continuously transferred 
between them. This means there will always 
be some molecules near the surface that llilve 
enough energy to overcome the attractive forces 
that hold the molecules together in the liquid. 

somefast-movingmolecuk>s 
escapefrnmthelk;uidrurface 

the aver.tgeKEdeaeases,sothe 
liquid cools 

Such molecules can escape from the surface 
and this macroscopic effect is called evaporation. 
The loss of the most energetic molecules means 
that the average kinetic energy of the molecules • Figure 3.22 Molecules leaving a surface 
remaining in the liquid must decrease (until during evaporation 

thermal energy flows in from the surroundings). This microscopic effect exphins the macroscopic 
fall in temperature (cooling) that always accompanies evaporation from a liquid. 

Evaporation occurs only from the surface of a liquid and can occur at any temperature, 
although the rate of evaporation increases significantly with rising temperature (between the 
melting and boiling points). Boiling occurs at a precise temperature - the temperature at which 
the molecules have enough kinetic energy to form bubbles inside the liquid. 

@i@Ujj[Ol,tp Evaporation, cooling and refrigeration 
The cooling effect produced by water evaporating has been used for thousands of years to keep 
people and buildings cool. For example, in central Asia open towers in buildings encouraged 
air flow over open pools of water, increasing the rate of evaporation and the transfer of thermal 
energy up the tower by convecrion currents. The flow of air past people in buildings also 
encourages the human body's natural process of cooling by sweating 

Mcxlern refrigerators and air conditioners also rely on the cooling produced when a liquid 
evaporates. The liquid or gas used is called the rcfrigeram. Ideally it should take a large amount 
of thermal energy to tum the refrigerant from a liquid into a dense gas at a little below the 
desired temperature. 

In a refrigerator, for example, after the refrigerant Ms removed thermal energy from the food 
compartment, it will have become a gas and be hotter. In order to re-use it and tum it back 
into a cooler liquid again, it must be compre,sed and its temperature reduced. To help achieve 
this thermal energy is transferred from the hot, gaseous refrigerant to the outside of the 
refrigerator(FigureJ.23). 

rnmpressor/pump 

heat exchanger 
(refrigerantrnodenses 

toalk;uid) 

• Figure3.23 Schematicdiagramofarefrigerator 

cooling compartment 

rnklvapour 
(low pressure) 

expansion valve 
(refr'9eraotevaporat!'I) 



• Figu rel.24 
A graph of 
temperature against 
time for the heating 
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As well as having suitable thermal propenies, a refrigerant must also be non-poisonous and 
must not be harmful to the environment. This is because, over a peri<x:l of time, some of the 
refrigerant may leak out of the system into the environment. In the 1980s it was realirnd that 
the refrigerants being widely used (CFCs) were damaging the environment (the ozone layer 
in particular) and their use was discouraged and banned in many countries. More recently 
concern has centred on the effect of refrigerants on global warming. A lot of research has gone 
into producing a variety of synthetic refrigerants with the right combinations of physical and 
chemicalpropenies. 

l Drnw a simple sketch of an old central Asian building showing the tower, pool and 
convection currents 

2 Water is cheap, non-poisonous to us and to our environment, and needs a large amount of 
energy to make it evaporate. So why is it not used widely as a refrigerant in air conditioners? 

J Discuss whether or not a fountain in the living room of your home could help to keep you 
cool on a hot day. 

4 As explained above, thermal energy has to be removed from the refrigerant during its cycle 
Suggest how this can be done. 

• Specific latent heat 
Consider the energy transfers invoked with changes of phase. As an example, Figure 3.24 
shows the changes in temperature that might occur when a quantity of crushed ice is 
heated cominuously - first to become water, and then to become steam as the water boils 
There are two flat sections on the graph. The first flat section, at O °C (the melting point of 
water), shows where the additional energy input from the heater is used to overcome some 
intermolecular forces in the ice. The tempernture does not begin to rise until all the water 
is in the liquid phase. The second flat section occurs at 100 °C, the boiling point of water. 
Here the energy being supplied is used to free all the molecules from intermolecular forces 

boiling 

melting 

Timeormefgy 
transferred 

The thermal energy involved with changing potential energies during any phase change is called 
la ten t hea t ('latent' means hidden). During melting or boiling, latent heat must be transferred to 

the substance. During condensing or freezing, latent heat is transferred from the substance 
The latent heat associated with melting or freezing is called latent hea t of fusion, Lr The 

latent heat associated with boiling or condensing is known as la tent heat of vaporization, L, .. 
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The specific latent heat of a substance, L, is the amount of energy transferred when 
I kilogram of the substance changes phase at a conuam temperature. (The units are J kg- 1.) 

That is, 

specific latent heat, L • thermal en:!!'s transferred • ~ 

which is more commonly written as: 

This equation is given in the Physics data bookie!. 
For example, the specific btent heat of fusion of lead is 2.45 x JO' J kg- 1 and its melting point 

is 327"C. This means that 2.45 x IO•J is needed to melt I kg of lead at a constant tempernture 
of327°C. 

Experiments to determine specific btent heats (water is often used as a convenient example) 
have many similarities with specific heat capacity experiments. Usually either an electric heater 
of known power is used to melt or OOi\ a substance (or a warmer liquid is used to melt a cooler 
solid) - question 31 describes such an experiment. 

4 Theli!tenthl'iltsofvaporizationofwaterandethanolare2.27x106Jkg-1and8.SS x 101Jkg-1 

a Wl'lkhoneis'l'ilsier'totumintoagas/b~l(atthesamepressure)? 
b How much thermal enefgy is needed to tum 50g of ethanol into a gas at its boiling point of 783°0 

a ltis'eas.ier'tobo41ethanolbecausemuchlessenergyisneededtotumeachkilogram intoagas 

b Q:mL 

Q:O.OS0x(8.55x 101) 

Q:43x104J 

28 If the laterit heat of fusion of a certain kind of chocolate is 160000Jkg-1, how much thermal ener(Jj is 
rema.ed from you when a 10g bar of choco@te melts in your mouth? 

2!1 Water is heated in a 2250W kettle. When it reilChes 100°( it boils and in the next 180s the mass of watef 
reduceslrom987gto829g.Usetheseligurestoestimatethelatentheatofvaporizationofwater 

30 Whyshouldyouexpectthattheli!tenthl'iltsofvaporizabonofsubstancesareusuallyli!rgerthantheir 
li!tentheatsoffusk>n? 

31 0.53golsteamat 100°Ccondemedonanobjectandthenthewaterrapidlycooledto35°C 
• How much thermal ener(Jj was transferred from the steam 

I whenitcondensed? 

b Suggest why a burn received from steam is much worse than from water at the same temperature 
{100°() 

32 In the experiment shown in Figure 3.25, two identical SOW immersion hl'iltefs were placed in some ke in 
two separate funnels. The heater above beaker A was switched on, but the heater above B was left off 
After S minutes it was noted that the mass of mefted ice in beaker A was 54.7g, wh ile the mass in beakef 
Bwas16.8g 
• Whatwasthereasonforhavingke intwolunnels? 
b Usethesefigurestoestimatethelatenthl'iltoffusionofice 
c Suggestareasonwhythi1experimentdoesnotp1a.ideanaa:urateresutt 
d Describeonechangetotheexperimentthatwouldimproveitsaccuracy 
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• Figure 3.25 An experiment to determine the latent heat of fusion of ice 

H 120g of water at 23.5°C was poured into a plil5lk tray for making ice cubes. If the tray was already at 
0°C, calculate the thermal energy that has to be ll!mO"<ed from the water to tum it to ice at 0°C. {The 
latentheatoflu'iiooolwateris3.35><10sJkg-1.) 

34 Clouds are condensed droplets of water and sometimes they fll!eze to become ice particles. Suppose a 
cloud rad a mass of 240000Kg. how much thermal energy would be released if it all turned to ice at0°C? 

35 Some water and a gla11 cootainer are both at a temperature ol 23 °C and they have a combined therlllill 
capacityof1SOOJK-1.tfa48glumpoficeat-8.S°Cisplacedinthewaterandthembctureisstirredunti1 
al l the ice has melted, what is the final temperature? {The specific heat capacity of iao is 2100J kg-1 K-1 

Thelatentheatoffu'iiooolwateris3.35 >< 101Jkg-1.) 

3.2 Modelling a gas -theproperuesotidea1 9asesa11owscientiststo 
make predictions about the behaviour of real gases 

Thermodynamics is a branch of physics that involves the study of transfers of thermal energy 
to do useful work. Usually this involves hot gases. In order to understand thermodynamics it is 
necessary to develop a good appreciation of some of the most basic scientific concepts, including 
molecular behaviours, energy, temperature and pressure. These concepts are used throughout all 
branches of science 

• Kinetic model of an ideal gas 
We will begin our introductory study of thermodynamics by considering a simplified model of 
how molecules move in a gas. 

Of the three phases of matter, gases are the easiest to understand because we can usually 
assume that the motions of the molecules are random and independent. The random 
microscopic behaviour of countless billions of individual molecules results in a totally predictable 
macroscopic behaviour of gases that is much simpler to understand than the more complex 
molecular interactions in solids and liquids. 

We can start by making some simplifying assumptions about the behaviour of gas molecules 
This theory is known as the kinet ic model of an ideal gas. It is called the 'kinetic' theory 
because it involves mooing molecules. The model can then be used to help to explain pressure, 
temperature and the mocroscopic behaviour of real gases. It should be noted at this early stage 
that this theoretical mcx:lel is very good at describing the properties of real gases under mo;;t, but 
not all,circumstances 
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Jlli!ll!IIIIIII Using hot gases 
The invention of devices that could continuously use the thermal energy (heat) transferred from 
a burning fuel to do useful mechanical v.urk changed the world completely. No longer did people 
and animals have to do such hard work - they could get engines to do it for them, and much 
more quickly than they could do the same work themselves. 

• Figure3.26 
Using hot gases in 
heat engines 

The idea that burning a fuel to heat water to make steam, which could then be used to make 
something mo\·e, had been understood for a very long time. Using this in a practical way was 
much more difficult and it was not until the early eighteenth century that the first commercial 
steam engines were produced. It was about 100 years afterwards that George Stephenson built 
the Locomotion for the first public steam railway, opened in Britain in 1825. 

Nearly 200 years later, things are very different. We live in a world that is dominated by 
heat engines (devices that get useful mechanical work from the flow of thermal energy). We are 
surrounded by all sorts of different engines - in cars, boats, trains, planes, factories and power 
stations producing electricity (see- Figure 3.26). All these need a transfer of thermal energy from 
fuels in order to work. It is difficult to oversta te the importance of these devices in modem life, 
because without them our lives would be ve-ry different. Of course, we are now also very much 
aware of the problems associated with the use of heat engines; limited fossil fuel resources, 
inefficient devices, pollution and global warming 

Assumptions of the kinetic model of an ideal gas 
The microscopic nKXlel of a gas consists 
of a large number of molecules moving 
randomly. We can imagine these as 
the 'molecules in a box', as shown in 
Figure 3.27. Arrows of different lengths 
represe-nt the random velocities. There 
are many computer simulations of gas 
behaviour to represent how the molecules 
move over a perio.::l of time and it is 
recommended to view one of these 

To simplify the theory, the following 
assumptions are made, and then the gas 
canbedescribedas'ideal': 

• The gas contains a wry laTge number of 
idenricalmoleculeJ. 

• The volume of the molecules is negligible • Figure 3.27 Gas molecules moving around at 
compared with the total volume random in a container 
occupied by the gas. 

• The molecules are mooing in completely random directio11.S, at a wide variety of speeds. 

• Thcre are 110 forces be1twen the mokculeJ, except when they collide. Because the-re are no forces, 
the molecules have no (electrical) potential energy. This means that any changes of inte-mal 
energy of an ideal gas are assumed to be only in the form of changes of random kinetic ene-rgy. 

• All collisions are claJtic - that is, the total kinetic energy of the molecules remains constant 
at the same tempt'Tature. This means that there is no energy transferred from a gas to its 
surroundings and the average random speed of its molecules will not decrease. If this were 
not true, all gases would cool down and their molecules would fall to the- bottom of their 
containe-rs and condense to liquids! 
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Using the kinetic theory of an ideal gas 

to explain gas pressure 
When a molecule hits (collides with) a wall of a container, it exerts a force 
on the wall (Figure 3.28) 

• Figure3.28Everymolecularcollision 

withawallcreatesatinyforceonthewall 

The size of the force could be calculated if we knew the mass and 
change in momentum of the molecule, together with the duration of the 
impact (see Chapter 2). Each and every collision can result in a different 
sized force, and it is not realistic to know all the forces that individual 
molecules exert on the walls. However, because the molecular motions 
are random and because of the incredibly large number of them, the total 

force caused by many molecular collisions on any unit area of container wall will be completely 
predictable, and will (usually) be constant at all places in the container. This is called the 
pressu re of the gas. Both P and p are in widespread use as symbols for pressure. 

Collisions between molecules (intermolecular collisions) are happening all the time, but they 
simply result in random changes to molecular velocities and have no overall effect on pressure or 
other macroscopic properties of the gas. 

• Pressure 
The effect of a force often depends on the area on which it acts . For example, when the weight 
of a solid pushes down on a surface, the consequences usually depend on the area underneath it, 
as well as the magnitude of the weight 

Pressure is defined as force per unit area· 

8-acNA 
P=f 

This equation is in the Physics data booklet. The SI unit of pressure is the pascal, 
Pa. lPa• INm-z. 

Notethattheforceusedtocalculatepressureisperpendiculartothesurface,as 
shown in Figure 3.29. That is, it is a no rmal force. 

The pressure caused in a gas, by random molecular collisions, acts equally in 
all directions and has a typical value in the order of magnitude of ION on every 
square centimetre. In SI units, the usual pressure of the air around us (atmospheric 
pressure) is 1.0 x J()'l Pa at sea level. Atmospheric pressure acts upwards and 
sideways as well as downwards 

• Figure3 .29Definingpressure 

Using the kinetic theory of an ideal gas to explain gas temperature 
Earlier in this chapter, temperature was explained as a way of determining the direction 
of thermal energy transfer. Now we can interpret temperature in a more profound way: 
in terms of molecular energies. When a gas is heated, the a\·erage speed of its molecules 
increases. The thermal energy transferred into the gas increases the random kinetic energy 
of the molecules 

When a substance is cooled its molecules move slower. Eventually almost all molecular 
motion stops and it is not possible to reach a lower temperature. Experiments with gases 
predict that this occurs at -273.15°C which, as we saw earlier, is known asabsoluw zero. 

The absolute tempera tu re (T) of an ideal gas (in kelvin) is a measure of the mean random 
translational kinetic energy of its molecules (EK) 

The bar above the E shows that an average value is being used. 
This important relationship can be expressed mathematically as· 
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This equation is in the Physics data bookie! 
~ is a very important constant that links macroscopic temperature to microscopic energies. 

It is called the Bolt:mann constant and has a numerical value of 1.38 x 10-!J J K-1 (provided in 
the Physics data booklet). 

Although we are discussing ideal gases, this equation and interpretation of temperature 
can also be applied to real gases. Note that there is nothing in the equation that applies only 
to a particubr gas. In other words, at the same temperature, molecules of all gases have the 
same average rmnsla1ional kinetic energy. By considering KE • fm~ 2, we can see that molecules 
of different gases must have different average speeds at the same temperature: more massive 
molecules move slower. 
~ can be interpreted in terms of the specific heat capacity of a gas; it is f of the average 

amount of energy per molecule that must be supplied to raise the temperature of a monatomic 
ideal gas by I K. But note that more energy is needed to change the temperature of molecular 
gases because rotational and vibrational kinetic energies are also involved 

36 Normal.-iirpressureisabout1 x 101Pa 
a Whattotallorreactsooanareaoflmml? 
b lfastudenthadabodywithatotalsurfaceare.-iof1.5m1.whatwouldthetotallorceontheirskinbe? 
c Whydoessuchalargelorreoothaveanyooticeableeffect? 

37 Whydoesthepressureoounderwaterdiversincreasewheotheygodeeper? 

38 a lhepre11ureunderourfeetact1downo11thegrouod,buttheprl'l1urei11agasact1i11all directio111 
Explain this 

b lnwhatdirectioo(s)doespressureinaliquidact? 

31 a Calrnlatetheaveraqetra1111atiomlkineticenergyofmoleculesiotheairat27°C 
b Calculate the temperature (°C) at which the if>'erage translational kioetic mergy of the gas molecu~ is 

1.0x1Q-lOJ 
c Estimatetheaveragetra11slatiooalkineticenergyofthepartkle1i11 thesurfaceoftheSun.(Usethe 

ioternettofiodthedatarequired.) 

40 • Calculateaoawragespeedfaoxygenmoll'QJ~at0°C - themassofaooxygeomoll'QJle=5.32xl0-16kg 
b Calculate an average speed for oitrogen molecules at the same temperature - the mass of a nitrogen 

molecule:4.6Sx10-l6kg 

It is important to realire that individual molecules of the same gas at the same temperature 
will be moving with a wide range of different speeds and kinetic energies. Any calculated value 
is just an average. Temperature is a concept that can only be applied to a collection of a very 
large number of molecules - not to individual molecules. That is, temperature is a macroscopic 
concept, although statistically it has a microscopic interpretation 

&.@Im Kinetic theory and the distribution of molecular speeds 
-·-, - Figure 3.30 shows the range and distribution of molecular speeds in a typical gas, and how it 

• Figure3.30Typical 

molecular speeds in 

changes as the temperature increases. This is known as the Maxwell-Boltzmann distribution. 

lj ~ -~,v ~ 
0 

0 Molecular speed 

Note that there are no molecules 
with :ero speed and few with very 
high speeds. Molecular speeds and 
directions (that is, molecular velocities) 
are continually changing as the result 
of intermolecular collisions. fu we 
have seen, higher temperature means 
higher kinetic energies and therefore 
higher molecular speeds. But the range 
ofspeedsalsobroadensandsothe 
peak becomes lower, keeping the area 
under the graph, which represents the 
number of molecules, constant. 
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molecular speeds in 
different gases at the 
same temperature 
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Figure 3.31 illustrates the ranges of molecular speeds for different gases at the same 
temperature. It shows that, as we have noted before, at the same temperature less massive 
molecules have higher speeds than more massive molecules 

Molecular~ 

I a Explain why hydrogen gas diffusei more quickly than other gases at the same 
temperature. 

b Suggest the name of a gas that diffuses very slowly. 

If a cylinder of nitrogen gas at 20 °C was placed in a plane at an airport and later 
travelled at SOOms-1, what would happen w the average speed of the nitrogen molecules 
and the temperature! Explain your answer. 

d Suggest why a person's voice sounds unusually high-pitched when they have just inhaled 
a small amount of helium gas from a balloon 

Expla in why it might be reasonable to assume that the volumes of all four gases 
representedinFigure3.31 are approximately equal. 

• Mole, molar mass and the Avogadro constant 
If we want to make calculations about the mass, speed and kinetic energy of gas molecules, 
then we need to understand the link between the macroscopic measurement of mass and the 
microscopic numbers of molecules. 

The amoulll of a substance (symhol n) is a measure of the number of particles it contains and 
itis measured in moles 

One mole (mo\) of a substance is the amount of the substance that contains as many (of its 

defining) particles as there are atoms in exactly 12 g of carhon-12 

The number of particles in a mole is called the Avogadro constant, NA. 

The value of the Avogadro constant is given in the Phyiics data booklet: NA • 6.02 x J()ll mol-1 

(to three significant figures). So that for a sample containing N molecules, the number of moles 
is given by· 

This equation is given in the Physics dma bookkt 
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A value for the Avogadro constant can be determined experimentally from an understanding 
of how electric currents (see Chapter S) are carried by moving ions during electrolysis, and from 
precise measurements of the changes of mass involved 

By definition, I mole of carbon-12 atoms has a mass of exactly 12 g and contains 6 .02 x J()2l 

atoms. The same number of atoms of hydrogen \ffiuld have a mass of only 1.0g because each 

~:;r;n::~: tt:s s:::!: tt~~n;:7 a~:::=:~:;, :t:~~:e:~:'.:~h ~;p:;: :tc;;:r 

has 63.5 times more mass than a hydrogen atom. 
Most substances are molecular, and each molecule will consist of two or 

more atoms. One mole of a molecular substance contains Avogadro's number of 

m-0krnles. For example, I mole of oxygen aromJ has a mass of 16g, but oxygen is a 
molecule with two atoms, 0 2, so I mole of oxygen molecules (6.02 x J()2l llK>lecules) 
has a mass of 32 g. The molar mass of oxygen is 32 gmol-1 

The molar mass of a ,ubstance is defined as the mass that contains I mole of 
(its defining) particles (unit: g mol- 1) 

• Figure 3.32 One mole of water Table 3.4 lists the molar masses of some common substances, as well as the number 
(in the form of ice), sugar, copper of particles that this involves. Figure 3.32 shows what I mole of a number of 

different,ubstanceslookslike 

hydrogen 

air(atnormal 
temperature and 
pressure) 

sugar(suuose) 

Mo lar 
mass/gmo 1-1 

6.02 " 10n atoms of aluminium 

6.02x1011 atomsofcopper 

6.02x1011 atomsofgold 

12.04" 101i atoms of hydrogen combined to make 6.02" 1011 

mo~ules 

12.04 " 101i atoms ol o)()'gen combined to make 6.02" 1021 

mo~ules 

6.02" 1011 atomsoloxygencombinedwith 12.04 " 1D21 atoms 
olhydrogentomake6.02x1D21 mo~ulesolwater 

6.02x1013 moleculeslromamixtureolgases 

6.02x1011 1argemolecules 

5 The molar mass ol water is 18gmol-1. How many molecules are there in 1 kg ol water7 

numberolmoles(amountolwater)in lk.g= l~O :SS.6mol 

number ol molecules in S5.6mol = 55.6" (6.02 " 1D2l) = 3.34 " 1011 molecules 

Youwillneedtousedatalromlable3.4toamw..rthesequestions 

41 a What mass ol aluminium will contain exact!y 4mol ol atoms7 
b What mass ol sucrose will contain 1.0 x 1oii molecules7 
c How many moles all! there in 2.00kg ol carbon{ 
d How many molecules are there in 1.0kg of G!rbon dklxide {C01)7 
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42 Agoldringhadamassof12.3g 
• How many moll's of gold atoms did it rnntain? 
b When it was weighed SO)'l!ars tater its mass had decreased to 12.2g. How many atoms were 'lo51' from 

theringonaverageeverysecondduringthistime? 

43 • lfthedemityofairin a classroom is 1.3kgm-1, whatisthetotalmassofgasinaroomwithdimensions 
2.Sm,c6.0mx10.0m? 

b Approximately how many moles of air are in the room? 
c Approximately how many molecules are in the room? 

44 Thedensityofaluminiumis2.7gcm-l 
• Whilt isthevolumeofonemoleofaluminium? 
b Whilt istheavefagevolumeoccupiedbyoneatomofaluminium? 
t Approximately how far apart are atoms in aluminium? 

45 Whatmassofoxygenrnntains2.70>< 10''molecules? 

• Equati on of st ate for an ideal gas 
We now tum our attention to the large-scale (macroscopic) physical properties of an ideal gas· 
amount, n, pressure, p, volume, V, and absolute temperature, T. Together, these four properties 
completely describe the physical characteristics of any amount of any gas. 

Using the assumptions of the kinetic theory fur ideal gases and the laws of mechanics 
(Chapter 2), it is po.sible to show that these four variables are linked by the equation· 

~-constant 

The value of the 'constant' in this equation is the same for all ideal gases. This is because, at the 
same temperature, the molecules of all ideal gases have the same average translational kinetic 
energy: more massive gas molecules travel slower than lighter molecules. The result is that equal 
amounts of all ideal gases at the same temperature exert the same pressure in the same volume 
There is nothing in this equation that is used to represent the properties of any particular gas. 

The 'constant' in this equation is called the un iversal (molar) gas const ant . (This is often 
simply reduced to 'the gas conJUmt'.) It is given the symbol R and has the value of 8.31 J K- 1 mol- 1• 

This value is given in the Phyiics darn booklet. 
The equation can be re-written as follows; 

pV•nRT 

This equation is given in the Physics darn bookkr. 
This equation is known as the equa t ion of sta te for an ideal gas. This important equation 

defines the macroscopic behaviour of an ideal gas. For example the pressure, volume or 
temperature of a known amount, n, of an ideal gas can be cakulated using the equation of state 
if the other two variables are known. The microscopic meaning of an ideal gas was discu,sed 
earlier in this chapter. The equation also defines the meaning of the universal gas constant 
(R •pV/nT) 

By considering its units, it should be clear that the universal gas constant, R, can be 
interpreted as being related to the amount of energy needed to raise the temperature of I mole of 
anidealgasby!K 

total random translational kinetic energy(• total internal energy) of all the molecules 

in 1 mole of an ideal gas • +RT 

This equation is nm giwn in the Physics darn booklet. 
But we have already seen that the awrage translational kinetic energy of one molecule of an 

ideal gas • +',iT and because I mole contains NA molecules, we can deduce that: 

the Boltzmann constant, kB • i 
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This equation is nol given in the Phy.sic:s daui booklet. 
So the equation for average translational kinetic energy of molecules: 

EK. -t*BT 

canalsobewrittenas: 

This equation is in the Physics data booklet. 

r 
Effective collaboration is often needed fo r theories to develop 
Unlike Newton's laws, for example, the kinetic mOOel of an ideal gas is not usually attributed 
to any particular famous scientific figure. The kinetic mOOel of an ideal gas was not a theory 
proposed by a single scientist after a discovery or moment of inspiration. It was the result of 
collaboration and the gradual combination of ideas from many scientists, some lesser, some 
greater,over many years. 

Modem scientific research and development is usually characterized by collaborati\·e 
teamwork, with members of a team usually having different specialities, different skills 
and different perspectives. The expectation is that this encourages a productive scientific 
environment in which new and original thinking can prosper. But it was not always this way. 
In the past, scientific research tended to be more individualized and sometimes secretive. 

6 What is the prl.'ssure of 23moj of a gas behaving klealfyin a0.2Sm1rnnta inerat 310K? 

aRT 
P=y 

23x8.31x310 P•--,.,-s-
p:2.4x101Pa 

7 a A fixed mass of an ideal gas has a volume of 23.7cml at 301 K.11 its temperature is irmeasedto 365K 
at the same prl.'ssure. what is its new volume. V1? 

b Explainwhythe\lOlumehasincreased 

a f=T=constant 

23.7 _ ___!1i___ 
1""01-365 

V1:28.7cml 

b Thevojumehasincreasedbecausethepressurehasnotchanged.Themok>culesarema.inglaster 
and would rnllide with the walls more ofll'n {and with more force) creating a higher pressure unless 
thevolumeincreao;ed 

8 Estimate the total translational kinetic energy of all the molecules in an average sized room 

approximate volume = 4 x 4 x 3 ~ 48 ml 

approximatemassofair:48xdeosityolair(13kgm-1}:62kg 

approximate number of mojes = aver::S:'1aairmass = 0.~~9 = 2100 mol 

approximate kinetic energy= number of moles x KE moj -1 = 2100 x }RT 
Atatemperaturl'ol300K(27°C),thisgivl.'1avalueof 

2100 X 1.5 X 8.31 X 300 ~ 8 X 106) 
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• Differences between ideal gases and real gases 
Of course, ideal gases are not exactly the same as real gases. H owever, 
the differences are usually, but not always, insignificant so that we often 
assume that the equation of state for an ideal gas can be used to make 
calculations for a sample of a real gas. But real gases will nol behave like 
ideal gases (and obey the equation of state) if the intermolecular forces 
become significant because the molecules are closer together, or when 
molecular sizes can no longer be considered negligible compared with 
their separations. This can happen at high pressures and densities or at 
low temperatures 

When a gas is cooled down the molecules mm·e slower and slower 

and the pressure decreases (assuming that the mass and volume do not 
• Figure 3.33 Oxygen gas stored in strong change). As the temperature falls, real gases tum into liquids and then 
metal cylinders solids, if the temperature becomes so low that the molecules do not have 

enough kinetic energy to overcome the intermolecular forces. However, 
an ideal gas cannot be liquefied. 

In order to store or transport gases it is usually necessary to reduce their volume by using 
high pressures and/or by turning them into liquids (Figure 3.33). The containers need to be 
very strong and treated carefully, and under these conditions we would not expect the gases to 
behave ideally 

46 What volume of gas (in cm1) contains 0.780mol of a gas at 264K at atmo~heric pressure {1.00" 105Pa)7 

47 At what temperature(0 C) is0.46mol of gas if the pressure exerted in an 8520cm3 container is 1.4" 101Pa? 

48 Approximately what amount of air would exert a pressure 
of2.60x107Paina12000cm1 cylinderusedbyalCUb.J 
diver(Figure3.34)? 

4g • Whatisthemolarmassofoxygen? 
b What volume will be oc:rnpied by 1.0kg of O)(J'9en at 

25°Cand1.3 x 105Pa? 

50 What pressure will be exerted by putting 2.49g of helium 
gasina600cm1 containerat-30.5°C? 

51 a A container has 4060cm3 of a gas at twice atmospheric 
pressure{2.00 x 105Pa). tf the volume is reduced to 
3240cml at the same temperature, what is the new 
pressure? 

b Expla inwhythepressurehasincreao;ed 

• Figure3.34 Becominga scuba d iver 
involves learning about variations 
ofgaspressure underwater(see 
question48) 

52 • Someheliumgasinaf!askexertsapressureof2.12 x 106Paat 
-234°C.tfthetemperatull!isinueao;edbyexactly 100°C,cakulatea 
valueforthenewpressure{assumingthattheflas.k!XX!snotexpand) 

b Expla inwhythepressureincll!ases 
t Expla inwhytheu~oftheequationofstatemightleadtoan 

inaa:urateresult inthisexample 

53 Agasat287Khasavolumeof2.4m1 andapressureof1.2>< 101Pa 
Whl'flitisrnmpressedthepressurerisesto1.9><105Paandthe 
temperature rises by 36 K. What is the new volume? 

54 Container( has4molesofgas.Container0isatthesametemperature 
but has 3 moles of gas in twice the volume. What is the value of the 
ratiopc/p0? 

55 Thevolumeofagasistobedoubled,butthepll!ssull!mustbekeptthe 
same. What must the final temperature (Celsius) be if it was originally at 
170(? 

56 Explain haw the cruising height of the hot-air balloon shown in Figure 3.35 • Figure 3.35 A hot-air 
can be controlled. 
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TOK Link 

When does modelling of 'idea( sitwtions become 'good enough' ro count .ts blow/edge? 

Wecannotdirectlyuseourhumanperception(sightforexample)tohelpunderstandthebehaviourof 
molecules in a gas. That is ooe reason wily we need a 'model'. But can Wf! ever be sure that a model is a 
true represe<itation of reality, if we can nevef obsefVe events directly/ Or will there always be some doubt? 
And, if the model is useful, does it rea lly matter if the model is a 'true· representation of someth ing that we 

cannot observe anyway/ 

Can a model of the solar system, for example, be considered to be Knowledge of a higher level, because we 
candirectlyobserveandrecordthemotionoftheplanet1I 

Experimentally investigating the macroscopic behaviour of real gases 
Given a closed container with a gas sealed inside it, there are four macroscopic, physical 
properties of the gas that we can measure relatively easily: mass, volume, temperature and 
pressure. For a fixed 1naJJ of gas, the other three properties will be interlinked - change one and 
at least one of the other t\<-0 must change, or maybe all three will change 

19W.QM Measuring gas pressures 
---· - A small difference in gas pressures can be measured using a simple U-tube containing a liquid, 

as shown in Figure 3.36. The gas from a container on the left-hand side (not shown) is at a 
pressure higher than the pressure from the atmosphere on the right-hand side. This piece of 
apparatus is called a simple manomeier. 

• Flgurel.36 
Simple manometer 

The difference in pressure, t;p, causes a difference in liquid levels and the height llh is a measure 
of that pressure difkrence. For example, it could be recorded as 14.0cm of water. If mercury were 
used in the tube instead of water, llh woukl be about I cm because mercury is approximately 14 
times denser than water. To conven the pressure difference w pascals, the formuh tip • l'.hpg can 

gaspl{'ssure 
(highefthan 
atmosphericpl{'ssure) 

atmospheric 

be used, where p is the density of the liquid 
in the manometer. (This equation can be 
derived by considering p • FIA with respect 
to the extra weight of the liquid on one side 
and the cross-sectional area of the tube.) 

Todirectlymeasuretheactualpres.sureof 
the gas in the container using a manometer 
(rather than a pressure difference) it \<Uuld 

be necessary to completely remove the air 
from the right-hand side (create a mcuum) 
l'.h would then be hrger and it would 

liquid require a very long tube, unless mercury 

was used. 

An instrument designed for measuring 
atmospheric pressure is called a barnmerer. 
More generally, instruments for measuring 
gaspressureareoftencalledpressuregauges. 
There are many different designs. 

l What is a pressure of 14cm of water expres.sed in pascals! 

2 a Suggest a suitable length of mercury-filled tubing for measuring atmospheric pressure 
(about I x !c5 Pa). Explain )Ollt answer 

b Why woukl it be necessary for the tubing to be strong/ 



• Figure3.37 

investigating 
Boyle's law 

• Figure3.38 
Two graphs 

showing that gas 

pressure is inversely 

proportional to 
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The gas laws 
Three classic physics experiments showed that all real gases, under most circumstances, follow 
the same simple patterns of behaviour (these are often called the three gas laws). Students are 
also recommended to use computer mcdels to investigate the physical propenies of gases over a 
much wider range of circumstances than would normally be possible in a school laboratory. 

Variation of gas volume with pressu re: Boyle's law 

Figure 3.37 shows t..ro sets of apparatus that could be used to investigate how changing the 
pressure on a fixed mass of gas affects its volume. Using a force to change the volume of a 
gas will tend to change its temperature, which will complicate the results. To minimize this 
unwanted effect the changes should be made slowly. 

Typical experimental results are represented in Figure 3.38a. The line on this graph is called 
an isotherm ('iso' means 'the same' - all the data points on an isotherm are for the gas at the 
same temperature) 

Figure 3.38b represents the same data re-drawn to produce a linear graph through the 
origin, confirming that, for a fixed mass of gas at constant temperature, pressure is inversely 
proportional to volume (&ryle's law)· 

poc+-

Variation of gas pressure w ith temperature: the pressure law 

Figure 3.39 shows two sets of apparatus that could be used to investigate how changing the 
temperature of a fixed mass of gas in a constant volume affects its pressure. 
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• Figure3.39 
Two sets of apparatus 
that can be used 
to investigate the 
pressure law 

• Figure3.40 
Gas pressure is 
proportional 
to absolute 
temperature(K) 

Typical experimental results are represented in Figure 3.40. Experimental results are usually 
taken within the range O °C to 100 °C (273 K to 373 K) and then the graph is extrarolated back 
to predict pressures at lower temperatures. The pressure is predicted to reduce to zero close 
to -273°C (absolute zero, OK). The pressure is zero at this temperature because almost all 

molecular motion has stopped 
For a fixed mass of gas at constant volume, the pressure is proportional to the temperature 

(K) (the pressure law)· 

p-T 

:1 .................. / 
open-ended tube 

liquid used to 
trap air in tube 

gas(air) 

Variation of gas volume with temperature: 
Charles's\aw 

Figure 3.41 shows simple apparatus that could be 
used to investigate how changing the temperature of 
a fixed mass of gas maintained at constant pressure 
affects its volume. As the water is heated, thermal 
energy flows into the trapped gas, which expands 
(the liquid moves) maintaining a constant pressure 
because the open end of the tube will remain at 
atmospheric pressure. 

• Figure3.41 Simpleapparatusforinvestigating 



• Figurel.42 

Gas volume is 
proportional 

temperature(K) 
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:1 .................. / 
Typical experimental results are represented in Figure 3.42. The volume is predicted to reduce to 

zerocloseto-273°C(absolutezero,OK) 
For a fixed mass of gas at constant pressure, the volume is proportional to the temperature 

(K)(Charldslaw)· 

V-T 

Combined gas laws 

The results of the three gas law experiments can be combined to give 

pVocT 

further experimental investigations confirm that, under most circumstances, the physical 
properties of real gases are described by the equation: 

pV•nRT 

This empirical equation (based on experimental results) is the same as the theoretical equation of 
state discussed on page 131. In other words, when the equation was first developed it confirmed 
earlier experimental discoveries. 

Understanding changes in the stale of a gas, and how they can be represented graphically, 
plays an important part in the study of heat engines (Option B) 

• Using kinetic theory to qualitatively explain the gas laws 
• Boyle's law - /v; the volume of a gas is decreased, the molecules will hit the walls more 

frequently because they have less distance to travel between collisions. So, the smaller the 
volume, the higher the pressure 

• Pressure law - When the temperature of a gas increases, the average molecular speed 
increases. The molecules collide with the walls with more furce and more frequently. (There 
are more collisions every second with the walls.) So, the higher the temperature, the higher 
the pressure 

• Charks'1 law - When the temperature of a gas increases, the average molecular speed 
increases, so the molecules collide with the walls more frequently and with more force 
This results in a net outward force on the walls of the container, but if any of the walls are 
moveable the gas will expand, keeping the pressure on the inside the same as the pressure on 
the outside of that wall. So, the higher the temperature, the larger the volume (but only if 
thegasisabletoexpandfreely) 
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!i7 a Explain why the forces between molecules in a solid or liquid are much larger than the intermolecular 
forces in a gas 

b Canintermolecula1l0<cesbetweenmoleculeseverbetrutyzero1(Lookbackat Figure3.5)Explainyour 

58 a Explainindetailwhat happenstothemoleculesinawarmgasplacedinsideacoldercontainer. 
b What happens to the internal energy and temperature of the wa lls and the gaQ 

59 a Explainwhythepresrureinanidealgasispredktedtobecomezeroifitiscook>dto-273°C 
b lftheyarecooledenough,realgao;eswil lcondeno;etoliquidslongbef0<etheygetto-273°C 

Explain this obse!'lation with reference to molecular speeds and intermolecular forces 

60 Makeacopyo1Figures3.38aand3.38bandthenaddanotherisothermallinetoeachtorepresentthe 
rerults that would be obtained with the same gas in the same apparatus, but at a higher temperature 

- ·- Understanding randomness 
~--, - Throughout this topic there have been frequent uses of the word 'random' with respect to 

energy or motion. But what exactly does 'random' mean? The word has various uses throughout 
science and more generally, often with slight differences in meaning. For example, we might 
say that the result of throwing a six-sided die is random because we cannot predict what will 
happen, although we probably appreciate that there is a one-in-six chance of any particular 
number ending up on top. In this case, all outcomes should be equally likely. Another similar 
example could be if we were asked to 'pick a card at random' from a pack of 52. Sometimes we 
use the word random to suggest that something is unplanned, for example a tourist might walk 
randomly around the streets of a town 

Unpredictability is a key feature of random events and that certainly is a large part of what we 
mean when we say a gas molecule moves randomly. All possible directions of motion may be 
equally likely, but the same cannot be said for speeds. Some speeds are definitely more likely 
than others. For example, at room temperature a molecular speed of 500 ms-1 is much more 
likely than one of 50 ms-1. Similarly when we refer to random kinetic energies of molecules 
(in any of the three phases of matter) we mean that we cannot know or predict the energy of 
individual molecules, although some values are more likely than others. But there is a further 
meaning: we are suggesting that individual molecules behave independently and that their 
energies are disordered. 

Perhaps surprisingly, in the kinetic theory the random behaviour of a very large number of 
individual molecules on the macroscopic scale leads to complete predictability in our everyday 
macroscopic world. Similar ideas occur in other areas of physics, notably in radioactive decay 
(Chapter 7), where the behaviour of an individual atom is unknowable, but the total activity of 
a radioactive source is predictable. Of course, insurance companies and casinos can make good 
profits by understanding the statistics of probability. 

l If ten coins were tossed and three came down as heads and seven came down as tails, it 
would not be too surprising. But if 100 were tossed and only JO were heads it would be 
amazing; and if a thousand tosses produced JOO heads and 700 tails it would be almmt 
completely unbelievable. Explain these comments 

2 Explain why individual gas molecules colliding with the walls of their container produce a 
predictably constant pressure 

J Choose five numbers between I and !Oat random. How did you make )OUrchoice? How 
could an)One tell by looking at the numbers )OU have chosen, that they were really picked 
at random? 



• Examination questions - a selection 
Paper 1 IB questions and IB style questions 

Q1 The temperature of an ideal gas is a measure of: 
A the average momentum of the molecules 
B the average speed of the molecules 
C the average translational kinetic energy of the molecules 
D the average potential energy of the molecules. 
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Q2 If the volume of a fixed mass of an ideal gas is decreased at a constant temperature, the pressure of the gas 
increases. This is because: 
A the molecules collide more frequently with each other 
B the molecules collide more frequently with the walls of the container 
C the molecules are moving at a higher average speed 
D the molecules exert greater average forces on the walls during collisions. 

03 The specific heat capacity of a substance is defined as the amount of thermal energy needed to raise the 
temperature of: 
A the mass of the substance by 1 K 
B the volume of the substance by 1 K 
C unit volume of the substance by 1 K 
D unit mass of the substance by 1K. 

Q4 Which of the following is an important assumption of the kinetic theory of ideal gases? 
A The forces between molecules are zero. 
B All the molecules travel with the same speed. 
C The molecular potential energies are constant. 
D The molecules have zero momentum. 

OS A system consists of an ice cube placed in a cup of water. The system is thermally insulated from its 
surroundings. The water is originally at 20°c. Which graph best shows the variation of total internal energy 
U of the system with time r? 

e u~ 

'o , 

D1::_ 
0 ' 

06 Which of the following is the correct conversion of a temperature of 100K to degrees Celsius? 
A -373°( B -173°( C 173°( D 373°( 

Q7 Which of the following is a correct statement about the energy of the molecules in an ideal gas? 
A The molecules only have kinetic energy. 
B The molecules only have thermal energy. 
C The molecules only have potential energy. 
D The molecules have kinetic and potential energy. 
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QS A copper block of mass M was heated with an immersion heater. The graph shows how the temperature of 
the block was affected by the thermal energy supplied to it. The gradient of the line is m. 

Thermal energy 

Which of the following expressions equals the specific heat capacity of the block? 

A m BJ_ C mM D_J__ 
m mM 

C /BOrg,mization 

Q9 The temperature of an ideal gas was increased from 50°( to 100°c. The average translational kinetic energy 
of its molecules increased by a factor of: 

A 1.2 B 2.0 C 4.0 D 50 

Q10 Two objects near each other are at the same temperature. Which of the following statements has to be true? 
A The objects have the same internal energy. 
B The objects have the same thermal capacity. 
C No thermal energy is exchanged between the objects. 
D The net thermal energy exchanged between the objects is zero. 

Paper 2 18 questions and 18 style questions 

Q1 This question is about change of phase of a liquid and latent heat of vaporisation. 

C /80,gitnization 

a A liquid in a calorimeter is heated at its boiling point for a measured period of time. The following data 
are available. 
power rating of heater= 15W 
time for which liquid is heated at boiling point= 4.5 x 102s 
mass of liquid boiled away = 1.8 x 10-2 kg 
Use the data to determine the specific latent heat of vaporisation of the liquid. (1) 

b State and explain one reason why the calculation in part a will give a value of the specific latent 
heat of vaporisation of the liquid that is greater than the true value. (2) 

C /BOrganization 

Q2 a The internal energy of a piece of copper is increased by heating. 
i Explain what is meant, in this context, by internal energy and heating. (3) 
ii The piece of copper has mass 0.25kg. The increase in internal energy of the copper is 1.2 x 103 J 

and its increase in temperature is 20 K. Estimate the specific heat capacity of copper. (2) 
b An ideal gas is kept in a cylinder by a piston that is free to move. The gas is heated such that its 

internal energy increases and the pressure remains constant. Use the molecular model of ideal 
gases to expla in: 
i the increase in internal energy (1) 

ii how the pressure remains constant. (3) 
C /BOrganization 

Q3 a Under what conditions can the equation pV = nRT be applied to real gases? (2) 
b A balloon containing air was kept in a freezer at a temperature of -8.80°C. When its volume was 

210cm3 and its pressure was 1.60 x 105 Pa it was moved and placed outside where the temperature 
was 31°(. If the volume increased to 224cm3, what was the new pressure inside the balloon? (2) 

c If the balloon contained a little water, explain what differences you would expect. (2) 
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jf}iit1iifiill•]ti\ft 
• A study of oscillations underpins many areas of physics with simple harmonic motion 

(SHM), a fundamental oscillation that appears in various natural phenomena . 
• There are many forms of waves available to be studied . A common characteristic of all 

travelling waves is that they carry energy, but generally the medium through which they 
travel will not be permanently disturbed. 

• All waves can be described by the same sets of mathematical ideas. Detailed knowledge 
of one area leads to the possibility of prediction in another. 

• Waves interact with media and each other in a number of ways that can be unexpected 
and useful. 

• When travelling waves meet they can superpose to form standing waves in which energy 
may not be transferred . 

4.1 Osei I lati ons - a study of oscmauons underpins many areas of physics 
with simple harmonic motion (SHM), a fundamental oscillation that appears in various 
natural phenomena 

The various kinds of oscillation listed below 
show the extent to which oscillations are 
found all around us and suggest why the 
study of oscillations is such an important 
part of physics. Although there are many 
different objects that may oscillate, most of 
them can be better understoo.:l by using the 
same simple model, called simple harmonic 
motion . 

• Examp les of oscillations 
There are repeating motions of many 
diverse kinds, both in nature and in the 
manufactured \1-Urld in which we live. 
Examples of these oscillations include: 

• tides on the ocean 

• the movement of our legs when we walk 

• aheartbeating 

• clock mechanisms 

• atomsvibrating 

• machinery and engines 

• a guitar string playing a musical note 

• our eardrums (when we hear a sound) 

• electroniccircuits thatproduceradio 
waves and microwaves 

• waves of various kinds, including light, 
which are transmitted by oscillat ions 

And there are many, many more examples 
to be found throughout mechanical and 
electrical engineering 

• Figure 4.1 Oscillations of a humming bird's wings 

• Figure4.21nvestigatingapendulum 
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Oscillationscanbeveryrapidanddifficult to 
observe. In a school laboratory we usually begin 
the study of oscillations with experiments on very 
simple kinds of oscillators that are easy to see and 
that oscillate at convenient rates, for example a 
pendulum or a mass on a spring (or between springs) 
(see Figures 4.2 and 4.3). These mu simple oscillators 
behave in very similar ways to many other more 
complicated oscillators and we can use them as basic 
models that we can apply to other situations 

An air-trnck that is gently curved in the vertical 
plane can be very useful for detailed investigations 
of very slow oscillations. Other oscillations that can 
be investigated in a school laboratory include a mass 
vibrating on the end of a metre ruler, a liquid in a 
U-tube, a ball rolling on a curved surface and ice 
floating on water 

• Sim ple ha rmo nic osci ll atio ns 

• Figure4.31nvestigatingamass 
oscillating on a spring 

Experiments such as those shown in Figure 4.2 and Figure 4.3 demonstrate an important property 
of many oscillators: for any particular oscillator, the time taken for each oscillation is the same, 
whate\·er the starting displacement. This means that when energy is dissipated, so that maximum 
speeds and displacements decrease, the time taken for each oscillation still remains the same. 

The word isochronous is used to describe events that occupy equal times. Perfectly 
isochronous oscillations may not be possible in the macroscopic world, but many real oscillators 
(a swinging pendulum, fur example) are almost isochronous. Oscillations like these are known as 
simple harmonic oscillations. 

@ijm@\j(O),tM Oscillations and measurement of time 
From the middle of the seventeenth century to less than a century ago, swinging pendulums were 
used in the workl's most reliable and accurate clocks. lsochronOU'l electronic oscillations are now 
used widely to measure time. For many reasons in this modem work! (iocluding travel, computing, 
communications and locafrm finders), it is necessary for different countries to agree on time-keeping 
pnx:edures and to synchronize clocks around the world. This is easily achieved using the internet. 

Our impression of the flow of time is an interesting philosophical and scientific issue based 
largely on repeating events, such as the daily spin of the Earth on its axis that gives us night 
and day, and the yearly orbit of the Earth around the Sun that gives us seasons. 

Planet Earth's time system of years, days, hours, minutes and seconds would seem 
strange to aliens from another planet. In fact, the Earth spins once on its axis not every 
24 hours, but about every 23 hours and 56 minutes. Our 24-hour day is based on the 
time it takes for the Sun to return to its highest elevation as viewed from Earth and, 
apart from the rotation of the Earth itself, this is also affected, to a much lesser extent , 
by the Earth's daily movement in its orbit around the Sun 

The Eanh's rotation is also decreasing at a rate of about 2 seconds every IOOOOJ years, 
so the length of the day is minutely but relentlessly increasing. This is mainly due to the 
gravitational interaction between the Earth and the Moon. 

I Before the invention of pendulum clocks, how did people measure short intervals 
of time! 

2 Imagine you are watching a video of a pendulum swinging. Explain how )UU would 
• Figure 4.4 A digital watch know whether the video was being played forwards or backwards. Discuss whether 
relies on electrical oscillations. this helps us understand the meaning of time 
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• Time period, frequency, amp litude, displacement and 
phase difference 

The reason why an oscillation may be simple harmonic is discussed later in this chapter. First, 
we need to define the basic terminology that we use to describe oscillations 

Oscillations may occur whenever an object is displaced from its equilibrium position and 
then experiences a 'restoring' force pulling, or pushing, it back where it came from. The object 
then gains kinetic energy and passes through the equilibrium position, so that its displacement is 
now in the opp::,site direction to the original. The restoring force then also acts in the opp::,site 
direction so that the object decelerates, stops and then accelerates back towards the equilibrium 
position again. The process keeps repeating. 

The equilibrium (or mean) position is the position at which there is no resultant force on 
the object. In other i,mrds, the equilibrium position is the place where the object would stay 
if it had not been disturbed and the place to which it tends to return after the oscillations 
have stopped 

The displacement, x, of an oscillator is defined as the distance in a specified direction from 
its equilibrium position. 

(This is similar to the more general definition of displacement given on page 21.) The 
displacement varies continuously during an oscillation. 

When describing an object that keeps repeating its motion, there are ti,m very obvious 
questions to ask - how large are the oscillations and how quickly does it oscillate! 

The amplitude of an oscillator is defined as its maximum displacement. The maximum 
displacement is the distance from the equilibrium position to the furthest point of travel 

We use the symbol Xo (or sometimes A) for amplitude. A bigger amplitude means that there is 
more energy in the system. 

The (time) period, T, of an oscillation is the time it takes for o ne complete oscillation. 
That is, the minimum time taken to return to the same position (moving in the same 
direction). 

A complete oscillation is sometimes called a cycle. 
Most oscillations are quick - there may be a great many oscillations every second. Therefore 

it is usually more convenient to refer to the number of oscillations every second (rather than the 
period). 

The frequency,{, of an oscillator is defined as the number of oscillations in unit time (usually 
every second) 

When something is disturbed and then left to oscillate without further interference, it is said to 
oscillate at its natu ral frequency. 

Of course, the frequency and time period of an oscillation are essentially the same piece of 
information expressed in two different ways. They are connected by the simple formula 

T•7 
This equation is given in the Phyiics daia bookU't 

The concept of frequency is so useful that it has its own unit. A frequency of one oscillation 
per second is known as one hert: , Hz. The units kHz (103Hz), MHz (IO"Hz) and GHz (I09 Hz) 
are also often used. 
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• Figure 4.5 Four 

phase 

Phase difference 
We may want to compare two or more similar oscillations that have the same frequency. For 
example, children side by side on swings in a park, as shown in Figure 4.5 

If two oscillators continue to do exactly the same thing at the same time, they are described 
as being in phase: they always pass through their equilibrium positions moving in the same 
directions at the same time. In this context the word 'phase' means a stage in a process 
(oscillation). It should not be confused with a phase of matter (Chapter J). 

If similar oscillations are not moving together in phase, then they are described as having a 
phase difference. 

If one oscillation is always 'ahead' of the other by exactly half an oscillation (or 'behind' by 
half an oscillation), then they will be moving in opposite directions as they pass through the 
equilibrium position and are described as being exactly out of phase. 

Oscillations may be out of phase by any amount between these two extremes, but the 
detailed measurement of phase difference is not needed in this chapter (see Chapter9) 

1 A child oo a swing went throogh exactly fi~e complete osci llations in 10.4s 
a Whatwastheperiod? 
b Whatwasthefreque<1cy? 

a 7=~=2.08s 

b f=+=k=0.481Hz 

1 Apendulumwa1timedandloundtohaveexactly50osci llationsin43.61 
a What was its period? 
b Whatwasitslrequency? 
c How many osdllatioos wi ll it undergo in exactly 5 minutes? 
d Explainwhyitisagoodidea,inanexperimenttofindtheperiodofapendulum,tomeasurethetotal 

timelOfalargenumberofosciHations 

2 Whatistheperiodolasoundwil'lethathasafrequencyof3.2kHz? 



• Figure 4.6 

displacement graph 

forSHM 

1 Radiowavesosci llate veryquickly 
• WhiltisthelrequencyinHzofaradklwiJ'/ewithatimeperiodolS x 10--!ls? 
b Expressthesamefrequeocy inMHz 
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4 A pendulum has a frequency of O.S Hz and an amplitude (m&isured along the arc) of 2.4cm. Aftef release 
from iii maximum displacement on the left-hand side. 
• whatisitsdisplacementafter 

1 0.Ss 
Il l .Oil 

c A second, identical. pendulum is pliKed next to the fir51 and is ll!lei!Sed from iii maximum 
displacement on the right-hand side 3 s after the first. Describe the phase difference between 
the two pendulums 

• Co nd itio ns fo r simpl e harmo nic motion 
The simplest kind of oscillation will occur when an object, such as a mass attached to a spring 
(Figure 4.3), is displaced from its equilibrium position and experiences a restoring force, F, which 
is proportional to the displacement and in the opposite direction. Under these circumstances, 
doubling the amplitude will result in twice the restoring force, so that the object will oscilbte 
with a consiam time f>CTiod, even if the amplitude varies. In general, an isochronous oscilbtion 
may occur if: 

Fcwc - x 

The negative sign in this equation indicates that the force is in the opposite direction to the 
displacement. In other words, the force opposes the motion. That is why it is called it is a 
restoring force. 

This kind of oscillation is called simple h armonic motion (SHM). Although it is a 
theoretical model, many real-life oscillators approximate quite closely to this ideal mcx:lel of 
SHM. SHM is defined in terms of accelerations, but because acceleration is proportional to 
force the relationship has the same form 

Simple harmonic motion is defined as an oscillation in which the acceleration, a, of a b.:x:ly is 
proportional to its displacement, x, from its equilibrium position and in the opposite direction 

That is, the acceleration is always directed towards the equilibrium position (as shown 
by the negative sign) or, in other 'M:lrds, the object decelerates as it moves away from the 
equilibrium position (see Figure 4.6) in which the proportionality is confirmed by a straight 
line through the origin. A force-displacement graph will be similar, with a gradient equal in 
magnitudetotheforceconirant 
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r 
The importance of the SHM model 

Repetitive motions (oscillations) are to be found in many aspects of our lives, and we can begin 
to understand most of them by using the model of simple harmonic oscillation, the study of 
which plays a very important role in physics (and which is covered in more detail in Chapter 
9 for Higher Level studentsi A number of simple oscillators that are described well by the 
basic theory can be investigated in the laboratory, but many others do not match the theory so 
conveniently. Advanced mathematical models and computer simulations of oscillators can be 
developed from basic SHM to include the dissipation of energy and thereby represent reality 
more realistically. 

• Figure4.7 
Collecting data on 

amassonaspring 

using a sensor and 

data logger 

• Figure4.8 

Displacement-time 

graph for simple 

represented by a 

sine wave-timing 

the particle had zero 

displacement 

5 a MakealistofsixthingsinyourhomeorschoolthatcanosciHate 
b Foreachoscillator,discusswhethertheoscillation1arelikelytobei1DChronousornot 

6 a Do you think that a mass mDYing fll'ely up and down vertica lly on the end of a rubber band will be 
underg04ng simpje harmonic motion? 

b Explainyouranswer. 

7 Makeac0f1)'o1Figure4.6.Supposethatthegraphyouhil'/edrawnrepresentstheSHMofamass, 
m,oscillatingverticallyontheendofaspringofforceconstantlcAddtwootherlinestothegraphto 
represent the oscillations of 
a amassofO.Smonthesamespring 
b ama11monasp1ingwithaforceconstantofO.Sk 

• Graphs of simple harmonic motion 
Using data-gathering sensors connected to a computer, as shown in Figure 4.7, it is relatively easy 
to produce displacement- time graphs for a variety of oscillators 

= = 

The graph in Figure 4.8 shows the variation in displacement, x, with time, t, for our 
idealized model of a particle moving with simple harmonic motion. Here we have chosen 
that the particle has zero displacement at the start of the timing and has an amplitOOe of 
Xo· The graph has a simple sinusoidal shape (like a sine wave). Equally, we might have chosen 
the graph to start with the particle at maximum displacement . It \<-Ould then appear as a 
cosine wave. :p (\ , 

Time, t 



• Figure4.9Graphs 

for simple harmonic 

motion starting at 

displacementx:O: 

a displacement-time; 

b velocity-time; 
cacceleration-time 
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The velocity at a particular time can be found from the gradient of the displacement- time graph 
at that point: 

vek>city, v • cha:~a~:ii;~:~:ent • ~ 
Similarly, the acceleration at any given time is the gradient of the velocity-time graph 

l . change in velocity f:i.v 
acce erauon, a • change in time • f!i 

Using this information, three separate, but interconnected, graphs of motion can be drawn and 
compared, as shown in Figure 4.9. 

zerograd ienVacce~ratioo 

zero gradient 
(=zeroacceleratioo) 

i~kll l\ lJIJ 
We see that the velocity has its maximum value, Ve,, when the displacement x is zero, and the 
velocity is zero when the displacement is at its maximum, Xo· In o ther words, the velocity graph 
is one quarter of an oscillation out of phase with the displacement graph. 

We can see from Figure 4.9 that the acceleration has its maximum value when the velocity 
is iero and the displacement is greatest. This is to be expected because when the displacement 
is highest, the restoring force, acting in the opposite direction, is highest. In terms of phase 
difference, the acceleration graph is one quarter of an oscillation out of phase with the velocity 
graph and half an oscillation out of phase with the displacement graph 
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• Figure4.10 

Comparing 

displacement, 

velocity and 

accelerationforSHM, 

with timing starting 

atdisplacementx=O 

Figure 4.10 shows all three grnphs drawn on the same axes, so that they can be compared 
more easily. (Note that the amplitudes of the three graphs are arbitrary; they are not 
interconnected.) 

Students are recommended to make use of a computer simulation of an object oscillating with 
SHM, combined with the a,sociated graphical representat ions. 

8 Look at the graph in Figure 4.11, which stiows the motion of a mass o,;cillating on a spring. ~!ermine 
a the amplitude 
b theperiod 
c thedispla{ementafter0.15s 
d thedi1pla{001entafter1 .4s 

• Figure4.11 

9 • Sketch a displa{ement- time graph showing two {omplete oscillations fOf a simple harmonic oscillator 
withatimeperiodof2.0sandanampHtudeof5.0{m 

b Add to the same axes the wavefOfm of an oscillator that has twice the frequency and the same 
amplitude 

c Add to the ~me axes the Wil'lefOfm of an osdllatOf that has an amplitude of 2.5cm and the ~me 
frequency.butwhichisonequarterofanosdllationoutofphasewiththefirstoscillator 



. 
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10 • Skel{h a velocity- time graph showing two complete oscillations for a simple harmonic osc illator that 
hasafrequencyof4Hzandamaximumspeedof4.0cms-1 

b On the same axes sketch waveforms to show the variation of: 
I displa,cement 
II ilCC~erationlorthesameoscillation 

c Desui~thephasediflerence1belwM'lllhesethreegraphs 

• Energy changes durin g simple harmonic osc illations 
When an object that can oscillate is pushed, or pulled, away from its equilibrium position 
against the action of a restoring furce, work will be done and potential energy will be stored in 
the oscillator. For example, a spring will store elastic potential energy and a simple pendulum 
will store gravitational potential energy. When the- object is released it will gain kinetic energy 
and lose potential energy as the force accelerates it back towards the equilibrium position. Its 
kinetic energy has a maximum value as it passes through the equilibrium position and, at the 
same time, its potential energy is zero. As it mo,,.es away from the equilibrium position, kinetic 
energy decreases as the restoring force opposes its motion and potential energy increases again 

. 

As an example, consider Figure 4.12 in which a simple pendulum has been 
pulled away from its equilibrium position, C, to position A While it is held in 
position A, it has zero kinetic energy and its change of gravitational potential 
energy (compared to position C) is highest. When it is released, gravity provides 
the restoring force and the pendulum exchanges potential energy for kinetic 
energy as it moves through position B to position C. At C it has maximum 
kinetic energy and the change in potential energy has reduced to zero. The 
pendulum then transfers its kinetic energy back to potential energy as it moves 
through position D to position E. At E, like A, it has zero kinetic energy and 

.. a maximum change of potential energy. The process then repeats every half 
oscillation. 

, ... ".A" 
--) E 

B C D 

If the pendulum was a perfect simple harmonic oscillator there v..uuld be no 
energy losses, so that the sum of the !X}tential energy and the kinetic energy would 
be constant and the pendulum v..uukl continue to reach the same maximum 
vertical height and maximum speed e,,.ery oscillation. In practice, frictional 

• Figure 4.1 2Aswingingpendulum forces will result in energy dissipation and all the energies of the pendulum will 
progressi,,.elydecrease. 

2 A pendulum, such as that shown in Figure 4.12, has a time period of 1.51 
a Sketch a graph to show how the kinetic energy of the pendulum might vary over a time of 3.0s 

(Start from position A and assume that no enefgy is transferred to the 1Urrotmdings.) 
b Onthe1<1meaxes,drawasecondgraphtorepresentthechangesingravitationalpotentialenergy 

of the pendulum 
c Addalinetorepresentthevariatioooftotalenergy 

A position 

• Figure4 .13 
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11 Des{ribetheenergytrnnsfersthatocrnrduringonecy{leofamassosc:iHatingootheendofaspring(se{' 
Figure4.3) 

12 Make a COf])' of the potential energy graph from Figure 4.13. Add a ">ernnd line to show how the graph 
would {hange if there W{'fe significant energy losses to the sumxmding1 

13 Explain why a liquid oscillating in a U-tube will oo~ rnmplete ooe or two osdllatioos before stopping 

TOK Link 

The harmotV·{ oso!lotor ti a paradigm for modelllng where a 5impJe equa~·on is used to desm"be a romp/ex 
phenomenon How do scientists know when a simple model is not detailed enough for their requirements? 

lsitsuffidenttosaythatsc:ienti51sshouldbesatisf~ilapartirnlartheory/modelexplaimallavailable 
observations fully? If there are diffell'n{es between the predictions of a theory/model and repeated 
observations. does that require the model to be improved or replaced? Or do we have to ac{ept that some 
situatioosaresommplexthatnomodelcanevertru~ll'preS('ntthem? 

4 .2 Travelling waves -therearemanytormsotwavesavauabtetobe 
studied. A common characteristic of all travelling waves is that they carry energy, but 
generally the medium through which they travel will not be permanently disturbed 

We are all familiar with water waves but there are many other types of wave, all of which have 
similar characteristics. These include many important waves that we cannot see. Mechanical 
1-11a ves, including sound, involve oscillating masses and need a material through which to travel, 
but waves like light (electromagnetic w,wes) can also travel across empty space 

Clearly, the study of waves is a very important topic in physics and we can summarize the 
importance of travelling waves by saying that they can transfer energy from place to place 
without transferring matter. Furthermore, certain types of waves can be modified to transfer 
information - to communicate. Sound waves and radio waves are the most obvious examples. 

r 
Patterns,trendsanddiscrepancies 
Looking for patterns and simibrities is a major aspect of all branches of science. Without 
patterns and trends, a collection of a large quantity of disconnected data and observations 'M:luld 
be impossible to analyse. We now appreciate that light, sound, disturbances on water, vibrating 
strings (for example, on musical instruments) and earthquakes are all examples of waves, but this 
was far from obvious. It took centuries of careful observation to reach this conclusion, which 
greatly simplifies our understanding of the natural world. If we understand basic wave theory, 
we can apply our knowledge to many different branches of science, from the motion of distant 
galaxiestothestructureofthearom. 

• Trave lling waves 
Waves that transfer energy away from a source are known as continuous 1rai'eUing waves or 
prognissivewaveJ. 

The easiest way to develop an understanding of aU kinds of travelling waves is to begin 
by considering a simple one-dimensional system - for example, a wave sent along a rope by 
continuously shaking one end, as shown in Figure 4.14. Demonstrations with waves on ropes, 
strings or long springs are particularly useful because they are easy to produce and the waves 
tra\·el at observable speeds. 

• Figure4.14 Creatingawavebyshakingtheendofarope 
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Consider the idealized example of the end of a rope being shaken (oscillated) up and down, or 
from side to side, with SHM. The oscillations will be passed along the rope, from each part to 
the next, with a delay. Each part of the rope will, in tum, do exactly the same thing (if there 
is no energy dissipation). That is, each part of the rope will oscillate with SHM parallel to the 
original disturbance. It is easy to imagine how the characteristically shaped sinusoidal wave (as 
shown in Figure 4.14) is produced. The oscillations that transfer many different kinds of waves 
can be considered to be simple harmonic. 

- ------ Scientists describe the motion of a wave away from its 
source as propagat ion. Any substance through \\-hich it is 
passing is called the med ium of propagation. (The plural of 
medium is media.) 

It is very important to realize that \\-hen we observe a 
wa\·e, despite our impression of movement, the medium itself 
does nor move continuously in the direction of apparent 
wave motion. 

Travelling waves transfer energy without transferring 
matter. For example, ocean waves may 'break' and 'crash' 
on to a shore or rocks (Figure 4.15), but there is no overall 
(net) continual movement of water from the sea because of 
the waves. A wcxxlen log floating on water will just tend to 
oscilbte up and down as waves pass (if there is no wind). 

• Figure 4.15 Ocean waves transferring a large amount of If a disturbance is not continuous but a single event 
energy at Brighton, England- there is no continuous net (perhaps just one oscillation), then we may describe the 
movement of the water itself spreading disturbance as a pulse rnther than a wave 

• Figure4.16 

particles as a 

moves to the right 

crests 

• Transverse and longitudinal waves 
All waves are one of only two kinds: t ransverse w.wes or longitudinal w.wes. We will first 
consider transverse waves. 

Transverse waves 
It helps our understanding of waves passing through a continuous medium, like a rope, to 
imagine a model in which the medium is represented by separate (discrete) particles, as shown 
in Figure 4.16. The black line represents a transverse wave moving to the right; the arrows show 
which way the particles are moving at that moment. The second wave, shown in red, represents 
the position of the same wave a short time later. 

ma,,ementolenergy -
Each part of the medium is doing the same thing (oscillating with the same frequency and same 
amplitude). But the different parts of the medium have different displacements at any particular 
time. That is, the different parts of the medium are not all moving in pW with each other. The 
kind of wave shown in Figure 4.16 is described as transverse 

JQy 
In a transverse wave, each part of the medium oscillates pcr~icularly to the 
direction in which the wave is transferring energy. 

The 'tops' of transverse waves (especially water waves) are called crests and the 
'OOttoms' of the wa\·es are called t roughs (Figure 4.17) 

troughs 

• Figure4.17 Crestsand 
troughsofatransversewave 

Examples of transverse waves include light (and all the other parts of the 
electromagnetic spectrum), water waves and waves on stretched strings and ropes 
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• Figure4.18 

spring transferring a 

longitudinal wave 

Transverse mechanical waves cannot pass through gases because of the random way in which 
molecules move in gases 

Longitudinal waves 

In a longitudinal wave, each part of the medium oscillates parallel to the direction in which 
the wave is transferring energy. 

We can demonstrate a longitudinal wave using a spring, but we need to stretch it first so that the 
coils are not touching. (Demonstrations often use 'slinky' springs.) In order to make a longitudinal 
wave, the end of the spring is then oscillated 'backwards and forwards' (ideally with SHM) along 
the line of the spring. 

A diagram of a longitOOinal wave modelled by a slinky spring is shown in Figure 4.18. 
Characteristic compressions (where the spring is compressed) and rarefactions (where the spring 
is stretched) are marked. Longitudinal waves are sometimes called compression w;wes. 

fu with transverse waves, when a longitudinal wave transfers energy through a medium, the 
medium itself does not undergo net translational motion away from the source. 

Examples of longitudinal waves include sound and compression waves in solids. Earthquakes 
create both longitudinal waves and transverse waves in the Earth's rocks 

• Representing waves graphically 
Two similar graphs can be drawn to represent waves (transverse or longitudinal) and they 
are easily confused because they look similar. These are displacement-distance graphs and 
displacement-time graphs. Compare Figures 4.19 and 4.20. 

Dispklcementol partkles 
fromrn1Mnpositioo1 

Oisplocementofapartkle 
lrommeanpositioo 

• Figure 4.1 9 Displacement-distance graph for a medium 
showingthemeaningofwavelength,A 

• Figure4.20Displacement-timegraphforan 
individual particle showing the meaning of period, T 

Figure 4.19 shows the position of many parts of a medium, each moving with amplitude x0, at one 
particular instant in time (a 'snapshot'). Figure 4.20 shows the movement of an individual part of 
the medium as the wave passes through it. (This is similar to the SHM graphs shown earlier in 
this chapter.) 

The shape of these graphs may suggest that they only represent transverse waves, but it 
is important to realize that similar graphs can also be used to represent the displacements 
in longitudinal waves (or even the variations in pressure when sound waves travel through a 
gas). Figure 4.21 shows how the random arrangement of molecules in air might change as 
a longitOOinal sound wave passes through. The compressions corresp:md to regions of higher 
than average air pressure and the rarefactions are regions of lower than average air pressure 



• Figure4.21 

Arrangement of 

sound passes through 
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R:rarefitd:Klfl C:compressioo 

• Wavelength, freq uency, pe ri od and wave speed 

The wavelength, A, of a wave is defined as the shortest distance between two points moving 
in phase. 

Wavelength is easily shown on a displacement- position graph (Figure 4.19) and is usually 
measured in metres 

The (time) per iod , T, of a wave is defined as the time it takes for one complete wave to pass a 
given point (or the time for one complete oscillation of a point within the medium) 

Period is easily represented on a displacement- time graph (Figure 4.20). 

The frequency, {, of a wave is defined as the number of waves that pass a given point in unit 
time (or the number of osci llations at a point within the medium in unit time). 

\\lave speed, c:, is defined as the distance travelled by a wave in unit time 

The symbols v and c: are both commonly used for wave speed, but the speed of electromagnetic 
waves is always represented by c:. All wave speeds are usually measured in ms-1 

Wave equation 
We know that, in general, speed equals distance moved divided by time taken. A wave moves a 
distance of one wavelength in one time period, so that c: • ).ff. 

Or,becauseT•l/f: 

,•f> 

wave speed • frequency x wavelength 

This equation is in the PhyJic:s daw booklet 
This is a simple, but very important and widely used, equation. It can be used for all types 

of wave. 
It is important to realize that once a wave has been created, its frequency cannot change. 

So if there is a change of speed, for example after entering a different medium, there will be a 
corresponding change of wavelength (slower speed, shorter wavelength; higher speed, longer 
wavelength). 

• The nature of e lectromagnetic waves 
Light travels as a transverse wave and the spectrum of visible 'white' light, from red to violet, 
is a familiar sight (Figure 4.22). The wavelengths of light waves are very small and the different 
colours of the spectrum have different wavelengths. Red light has the longest wavelength 
(approximately 7 x J0-7 m) and violet has the shortest wavelength in the visible spectrum 
(approximately4x J0-7m) 



But visible light is only a very small part of a much larger 
group of waves, called the electromagnet ic spectrum, the 
major sections of which are listed in Table 4.1. It is important 
to understand that the spectrum is continuous and there is 
often no definite boundary between one section and another; 
the sections may overlap. For example, gamma rays from a 
radioactive source may be identical to X-rays from an X-ray tube. 

We are surrounded by many of these waves all the time 
and they come from a variety of very different sources. 'Light' 

• Figure4.22Spectrumofvisiblelight 

is just the name we give to those electromagnetic waves that 
human beings can detect with their eyes. The only fundamental 
difference between the various kinds of electromagnetic wa\·es is 
their wavelength, so it is not surprising that, under appropriate 
circumstances, all of these transverse waves exhibit the same 
basic wave properties 

electromagnetic 

spectrum 

All electromagnetic waves can travel across empty (free) space (a vacuum) with exactly the 
same speed, c • 3.00 x 108 ms-1 

This constant is listed in the Physics data booklet 
Electromagnetic waves do not need a medium through which to travel, but when 

electromagnetic waves pass through other materials, their speeds are lower than in a vacuum 
(although their speed in air is almost identical to their speed in a vacuum) 

Table 4.1 gives a very brief summary of the major parts of the spectrum. Waves of wavelength 
shorter than aOOut IO___;im can cause damage to the human body, even at low intensity. 

A typ ica l 
wave length Origins 

10'm electronic circuits/aerials 

10--<m electronic circuits/aerials 

infra1ed(IR) 10-1m l'llerythingemitslRbuthotter 
objectsemitmuchmOfe lRthan 
cooler things 

visible light 5x10-1m Verthotobjects.lightbulbs. 
the Sun 

ultraviolet{lN) 10--im theSun,lNlamps 

X-rays 10-11m X-ray tubes 

1Q-1lm 

communications. radio. TV 

communications. mobile phones. 
ovens.radar 

lasers.heating.cooking,medical 
treatments.remotecontrols 

vision,lighting.lilsers 

medical diagnosis and treatment. 
investigatingthestructureofmatter 

medicald~nO";isandtreatment, 
sterilization of medical equipment 

The range of different wa\·elengths, from JO- li m or shorter up to JC)'! m or longer, is enormous 
and it is important to remember an order of magnitude for the principal radiations. 

The exact nat ure of these waves was a major pude in science for a long time because 
all other wa\·e types need a medium in which to travel, while electromagnetic waves can 
transfer energy across free space. We now know that these transverse waves are not carried by 
oscillations of a medium but by linked oscillating electric and magnetic fields (which do not 
need a medium), as shown in Figure 4.23, hence their name d.cc1romagne1ic waves. However, 
electromagnetic waves also have some properties that can only be explained by thinking of 
them as 'particles' (and not waves) called photons. Each photon transfers an individual amount 
of energy dependent on its frequency. These ideas are not needed now and they are discussed in 
more detail in Sections 7.3 and 12.l 



• Figure4.23 

Electromagnetic 

waves are combined 

electric and magnetic 

fields. 

• Figure4.24 Using 

electromagnetic 
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The means of detecting the various electromagnetic radiations have not been included in 
Table 4.1. Observing the origin, detection and absorption of the invisible electromagnetic 
radiations from different pans of the spectrum can make them seem more 'real'. 

Two uses of electromagnetic waves deserve special mention: 

• Microwaves and radio waves are generated easily and can be detected with oscilbting 
currents in electric circuits. The properties of these waves can be mOOified to carry 
information (communicate) very quickly over large distances 

• The spectra emitted by energized gases can be analysed to provide information aOOut the 
energy levels inside atoms 

3 The cre51s of Wi!Vel passing into a harbour are 2.1 m apart and ha~e an amplitude of 60cm. Teri waves pass 
anobserver~eryminute 
a Whatistheirfrequer,cy? 
b Whatisthe irspeed? 

~!+:~=0.17Hz 

b v=fJ. 

v:0.17x2.1:0.36ms-1 
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14 a Calrnlatethewavelengthinairofahigh-pitchedsoundoflrequency2.20kHz.{Speedofwundin 
air:340ms-1) 

b When the same soond passed into a metal, its w.welength increased to 2.05m. What was the speed of 
soundinthemetal? 

c Suggestareasonwhywundtrave!sfasterinsolidsthilningaseslikeair. 

15 ii What is the frequency of radio waves of wavelength S60m7 (Speed of electromagnetic waves 
:3.0x 10~ms·1) 

b How long would it take a radio signal to travel from 
I DelhitoMumbai{1407km) 
i i asatelliteorbitingataheightof33000kmtotheEarth'ssurface 
Ill Earth to Mars? {Use the internet to help determine the maximum and minimum separations of the 

two planets.) 

16 a Whatisthefrequency(inMHz)ofagammaraywithawavelengthof4.4x 10·11m? 
b Suggestapossiblereasonwhyelectromi!(Jneticracliationofhigherft'equenciesismoredangerousto 

humansthanthatoflowerfrequencies 

17 ii Calculatethewavelengthofvisiblelightoffrequencyof5.Sx101'Hz 
b Suggest what coloor the light may be 
c Some radiation from the Sun has awit'leiength of 6.0 x 10-ijm. In what part of the electromagnetic 

spectrum is this radiation? 

18 The total separation of live wave crests on a ripple tank is 5.6cm. tf the waves are made by a vibrator with 
afrequencyof12Hz,howlongwill ittakethewavestotraveladistanceof60cm7 

19 As you are reading this, which electromagnetic radiations are in the room) 

ToK link 
lltplalntn91MlrWIIJl>Je 
5cienti5tsoftenrrilll5fertheirperceplionoftangib/eil!ldvisib/econceptsroexplitinsimilarf)(){)·visible 
cOflCepts, wch as in WiM" theory. How do scientists explain concepts thitt have no filflgible orvisibJeqwh'tyl 

lnvis ibleelectromagneticwavescannotbeobserveddirect!y,buttheyareconsideredtobew.we-like 
because in some ways they be haw similarly to w.wes that we can see Oike Wil'/es on strings and water 
waves).Butthatshooklnotimplythatscientistsbelievethatdescribinglight,lorexample,aswavesisan 
adequatemcompietedescription.ThereshouldbenoexpectationthatthingswecannotobsefVedirectly 
behave in the same ways as things that we can see. Some properties of electromagnetic rad iation cannot be 
explainedbywil'letheoryandrequireaparticle{photon)theoryexplanation 

Wealsocannotsee500nd,butdoesthatmean that,aswilhlight,describingSO\!rtdaswavesisjustaproYisiooaj 
theorythatis usefuloosomeoa:asions7Thatis,can allthepropertiesof500ndbeexp(ainedusingwavetheory? 

B.iilJI Heinrich Hertz 
---· - The unit for frequency is named after the German physicist, Heinrich Hertz. His most famous 

• Figure4.25 

achievement, in 1886, was to prove experimentally for the fin.1: time that electromagnetic waves 
(radio waves) could be produced, transmitted and detected elsewhere. Although the distance 
involved was very small, it was the start of mcxlem wireless communication. It was left to others 
(such as Guglielmo Marconi) to develop techniques for the transmission over longer and longer 
distances and then to mcxlify the amplitude, frequency or phase of the radio waves to transfer 
information (for example, speech) 

Hertz is often quoted a,; saying that his discovery was 'of no use whatsoe\·er' and he was not alone 

~ in expressing that opinion at the time. The history of science contains many such statements and 
predictions that later tum out to be incorrect. The importance of discoveries or inventions may 
only be realized many years later. This is one reason why most scientists think it would be foolish 
to limit research to those projects that have immediate and obviously useful applications 

Tragically, Hertz contracted a fatal disease and died at the age of 36, less than eight rears after 
his discovery and a long time before the full implications of his \\Urk had become clear. 

l Mcxlem scientific research can be very expensive, so would countries be wiser to spend their 
money on other things (for example, improving general medical care), unless the research is 
obviously leading towards a definite and useful aim! 



• Figure 4.26 
A laboratory 
experiment to 
determine the speed 
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• The nature of sound waves 
When the surface of a solid vibrates, it will disturb the air (or any other medium) that surrounds 
it and produce a series of compressions and rarefactions (variations in pressure) that travel away 
from the surface as a longitudinal wave. If the waves have a frequency that can be detected by 
our ears (heard), then they are described as sound. Figure 4.21 shows the production of sound 
wavesinairbya loudspeaker. 

The normal range of hearing for humans, called the audible range, is approximately 20Hz to 
20kHz. Higher frequencies are called ultrasonics. 

Sound is a mechanical wave transferred by oscillating molecules and as such it clear!}' needs 
a medium of propagation. Sound cannot travel through a vacuum. Understanding the nature 
of sound waves leads us to expect that they will travel better through materials in which the 
molecules are closer together and have larger forces between them. Sound waves travel better in 
liquidsthangases/airandevenbetterinsolids. 

Speed of sound 
Because speed• distance/time taken, in order to determine the speed of sound it is necessary to 
measure the time it takes sound to travel a known distance. Because the speed of sound is large, 
in order to get good results it is often necessary to use large distances and measure short time 
intervals accurately and precisely. Hand-held stopwatches may be used, but they are unlikely 
to produce satisfactory results because of the problems associated with human reaction times. 
Sometimes large, isolated outdoor surfaces are used to reflect sound waves back to their source 
to make the experiment easier to do, but in order to hear an echo clearly (separate from the 
original sound), the surface normally needs to be at least 50 m away. 

Figure 4.26 shows the principle of a smaller-scale experiment that can be done accurately 
inside a laboratory. A short, sharp sound is made at position A. When the sound wave reaches 
microphone I, the signal from the microphone travels along the connecting lead to start the 
timer. When the wave reaches microphone 2, the signal from the microphone to the timer stops 
the timing. 

microphone 1 miuophone 2 

4 CoosidertheexperimentshowninFigure4.26 
a I Suggesthowa'short,sharp"soundrnuldbemade 

ii Whyislhi1kindofsoundp1eferredlorthi1experiment7 
b What Me the 'problems associated with human reaction times· when using hand-hekl stopwatches for 

mNSuringshortinterva!softime? 
t When the microphones were separated by 1.3Sm, the time shown on the timer was 389ms. Calculate 

a~alue for the speed of sound in the laboratory 
d Is it necessary for the length of the connecting leads from the two microphones to the time< to be the 

same?Explain 
e What difference wou ld it make to the results if the sound was produced at p05itioo B. rather than A? 
f When the sound was made by hitting the laboratory bench. explain why the time shown oo the timer 

wasmuchle11 
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MHfilMOi"PtW 

a i Hittingaretortstandwithasmallhilmmer. 
ii Aloudsoundolshortduratiooisneededtoensurethatthemkrophonessenddearsigroalsto 

the timer. 

b The times between events being observed and stopwatches being turned on, or off, is simiklr to the 
times being mea1Ured. This means that the percentage uncertainty is klrge. The reaction times are 
also unknown and variable 

M 
C C:"Kf 

c=~=347ms-1 

d No,becausethespeedoftheelectrical1'9nal1alongtheconnectinglead1(approximate~thespeed 
of electromagnetic waves in air) is much faller thiln the speed of M>tmd being determined 

e A 1maller time difference would be shown on the timer, resulting in an overestimate for the speed 
of M>und (unless the change of geometry was taken into account in the calculation) 

f A sound wave is now travell ing through the bench at a speed higher than that of the sound wave in 
air. Thiscanbeuseda1amethodfordeterminingthe1peedolsoundinsomemlid1 

The speed of sound in different gases will depend on the average speed of the molecules within 
the gas. It varies with temperature because, on average, the molecules move faster at higher 
temperatures. At the same temperature, the speed will be higher in gases that have molecules of low 
mass and, therefore, high average molecular speeds (hydrogen for example). Apan from determining 
the speed of sound in different media, experiments can be designed to investigate how the speed of 
sound in a gas depends on the type of gas, the frequency of sound and the temperature. 

Sound reflections in large rooms 
Sound reflects well off hard surfaces like walls, whereas soft surfaces, like cunains, carpets, 
cushions and clothes, tend to absorb sound. A sound that reaches our ears may be quite 
different from the sound that was emitted from the source because of the many and various 
reflections it may have undergone. Because of this, singing in the shower will sound very 
different from singing outdoors or singing in a furnished room 

In a large room designed for listening to music (such as an auditorium, Figure 4.27), sounds 
travel a long way between reflections. Since it is the reflections that are responsible for most of 
the absorption of the sound waves, it will take a longer time for a particular sound to fall to a 
level that we cannot hear. This effect is called rewrberation. The longer reverberation times 

of bigger rooms mean that a listener may still be able to hear 
reverberation from a previous sound at the same t ime as a new 
sound is received. That is, there will be some 'overlapping' 
of sounds 

Reflections of sounds off the walls, floor and ceiling are 
also an important factor when music is being produced 
in a recording studio, although some effects can be added 
or removed electronically after the original sound has 
been recorded 

I Suggest why soft surfaces are good absorbers of sound 

2 Will the acoustic engineers, who are responsible for the 
sound quality in an auditorium, aim for a short or a long 
reverberation time? How can a reverberation time be changed? 

• Figure4.27Alargeauditoriumdesignedfor 

effective transmission of sound. 

J Find out what anechoic chambers are, and what they are 
used for. 
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20 Thespeedofsoundinairatatemperatureof20°Cis343ms-1 

• Cakulate how long it takes a sound to be reflected ba{k toils mur{e from a wall 50m away 
b Estimate the per{entage un{ertainty if this time was measured with a hand-h~d stopwat{h 

21 • De1{ribe an ootdoor e),'.,>eriment using hand-held stopwatches to determine the spel.'d of sound in air. 
b Give two reasons why the experiment {annot be urried out inside a buikling 

22 Explain why hydrogen molecuk>s have a greater average speed than oxygen molecules at the xime 
temperature 

23 Consider Worked example 4. Use the internet to find out the approximate temperature of the laboratory 

24 Thes.peedolsoondinseawateris 1540m,;-1 andthespeedofsound inpurewateratthesame 
temperatureis1490ms-1 

a Suggestarea'iOnforthedifferenceinspeeds 
b Wha les can {ommuni{ate with &Kh other O\'er a distan{e of about 100km. How long does ii take 

soundtotravelthisdistan{e? 
c ltisbelievedthathundredsofyearsago,whalesrnuldrnmmuni{aleovermu{hgreaterdistan{es 

Suggestarea'iOnlorthis 
d A {ertain kind of whale 'sings' at a ffl'Quency of SO Hz. What wavelength is this? 

25 Ultrasound 1Cans are widely used in hos.pitals to help to diagnose medical problems. Different wavelengths 
are needed to penetrate and examine different parts of the body and they produ{e images that vary in 
quality. If the speed of ultrasonic waves in musde is 1580ms-1. what frl'{Juency is needed to produ{e a 
wav~engthofO.SOmm? 

4 .3 Wave characteristics -a11wavescanbedescribedbythesame 
sets of mathematical ideas. Detailed knowledge of one area leads to the possibility of 
prediction in another 

• Waves in two d ime nsions 
We have discussed waves in a one-dimensional medium, like a rope, and must now develop 
our understanding further by considering progressive waves tra\·elling in two dimensions. It 
will be helpful to think first of the waves on the surface of water, with which we are all familiar 
(Figure 4.28). Small waves (ripples) in tanks of shallow water are often used in laboratories to 

observe the behaviour of water waves. Figure 4.29 shows such a ripple umk 
To make waves on a flat water surface we need to disturb the water in some way, fur example 

by repeatedly sticking a finger (or a stick) in and out of the water. Waves on the ocean are 
produced mainly by wind. Each part of the 
water affects the water around it and so the 
oscillation is pa,sed on and away from the 
source, with a time delay. Waves on a ripple 
tank can also be made continuously by a 
motor that vibrntes a small dipper or beam 
suspended on the water surface 

• Figure 4.28Circularwavesspreadingout 

on a pond. 

elastic 

"""'r"=-- ·'""' 

• Figure 4.29Arippletankisusedtoinvestigate 



160 4 Waves 

• Wavefronts and rays 
When observing waves, we typically concentrate our attention on the crests of waves and, seen 
from ab::we, the waves spread out on a smooth water surface in a circular manner with equal 
speeds in all directions 

Although a travelling wave is moving, we often want to represent the pattern of the waves 
(rather than their motion) on paper or a screen. If we draw a momentary position of the moving 
wa\·es on paper, then the lines that we draw are called w.wefronts. A wavefrom is a line joining 
adjacent points moving in phase (for example, a line joining points where there are wa\·e crests 
or where there are troughs). The distance between adjacent wave fronts is one w,wdeng1h. 

Figure 4.30 shows circular wavefronts spreading from a point source. Lines pointing in 
the directions in which the wave energy is being transferred are called rays. A ray is always 
perpendicular to the wavefronts that it is representing. The movement of circular wavefronts is 
represented by radial rays spreading from a point source, as shown in Figure 4.30. 

Figure 4.31 ohows waves which could have been made by a straight beam oscillated on a 
water surface. Wavefronts like this, which are parallel to each other, are called plane \\-"J\'efronts. 
The movement of phne wavefronts is represented by parallel rays. 

rndialrnyssh=i"glh, 
circ. ".''.r directionsinwhichthe 

woYefroo woYesaremo,;ing 
spreading 
alld 11ect1on 

• Figure 4.30Circularwavefrontsandradialraysspreading 

from a point source 

+~ 
plane 

wave fronts 

• Figure 4.31 Planewavefronts 

andparallelraysthatarenot 

spreading out 

When circular wave fronts have travelled a long way from their source, they become very nearly 
parallel and will approximate to plane wavefronts. An important example of this is light waves 
coming from a long way away, which we usually consider to be plane (for example, wavefronts 
from the Sun) 

We have described wavefronts in terms of two-dimensional waves on water surfaces, but 
similar ideas and terminology can be used to describe all waves in two or three dimensions 
Computer simulations can be particularly useful for representing waves propagating in three 
dimensions 

ToK Unk 
11 phy1la 'silnplar ' lhmn ottmr •Ill• B Mowt..lgml 
Wavefrorm and ray5 are visua/izatiom that help our understanding of reality, charaaeristk of modelling in 
the physkal sciences. How does the methodology used in the mtural sciences differ from the methodology 
usedinthehumil()sciences? 

The study of all aspects of how people inter<Kt with edeh other and the world around them is ca lled human 
sdence.ltshareswiththenaturalsciencestheaimsofotJjectivityandtruth,tJutits methodo lo giesusualfy 
need to tie very different. Simple visual models (like wavefronts) and mathematical models (like the wave 
equation), which pkly such an important role in the study of physic1, are not applied easily to the complexity 
of human existence. Furthermore, repeated, controlled experimentation is a come<stone of much of 
empirica l science(likephysic1),andthi1isofleninappropr!ateinhumanscience 
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• Amplitud e and intensity 
The amount of energy associated with waves is related to their amplitudes. Waves with higher 
amplitudes transfer more energy. When ciicularwavefront'l travel away from a !X)int souice, their 
ciicumferences increase, so that the same amount of energy becomes spread over a longer length. As 
a result, the amplitude of the wave decreases (see Rgures 4.28 and 4.32). This is also true for spherical 
wavefronts spreading in three dimensions, such as the spreading of light, sound or radio waves. 

• Figure 4.32 Amplitude of circular wavefronts 

decreaseswiththedistancefromsource. 

At this point it becomes useful to introduce the concept 
of the intensity of waves: 

Intensity, I, is defined as the wave power passing 
perpendicularly through a unit area. 

intensity, 1, - i:::r 

This equation is given in the Physics data booklet (for Topi: 8). 
The unit of intensity is Wm--l. 
Clearly, wave intensity reduces with increasing distance 

from a point souice and must be related w the amplitude of the 

In general the intensity of a wave is proportional to its 
amplitOOesquared· 

!ocA! 

This equation is given in the Physics data booklet. Note that 
here we are using A as a generalized symbol for amplitude 
(rather than x). It should not be confused with the use of A 
to represent area 

5 ThewaveintensityrnachingapartkularlocationontheEarth"s1urfaceonasunnydaymighthavean 
averageof600Wm-< 
a Cakulatetheaveragepowerincidentperpendirnklrlyonawklrpanel.whichhasasurfaceareaof 

1.50ml 
b Whattotalenergywooldbeincidentonthepanelinsixhours? 
c Discuss how the intensity incident on the panel might vary if ii was moved up to a riearby mountain 

location 

a power, P. = intensity x area= 600 x 1.S :900W 

b energy:Pt:900x6x3600:19.4MJ 

c Thechangeofdistancebetweenthe1olarpanelandtheSuni1totallyinsignificant,buttherewill 
belessoftheEarth"satmosphereabovethe1olarpanelandthiswillprobablyrerultinanincreased 
incident intensity. 

6 Oceanwavesrnming into a beach have an amplitude of 2.0m and an average power of S.2 x lO'Wfor 
everymetreoltheirlength 
a Estimate the power per metre which would be transferred if their amplitude reduced to 1.3 m 
b What amplitude woukl produce an overall power of lOMW arriving at a beach of length 1.0km? 
c Where do the ocean waves get their energy from? 

a :ir=constant 

(S.2x104} I 
~=TV 
l:c2.2x10'W 
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b 10MWKm-1isequalto l.Ox l0
7 

= 1.0>< 104wm-1 
I ----,,,,----

A'"rnmtant 

S.2x10' 1.0x104 
~=~ 

c From the wind, whkh in turn gets it from the Sun 

i{ll ~;v:::e%~n:::~;~r~:;~~t~ ~~t:;::1 !': :~~~::1:·:~~:~:~~:.
1
~h~:;~:::hthis 

• Figure4.33 Awi!Ne 

energy generator 

research and development is still being carried out. Figure 4.33 5hows a large buoy that floats on 
the water and generates electricity as waves pass. The energy is then transferred to the land using 
an underwater cable. This kind of technology will be used in the v.orld's largest wave energy 
generator (62.5 MW), which is being planned for the ocean off the coast of Victoria, Australia 

Inverse square law 
For waves spreading out evenly in three dimensions from a point source without any loss of 
energy, their intensity, I, is inversely proportional to the distance from the source, x, squared· 

This equation is given in the Phy:;ics data booklet 
Alternatively, lx1 • constant for waves spreading from a given source 
Inverse square law rebtrniships play an important part in physics. Ai; well as waves, a force fiekl 

(for example, gravity) that spreads out evenly in all directions from a point obeys an inverse square law. 
Consider light radiating from a point source without being absorbed (see Rgure 4.34). The 

further from the source, the larger the area over \\hich the light is spread and the fainter it becomes 
The amount of light falling on each unit of area decreases with the square of the distance. This is 
because at twice the distance away from the source, the light has to spread to cover four times the 
area, and at three times the distance it has to spread to cover nine times the area 



yandxlinversely 

proportional? 
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• Figure4.34 Lightspreadstocoverfourtimesthe areaattwice 

thedistance(2r)andninetimestheareaatthreetimesthe 

distance(3,1. 

• Figure4.35 Aninversesquare 

relationship 

Consider the data for x and y shown 
in Table 4.2. If y"' l/x2, then x2y • 
constant 

It is important to know how an 
inverse square relationship appears 
onagraph.Ifagraphofy againstxis 
drawn fur the data in Table 4.2, its shape 
should be similar to Figure 4.35. Note 
that the line does not cross the axes. 
However, it may not be easy to be sure 
from a graph like this whether there is 
an inverse square relationship between 
mu variables, so a more detailed check 
is needed. 

7 A fam ily is worried because a telephooe company is pianning to build a transmitting aerial tor mobile 
phones {a base station) 100m from their home. They have read that it is recommended that the 
maximum intensity they should receive is 4.SWm-1 

a If the inten'iity 1 mfrom an aerial on the base 1tatioo is 3.0Wm-1. calculate an approximate intensity 
near their home 

b Whyisthisansweronlyanestimate? 
c Compare your answer to a with the inten'iity received from a mobile phooe held 5cm from the heild. 

assuming that the power 1 cm from the phone·s transmitting aerial (in'iide the phone) is SO mW 

lx2 :coostant 

3.0x P:lxlOOl 

/:3.0x10--4Wm-l 

b Theaerialsarede'iignedtosendthesignalsincertaindirections.ratherthanequallyinalldirectklns 
(as is assumed when u'iing the inver5'! square law). The actual intensity received will also depend on 
whatisbetweenthehouseandtheaerial 

50xP:/x9 

I= 2mW. which is bigger than the answer to a. 
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26 AtrnnsversewiNeispropagatedalongarope,asshowninFigure4.14. 
• If the hand moves with twice the amplitude (at the same frequency), what happem lo the power gNen 

tothewiNes? 
b Explain why the amplitude of the WiJ'/e decreases as it moves away from its source 

27 A2kWinfraredgrillradlatesenergyoveraneffectiveareaofS00cm1 

a WhatistheintensityoftheinfraredwiJ'/es? 
b WhattotalpowerisreceNedhyapieceofmeatofarea92cmlunderthegrill? 
c How many minutes will it take to cool:: themeatifitrequiresatotalof 1.4x 101J? 

28 A wave of amplitude 12cm has an intensity of S4Wm-1 

• What is the intensity of the wave after it has sprl'dd out so that its amplitude has reduced lo 7.0cm? 
b What will the amplitude be when the intensity has decreased to 10Wm""'? 

29 It is considered a health risk to expose our ears to so1mds of intensity 10mWm-1 or greater for more than 
a few minutes 
a What total power will be receNed by an eardrum of arw O.SOcml at this intensity? 
b tf the sound intensity 2.0m in front of a loudspeaker at a rock concert was 12Wm-l. how faraway 

wouldyouhiNelobetoreceive10mWm""'mlesl? 

30 Aman is starld ing 1.0mfrom a source of gamma radiation 
a Howlill"awi'lfwould heh.M!tomoYe inordefforthe radiation intensity he received to be reduced by99%? 
b What assumption did you make in answering • ? 

31 Do some reswrch into the latest developments in the production of electricity from ocean WiJ'/es 

32 A power station on the sea shOfe transfers the wave energy of water to electricity at a rate of SO kW on a 
daywhentheiJ'/era,gewiNeamplitudeis1.2m 
• Estimate the output power if the WiNe amplltude doubles 
b What assumption did you make? 
c What amplitude of WiNes might be expected lo produce an output of 1S0kW? 
d What power could be transferred from WiNes of amplitude 1.0m? 

33 Useaspreadsheettocakulatevaluesforx1, 1/xlandxlyfOfthedatainTable4.2.Arex1 andyinverse!y 
proportional? 

34 Another way of checking data to see if there is a certain relationship is to draw a suitable graph to see if 
itprodocesastrnightline.Usethevaluesyoucak:ulatedinquestion 33 todrawagrapholyagainst1/x1 

Doi!sitproduceastraightlinethroughtheorigin(whichwouldrnnfirminverseproportionality)? 

• Superposit ion 
We tum our auemion rx:,w to what happens when wavefronts from different places come together. In 
general, we can predict what will happen when waves meet by using the principle of superposition. 

The principle of superposition states that at any moment the overall displacement at any 
point will be the vector sum of all the individual wave displacements. 

This principle is illustrated by Figure 4.36. If 
wave A and wave B meet at a point, the resulting 
disturbance at any time is determined by adding the 
tv.u individual displacements at that moment 

In this example waves A and B have different 
frequencies, but in the rest of this section we will 
only deal with the combination of tv.u waves of the 
same frequency. 

Adding tv.u (or more) waves together to find 
their resultant is an easy task for a computer. 
Computer modelling of superposition effects can 
bepanicularlyinstructive,because it is easy to 

adjust the amplitOOes and frequencies of the wa\·es 
concerned and then observe the consequences 
Laboratory observation of the momentary 
superposition of waves (travelling in opposite 
directions) passing through each other is not so easy! 

•~:.A >•= 
w.we8 

o r;me 

AandS I 
' • 0 

O Time 

• Figure 4.36 Adding wave displacements 

usingtheprincipleofsuperposition. 
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Transversew.weson 
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We will use the principle of supeq:osition in Section 5 of this chapter to explain stationary 
interference patterns 

35 a Skel{h a displa{ement- time graph for 1 s IOI" a 'iinusoidal osdllat ioo of amplitude 4{m and l~uency 
2H, 

b On the same axes draw a graph representing an oscillatioo of amplitude 2{m and frequency 4Hz 
c Use the priociple of superposition to draw a skel{h of the resultant of these two Wil'/es 

36 FiguR' 4.37 shows two idealized square pulses mD'>' ing towards ea{h other. Draw the resultant waveform 
after , ,, 
b 7s 
c 8.5s 
d 10s 

• Figure4.37 

37 Two 'iinusoidal waves (A and B) from different sour{es have the x1me f~uency and pass through a 
{erta in point, P, with the same amplitude at the same time 
• Skel{h the two wave forms on a displacement- time graph assuming that they arrivi! in phase, and then 

drawtheR'sultantwaveform 
b RepealfOl"twowavesthatarriveatPexactlyoutofphase 

• Polarization 
Consider sending transverse waves along a rope. If your hand only oscillates vertically, the 
rope will only oscillate venically. The wave can be described as plane polarized because it is 
only oscillating in one plane (vertical), as shown in Figure 4.38. If )OUT hand only oscillates 
horizontally, it will pnxluce a wave pobrized in the horizontal plane. 

A transverse wave is (plane) polarized if all the oscillations transferring the wave's energy are 
in the same plane (called the pla ned pola ri::at ion ) 

The oscillations of a polarized wave must be perpendicular to the direction of wave travel, so it is 
impossible for longitudinal waves, like sound, to be polarized. 
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• Figure 4.40 

The receiver must 
bealignedinthe 

same plane as the 

transmitter to detect 

Polarized light and other electromagnetic waves 
Consider again Figure 4.23 which shows the nature of electromagnetic waves. In that example, 
the waves are moving to the right, the electric field oscillations are in the horizontal plane and 
the magnetic field oscillations are in the vertical plane, but the oscillations of unpolarized waves 
could be in any plane perpendicuhr to the direction of wave travel (as long as the electric fields 
and magnetic fields are perpendicular to each other) 

Electromagnetic waves, including light, are mostly emitted during random, unpredictable 
processes, so we would expect them to oscilla te in random directions and not be polarized (see 
Figure4.39a) 

• Figure 4.39 a Unpolarized electromagnetic radiation; b polarized electromagnetic radiation 

Electromagnetic waves, such as light, are said to be (plane) polarized if all the electric field 
oscillations (or the magnetic field oscillations) are in one plane, as sha.vn by Figure 4.39b. 

Electromagnetic waves produced and transmitted by currents oscillating in aerials (radio 
waves and microwaves) will be polarized, with their electric field oscillations parallel to the 
transmitting aerial. 

Figure 4.40 shows the transmission and reception of microwaves. In Figure 4.40a a strong 
signal is received because the transmitting and receiving aerials are aligned, but in Figure 4.40b 
no signal is received because the receiving aerial has been rotated through 90 ° 

Polarization by absorption 
Unpolarized light can be converted into polarized light by passing it through a special filter, 
called a polar izer, which absorbs oscillations in all planes except one 

Pola rizing filters for light are made of long-chain molecules mostly aligned in one 
direction. Components of the electric field parallel to the long molecules are absorbed; 
components of the electric field perpendicular to the molecules are transmitted. Because of 
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• Figure4.41 Polarizinglightusingapolarizer(polarizingfilter) 

• Figure4.42 Averticalslitactsasapolarizingfilter. 

• Figure4.43 

analyser:acrossed; 

bin parallel 

polarizer 

polarizer 
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this, we would expect the transmitted 
intensity to be about half the incident 
intensity, as shown in Figure 4.41 

In order to understand this, it may be 
helpful to consider how transverse waves 
made by oscillating a rope (as shown in 
Figure 4.38) would behave if they had to 

pass through a vertical slit (see Figure 4.42) 
Wavesoscillatingparalleltotheslit'M:luld 
pass through, butothersv..uuldbeblocked. 
Theslitactsasaixilarizer. 

What happens if polarized light is then 
incident on a second polarizing filter! This 
depends on how the filters are aligned 
If the second filter (sometimes called an 
analyser) transmits waves in the same 
plane as the first (the polarizer), the waves 
will pass through unaffected, apart from a 
possible small decrease in intensity. The 
fi!tersaresaidtobe inparallel,asshown 
in Figure 4.43b. Figure 4.43a shows the 
situation in which the analyser only allows 
waves through in a plane that is at right 
angles to the plane transmitted by the 
pobrizer. The filters are said to be 'crossed' 
and no light will be transmitted by the 
analyser. (SeealsoFigure4.44.) 

analyser 

no light 
p.-mesthrough 
the analyser 

inthisanalyserareat 
right-angles to those 
inthepola1ize1 

analyser 

in this analyser are 
para ll~tothechains 
inthepolarizer 
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• Figure 4.44 
Crossed polarising 
filters 

The second filter is called an analyse r because it can be rotated to analyse the light and 
determine if it is polariied and, if so, in which direction 

When you rotate a polarizing filter in front of your eye, (for example, as )OU look around at 
the light reflected from various objects) if the intensity changes then the light must be at least 
partly polariied. The most common type of transparent plastic used for polarizers and analysers 
is called Polaro id®. 

M alus's law 

Figure 4.45 represents a ix>larized light wave tm·elling through a ix>larizing fiker (analyser) and 
perpendicularly out of the page, so that the electric fiekl oscillations are in the plane of the paper. There 

plane for waves 
inwhictitneanalyser 

is an angle, B, between the oscillations and the plane in 
which the analyser will transmit all of the wa\·es. 

wi ll transmit all light 

' 

d; 

=ill,<iog 

plane for waves in 
wh1chtheanalyserwill 
not transmit any light 

If the amplitude of the oscillations incident on the 
analyser is 1\,, then the component in the direction 
in v..hich waves can be transmitted equals i\,cos B 

We know, from earlier in this chapter, that the 
intensity of waves is proponional to amplitude 
squared, l "" Al, so the transmitted intensity is 
represented by the equation: 

• Figure 4.45 Angle between oscillations and the polarizer 

This equation (known as Malus's law) is given in 
thePhysicsdatabookle1. 

8 a tfvertica ltypoiarizedlightfallsonapolarizingfilter(anatyser)pos.itionedsothatitstr.-msmiss.ion 
difl.'dion(axis)isat30°tothevertkal. whatpercentageoflightpassesthroughtheana!yser? 

b Repe;itthecalculationforanangleol60° 
c What angle would allow 50% of the light to pass? 
d Sketch a graph to show how the transmitted intensity would vary if the analyser was rotated 

through360" 

t=rnsl3Q 0 

~:0.7Sor75% 



b *=cos160°:0.2Sor2S% 

l .. o.SO:coslll ,, 
(O<;/J:,,l030":0.71 
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d SeeFigtJre4.46.Thisgraphshowsthevariationwithangleof intensitytrammit tedthrotJgha 
polarizing filter. 

II\/\/ 
90° 180" 270" 360" 

Anglell 

• FlgtJre4.46 

Polarization by reflection 
When (unpolarized) light reflects off an insulator, the waves may become polarized and then the 
plane of polarization will be parallel to the reflecting surface 

The most common examples of polarization by reflection are the reflection of light from 
water and from glass. Such reflections are usually unwanted and the reflected light (sometimes 

• Figure 4.47 The same scene with and without Polaroid® 

calledg!are)enteringtheeyescanbereducedby 
wearing polarizing (Polaroid®) mnglasses, which also 
reduce the intensity of unpolarized light by half. Figure 
4.47 shows an example. The fish under the water can 
be seen clearly when Polaroid® sunglasses are used 
The sunglasses greatly reduce the amount of light 
reflected off the water's surface entering the eye. But 
the reduction is not the same for all viewing angles 
because the amount of polarization depends on the 
angle of incidence. Photographers may place a rotatable 
polarizing filter over the lens of their camera to reduce 
the intensity of reflected light 

38 How cotJld yoo check qtJickly whether sunglasses were made with Polaroid® or not? 

39 P1anepolorizedlightpassesthrooghananalyserthathasitstrnnsmissionaxisat75°totheplaneof 
polarization.Whatperrentageolthe incidentlightemerges? 

40 When unpolarized light was passed through two polarizing filters, only 20% of the incident light emerged 
What was the angle belw!!i!n the tram.miss.ion axes of the two fitters? 

41 Sugge5twhythebluelightfromtheskyonadear,sunnydayispartlypolarized 

42 US{!theintemettofindoutaboutpolorizingmkroscopesandtheiru1es 
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Jlli!ll!IIIIIII Polarization inspired imagination 

A transparent crystalline form of the chemical calcite , called Iceland spar, can partially polarize 
light and it played an important part in stirring the imagination of early physicists who were 
thinking about the properties of light. Polarization in Iceland spar was first described nearly 
350years ago by Bartholinus in 1669. But it is thought that nearly 1000 years earlier, the Vikings 
were using Iceland spar as a navigation tool because its effect on light rays from the Sun can be 
used to determine the position of the Sun, even if it is behind clouds 

• Figure 4.48 

Rotating the plane 

of polarization with 

sugar solution 

Once a scientific theory, like polarization, has been accepted and used for a long period of 
time it becomes taken for granted. It is easy to forget that when the theory was first introduced, 
it was the product of original thinking and, as such, a product of human imagination, perhaps 
genius. It requires great insight and imagination to see the world in a new way and pioneering 
scientists deserve great credit for their creativity. 

Applications of polarization 
fu we have seen, if two polarizing filters are crossed, the polarized light that passes through the 
polarizer cannot pass through the analyser, so no light is transmitted. However, if a transparent 
material is placed between the two filters it may rotate the plane of polarization, allowing some 
light to be transmitted through the analyser. A substance that rotates the plane of polarization 
of light waves pa.sing through it is said to be optically act i\·e. 

Figure 4.48 shows a sugar solution (optically active) placed between polarising filters. The 
concentration of the sugar solution can be determined from the magnitude of the rotation. 

unpolarized 
incident 

light 

Some plastics and glasses become optically active and rotate the plane of polarization 
of light when they are stressed (see Figure 4.49). This can be useful for engineers who 
can analyse possible concentrations of stress in a model structure before it is made. 

Liquid-crystal displays (LCDs) 

• Figure 4.49 Stress 

concentrationinaDVDcase 

seen with polarized light 

A liquid crystal is a state of matter that has physical properties between those of a 
liquid and a solid (crystal). Most interestingly, the ability of certain kinds of liquid 
crystal to rotate the plane of polarization of light can be changed by applying a small 
potential difference across them, so that their molecules twist in the electric field 
Figure 4.50 represents a simplified arrangement. If there is no potential difference 
(p.d.) across the liquid crystal, no light is transmitted out of the analyser. 



polarizer liquidcry51al anatyser 

"'"'-transp;irent 
electmdes 

• Figure 4.50 Arrangementofpartsina liquid­

crystaldisplay 

• Figure4.51 Aseven-segmentliquid-crystaldisplay 
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When a p.d. is applied to the liquid crystal, its 
molecules change orientation to align with the electric 
field and the plane of polarization rotates so that some, 
or all, of the light is now transmitted. The amount of 
rotation of the plane of polarization and the amount of 
light transmitted depend on the size of the p.d 

In simple displays (for example those used on 
many calculators, digital clocks and watches), light 
entering through the front of the display passes 
through the liquid crystals and is then reflected 
back to the viewer. Each segment of the display will 
then appear dark or light, depending on whether or 
not a p.d. has been applied to the liquid crystal (see 
Figure4.Si) 

Using the same principles, large numbers of liquid 
crystalsareusedtomakethetinypictureelements 
(pixels) in many computer and mobile phone 
displays, and televisions. Colours are created by using 
filters and the light is pro\'ided by a fluorescent lamp 
or LEDs behind the display 

43 Unpolarizedlightof intensity48mWisincidentontwopolarizingfiltersthathaveanangleof20° 
betweentheirtransmissionaxe'i 
a Whatistheintensityenteringthesernndfilter? 
b Whatintensityemergesfromthesecondlilter7 
c llasugarmlutionplacedbetweenthefiltersrotatestheplaneolpolarizationby28".whatintensity 

thenemergesfromthesecoodfilter? 

44 Use the internet to research and compare the main advantages and disadvantages of using liquid crystal 
and LEO displays 

@imj@mjj@ Polarization and 3-D cinema 
Our eyes and brain see objects in three dimensions (3-0) because when our tv.u eyes look at 
the same object, they each receive a slightly different image. This happens because our eyes are 
not located at exactly the same place. This is known as stereoscopic vision. Our brain merges the 
two images to give the impression of three dimensions or 'depth'. But when we look at a two­
dimensional image in a book oron a screen, 00th eyes receive essentially the same image. 

If we want to create a 3-0 image from a flat screen, we need to provide a different image for 
each eye and the use of polarized light makes this possible. (Some earlier, and less effective, 
systems used different coloured filters.) In the simplest mcxlem systems, one camera is used to 
take images that are projected in the cinema as vertically polarized waves. At the same time a 
second camera, located close by, takes images that are later projected as horizontally polarized 
waves. Sometimes a second image can be generated by a computer program (rather than by a 
second camera) to give a 3-0 effect. 



• Figure 4.52 Using polarizing glasses to watch a 3-D film • Figure 4.53 Circularly polarized waves 

To make sure that each eye receives a different set of images, the viewer wears polarizing 
glasses, allowing the vertically pobrized light into one eye and the horizontally polarized light 
into the other. One problem with using plane polarized waves is that viewers need to keep 
their heads leveL but this can be overcome by using circularly polarized waves in which the 
direction of the electric field oscillations continually totates in circles, as in Figure 4.53. A 
single projector sends images alternating between clockwise and anti-clockwise polarization 
to the screen 

I Use the internet to investigate the latest developments in 3-D television techniques 

4.4 Wave behaviour -wavesinteractwithmediaandeachotherina 
number of ways that can be unexpected and useful 

Changes in the speed of waves, o r obstacles placed in their path, will change their shape and/ 
or direction of motion, with very im{X}rtant consequences. These effects are called reflection , 
ref raction and d iffraction. Interference happens when waves combine. We will discuss each of 
thesefourwaveptoperties in this section 

• Reflection and refraction 

Reflection 
When a wave meets a boundary between two different 
media, usually some or all of the waves will be reflected 
back. Under certain circumstances some waves may par,s 
into or through the second medium (we would then say 
that there was some transmission of the waves). An 
obvious example would be light waves passing thtough 
transparent materials, for example liquids or various kinds 
of glass. Figure 4.54 shows both reflection and transmir.sion 
at the same window. 

We will refer again to our two wave models (waves on 
springs and waves on water) to develop our under.;tanding 
of reflection. 

R eflection in one dimension 

Figure 4.55 shows a single pulse on a spring or string 
tra\·elling towards a fixed boundary where it is totally 
reflected, with no loss of energy. Note that the reflected 
wa\·e is inverted. We say that it has undergone a phase 
change of half a wavelength. 

• Figure4.54 Lightreflectedoff 

andpassingthroughawindow 
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less'dense"string more"dense'51:ring 

ll'flectedwave 

• Rgure4.55 ReflectionofapulseaffafiXll!dboundary • Figure 4.56 A pulse travelling into a 'denser' medium 

• Figure 4.57 Apulse 

travelling into a less 

• Figure 4.58 

Reflection of plane 

waves from a straight 

boundary 

• Figure4.59 

Reflection of rays 

from a reflecting 

Pulses will change speed if they cross a boundary between springs/strings of different mass per 
unit length. In Figure 4.56 a transverse pulse is transmitted from a less 'dense' string to a more 
'dense' string (higher mass per unit length), where it travels more slowly. 

Note that there are now two pulses and both have reduced amplitude because the energy 
has been split between the two. The transmitted pulse will now have a slower speed but its 
phase has not changed. The reflected pulse returns with the same speed but has undergone a 
phase change of half a wavelength. 

In Figure 4.57 the transverse pulse is passing from a more 'dense' string to a less 'dense' string 
This time there is no phase change for the reflected pulse 

more'dense"string less'dense"string 

Longitudinal waves and pulses behave in a similar way to transverse waves 

R eflection in two dimen sion s 

If plane waves reflect off a straight (plane) boundary between two media, they will reflect 
so that the reflected waves and the incoming (incident ) waves make equal angles with the 
boundary(seeFigure4.58). 

The angle of incidence, i , is equal to the angle of l'lc'"f!ection , r. 

When discussing the reflection of light, it is more common to represent reflection by a ray 
d iagram, such as shown in Figure 4.59 

incidentr.ry reflected ray 

----~ ~----reflectir,g 
surface 
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• Figure 4.60Waves 
slowing down as they 

• Figure 4.61 Waves 
refracting as they 

A:; before, the angle of incidence, i, is equal to the angle of reflection, r. But in this diagram the 
angles are measured between the rays and the 'normal '. The normal is a construction line we 

draw on diagrams that is perpendicular to the reflecting surface. 
In practice, as with the one-dimensional waves, some wave energy may also be transmitted 

as well as reflected. The transmitted wa\·es may change direction. This effect is cal1ed rcfmciion 
and it is discussed next. 

Refraction 
Typically, waves will change speed when they travel into a different medium. The speed of water 
waves decreases as they pass into shallower water. Such changes of speed may result in a change 
of direction of the wave. 

Figure 4.60 shows plane wavefronts arriving at a medium in which they travel slower. 
The wavefronts are parallel to the boundary and the ray representing the wave motion is 
perpendicular to the boundary. 

incident --f--
waves/rifo/ travel ling 

fastef 

- ---===*~=---,;,wis- boundilry 
--f-- travel ling 

<=• 

fornormalinddencelhereisno 
diangeofdirectioo 

In this case there is no change of direction but because the waves are travelling slower, their 
wavelength decreases, although their frequency is unchanged (consider c • fA) . Now consider 
what happens if the wavefronts are not parallel to the OOundary, as in Figure 4.61. 

traveHing 
faster 

boundary 

travel ling ,,_ 

WiNesarerefractedtowardl" 
thenormalwhen theyenlef 

amediuminwtiichthey travel 
=<owly 

Different parts of the same wavefront reach the OOundary at different times and, consequently, 
they change speed at different times. There is a resulting change of direction that we call 
refmc1ion. The bigger the change of speed, the greater the change of direction 



• Figure4.62 W<Nes 
refracting as they 
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When waves enter a medium in which they tra\·el more slowly, they are refracted wwards the 
normal. Conversely, when waves enter a medium in which they travel faster, they are refracted 
away from the normal. This is shown in Figure 4.62, but note that this is similar to Figure 4.61 
with the waves travelling in the opposite direction. 

tril'lelling -
tril'lelling 

faster 

Wil'/esarerefrilctedaway 
lromthenormalwhenthey 
enteramediumwherethey 

travellaster 

The refraction of light is a familiar topic in the study of physics, especially in optics work on 
lenses and prisms, but all waves tend to refract when their speed changes. Often this is a sudden 
change at a boundary between media, but it can also be a gradual change, for example if the 
density of a medium changes gradually. 

The photograph in Figure 4.63 shows the gradual refraction of water waves approaching a 
beach. It is possible to learn about how the water depth is changing by observing the refraction 
of waves in shallow water. Waves travel slower in shallower water, so the wave crests get closer 
together (shorter wavelength) because the frequency does not change 

The focusing of a glass lens occurs because the light waves slow down and are refracted in a 
systematic way by the smooth curvature of the glass (see Figure 4.64). By using the refraction of 
light by more than one lens, we are able to extend the range of human sight to the very small 
(microscopes) and the very distant (telescopes). The reflec:rion of light by curved mirrors is also 
able to focus light and is used in some telescopes and microscopes 

• Figure4.63 0ceanwavesrefracting(anddiffracting)as 
they approach a beach 

• Figure4.64 Alensusesrefractiontofocuslight 
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• Figure 4.65Diffuse 
refraction of light by 

hot gases 

• Figure 4.66Light 

rays being refracted 
a towards the normal 

and b awayfromthe 

In Figure 4.65 light waves are refracted in a more disorganized way by the irregular changes in 
the density of the hot air moving above the runway and behind the plane. 

Snell 's law, critical angle and total internal reflection 

Figure 4.66 shows a single ray of light representing the direction of waves being refracted 
when entering a medium where they travel slower (Figure 4.66a) and a medium where they 
travel faster (Figure4.66b) 

speedv1 
refrnctil'i!imlexn1 

medium2 -·, refrilctiveindexn1 

For a boundary between any nm given media, it was discovered experimentally that any angle of 
incidence, 1\, was connected to the corresponding angle of refraction, 61, by the equation: 

~-constant,n 
sm(h 

Using trigonometry, it can be shown that this ratio is a constant because the ratio of the wave 
speedsinthetwomedia(v/v2)isconstant. 

~-constant • ~ 
smOz vi 

For light passing from air (or, more precisely, vacuum) into a particular medium, the constant is 
known as the refractive index, n, of that medium 

Because it is a ratio, refractive index has no unit. 



• Figure 4.67 Light 

rays passing through 

a parallel-sided 

transparent block 
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Because the speed of light in air is (almost) the same as the speed in a vacuum, the refractive 
index of air is 1.0. 

For example, the speed of light in air (or vacuum) is3.0 x io'!ms-1 and in a certain kind 
of glass it might be 2.0 x io'!ms- 1, so that the refractive index of that kind of glass would be 
1.5. With this information we can then calculate the angle of refract ion for any given angle of 
incidence 

Consider again Figure 4.66a, or Figure 4.66b, the refractive index of medium I, n1 • ~ and 

the refractive index of medium 2, n2 • ~· so that: 
1 

n1 sinBz '-'i 

11z • sin6
1 

• ~ 

This is known as Snell's law and it is given in the Physici data hook/et. 
The refractive index of a transparent solid can be determined experimentally by locating 

the paths of light rays passing through a parallel-sided block. Figure 4.67 shows the path of a 
single ray entering and leaving a block. It could be travelling in either direction. Once these two 
rays have been located, the path of the ray within the block can be drawn in, and the angles 
of incidence and refraction measured so that a value for the refractive index can be calculated. 
Further values can be determined for other angles of incidence and an average value of refractive 
index calculated. Alternatively, a graph of sin 61 against sin 62 should be a straight line with a 
gradientequaltotherefractive index 

9 a lf lightwavesrepresentedbyaraymakinganangleofincidenceof60°enterintoglassofrefri!Clive 
indexl .52.cakulatetheangleofrefrnction 

b Whatisthespeedoflightinthisgklss?(Speedofl ighlinair:3.0 x 108ms-~ 

a ng1.,,"' Ii~:.,, 
1.52:~ 

sm9iii.,, 
angleofrefractioo:ll\µ< ,"'35° 

b n g1.w"' vv,: 
1.S2 ,.{3.~ x 10ilJ ,,., 
v9i,,,:2.0x108ms· 1 

45 Lightraysinairenteraliquidatanangleof38°. lftherefractive indexoftheliquidis1 .4,whatisthe 
angle of refraction? 

46 P1ane water waves trave lling at 48cms-1 enter a region of stiallower water with the wavefroots at an 
angle of 34° to the boundary. If the waves travel at a speed of 39cms·1in the shallower water, predict the 
directioninwhkhtheywillmove 
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• Figure 4.68 Total 

occurs if the angle 

of incidence is greater 

than the critical 

angle,llc 

47 lightraystravl'lilt2.23><10Bms-1inaliquidandat3.00x108ms-1inair. 
a Whatistherefractiwindexoftheliquid? 
b light rays coming out of the liquid into air meet the surface at an angle of indderxe of 25°. What is the 

ar,gleoftheemergingraytothl'nOfmalinair? 

48 Acertainkindofglasshasarefractiveindexofl.55.lflightpassesintotheglassfromwater(refractive 
indl'x = 1.33) and makes an angle of refractioo of 42°, what was the angle of incidence? 

4!1 a Use trigonometry to show that the refractive index between two media is l'(JUal to the ratio of WiNe 

speeds(~)inthemedia.. . . . . . . n 
b Show that the refractive mdl'x for w<Nes going from medium 1 mto medium 2 11 given by 1n1 =?, 

50 Expla inwhyitisimpossibll'fOfanymediumtohavearelrildiwindexoflessthanooe 

Total internal refl ection 

Consider again Figure 4.66b, which shows a wave/ray entering an optically less dense medium 
(3 medium in which light travels faster). If the angle of incidence, Bl' is gradually increased, the 
refracted ray will get closer and closer to the boundary between the two media. At a certain 
angle, the refracted ray will be refracted at an angle of exactly 90" along the boundary (see 
Figure 4.68). This angle is called the critical angle, Bc, shown in red in the diagram. 

For any angle of incidence some light will be reflected at the l:oundary, but for angles of 
incidence bigger than the critical angle, all the light will be reflected back and remain in the 
denser medium. This is called total internal reflect ion. 

and~:e:~ow that+i •*·but at the crit ical angle, B1 • Bc and Bi• 90°, so that sin B1 • I, 

n, I 
~·smll, 

Most commonly, the light will be trying to pass from an optically 
denser material (medium I) like glass, plast ic or water, into air 
(medium 2), so that n2 • n , tr • I, and so: 

This equation is given in the Physics dara booklet for Option C, but 
norforChapter4 

In order to investigate crit ical angles experimentally, light rays 
ha\·e to be traced through a material that is nor parallel sided 
This is most conveniently done with a semi-circular bkx:k of glass 
or plastic. The critical angle of a liquid could be determined if a 
low-voltage, low-power lamp could be supported safely inside a 
container of the liquid. 

A material with a higher refractive index will have a smaller 
critical angle, which means that light is [lK}re likely to be internally 
reflected. The high refractive indices of certain kinds of gla,s 
and precious stones (diamond, for example) are res1x:msible for their 
'sparkly'appearance. 

• Figure4.69 Tota l 

internal reflection along a 
glass f ibre 
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One important application of total internal reflection is in communication. Light passing 
into a glass fibre can be trapped within the fibre because of multiple internal reflections and it 
will then be able to travel long distances, following the shape of the fibre (see Figure 4.69). The 
light can be modified to transmit digital information very efficiently. 

10 A{ertainkindofglass hasall'fractiveindexof 1.S4andwaterhasall'fractiwindexof 1.33 
a In whi{h medium does light travel faster? 
b Under what drrnmstan{es might light be internally reflected when meeting a boundary between 

thesetwosubstan{es? 
c Cakulatethe{riticalangleforlightp.-issingbetweenthesetwomedia 

a Water(be<:auseithasalowerrefractiwindex) 

b When trave lling from glass into water at an angle bigger than the critical angle 

linll,=,ps,[Jw,,.,,,=::. 

butn~..,.=~andnwa,.,,,=v:7 .. 

mthat~=flwatw 
vw, .. n11= 

hen{e,sinll,=~";:'= i::! :0.863 

ll,:59.7° 

51 ii tfthe'ipeedoflightinseawateri12.21 >< 108 ms- l,calculateitsrefractiveindex 
b Calculatethecritical anglelorlightp<1Ssingbetweenseawaterandair. 

52 a Outline how yoo could arry out an experiment to measure the critical angle of light in glass 
b Sugge5tamethodlormeasuringthe{riticalangleoflightinwater. 

53 Use the internet to find out about the cladding of optical fibres and ac{ep@n(e ang/f!'i. Write a short 
summary of your findings 

54 Findouthowlighttravellingaloogopticalfibrescanbeusedtotransmitdata 

NHfiifiOMiM Total internal reflection and endoscopy 

• Figure 4.70An 
endoscope can be 
used to inspect a 
patient's stomach 

The total internal reflection of light along flexible optical fibres is used in endoscopes for 
carrying out medical examinations. Light from a source outside is sent along fibres to 
illuminate the inside of the lxxly. Other optical fibres, with lenses at each end, are used to 
bring a focused image outside fur viewing directly or via a camera and monitor (see Figure 4.70). 
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• Figure4.71 Using 

a prism to produce 

Endoscopes are used widely for diagnosing medical problems and, increasingly, they are being 
used in treatments such as small-scale surgery or taking a biopsy. Endoscopes can be inserted 
into any natural openings in the lxx:ly, but they are sometimes also inserted through incisions 
made by a doctor. 

l There are many different types of endoscope used for different pans of the lxx:ly. Use the 
internet to learn more about one particular kind of endoscopy and write a short report for 
presentation to your fellow students 

Dispersion of light 

The speeds of different colours (wavelengths) of light in a particular medium (glass, for example) 
are not exactly the same. Red light travels the fastest and violet is the slowest. This means that 
different colours travelling in the same direction from the same source will not travel along 
exactly the same paths when they are refracted. When light goes through parallel-sided glass 
(like a window), the effect is not usually significant. However, when white light passes into 
and out of other shapes of glass (like prisms and lenses), or water droplets, it can be dispersed 
(separated into different colours). A triangular prism, as shown in Figure 4.71, is commonly used 
to disperse white light into a spectrum (Figure 4.22) 

a spectrum of white \· ~ 

light .~ L 
white light \ spectrum 

- ·- lbn al-Haytham ~--· - Until recently the important role played by Islamic scientists 
has been somewhat neglected by other cultures. An eleventh­
century scientist, Ibn al-Haytham (Figure 4.72), also known as 
Alhazen, is arguably one of the greatest physicists of all time. He 
was a pioneer of modem 'scientific method', with its emphasis 
on experimentation and mathematical modelling, but he lived 
hundreds of years before Galileo and the others who are widely 
credited with similar innovations 

His work was wide ranging, but included experimental and 
quantitative investigation of the refraction of light (similar to 
the work carried out by Snell centuries later). Incidentally, he 
is also credited by many with being the first to reali:e that the 
'twinkling' of stars is due to refraction of light passing through 
the Earth's atmosphere 

• Figure4.721bnal-Haytham 

l Find out the names of some other scientists and mathematicians from around the eleventh 
century or a few hundred years before. Where did they live and what were their major 
achievements? 

2 Are scientific developments sometimes achieved in isolation by lone individuals, or is 
collaboration, rather than secrecy, an important aspect in most research? 
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• Diffractio n th ro ug h a sing le slit and a ro und o bj ect s 
When waves pass through gaps 
(apertures) or pass around obstacles in 
their path, they will tend to 'spread' or 
'bend' around them. This important 
effectiscalled d iff ract ion fotermthat 
should not be confused with refraction) 
Waves often encounter objects in their 
path and the study of diffraction is 
vital in appreciating how waves travel 
from place to place. This has become 
especially important in this age of 
wireless communication. 

AU waves diffra:t under suitable 
conditDnS and the fact that something 
diffractsisclearevidenceofitswave 
nature. Sometimes the dfects ci diffraction 
areverynoticeable,astheyll.'lUa!lyare 
with \\--ater waves and sound waves, but 
diffraction may also be difficult to observe, 
as it is with light waves. This is because the 
amount of diffraction is dependent on how 
the size ci the wavelength compares to the 
sizeoftheobstacleotgap. 

Diffraction is most important when the 
wavelength and the gap, or obstacle, 
areaboutthesamesize. 

• Figure 4.73Diffractionofplanewavesthroughgaps 
andaroundobstacles(reflectedwavesnotshown) 

Figure 4.73 represents the nm-dimensional diffraction of plane waves through apertures and 
around obstacles. The diagrams can be applied to the diffraction of any waves, including those 
in three dimensions, although it is important to realize that they are simplified. These kinds of 
patterns are easily observed with water waves using a ripple tank (Figure 4.29). 

Examples of diffraction 
Sound 

Wavelengths typically vary from about 2cm to 20m. This 
means that sound is easily diffracted around comers, 
buildings, doors and furniture, for example. As a result, we 
can hear sounds even when we cannot see where they are 
coming from 

Lower-pitched sounds have longer wavelengths 
and therefore diffract better around larger objects like 
buildings, so we tend to hear them from further away. 
Low-pitched sounds also spread away better from larger 
loudspeakers (often called 'v..uofers'), while high-pitched 
sounds benefit from smaller speakers ('tweeters') 

Light 

All the various colours of light have wavelengths of less 
than JQ---0 m (IO-J mm). This means that the diffraction of 
light tends to go unnoticed because only very small gaps 
diffract light significantly. However, the diffraction of light • Figure 4.74 This large 
entering our eyes does limit our ability to see (resolve) loudspeaker is good at emitting 
details and it also limits the resolution of telescopes and longer wavelengths at high volume 
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microscopes. You can see some effects of diffraction 
by looking at a white surface through a narrow gap 
made between your fingers: dark lines are seen, 
which are parallel to the length of the gap. 

In order to observe the diffraction of light on a 
screen in a darkened laboratory it is easiest to use 
monochromatic light. Monochromatic light means 
light of a single colour or, more precisely, light 
with a single wavelength (or a very narrow range 
of wavelengths). Lasers are an excellent source of 
monochromatic light fur observing diffraction. 
Figure 9.6 on page 388 shows a typical experimental 
arrangement 

• Figure 4.75Diffractionpatternof When light passes through a very narrow 
vertical slit and then strikes a screen some distance monochromatic light passing through a 

away, a diffraction pattern, such as that shown in 
Figure 4,75, will be seen. A series of light and dark 
bands is observed, with the central band being brighter and wider than the others. This pattern 
is discussed further in Chapter 9, but it is important to realize that the pattern can only be 
explained by a wave theory of light. 

R adio waves 

Radio waves (including microwaves) have a \•ery 
wide range of wavelengths, from a few centimetres 
up to a kilometre or more. When engineers design 
radio communication systems for radio, TV, satellite 
broadcasts and mobile phones, for example, they 
have to choose a suitable wavelength to use. This 
involves considering how far they want the waves to 
travel between transmitter and receiver, and whether 
or not there are obstacles such as buildings or hills 
in between. Ideally the size of the transmitting and 
receiving aerials will be comparable to the size of the 
wavelength used, although cost and convenience may 
reduce aerial sizes. For example, the wavelengths used 
for mobile phones are typically a few centimetres. 

X-rays 

• Figure4.76Microwavesdiffract 
whentheyareemittedfrom 
transmitting aerials 

Because diffraction effects (for a given wavelength) depend on the size of the diffracting object, 
it is possible to learn something about an object by observing and measuring how it diffracts 
a wave of known wavelength. This has many important applications. X-rays, fur example, 
have wavelengths comparable to the size of atoms and the diffraction of X-rays has been very 
important for scientists learning about the spacing of atoms and how they are arranged in 
crystalline solids. 

Tsunamis 
The consequences of the tsunamis following the massive earthquakes off the Indonesian island 
of Sumatra on 26 December 2004 and the north-eastern Japanese coastline on 11 March ZOii 
were tragic and overwhelming. Sudden and massive motion of the Earth's crust along a fault line 
passed energy to the ocean above, resulting in the movement of an enormous volume of water. 

Any tsunami wa\·es resulting from an earthquake travel at high speed (maybe for thousands of 
kilometres) with little loss of energy, and hence possibly devastating consequences when they 
reach land. 
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But why are some places affected much worse than others? Of course the height of the land near 
the shore is a major factor, as is the distribution of homes and people. A full explanation must 
also take into account the refraction, reflection and diffraction of the incident waves as they 
approach a coast. Changes in depth of water and the orientation of such changes (relative to the 
coast) will affect the height and shape of the waves, and the direction in which they are moving. 
The 5hape of the coastline can result in reflections and diffractions that have a focusing effect. 

Similar explanations can be used to show why ,ome beaches are much better for surfing than others 

• Figure 4.77ThetsunamiofDecember2004 

haddevastatingeffectsonlow-lyingareas 

@llftif!jjj,j,?p Satel lite 'footprints' 

1 What causes waves on the oceans and why do 
they always seem to come into shore (rather 
than travelling outwards)/ 

Rgure 4.78 represents the intensity of signal arriving at the surface of the Earth from a TV 
broadcasting satellite rositioned somewhere aOOve the equator. The different colOllred rings show the 
diameter of aerial ('dish') required to receive a signal of suffcient power. For example, homes in the 
outer ring need an aerial with a diameter 120/50 • 2.4 times wider than homes in the centre. This 
suggests that the received intensity is about six times higher in the centre than in the outer ring. 

The transmitting aerial on the satellite does not send the TV signals equally in all directions, 
but directs the waves to the required locations on the Earth's surface (see Figure 4.79). As 
the waves emerge from the aerial and reflectors they are diffracted, and this diffraction is 
res{X)nsible for the size and shape of the 'footprint' 

• Figure 4.78Satellitefootprintanddishsizes • Figure 4.79AsatellitebroadcastingTVsignals 

l Explain why the information in Figure 4.78 suggests that the intensity of the signal is about 
six times higher in the centre than in the outer ring. 

2 Find out the typical wavelengths of electromagnetic waves used in satellite TV 
transmissions and compare this to the size of the transmitting and receiving aerials. 
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• Figure4.80 

path difference 

• Figure 4.81 

• Interference patterns 
We are surrounded by many kinds of waves and, of course, the paths of these wa\·es cross 
each other all the time. When different waves cross, or 'meet', they usually pass through each 
other without any significant effect, but if the waves are similar to each other (in amplitude 
and wavelength), then the results can be important. This superposirion effect is known as the 
interference of waves. 

Constructive and destructive interference 
G:>nsider Figure 4.80. Suppose that waves of the same frequency are emitted from sources A and 
B in phase (or with a constant phase difference). Such sources are described as being coherent. 

If these waves travel equal distances and at the same speed to meet at a point such as P0, 

which is the same distance from both sources, they will arrive in phase. Using the principle of 
superposition, we know that if they have the same amplitude, the result will be an oscillation at 
P0 that has twice the amplitude of the individual oscillations. This is an example of constructi\•e 
interference, as shown in Figure 4.81a 

P2 2rdfT18Xrnmi 
palhatfornnce = zt 

p centralmaxirn.m 
0 palhatforence = O 

Similarly, there will be other places, such as P1 and P2, where the waves are in phase and interfere 
constructively because one wave has travelled one wavelength further than the other, or two 
wa\·elengths further, or three wavelengths etc. 

rnmtructiveinterferen{e{atP1) de5tructiveinterferen{e{atQ1) 



• Figure4.82 

pattern produced by 

coherent waves from 

twosources,CandD 

• Figure4.83 
The interference of 

ripple tank 
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Path difference 

In general, we can say that under these conditions, constructive interference will occur 
anywhere where there is a path difference equal to a whole number of wavelengths. Path 
difference is the difference in the distance travelled by waves from nm separate sources that 
arriveatthesamepoint 

In other places, such as at points Gi and Qi, the waves will arrive exactly out of phase 
because one wave will have travelled half a wa\·elength further than the other, or one and a half 
wavelengths, or t\ffi and a half wavelengths and so on. In these places the result will be a minimal 
oscillation, an effect called destruct ive interference (as shown in Figure 4.81b). The resultant will 
probably not be zero because one wave has a greater amplitude than the other, since they have 
travelled different distances. The overall pattern will appear as shown in Figure 4.82 

The fact that there are places where waves can come together to produce no waves is especially 
im!X)l"tant because only waves can show this behaviour. For example, when it was discovered that 
light can interfere, there was only one possible conclusion ~ light must travel as a wave 

Two waves combining to give no waves at particular places may seem to contradict the principle 
of conservation of energy, but the 'missing' energy appears at other places in the interference 
pattern where there is constructive interference, giving twice the amplitude. (Remember that 
doubling the amplitude of an oscillat ion implies four times the energy.) 

The interference of waves from t\ffi sources is conveniently demonstrated using a ripple tank 
(Figure 4.29). Figure 4.83 shows a typical interference pattern. It should be compared to the 
right-handsideofFigure4.82. 
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• Figure4.84 

• Figure4.85 

Summary of conditions needed for interference 

The condition for constructive interference is that coherent waves arrive at a point in phase. 
This will occur when the path difference is equal to a whole number of wavelengths. 

For constructive interference, path difference • nA (where n is an integer, I, 2, 3 etc.) 

The condition for destructive interference is that coherent waves arrive at a point exactly out of 
phase. This will occur when the path difference equals an odd number of half wavelengths. 

For destructive interference, path difference • (n ++)A 

These two conditions are given in the Physics data bookle1 
At most places in an interference pattern there is neither perfectly constructive nor perfectly 

destructive interference, but something in between these two extremes 

Examples of interference 
Different sources of waves (light waves, for example) are not normally coherent because the 
waves are not produced in a co-ordinated way. So, although in principle all waves can interfere, 
in practice examples are limited to those waves that can be made to be coherent. This may 
invoke using a single source of waves and splitting the wavefronts into two 

Interference of microwaves 

In Figure 4.84, a single microwave source is being used, but the wavefronts are split into tv.o by 
the slits between the aluminium sheets and, if the receiver is moved around, it will detect the 
interference pattern produced when the microwaves diffract through the tv.o slits and then overlap. 

Interference of sound waves 

Identical waves can be prcx:luced using tv.o sources driven by the same electronic signal, such 
as with radio or microwave transmitters, or with sound loudspeakers. In Figure 4.85 the listener 
hears the sound intensity changing as she walks past the speakers. (Unwanted reflections from 
walls may make this difficult to hear dearly inside a room.) 



• Figure4.86 

Interference of light 

• Figure4.87 

Geometry of 

experiment 
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Double-slit interference 

The interference of light waves can be demonstrated in a darkened roc,m by passing morochromatic 
hser light through t\<U narrow slits that are very dose together. The resulting interference pattern 
can be seen on a distant screen (see Figure 4.86). The interference of light can also be observed with 
white light (with or without filters), but the pattern is more difficult w observe. 

A series of light and dark 'fringes' is seen on the screen. The pattern is similar to the diffraction 
pattern seen when light passes through a single slit, although in the interference pattern all 
the fringes are al:out the same width. The closer the two slits, the wider the spacing of the 
interference pattern. 

This experiment was first performed by Thomas Young and it is of great historical 
importance because the observation of the interference of light confirmed its wave-like nature 
(because only waves can interfere or diffract). Measurements of the geometry of the experiment 
can lead to a determination of the wavelength of the light used (see Figure 4.87). 

s!iM=tee0distar,ce.D 

The wavelength of the light used is related to the geometry of the experiment by the following 
equation (which is expbined in Chapter 9)· 

s--* 
This equation is given in the Phyiics daia bookkt 
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11 Mooochromatk laser light was directed at wme dooble slits and an interference pattern WiJS observed 
onasc:reenpklced4.78mlromtheslits. Thedi5tancebetweenthecrotreolabrightlringe andthe 
centre of another, eight fringes away, WiJS S.Bcm. If the slit separation was 0.33 mm, calculate the 
Wil'lelengthoftheri!diation 

)J) 
5: d 

{S.8 x
8

10-1}=~ 

A:S.O x 10-1m 

55 Why are microwaves often used in sc:hool lab01atories to demonstrate 
the interferroce of electromagnetk Wil\lel/ 

56 The girl shown in Figure 4.85 found that when she moved in the 
direction shown by the arrows, there was approximately 50cm 
betweensuca>ss.ivepositionswherethesoondwaskJVd.Thespeakers 
were 120cm apart and her doses! di51a/lCe to point P was 80cm 
Estimate the approximate Wil\l~ength and frequency of the wurces 

57 Figure4.88shOW5twosourcesolwil'lesonarippletank.The 
diagramisonequarteroflullsize. Eac:hsourceproduceswaves 
of Wil'lelength 2.8cm. Take measuremrot1 from the diagram to 
determinewhatkindofinterterencewilloccuratP. • Figure4.88 

51 An observer stands hat/way between two speakers fac:ing eac:h other and he hears a loud wund of 
frequency240Hz 
a Explainwhytheintemityolthesounddecreasesifhewalksslowlyinanydirection 
b What is the shortest di5tance he would have to move to hear the sound rise to a maximum again? {The 

s.peedofsoundinair:340ms-1.) 

59 Explain why no interference pattern is seen when the l~t beams from two car headlights cross r.Nere.J.ch other. 

60 lnFigure4.84thecentresoftheslitswere6cmapart 
a Suggest why the width of the two slits was 

chosentobeaboutthesamesizeasthe 
Wil\lelrogth 

b Thereceiverdetectedamaximumsignal when 
itwas45cmfromoneslitand57cm fromthe 
other.Sugge5tpossible valuesforthewil'lelength 
ol themicrowil'/es 

c Howcooldyoudeterminetheacll.lal wil'lelength? 

61 A helium liJSerwithawil'lelengthol633nm (lnm= 
1 x 10--!lm)wasusedhyateachertodemomtrate 
double-slit interterencewithapai1ofslitsof 
spac:ing0.S0mm. lftheteac:herwantedthefringe 
separation on the screen to be 1.0cm, how far away 
fwmtheslitswouldhehil'letoputthescreen? 

62 a Find out what causes the colours seen in • Figure 4.89 How are supernumerary 
rainbows(Figu re4.89) rainbows explained? 

b tfyoulook closely,youcanseelightanddark 
bands inside the rainbow. The,;e supernumerary 
rainbowsareadiflrilclionand interterence 
effect.Researchintohowtheyarelormed 

@i@f!jjj fstM Using interference to store digital data 
Digital data is stored and transmitted in binary form as a very long series of 0s and ls (offs and 
ons). This means that each tiny location in the medium that stores the data must be able to 
distinguish between (o nly) two states. An o ptical storage medium (like CD, DVD o r Blu-ray) 
uses the constructive and destructive interference of laser light to create these two states 
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The data on a CD or DVD is stored in a track of 
microscopic 'pits' and 'hnds', which are moulded into a thin 
layer of transparent plastic (Rgure 4.90). These indentations 
are then covered with a thin layer of reflective aluminium. 
The pits and lands are arranged one afi:er aoother in a 
spiraltrack,startingfromthecentreofthedisc. 

• Figure 4.90Thethree-dimensionalarrangementafpitsand To recover the data, a laser beam is focused on the 
CD surface and is reflected back onto a detector. How landsinatrackonaCD(nottoscale).Thelengthafthepits 
it is reflected depends on whether it falls on a pit or a 
land. If the laser beam is entirely incident on a pit (or 

rangesfrom830to3560nm 

• Figure4.91 The 

ref lection of the laser 

beamfromapitand 
fromaland-herethe 

light is shown falling 

atanangle,butina 

CDplayeritisa/most 

ToK Unk 

on a land) then all the waves in the reflected beam are in phase with each other. Constructive 
interference takes place and a strong signal (a binary one) is detected. 

If part of the light beam is incident on a pit and part on a land, then there is a path difference 
between the two parts of the laser beam. The pit depth is such that, for a laser beam 
of wavelength A, the path difference is )./2, which means that destructive interference occurs 
and there is no signal produced (a binary iero). Because the path difference is twice the pit 
depth, to obtain a path difference of A/2, pit depth • )./4. 

The laser beam reflects off the rotating spiral track and the signal received by the detector 
changes as the beam travels from pit to land to pit. This produces digital signals of ls and Os, 
varying according to whether the interference is constructive or destructive and also according 
to the lengths of the pits and lands. 

It is estimated that the \<-Urkl's ability to store data doubles every two to three )'ears, reflecting 
people's desire to keep pictures and videos, and the desire cl organizations to keep all the records that 
they can. Data are mostly stored electronically, magnetically or optically, although small solid-state 
systems (with no irvving parts) are prefurable if they can have a large eoc,ugh data storage capacity. 

While storing information may be easy, removing it when it is no longer of use can get 
overlooked and may not be as simple as the touch of a button. Information that may be untrue, 
outdated or just embarrassing often remains stored, and is therefore accessible to large numbers 
of people, indefinitely. This is especially true for any use of the internet, where our 'digital 
footprint' (the data we leave behind ll'l) may be much larger than we think. 

l Compare the advantages of storing data on an optical disk, flash drive, external hard disk 
(or solid-state drive) or internet 'cloud'. 

Huygefl'i and Newtoo proposed ~ competing theories of the 
behaviour of b"ght. How does the sciMtific community decide 
between competing theories? 

butHuygens"wiM!theorywasalsoabletoexplainthed~fra,ction 
and polarization of light 

Partkletheorycookinotbeusedtoexplaintheinterferenceof 
light, asdemonstratedbyYoongmOfethanonehundredyears 
laterintheeartynineteenthcentury.lflightinterfereditmusthil'le 
wave- likeproperties,butalltheotherknownwavesneededa 
mediumtotril'lelthrough.FOfexample,soundcantravelthrough 
air,butnotthroughavacuumbe<:ausetherearenooscillating 
moleculestotransferthewaves 

ChristiaanHuygenswasanotableOutchsc:ientistand 
mathematician who beli{>ved that ttie known properties of light 
atthattime(inthe 1670s)couldbeexplained if lightcon1i1ted 
ofwaves.Thi1wa1inconllictwiththetheoryofthenatureol 
light generally known as Newton's 'corpuscular ttieory'. Newton's 
theorycouldbeusedtoexplainthepropertiesoflight{like 
reflectionandrefraction)bya1sumingittoconsistoftinyparticles. 
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About 1S0ye<1(';befoll!, Descartesisueditedwithdevi!lopingthe 
cooceptofthe'ether' - amysterious,undetect<1bk>rubst<11Kettiat 
wasevetyWhere,fill inga llofspace. Xientistsadoptedthisidea 
tohelpexplainhowlightuntravelMrossspace.(Descarteshi!d 
proposedtheethertohelpexplaintheid&ithatlorces(magnetic, 
gravitational,electrical)can<1ct'<1t<1distance'betweenobjects 
withnothingintheintermediatespace.) 

Theetherwasalessthantotallyrnnvindng,butwidelyaccepted, 
sc:ientifictheorylmwellmertwohundredyears. ltwasfinally 
disueditedbythewOO<ofEinsteinintheearlytwentiethcentury 
followingtheearlierdiscmerybyMichelsonandMorleythatthe 
speed of light was the same in all dirKlioos r~ativi! to the motioo 
of the Earth 

r Wave-partideduali ty 

The nature of light has been a central issue and a matter for great debate in the development 
of physics for centuries. Many famous physicists have proposed useful theories in the past, but 
none seemed completely satisfactory, or able to exphin all the properties of light. Scientists 
now accept that no single model of the nature of light can fully exp la.in its behaviour. Different 
models seem to be needed for different circumstances. This is known as the wave-particle 
duality of light and more details are included elsewhere in this book 

• Figure4.92 Two 
sinusoidal waves 
travelling towards 

4.5 Standing waves -when travelling waves meet they can superpose 
to form standing waves in which energy may not be transferred 

So far, the discussion of waves in this chapter has been about 1rawlli11g waws, which transfer 
energy progressively away from a source. Now we tum our attention to waves that remain in the 
same position. 

• The nature of standing waves 
G:>nsider two travelling wa\·es of the same shape, frequency, wavelength and amplitude moving 
in opposite directions, such as shown in Figure 4.92, which could represent transverse waves on a 
string or rope 

As these waves pass through each other, they may 
combine to pro.::luce an oscillating wave pattern 
that does not change its position. Such patterns 
are called stand ing waves (or sometimes stationary 
waves). Standing waves usually occur in an enclosed 
system in which waves are reflected back on each 
other repeatedly. Typical examples of standing­
wave patterns are shown in Figure 4.93. Note that a 
camera used for this pro.::luces an image over a short 
period of time (not an instantaneous image) and 
that is why the fast-moving string appears blurred 
This is equally true when we view such a string with 
our eyes. 

• Figure 4.93 Standing waves on a Simple standing-wave patterns can be produced 
stretched string eas;ily by shaking one end of a rope, or a long stretched 

spring, at a suitable frequency, while someone holds 
the ex her end fixed. Patterns like those shown in Figure 493 require higher frequencies (because a 
string is much less massive than a rope), but can be pro.::luced by vibrating a stretched string with a 
mechanical vibrator controlled by the variable electrical oscillations from a signal generator. This 
apparatus can be used to investigate the places at which the string appears to be stationary and the 
frequencies at which they occur. 



• Figure 4.94Nodes 

standing wave on a 
stretched string-the 
solid line represents 
a possible position 
ofthestringatone 

• Figure 4.95 Modes 

stretched string fixed 
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Nodes and antinodes 
There are points in a standing wave where the displacement is always zero. These points are 
called nodes. At positions between the nodes, the oscillations of all parts of the medium are in 
phaJe, but the amplitude of the oscillations will vary. Midway between nodes, the amplitude is at 
its maximum. These positions are called antinodes. Figure 4.94 represents the third wave from 
the photograph in Figure 4.93 diagrammatically. Note that the distance between alternate nodes 
(or antinodes) is one wavelength 

A A A 

~=,t!nodeN ~ N 

There is energy as.sociated with a standing wave and, without dissipative forces, the oscillations 
would continue forever. But energy is not 1mmferred by a standing wave out of the system 

We can explain the formation of a standing wave pattern by determining the resultant at any 
place and time. We can do this by using the principle of mperposirion. The overall displacement 
is the sum of the two individual displacements at that moment. Nodes occur at places where the 
two waves are alwayJ out of phase. At other places, the displacements will oscillate between zero 
and a maximum value that depends on the phase difference. At the anti nodes the two waves are 
always perfectly in phase. (Students are recommended to use a computer simulation to illustrate 
this time-changing concept.) 

Standing wa\•es are possible with any kind of wave moving in one, two or three dimensions 
For simplicity, discussion here has been confined to one-dimensional waves, such as transverse 
wavesonastretchedstring 

Boundary conditions 
Standing waves occur most commonly when waves are reflected repeatedly back from boundaries 
in a confined space, like waves on a string or air in a pipe. The frequencies of the standing waves 
will depend on the nature of the end of the string or the end of the pipe. These are called boundary 
conditions. For example, the ends of a string, or rope, may be fixed in one {XJISitionor be free to 
move; the ends of a pipe coukl be closed or open. When the ends are free to move we \1-0l.lld expect 
the standing wave to have antinodes and there will be nodes when the ends are fixed 

• Modes of vibration of transverse waves on strings 

N,cooe ~ 
A:antinode151harmonit ~ ;,o=2~frequeocy=fo 

N A N 

2ndharmonic l0~ ;,=2V2, f:2f0 

N A N A N 

3rdharmook bGd .l.=2!f:l,f:3f0 

NANANAN 

4thharmook b?=\vA .l:2114.f=4fo 

N A N',.A,\ A N···;.,·':N 

If a stretched string fixed at both ends is struck or plucked, it can only vibrate as a standing 
wave with nodes at both ends. The simplest way in which it can vibrate is shown at the top of 
Figure 4.95. This is known as the first harmonic. (Also sometimes called the fundamental made 
of vibration.) It is usually the most important mode of vibration, but a series of other harmonics 
is possible and can occur at the same time as the first harmonic. Some of these harmonics are 
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• Figure4.96AVina, 

musical instrument. 

Composed of 

gourds 

shown in Figure 4.95. The wavelength, Ai,, of the first harmonic is 21, where I is the length of the 
string. The speed of the wave, ti, along the string depends on the tension and the mass per unit 
length. The frequency of the first harmonic, / 0, can be calculated from tJ • fA: 

This shows us that, for a gi\·en type of string under constant tension, the frequency of the first 
harmonic is inversely proportional to the length. The first harmonic of a longer string will have 
a lower frequency. 

and1!::avelengths of the harmonics are, starting with the first (longest), 21, {, ¥¥ 
The corresponding frequencies, starting with the lowest, are /0 , Z/0 , 3/0 , 4/0 and so on. 

12 A51ringhasalengthof1.2mandthespeedoftransversewavesonitis8.0m1-1 

a What is the wav~ength of the first harmonic/ 
b Drawsketchl'Softhefirstfourharmonics 
c Whati1thefrequencyofthethirdharmonic7 

a .l.~=21=2 x 1.2 =2.4m 

b SeeFigure4.95 

c .l_,.1:.!,.o.Bm 
3 

f,...!'.,..!!.&,.10Hz 
A 0.8 

Standing waves on strings are usually between fixed ends, but it is possible that one, or both, 
OOundaries could be free. If there are antinodes at each boundary, the frequency of the first 
harmonic will be the same as for fixed boundaries, with nodes at each end. If there is a node 
at one end and an antinode at the other, the frequency of the first harmonic will be lower. An 
example of this situation would be a standing wave produced on a chain hanging vertically. 

Musical instruments 

I 

An ama:ing variety of musical instruments have been used all around the world for thousands of 
years (see Figure 4.96). Most involve the creation of standing wave panems (of different 
frequencies) on strings, wires, surfaces or in tubes of some kind. The vibrations disturb the air 
around them and thereby send out sound waves (music) 
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When musical notes are played on stringed instruments, like guitars, cellos and pianos, the 
strings vibrate mainly in their first harmonic modes, but various other hamK>nics will also be 
present. This is one reason why each instrument has its own, unique sound. Figure 497a shows a 
range of frequencies that might be obtained from a guitar string vibrnting with a first harmonic 
of 100 H z. The factors affecting the frequency of the first harmonic are the length of the string, 
the tension and the mass per unit length. For example, middle Chas a frequency of 26L6Hz 
The standing transverse waves of the vibrating strings are used to make the rest of the musical 
instrument oscillate at the same frequency. When the vibrating surfaces strike the surrounding 
air, travelling longitudinal sound waves prop3gate away from the imtrument to our ears. 

It can stimulate discussion if students bring different musical instruments into the laboratory 
to compare how the sounds are made and how the frequencies are controlled. A frequency 
analysis can be panicularl}· interesting (as Figure 4.97a). Com·ersely, there are computer programs 
that enable the synthesis of sounds by adding together (superposing) basic wavefurms. 

Frequency/Hz 

• Figure4.97aFrequencyspectrumfromaguitarstring • Figure 4.97b Creatingstanding 

TQK Unk 

There Me close /inh between stilllding Wilvt.>S in strings il!ld Schrodinger's rheory for the probability 

amph"tude of eleclron5 in the atom. Application to supersrring rheory requires stil!lding-wave patterns in I I 
dimensions. What i5 the role of redSOfl and imagination in enabling srienrisls to visuah"ze scenarios that are 
beyondourphyskitlcilpilbililies? 

Standing waves on 51rings can only have one of a se<ies of well-defined and mathematica lly related 
frequencies.Alteritwa1discoveredthatanelectroncanonlyexistinhyd1ogeninoneofaseriesol 
mathematically related eoergy levels, it was realized that standing-wave theory could be appl ied to atoms 
Howe~er, that should not imply that there are physical 1imilaritie1 

pmmmma Common reasoning processes 
The connections between simple musical notes and mathematics have been known for more 
than 2000 years. Pythagoras is often credited with being the first to appreciate this relationship, 
in about the year 600 BCE. Whether this is true or not, the 'Music of the Spheres' was a long­
established and foresighted philosophy that sought to find number patterns and harmonies, not 
only in music but in the world in general and also in astronomical observations. 

Ideas related to standing waves can be identified over a period of more than 2500years, 
from ancient musical instruments all the way through to the way electrons fit into atoms and 
the very latest superstring theories of everything. This is a common theme of the various areas of 
knowledge within science: a shared terminology and common re~soning process develops and 
evolves over time. When faced with a new discovery, or innovation, our natural instinct is to 
interpret it in terms of existing knowledge 
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11 , 

• Standing sound waves in pipes 
Air can be made to vibrate and produce standing longitudinal sound waves in various containers 
and tubes. The sound produced by blowing across the top of an empty bottle is an everyday example 
of this. Many musical instruments, such as a flute or a clarinet, use the same idea. For simplicity, 
we will only consider standing waves in pi/:)('J of uniform shape (sometimes called air columns). 

As with strings, in order to understand what wa\·elengths and frequencies 
can be produced, we need to consider the length of the pipe and the boundary 
conditions. 

This is illustrated in Figure 4.98. In diagram a, the pipe is open at both 
ends, so it must have antimxles, A, at the ends, and at least one node in 
between. In diagram b, the pipe is open at one end (antinode) and closed at 
the other end (node, N). In diagram c, the pipe is closed at both ends, .'lO it 
must have mxles at the ends and at least one antinode in between 

Figure 4.99 shows the first three harmonics for a pipe open at both ends. 

• Figure 4.98Nodesandantinodesat 

The wavelength of the first harmonic (twice the distance between adjacent 
nodes or antinodes) is 21. (Note that drawings of standing longitudinal waves 
can be confusing: the curved lines in the diagram are an indication of the 
amplitude of vibration. They should not be mistaken for transverse waves.) 

A pipe closed at both ends al.'lO has a first harmonic with a wavelength of 21 
theendsofopenandclosedpipes 

• Figure4.99 The 

first three harmonics 

inapipeopenat 

both ends 

• Figure4.100 

Harmonics in a pipe 

open at one end 

1eha~oo,c ~ ; 0,2l,10 

2odha~ooi, :><=>< 1.'f-. 1,21" 

3rnha~ooi,XJCX 1af.t•3fa 

Figure 4.100 shows the first three possible harmonics for a pipe open at one end and closed at the 
other. Only odd harmonics are possible under these circumstances. The first harmonic has a 
wavelength of 41 

~ ,-'-, 
31Uharrt)()l)ic trr,qu~~=3fo 

;.-it 
Sth harmonic frr>qu~~ = Sfo 



• Figure 4.101 
Demonstrating a 
standing wave with a 
loudspeaker 

• Figure4.102 
Demonstrating 
standing waves with 
a tuning fork 

4.5 Standing waves 195 

Figure 4.101 shows a way of demonstrating standing waves with sound. A speaker is placed close 
to the open end of a long transparent pipe that is closed at the other end. Some powder is 
scattered all along the pipe and when the loudspeaker is turned on and the frequency carefully 
adjusted, the p:>wder is seen to move into separate piles. This is because the powder tends to move 
from places where the vibrations are brge (antinodes) to the nodes, where there are no vibrations 

~ N wires to 
signal 
generator heaps of powder 

Another way of demonstrating standing waves of air in a pipe is by using a tuning fork, as 
shown in Figure 4.102. A vibrating tuning fork is held above the open end of a pipe. The pipe is 
open at the top and closed at the bottom by the le\·el of water. The height of the pipe abo\·e the 
water is slowly increased until a loOOer sound is heard, which occurs when the tuning fork's 
frequency is the same as the frequency of the first harmonic of the air column. If the height of 
the pipe above water is increased again, then further harmonics may be heard. 

',ernnd position 
where loud 
l,()llfldi'ihea!d 

vibrating 
air column 

Measurements can be made during this demonstration that will enable a value for the speed of 
sound to be determined. Alternatively, if the speed of sound in air is known, the experiment can 
be used to determine the frequency of a tuning fork 

13 a 1fthetuningforkinFigure4.102hadalrequencyol6S9Hz.cakulatethek>ngthL1. (Assumethespeed 
ofsoondinairis340ms-1.) 

b Howfar willthepipeneedtoberaisedto obtainthenextpositioowhena loudsoundisheard? 

.l.=7=~=0.516m 

This Wil'lek>ngth will be four times the length of the tube {see Figure 4.100) 
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So, 

L1:
0·~16 :0.129m 

In reality this is only an approximate answer because antinodes do not oa:ur exactly at the open 
ends of tubes. (If a more acrnrate answer is needed in a calculation, it is poss ible to use an 'end 
correction',whichisrelatedtothediameterofthetube.) 

b RefertoFigure4.102.lnthefif51:position,theaircojumncontainsone-quarterofawavelength 
In the second position, the air column contains three-quarters of a wavelength. Therefore, it must 
havebeenraisedha!fawavelength,or0.2S8m 

• Summary of the differences between standing waves and 
travelling waves 

Standing waves Travelling waves 

Wave pattern standing(stationary) travelling(progressive) 

Energy transfer no energy is transferred energyistrarisferredthroughthemedium 

Amplitude (assuming no energy amplitude at any one pkKe is constant all oscillations have the same amplitude 
dissipation) butitv<1rie1withpositionbetweennodes; 

Frequency 

Wavelength 

maximumamplitudeatantinodes,zero 
ampl itude at nodes 

<1lloscill<1tionsbetweenildjacentnodesare oscillationsonewavelengthapart are in 
in phase phase; oscillationsbetweenarenot inphase 

all oscillations have thesamefiequency alloscillationshavethesamefiequency 

twicethedistancebetweenadjacentnodes shortestdistancebetweenpointsinphase 

• Table4.3 Comparisonofstandingwavesandtravellingwaves 

63 Afirstharmonicisseenonastringofiength 123cmatafrequencyof23.8Hz 
ii Whatisthewavespeed? 
b What is the fiequenq of the third harmonic? 
c What isthewavelengthofthefillhharmonic? 

64 ii What is the phase differenn, between two points on a standing w.we which are 
I onl.'wavelengthapi!rl 
H halfawaveiengthapart? 

b The distance between adjacent nodes of the third harmonic on a stretched string is 18.0cm, with a 
fr'-'Quenqol76.4Hz.Sketchthewaveformofthisharmonic 

c On the same drawing add the waveforms of the first harmonic and the fourth harmonic 
d Cakulatelhl'wavelengthandfiequenqofthefiflhharmonic. 
e What wasthewavespeed? 

65 • ThetopofaV{'rlicalchainoflength2.1misshakenfromsidetosideinordertosetupastandingwave 
Assuming that the wavl.' speed along the cha in is a constant S.6ms· 1, what frequency will be needed to 
producethesecondharmonic? 

b lnfact,thewavespeedalongthechainwil lnotbeconstantandthiswillresultina standingwaveof 
varyingw.weiength.Suggestareasonlorthev<1riablespeed 

66 A cl.'rtain guitar string has a first harmonic with a fr'-'Quenq of 262Hz 
a lfthetensionin thestringis increased,suggl.'stwhathappemtothespeedofwavesalongit 
b lfthestringisadjustedsothatthespeedinul.'ases,expklinwhatwillhappen tothefrequencyofthe 

firsthaITT10nic 
c SugQ'-'st why a Wil'le will travel more slowly along a thicker string of the same material, under the saml.' 

tension 
d Expiain why thicker strings of the same material, same length and same tension produce notes of lower 

lr'-'Quenq 

67 Skl'tchlhl'firstthree harmonicsforapipethatisclosedat bothends 

68 A and 8 are two simiklr pipes of thl' saml.' length. A is dosed at onl.' er.d, but 8 is open at both ends. If the 
frequency of the first harmonic of A is 180Hz, what is the fiequency of the first harmonic of 8? 



69 If the f~uency used in the demonstration shown in F~ure 4.101 
was 6.75 kHz and the piles of powder were 2.5cm apart, what was 
thespeedofthesoundwil'lesi 

70 Whatlern;thmu5tan organpipe(opeoat oneend,le{'figure4.103) 
have if it is to produce a first harmonic of f~uency 90Hzi (Use 
speedofsour.d:340ms-1) 

71 Arlorganpipeopeoatbothendshasasecondharmonicof 
frequency228Hz 
a Whatisit1~ngth? 
b What is the f~uer,cy of the third harmooki 
c What is the wavelength of the fourth ha1monici 
d Suggest ooe advantage of using organ pipes that are closed at 

oneend,rather thanopenatbotheods 

72 a In an experiment 1Uch as that shown in F~ure4.102 using a 
tuningforkoffrequency480Hz,thefirstharmonicwasheard 
whenthelengthofthetutx>was 18.0cm. Usethesefiguresto 
determineavalueforthespeedofsoundinair. 

b Theexperimentwa1repeatedwithadifferenttuningforkof 
unknown f~uency. tf the third harmonic was heard when the 
length of the air column was 101.4cm, what wa1 the frequency 
of the tuning fork? 

Milfii@UliU.W Designing microwave ovens 

• Figure 4.1 030nthis 

church organ the wooden 

pipesareopenatoneend 

andthemetalpipesbehind 
areopenatbothends 

The frequency of the microwaves that are used to cook food is chosen so that they are absorbed 
by water and other polar molecules in the food. Such molecules are positively charged at one 
end and negative at the other end. They respond to the oscillating electromagnetic field of the 
microwa\•e by gaining kinetic energy because of their increased vibrations, which means that 
the food gets honer. Most microwave ovens operate at a frequency of 2.45 GH z. This frequency 
of radiation is penetrating, which means that the food is not just heated on the outside. 

To ensure that the microwaves do not pass out of the oven into the surroundings, the walls, 
floor and ceiling are metallic. The door may have a metallic mesh (with holes) that will reflect 
microwaves, but allow light to pass through (because of its much smaller wavelength), so that 
the contents of the oven can be seen from outside 

The microwaves reflect off the oven walls, which means that the walls do not absorb energy, 
as they do in other types of oven. The 'trapping' of the microwaves is the main reason why 
microwave ovens c(X}k food quickly and efficiently. However, reflected microwaves can 
combine to prcx:luce various kinds of standing wave in the oven and this can result in the 
food being cooked unevenly. To reduce this effect the microwaves can be 'stirred' by a rotating 
deflector as they enter the cooking space, or the food can be rotated on a turntable or stirred 
by hand. 

l Calculate the wavelength of microwaves used for c(X}king 

2 Design an experiment that would investigate if there were significant nodes and ant in odes 
in a microwave oven. How far apart 1MJuld rou expect any nodes to be! 
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• Examination questions - a selection 
Paper 1 18 questions and IB style questions 

Q1 A transverse wave is travelling along a stretched rope. Consider two points on the rope that are exactly half 
a wavelength apart. The velocities of the rope at these two points are always: 
A thesameaseachother 
B constant 
C in opposite directions 
D in a direction that is parallel to the direction in which the wave is travelling. 

Q2 The graph represents a sound wave moving through air. The wave is moving in the direction shown by the 
arrow. Consider point A. 

The pressure oftheairatA is: 
A zero 
B alwaysconstant 
C about to increase 
D about to decrease. 

Q3 A transverse progressive wave is being transmitted through a medium. The wave speed is best described as: 
A the speed at which energy is being transferred 
B the average speed of the oscillating particles in the medium 
C the speed of the medium 
D the speed of the source of the waves. 

Q4 Light waves of wavelength A, frequency f and travelling at speed c enter a transparent material of refractive 
index 1.6. Which of the following describes the wave properties of the transmitted light waves? 
A wavelength 1.6A; speed c 

B frequency 1.6f; speed T5 
C wavelength ~; frequency f 

D wavelength A; speed T5 
QS When plane wavefronts meet an obstacle they may be diffracted. Which of the following diagrams is the 

best representation of this effect? 

AIII~ \\\ 

C 111 ~ 111 

·111~ 1)) 

DI 11 h 11 
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06 Which of the following is a possible definition of the wavelength of a progressive (travelling) transverse wave? 
A the distance between any two crests of the wave 
B the distance between a crest and an adjacent trough 
C the amplitude of a particle in the wave during one oscillation of the source 
D the distance moved by a wavefront during one oscillation of the source 

07 The diagram shows a pulse travelling along a rope from X to Y. The end Y of the rope is tied to a fixed 
support. 

x~ 

When the pulse reaches end Y it will: 
A disappear 
B cause the end of the rope at Y to oscillate up and down 
C be reflected and be inverted 
D be reflected and not be inverted. 

e /BOrganiZil~·on 

08 Unpolarized light of intensity 10 is incident on a polarizer. The transmitted light is then incident on a second 
polarizer. The axis of the second polarizer makes an angle of 60° to the axis of the f irst polarizer. 

~ oode,aci,~ 

Untpolanzer 
unpolarizedlight 

The cosine of 60° is f. The intensity of the light transmitted through the second polarizer is: 

A /0 sf c~ of 
09 Which of the following describes standing waves on stretched strings? 

A All points on the waves move with the same amplitude. 
B All points on the waves move with the same phase. 
C All points on the waves move with the same frequency. 
D The wavelength is the distance between adjacent antinodes. 

e /BOrganiZil~·on 

010 A source of sound of a single frequency is positioned above the top of a tube that is full of water. When 
the water is allowed to flow out of the tube a loud sound is first heard when the water is near the bottom, 
as shown in all the diagrams. Which diagram best represents the standing wave pattern that produced that 
loud sound? 
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Q11 The intensity of a sound at a distance of 2m from a point source is 1.8 )( 10-4 wm-2 . Which of the 
following is the best est imate of the intensity (/10-4 W m-2) 6m from the source? Assume that there is no 
absorption of the sound in the air. 

A 0.9 B 0.6 C 0.3 D 0.2 

Q12 Light may be partially polarized when it is reflected off a surface. Which of the following statements about 
this effect is correct? 
A The material must be a metallic conductor. 
B The material must be transparent. 
C The amount of polarisation depends on the angle of incidence. 
D The effect only occurs for light over a threshold frequency. 

Q13 Under certain conditions light travelling in a medium surrounded by air may be totally internally reflected. 
This effect can only occur if: 
A the medium in which the light is travelling has a refractive index of less than 1 
B the light strikes the surface of the medium with an angle of incidence greater than the critical angle 
C the speed of the light in air is less than the speed of the light in the medium 
D the light is monochromatic. 

Paper 2 IB questions and 18 style questions 

Q1 a Graph 1 below shows the variation of time t with the displacement d of a travelling (progressive) wave. 
Graph 2 shows the variation with distance x along the same wave of its displacement d. 

Graphl 

i State what is meant by a travelling wave. (1) 
ii Use the graphs to determine the amplitude, wavelength, frequency and speed of the wave. (4) 
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b The diagram shows plane wavefronts incident on a boundary between two media A and B. 

The ratio refractive index of medium B/refractive index of medium A is 1.4. 
The angle between an incident wavefront and the normal to the boundary is 50°. 
i Calculate the angle between a refracted wavefront and the normal to the boundary. (3) 

ii Copy the diagram and construct three wavefronts to show the refraction of the wcNe at 
the boundary. (3) 

e /BOrgilfliz;i~·on 

Q2 An object is vibrating in air. The variation with displacement x of the acceleration a of the object is 
shown below. 

a State and explain two reasons why the graph indicates that the object is executing simple 
harmonic motion. (4) 

b Use data from the graph to show that the frequency of oscillation is 350 Hz. (4) 
c The motion of the object gives rise to a longitudinal progressive (travelling) sound wcNe. 

i State what is meant by a longitudinal progressive wave. (2) 
ii The speed of the wave is 330ms-1. Using the answer in b, calculate the wavelength of the wave. (2) 

Q3 A standing wave of sound is set up in an air column of length 38cm that is open at both ends. 
a Write down two ways in which a standing wave is different from a travelling wave. (2) 
b If the speed of sound is 340ms-1, what is the frequency of the standing wave? (2) 



II Electricity and magnetism 

• Whenchargesmove,anelectriccurrentiscreated. 
• One of the earliest uses for electricity was to produce light and heat; this technology 

continues to have a major impact on the lives of people around the world . 
• Electric cells allow us to store energy in a chemical form . 
• The effect scientists call magnetism arises when one charge moves in the vicinity of 

another moving charge. 

5.1 Electric fields -when charges move, an electric current is created 

• Charge 
Electric charge is a fundamental property of some sub-atomic particles, responsible for the forces 
between them. Bemuse there are two kinds of force {attractive and repulsive), we need two 
kinds of charge to explain them. We call these two kinds of charge posit in i charge and negat i\•e 
cha rge. The description of charges as 'positive' or 'negative' has no panicular significance, other 
than to suggest that they are mu different types of the same thing 

Charge is measured in coulombs, C. In the macroscopic world, one coulomb is a large 
amount of charge for an isolated 'charged' object and therefore we often use microcoulombi 
(I µC • 10-6C) and nanocoulombi (I nC • 10-9C). 

All proton s have a positive charge of +1.60 x 10-19C and all electrons have a negative 
charge of -1.60 x 10-19 C. This value for the basic quantity of charge is given in the Physics data 
booklet. N eutrons do not have any charge; they are neutral. 

Charge is generally given the symbol Q, but q is also commonly used to represent the charge 
on an individual particle. The charge on an electron is represented by the letter e. One coulomb 
of negative charge is the total charge of 6.15 x 101~electrons (1/(1.60 x 10- 19)) 

When electrons are added to or removed from a neutral atom or molecule, it is then called an 
ion. This process is called ioni:ation. 

Law of conservation of charge 
When more and more charged particles come together, the overall charge is found by simply 
adding up the individual charges, taking their signs into account. For example, a certain 
chlorine atom containing 17 protons (17 x (+1.6 x 10-19C)), 18 neutrons (OC) and 17 electrons 
(17 x (-1.6 x 10-19 C)) has no overall charge. The atom is neutral If an electron were to be 
removed, however, it \\Uuld become a positively charged ion of charge +1.6 x 10-19C. 

The charge on electrons and protons (:t: 1.6 x 10-19C) is the basic quantity of charge. It is not 
possible to have a smallerquantityof charge than this in a free particle. All larger quantities of 
charge consist of various multiples of this fundamental charge. For example, it is possible for the 
charge on 3 panicle to be J.6 X J0-19C, J.2 X J0-19C, 4.8 X J0- 19 C, 6.4 X J0-19C and SO on, but 
intermediate values (for example, 2.7 x 10- 19 C) cannot exist. For this reason, charge is said to be 
quantized. 

The law of conservation of charge states that the total charge in any isolated system remains 

It is thought that the universe contains (almost ) equal amounts of positive and negative charge, 
so that the total charge is zero. Under certain circumstances it may be possible to create or 
destroy individual charged particles, but only if the total charge of the system involved remains 
unch,oged. 
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Conservation laws like this are very useful tools for physicists. For example, if 
there are two isolated, identical spheres and one is charged with 4.6 x 10- rnc and 
the other is neutral, when they touch the charge will be shared so that they both 
have 2.3 x 10-rnc. The total charge remains the same (assuming that the spheres 
remain isolated). If the spheres are not identical, the charge will still be shared, but 
not equally. 

Fundamental forces between charges 

• FigureS .1 Electric forces 

between similar and opposite 

charges 

If a particle has a positive charge it will anracl a particle that has a negative charge, 
whereas similarly charged particles (for example, nm positive charges) will repel each 
other. These fundamental forces of nature are called electric forces and they are 
illustrated inFigure5.l. 

• Figure5.2When 

you brush your hair, 

individual hairs may 

move apart because 

of the repulsion 

charges 

Opposite charges attract; like charges repel 

Charging and discharging 
Everyday objects contain an enormous number of charged particles (ptotons and electrons), 
with approximately equal numbers of positive and negative charges. When we talk about a 
(previously neutral) object becoming charged, it will be because a very large number of electrons 
have been added to it or removed from it. One common way for this to happen is by friction, 
such as when brushing dry hair with a plastic brush, as shown in Figure 5.2. If electrons are 
transferred in the process, one object (such as the hair brush) gains electrons, becoming 
negatively charged, while removing electrons from the other object (the hair), leaving it with a 
positive charge. The two objects then attract each other. In this example, individual hairs with 
similar charge are repelled from each other. Protons, unlike electrons, are located in the nuclei 
of atoms and cannot be separated and moved from their positions, so they are not involved in 
producing electrostatic effects 

/ = 
Electrostatic effects tend to be noticeable under dry conditions and on insulators, rather than 
conductors. (Conductors and insulators will be discussed in greater depth later in this chapter 
see page 209.) This is because electrons move quickly through a metal conductor to discharge 
a charged object. If we want to be sure that there is no charge on an object, we make a gcxx:I 
contact between the object and the ground. This is called earthing. 

Large-scale electrostatic effects can be unwanted and even dangerous. For example, cars 
and planes can become charged as they move along the ground or through the air, and this can 
be a problem when they stop for refuelling - any sparks from a charged vehicle might cause an 
explosion of the fuel and air. This risk can be pre\·ented by making sure that the vehicle and the 
fuelsupplyarewellearthed. 
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• Electri c fi eld 
We have seen that any charge will exert a fundamental electric force on any other charge in 
the space around it (without the need for any physical contact). It should be clear that the space 
around a charge is not the same as a space where there is no charge. We say that an elect ric field 
exists in the space 

An electric field is a region of space in which a charge experiences an electric force. 

In a similar way, a gravirational field exists in a region of space in which a mass experiences a 
gravitational force (see Chapter 6). We are all aware of the gravitational field around the Earth, 
but we also live in electric and magnetic fields 

Figure 5.3 shows the results of a demonstration of an electric field pattern around two 
charged points. The pattern was produced by using semolina seeds on oil. Readers may be 
familiar with magnetic fields of similar shape, produced with iron filings 

• Figure 5.3 Demonstration of an electric field pattern 

Electric fidd st rength is defined as the force per unit charge that would be experienced by a 
small positive test charge placed at that point. 

Reference is made here to a 'small positive test charge' because a large test charge (compared to 

the charge creating the original field) would disturb the field that it is measuring. In fact, even a 
small test charge would probably affect accurate measurement, so this definition may be viewed 
as theoretical rather than a practical means of measuring electric field strength. 

Electric field strength is given the symbol E and has the unit newtons per coulomb, N C-1. 

electric field strength • ele~~~c~:rce 

E•I._ 
q 

This equation is given in the Ph~ics data bookie! 
Electric field strength can be compared with gravitational field strength, g, which was 

briefly mentioned in Chapter 2 (g • gravitational force/mass). It is an easy matter to measure 
the Earth's gravitational field strength: simply determine the weight of a known mass. Similarly, 
in principle it should be easy to estimate the strength of an electric field by directly measuring 
the force on a small test charge placed in the electric field. In practical situations, however, 
this is not easy because the force will be very small and the charge will probably not remain 
constant. 

Field strength is a wcwrquantity; it has a direction, the direction of force. For a gravirational 
field the force is always attractive and the direction is obvious. However, the direction of force 
in an electric field will depend on the sign of the test charge. By convention, the direction of 
the field is chosen to be that of the force acting on a polilit~ charge placed in the field (as in the 
definition above) 



• Figure 5.4 The 
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1 Whatforcewillbeexperience<lbyachargeol+6.3µCplace<latapointwheretheelectricfield5trength 
is410NC-1? 

f=fsoF:fq 

F:410x(6.3x10-6) 

F:2.6x10-3N 

Combined electrica l fie lds 
At any point on a straight line that passes through two point charges, we can calculate the 
magnitude of the combined fidll simply by adding the individual fields, taking their directions 
into account. The resultant is always directed along the line between the point charges 
Consider Figure 5.4a. It shows two positive charges, A and B, and a test charge +q in various 
positions. The direction of the field is the direction of the force experienced by the positive test 
charge. Along the line to the left of A, both fields are acting in the same leftwards direction. 
The field due to A will probably be stronger, unless B is a much bigger charge than A. Similarly, 
to the right ofB, the fields are both acting in the same direction. To the left of A and to the 
right of B the combined field will be stronger than either individual field 

Between A and B the two fields act in opposite directions and there must be a position where 
the resultant electric field is zero. If the two charges are equal in magnitude as well as sign, this 
position will be the midpoint between them. If one charge is larger than the other, then the zero 
electric field will occur closer to the smaller charge. 

aSimilarcharges 

arrows represent the EA 

---------L--~ --
,, 

electric fields acting +--:;:: •-- ---------·=----
along a line between E1 +q ., '• 
the two point 

charges:aAandB, 

b PandQ 

b Oppositechaiges 

p f, Q Ep --------• --------::::=• --------$ --------- ·~ ,, ., 

In Figure 5.4b the two charges have opposite signs and, at any point on the line between them, 
the two fields will combine to give a stronger electric field. To the left of P and to the right of Q, 
the individual fields act in opposite directions and the combined electric. field will be reduced. 
If the two charges have equal magnitudes, the combined field will never reduce to zero, but the 
field may be reduced to zero if one charge is greater than the other. 

Experimental investigation of electrical fields in school laboratories is difficult. The use of 
computer simubtions is recommended as an alternative because the combination of two or more 
electricfieldscanbeinvestigatedquicklyandeasily. 

1 Di!scribeandexptainanyoneelectrostaticeventthatyouhaveexperience<linyoureveryday life 

2 • What is the magnitude of an electric field at a point where a test charge of 47 nC experienced a force of 
6.7 x 10-5N? 

b If a chaige of 0.28µC was placed at the same point. what force would be exerted oo it? 

3 TheelectricfieldclosetotheEarth"ssurfaceiswidelyquotedtohaveavalueofat>oot1SONC-I 
downwards 
a Calculatetheforceooanelectrooinafieldofthi11trength 
b Compare your answer to the downwards force on the electron due to the gravitational field {that is, the 

electron's weight) 

4 Suggestreasonswhyexperimentalinvestigationsofelectrical fieldsinschooitaboratoriescanbedifficult 
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• Figure 5.6The 
repulsive force 
varies with distance 

charges-the vector 
arrows are not drawn 

5 Theelectricfieldstreogthatacertainpointis2.6x 106NC- I acting to the north 
a tfthis field is combined with another field of strength 4.3 x 106NC-1 itclingtowards the south, what 

i1thecombinedfieldstrength? 
b Determinethemagniludeoftheresultantek>ctriclieldifathirdfieldofstrength 3.5 x 106NC-1to 

theeastisalsoappliedatthesamepoint 

• Coulomb's law 
The greater the distance between two charged objects 
(or panicles), the smaller the electrical force between 
chem 

Figure 5.5 shows how the relationship between force 
and separation might be tested for nm charged spheres. 
T"'° conducting spheres are charged and an electric top­
pan balance is used to measure the change in force as the 
spheres are moved closer together or further apan. 

Experiments confirm that the relationship between 
force and distance follows an in~·erse square law (as 

discussed in Chapter 4). This is because the electric 
fields around charged points spread out equally in all 
directions. This is represented by vector arrows in 
Figure 5.6. 

More detailed experiments show that· 

F • constant x ~ ,, 
where q1and q2are the two charges and r is the distance 
between them. 

This relationship applies only for charges 

I. 

• FigureS.S TestingCoulomb'slaw 
usingatop-panbalancetomeasure 
theforcebetweenknowncharges 

concentrated at a point. Howe\·er, charged spherical objects behave as if all their charge were 
concentrated at a point (the centre of the sphere). 

Putting in the symbol k for the constant (the Coulomb 
constam),weget 

This is called Coulomb's law and it is given in 

the Physics data bookle1, along with the value of k 
(• 8.99 x J09NmlC-l). 

The law was first published by Charles Augustin de 
Coulomb (Figure 5.7) in 1783 

separation2r 
foKe~ 

• Figure5.7 FrenchphysicistCharles 
AugustindeCoulomb(1736-1S06) 



5. 1 Electric fields 207 

2 Whatistheelectricforceooanegativelychargedsphere.whKhhasachargeof0.82µC,placedwithits 
ceritre21cmawayinairfromtheceritreofasphe1echa1gedwith+0.47µC? 

F:k~ ,, 
(8.99x 10~(8.2x 10-7)(4.lx 10-1) 

Fae 0.211 
Fae0.079N 

The~meforcea.ctsoobothsphere1.butinoppositedirectioos 

3 Figure 5.8 shows two equally charged Oillls of the x1me mass 
suspmded from the ~me point. They both hang at the same 
angletothevl'rtical 

Draw diagrams to show what woold happen if 
a ball1wasreplacedwithaheavierballwiththe~mecharge 
b thechargeootheoriginalballlwasdoub~ 

a Ball 1 wouldhangatasmalk>rangle.Ball2wooklbe 
unchanged 

b Thefoo:eonbothballswooldbebigger,sotheywould 
bothhangatthe~me.largerangletothevl'rtical 

Permittivity 

~ ,/ ~\, 
• FigureS.8 

The Coulomb constant is sometimes expanded to the form given below. This equation is gi\·en 
in the PhyJics data booklet. 

The l4rr indicates the radial nature of the force and e0 represents the electric properties of free 
space (3 vacuum). G, is called the electrical permittivity of 'free space' and has a value of 
8.85 x 10-11 ci N-l m-l(as given in the Physic! dma book1e1) 

Electric forces and fields can pass through a vacuum and the permittivity of free space, G,, is a 
fundamental constant that represents the ability of a vacuum to transfer an electric force and fiekl. 

The permittivities of other substances are all greater than e0, although dry air has simibr 
electrical properties to free space. This means that the force between two charges in air would 
be reduced if the air was replaced by another medium 

The permittivity of a medium, £, is divided by the permittivity of free space to give the 
rela tive permittivity, e,, of the medium. Some examples are shown in Table 5.L (Relative 
permittivity is sometimes known as the dielectric com1an1 of the medium.) 

relative permittivity • permittivity of medium/permittivity of free space 

' e,•% 

Because it is a ratio, relative permittivity does not have a unit. For example, if the permittivity of 
a certain kind of rubber was 5.83 x 10- u C1 N-1 rn-2, its relative permittivity would be: 

5.83xJO-ll 

8.85xIO-ll •
6
·
59 

Using relative permittivity, the general equation for the force between two charges in any 
medium becomes 
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Note that the last two equations are no! given in the Phyiics data booklet 

Free space (a vacuum) 1(bydefinition) 

dry air 

potythene 

• Table 5.1 The approximate relative permittivities of some common insulators 

6 • Howfarapartinairwooldtwopointchargesol160nChave tobe 
in order that the force between them was 1.0N? 

b Wooldyouexpecttheforcetoinueaseordecr&JSe if alcmthick. 
book.wasplacedbetwei!nlhecharges?Expl.-iinyouranswer. 

c Suggestanapproximatevalueforthenewforce 
d Gi'.e reasons why a pmcise value c.-innot be given for c 

7 lnan.-ittempttoobserveanddetermineavaluelorasmallelectric 
lorce.a studeot,;etupanexperimentasshown inFigureS.9.AandB 
aretwoequal!ychargedspheres.Ai5fixedinposition,but8isfreeto 
swingawayontheeodof.-ininsukltingthrl'dd 
a Drawafree-bodydiagramofsphl.'feB 

73cm 

b C.-ilculatethehorizontal lorcell!pellingSawif"/lromA 
c C.-ilculatethechargeonthespheres 

I CakulatetheresultantelectricforceonchargeBshownin 
FigureS.10 

B '+) mass:0.12g 

• Figure5.9 

• FlgureS.10 

9 Foorequalchargesof0.14µC.-irefixedinpoo;ition.-itthecomersofasquall!ofsides25cm. Calcula te the 
resultantelectriclorceonanyonecharge 

10 Aprotonhas.-ichargeof+1 .6 x 10-19Candthechargeonanejectroois-1.6 x 10·19C.Estimatethe 
electric force betwel!n these two particles in a hydrogen atom. assuming that they are 5.3 x 10- 11 m apart 

11 Outline how you would use the apparatus shown in Figure 5.S to determine the ~ ationship between 
force and distance between two charged spheres 

12 Thegasfreonhasall!lativepermittivityof2.4.Cakulateitspermit tivityinC1N-1m-1 

13 Expla inwhyTableS.1 on!yli5ts the relativepermittivitiesofinsulators 

• Electric current 

. 
If charged particles can be made to move (flow) 
from one place to another, they can transfer 
useful energy. That electrical energy can then be 
converted to other useful forms in devices like 
motors, heaters and computers. A flow of charge 
is called an electric cu r rent. Electric cables, like 
those shown in Figure5.11, transfer large amounts 
of energy around countries. 

?'~~ ;..;' ... ))';..,~. :'... . ~ ~ .. ~. 
• FigureS.11 An electricity pylon of 

interestingdesigncarryingelectricalcables 



• Figure5.12Around 
20%ofpeopleinthe 

mains electricity 

• Figure5.13Electric 
current flowing 
through a metal 
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The ability of electricity to be transmitted and transferred to other forms and to improve 
human lives cannot be underestimated, but it is thought that about 209(, of the \1-0rld's 
population still lives without electricity delivered through cables to their homes (see Figure 5.12) 

The burning of oil and gas to generate electricity has very important and long-lasting 
implications (including climate change). This urgent issue, which affects eveqone, is discussed 
at length in Chapter 8 

Conductors and insu lators 
Currents can be made to flow around complete electric circuits because the wires and 
components are good conductors of electricity. An electrical insulator is a material through 
which currents cannot flow easily 

For a solid to be a good conductor it needs to contain a large number of electrons that can 
move around freely. Metals are goo.::I conductors because they contain brge numbers of free 
electrons, which are not bound to any particular atom. Such electrons are sometimes described 
as being delocalized . Insulators have relati\·ely few free electrons. Semi-conductors, such as 
silicon and germanium, have properties between these extremes and, importantly, their ability 
to conduct is easily alte red by adding small amounts of impurities or by changing external 
propertiessuchastemperatureorlightlevel 

When most solids gets hotter, the increasing vibrations of the atoms, ions or molecules get 
in the way of any electrons that are moving through the material, tending to make it a worse 
conductor. But in insubtors and semi-conductors, the extra internal energy frees some electrons 
from their atoms and consequently the material may become a better conductor 

In solids, the atoms, ions or molecules cannot move around freely, so a flow of positive 
charges is not possible, but the structure of metals means that some electrons are free to move. 
Figure 5.13 shows free electrons moving through a metal. The electrons represent an electric 
current flowing through a conductor. Even when a current is not flowing, the free electrons are 
still moving around randomly at very high speeds, like molecules in a gas 

negativetermillill 
of battery 

•••••••••• ..... -.-.-..•.• .-....... -.-.-.-. ............ ..... -....... 
• - •• - . • "i ••• - • 

• positivemetal iom • negativelreeekrjroos 
vibratinginfixedpositioos inanelectrkcurrent 

positivetermillill 
of battery 

The transfer of energy in electric circuits involves the movement of electrons. The energy is 
transferred from the energy source (such as a battery) to one or more components in the 
circuit. These components transfer the electrical energy into another form of energy, which 
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• FigureS.14 

Anelectriccircuit,a, 
canbecomparedtoa 

watercircuit,b. 

r 9 1
:~, 

~'""~''" 

'"""""'"''""" to a lamp 

b p,mppro,id:,:." 

water in 

""'' 
energy is transferred 
towate<whOO 

canbeputto gocxluse. Forexample,abattery 
in a torch transfers chemical energy to electrical 
energy, and that energy is then trnnsferred to 
light energy and internal energy in the torch 
bulb.Rememberthatelectronsarepresentall 
around circuits all the time; they do not originate 
in the battery. 

It may be useful to compare a battery in an 
electric circuit to a pump forcing water around 
pipes in a water circuit, as shown in Figure 5.14 
The pump provides a pressure difference that 
moves the water. The water is then able to do 
useful work (maybe turning a water wheel) as it 
moves around the circuit. In an electric circuit, 
the battery is considered to provide a ,ultage 
(also called a poiential difference). This idea will 
be discussed further later in this chapter. 

pmmmllilll Modelling in things we cannot see 

We cannot see a flow of electricity, unlike a flow of water, which can make electricity a difficult 
subject to study. But, more than that, an understanding of electricity requires an acceptance of a 
theory (model) about the fundamental particulate structure of matter and the nature of atoms 

Trying to explain everyday (macroscopic) observations by developing theories aOOut the 
behaviour of microscopic particles that we cannot even see is a common activity among 
scientists. Understanding the nature of an electric current is just one example of this, but there 
are many other examples in which students of physics need to accept mo.::lels of reality that they 
cannot see with their own eyes; the nature of electromagnetic waves fur example, or the kinetic 
theory of gases. The scientists who have developed these models deserve great respect because 
of their considerable insight and imagination 

In the absence of a better model, it is sensible to accept the current model fur conduction in 
metals, most especially because the model has been verified by countless experiments over many 
years, all of which have failed to disprove it. 

Defining electric current 
Electric current (given the symOOl l) is the rate of flow of charge, defined by the equation 

current • charge flow!~!epast a Point 

This equation is given in the Physics data booklet 
The unit of current is the ampere, A, which is usually shortened to amp. If one coulomb 

of charge passes a point in a circuit in one second, we say that the current is one amp (I A• 
!Cs-1). The units mA and µA are also in common use. A current of I A in a metallic conductor 
means that 6.25 x 1()18 electrons are passing a point every second. 

The ampere is one of the fundamental units of the SI system. It is defined in terms of the force 
per unit length between current-carrying conductors. The coulomb is a derived unit defined in 
terms of the amp: one coulomb is the charge flowing per second if the current is one amp 



electrons now from 
negative to positive 
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Direct current (de) 
A current that always flows in the same direction around a circuit is called a di rect cu rrent (de). 

Batteries supply de. If a current repeatedly changes direction, it is called an alternating current 
(ac). Usually de is more useful than ac, but most electrical energy is transferred around countries 
and to our homes using alternating currents and high voltages because less energy is wasted to 
thermal energy (see Chapter 11) 

current is a/Nay; 
shown flowing from 
positive to negative 
around the circuit 

When drawing circuits, it is common to draw an arrow to show 
the direction of flow of a direct current, but this cannot be done 
for alternating currents. For reasons of consistency, direct electric 
current is always shown flowing around the circuit from the positive 
terminal of the battery, or other energy source, to the negative 
terminal. This is the direction in which mobile positive charges 
would mo\·e (if they could). Because electric currents in solids are 

flows of negatively charged electrons, the arrows are in the opposite 

direction from the mot'ement of electrons (as shown in Figure 5.15). 
• Figure 5.15 Conventional current flow The meaning of the positive and negative signs on batteries will be 

discussed later in this chapter (see Section 5.3). isfrompositivetonegativearoundthecircuit 

ToK Unk 
NamM, lllbel1 and mnwrilliff1111touhl not b• conN1ecl wttlt 11rtdentlUMlln9 
£artysdentistsidentifiedpositivechargesasthechargeu1rriersinmetals,hO"M?11?rthediscoveryofthe 
electronledtotheintroductionof'n>nll?ntional'rurrentdirertion. Wasthisasuitablesolutiontoamajor 
5hiftinthinking?Whatroledoparadigmshiftsplayintheprogressionofscienlificknowledgel 

Atomscoosistofacentralnucleuscontainingpmitivetychargedprotons.withnegative!ychargedelectrons 
aroundtheootside.Thisisoorunder5tandingofatoms - andindeedwhatweteachinschool1 - t>utis 
this a scientific fact, If, instead, scientists said that electrons were positively charged and protons were 
negative!ycharged,it wouldnotmakeanydifferericetooortmder5tandingoftheuniverse.(lnfact,negative 
protonsandpo5iliveelectron1cilllexi51 - theyareca lledantimatter.) 

Theuseofthetermspositiveandnegativeisjustawayofdescribingthewayinwhichtheyinteract 
(suchaspositiveattractsnegative):reversingthelat>elsdoesnotchangethemeaning.Butwithout 
using terms like these we would not t>e able to transfer our knowledge of fundamental physics to other 
people easily 

Byagreement,the'conventional"directionofelectriccurrl.'fltwaschosentobefrompositivetonegative 
more than 200year1 ago. a long time before the nature of an electric current was understood. After ii 
wasdiscoveredthatthecurrentsinmetallicconductOfsareactuallyaflowofnegativetychargedelectrom 
(fromnegativetopositive),therewasnoneedtochangetheconventionaldirectionthat. under most 
circumstances. had been in use for a long time. As a result. the same convention remaim in use today, 
despite the fact that ii is not 51:rictly 'true·. (Remember. however, that some electric currents .tre a flow ol 
posiliveiom.) 

M easuring elect ric current s with am met ers 

Ammeters are the devices used to measure electrical currents. If we want to measure the current 
in a connecting wire in the circuit shown in Figure 5.15, an ammeter must be connected as shown 

O
bl~k(-1 
le<mmal 

ammeter 

red(+) 
le<mmal 

in Figure 5.16. Because the battery pro.::luces a direct current, the ammeter 
must be connected the correct way around and this is indicated by the 
labelling, or colours, on the ammeter terminals. A red (+) terminal indicates 
that that side of the ammeter should be connected to the positive side of the 
battery. A typical laboratory has a selection of ammeters with different ranges 
and sensitivities and it is important to choose the correct ammeter for any 
particular circuit. Alternating currents cannot be measured using de meters. 

When an ammeter is added to a circuit, it should not affect the current 
• Figure 5.16 Measuring current with an that it is trying to measure. This means that an ammeter needs to be a very 

good conductor of electricity. 
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14 a How much charge flows through a lamp in one Sl'Cond ii the current is 0.2SA7 
b How many electrons will have flowed through the lamp in this time7 

15 a Howmuchchargehaspas5edthrooghabatteryinonehourifthecurrentis120mA? 
b How kmg will it take for a total charge of 100C to flow through the battery? 

16 Find out how it is possible tor an electric current to /low through a fluorescent lamp 

17 Manypeoplethinkthiltelectridtypylonsa1eugly. FigureS.ll showsamore interestingde'iignbutone 
which,nodoubt,ismuchmoreexpensivethanusual 
a SuggestwhythisisanexpemM'design 
b Makeasketcholapylondesignthatyouhopecouldbepractkable,goodtolookatandaflordable 

Jll!ll!IIIIIII The observer effect 
When taking any scientific measurement there is always the 
possibility that the act of taking the measurement will change 
what is being measured. In this section, the use of electric meters 
is discussed but there are many other examples, including the 
use of thermometers and pressure gauges. When measuring 
the pressure in a car tyre, as in Figure 5.17, some of the air in 
the tyre must flow into the pressure gauge. This will result in a 
reduction of pressure, although admittedly it will probably be a 
very small change. Doctors are well aware that a patient's blood 
pressure may well rise when it is being measured because of 
psychological effects. • Figure5.17Measuring 

theairpressureinacartyre 

18 Expla in how the use ol a thermometer may affect the temperature that it is being used to measure 

19 Giveanotherexampleofthe'obo;ervefeffect'(otherthanthosealreadymentioned) 

How fast does electricity flow? 
This interesting question has more than one answer. In our modem \\Urld , we have all become 
dependent on the fact that electric circuits can provide 'instant' power and communications. It is 
worth considering how this is possible. 

A current in a metal wire is a flow of free electrons, so one way to answer this question is to 
consider the speed of the electrons. Even in a metal without a current, the free electrons move 
randomly like the molecules of a gas, only faster. A typical random speed might be 106 ms- 1• 

When a current is flowing, the electrons also move along the wire. Their net speed along the 
wireiscalledtheir driftspeed. 

In order to link the drift speed along the wire to the size of the current, we need to consider 
how many free electrons are available and the width of the wire. Figure 5.18 shows a current, I, 
flowing through part of a wire of cross-sectional area A. 

During time f:JJ. an electron travelling at a drift speed tJ along the wire will move a distance of ti& 
The number of electrons flowing past point P in time tJ.1 is equal to the volume ti/J.tA (shown by the 
shaded section in Figure 5.18) multiplied by the number of free electrons in unit volume, n. (Every 
material has a specific value fur n, which is sometimes called charge density.) 

' ~ +--~ -----+'-'I D ~ , 
ar&i,A n,freeelectrons 

per unit volume 

• Figure 5.18 Deriving/:nAvq 

l•nAl'lj 

Because current • charge/time, the current in the wire equals the 
number of electrons pas.sing a point in unit time multiplied by the charge 
on each electron, q. (Although we are considering electrons in this 
analysis, we are using q here, rather thane, to show that the equation 
could be applied to o ther types of charge.) 

/ • ti/J.tAX11 X q 
a, 

This equation is given in the Ph~ics dara bookie! 
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20 Calculate the net speed (in mms-l )offre{! e~rom in a wire of cross-'ie<:tional area 1.0mml if the rnrrent 
isl.OAandthemetal hasl.O x 101Bfreeelectronsperrnbicmetre 

21 Consideracircuit thatcontainsconductorsofdifferentthicknessandd ifferentmaterials 
ii What must happen to the speed of free electrons as they move frnm a thickef wire to a th inner wire of 

the same material? (Assume that the rnrrent is the same.) Explain your answer 
b Modem electronics makes much use of semi-conductors. Suppose that a partirn!ar semi-conductor has 

one million t imes fewer chaiges per m1 than the metal in ii . Compare the probable speeds of charges 
passing through these materials for the same current. What assumption(s) did yoo hi1Ve to make? 

22 • The density of copper is 8960kgm-l and its molarma'iS is 63.Sg. tfeoch atom of copper provides one 
freeelectron,determinethenumberoflreeelectronsinonecubicmetreofcopper. 

b Use the internet to find out which well-known metals have more free electrons per cubic metre than 
copper 

Calculations like that in question 20 show that the drift speed of electrons carrying currents in 
metal wires is usually less than a millimetre per second. This is a tiny fraction of their random 
speed. The low speed is surprising because we are used to electric devices working immediately 
when we tum them on. But remember that we should not think of the current as starring at the 
battery or the switch. It is better to think of all the free electrons, wherewr they are in the circuit, 
starting and stopping at the same time. However, in reality, this cannot be perfectly true. When a 
switch is turned on, the battery or power supply sets up an electric field which moves around the 
circuit at a speed close to the speed of light (3 x l~ms-1). As the electric field reaches individual 
electrons they experience a force that starts their net motion 

• Energy transfer in electric fields 
To move a charge in an electric field usually involves a transfer of energy. Work is done because 
a force moves through a distance (unless the mo\·ement is perpendicular w the electric field and 
force). As a generalized example, consider Figure 5.19 which shows a small (test) charge, +q, in 

' F ~. ' v{ . 
-- • ..4 · •• ,:,}\t __ '.l..._ 

the electric field created by the larger charge, +Q. In this example, the 
charges are both positive, so there is a repulsive force, FR, between them 

If q is moved in any direction other than along the circumference CC', 
work has to be done because there is a component of the repulsive force 
acting on q. An external force will be needed to moveq closer to Q, such 
as to position A, but if q moves away from Q, to B for example, then the 

Q ,,-. 
F, 

• FigureS.1 9 

\ --~. 
\ 
I 
I 
I 

:'..,.. 8 field will do the work on q 
The work done (energy transferred) when moving unit charge between 

nm points is a very important quantity in physics. It is called (electric) 
potential difference, commonly abbreviated to p.d. , and given the symbol 
V. The p.d. between two {X}ints does not depend on the path taken. (it is 
not necessary for Standard Level students to understand the concept of 
potential, which is covered in Chapter 10 for H igher Level students.) 

Potential difference 
The potential difference, V, between two points is defined as the work, W, that would have to be 
done 011 unit positive charge (+IC) to move it between those points 

potential difference • w~ta::ne 

v-~ 
q 

This equation is given in the PhyJics dma bookkt 
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(If a positive charge is attracted by a negative p.d., the work done will be by the electric field 
because the charge accelerates, so that \Vis negative. Similarly, the work done will be negative if 
a negative charge is attracted by, and is accelerated towards, a positive p.d.) 

The unit of potential difference is the volt, V. (Unusually for physics, the quantity and the 
unit of p:>tential difference have the same symbol, although quantities are shown in italics.) 
Potential difference is commonly referred to as \'oltage. A p.d. of I volt between two p:>ints means 
that I joule of energy is transferred when I coulomb of charge moves between the two p:>ints. 

IV • lt 

The concept of p:>tential difference is 
useful wherever and whenever charges 
may move, whether that is between points 
in space or between p:>ints along wires 
in an electrical circuit. Perhaps its most 
common e\·eryday use is in the description 
of batteries and power supplies. 

Batteries,andotherelectricalenergy 
sources, provide potential differences 
(voltages) across the circuits in which 
they are connected because they transfer 
energy to the charge flowing through 
them. The positive terminal of a battery 
attractselectronsandthenegativeside 
repels them, so that a current can be sent 
around a circuit. 

a1.SVcelltransfl'f51.SJtoevery 
coulomb of charge passing 

through it 

twolamp1&1Chtranlferingenergyfrom 
e~itytolightandthermalenergy 

atarateof0.7SJpercooiomb 

conventional 
flow of current 

• Figure5.20 Energytransfersinasimplecircuit 

In Figure 5.20, a LS V cell (battery) is transferring 1.5 J of energy to each coulomb of charge 
that flows through it. If the battery is connected to two identical lamps, each will have a p.d. of 
0.75 V across it and energy will be transferred from electricity to light and thermal energy at a 
rate of 0.75 J from every coulomb flowing through them. 

Measuring potential differences with voltmeters 

Because p.d. • energy transferred/charge-, there will be a p.d. across any component of any circuit 
that is transferring energy. ('Across' means between the two terminals.) Voltmeters are the devices 
used to measure potential difference (voltages) in circuits 

Consider Figure 5.20 which shows a circuit consisting 
of two lamps, a battery and three connecting leads. The 
hmps and the battery will have p:>tential differences across 
them, but the three leads should be very good conductors 
so that no energy is transferred in them and there will 
be no p.d. across them. Figure 5.21 shows how voltmeters 
can be connected across components to measure potential 
differences 

Because the battery produces a direct current, the 
voltmeters must be connected the correct way around 
This is indicated by the labelling, or colours, on their 
terminals. A typical laboratory has a selection of voltmeters 
with different ranges and sensitivities and it is important 
to choose the correct voltmeter for any panicular circuit. 
Alternating voltages cannot be measured with de meters. 

It is important to realize that when a voltmeter is added 
to a circuit, it should not affect the p.d. that it is trying to 

measure. This means that a voltmeter needs to be a very 
poor conductor of electricity, so that very little current flows • Figure 5.21 Measuring 
through it potential differences 
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4 a How much WOfk must be done to move a charge of +2.4nC through a potential difference of +9.6V? 
b lstheworkdooeonthechargebyanextemal fOfceOfbytheelectricfield? 

a W:Vq:9.6x(2.4 x 10-ll):2.3x10--llJ 

b Thepo,;itivechargewillexperiencearepulsivefOfceinthelield.soanextemal forcemustdowork 
oothecharge 

5 A tOfch bulb has a p.d. of 2.9V across it when a cvnentof0.S3A is flowing through it 
a How much energy is transferred by each coulomb of charge flowing through the bulb/ 
b Oescribetheenergytransfersinthebulb 
c How many electrons flow through the bulb every second? 
d Howmuchenergyistransferredbyeochelectroo7 

b Electricalenergyistransferredtolightand thermalenergy 

{l.G~~~- !1)=3.3x 1018 

d W:Vq:2.9x{1 .6 x 10-111):4.G x lO-l~J 

23 ii What is the p.d. between two points if +S.7 >< 10--0J ofwOfk is needed{from an external fOfce) to move 
achargeof+1.3x10-7Cbetweenthem? 

b Howwouldyouranswerchangeifthechargeinvolvedwas-1.3x 10-70 

24 ii How much energy is transferred when 4.7C of charge pass through a power 1Upply rated at 110V? 
b How much charge must flow through the 1Upply in order to transfer 1.0MJof energy? 
c Howmanyelectroosareneededtotransferl.OMJofenergy? 

25 • Whi!tisthep.d.acrossawaterh&iter if 44000Jolenergyistransfenedtointemalenergywhen200C 
olchargeflowsthroughit? 

b What charge has passed through a 1.SV cell if 60J of energy were transferred? 

26 Suggest what would happen in the circuit shown in Figure 5.16 if the ammeter was remmed and rep~ed 
byavoN:meter. 

The electronvolt as a unit of energy in atomic physics 
When an electron moves through a p.d. of I.CV, the i,mrk done• charge x p.d. 

W•(l.6>< 10- t9)x 1.0 • 1.6>< 10-191 

Physicists often avoid this kind of calculation (and the small numbers imuked) by simply saying 
that energy of one elect ronvolt , eV, has been transferred to, or from, the electron when it moves 
through a p.d. of IV. 

The electron volt, eV, is defined as the i,mrk done when a charge of 1.6 x 10-19C is moved 
throughap.d. of!V. 

Clearly,leV• l.6><10- l9J 

W(J) • W(eV) x (1.6 x 10-19) 

This equation is nm giwn in the Physics darn booklet. 
In fact, the electronvolt is a widely used unit of energy when referring to the energy of any 

atomic particle. The units keV and MeV are also in common use. When any singly charged 
particle (with charge of 1.6 x 10-19C) moves through a p.d. of IV, the work done is I eV. The 
work done when a doubly charged ion moves through a p.d. of I V is 2 eV etc. 

The electronvolt is also very widel}· used as a unit of kinetic energy for atomic particles 
(whether or not they move through a p.d.) and for the energy transferred by photons of 
electromagnetic energy. 
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6 How much energy is gained by a proton accelerated towards a negatively charged metal pklte by a p.d 
of3500V?Giveyouranswerin 
a electronvolts 
b joules 

a 3500eV 
b 3500><(1.6><10-19):5.6><10- 16J 

7 How many keV of energy all! transferred to, orlrom, an ion of charge 3.2" 10-19c whe<1 it mOYes 
throughap.d.ol4000V? 

(~:~: :~~
1
: ) >< 4.0: 8.0keV 

8 Anelectronofmass9.1" 10-11 kgisacceleratedbyap.d.of3000V 
a Calculateitsfinalspeed 
b What assumptioo(s) did you make) 

a Energytransferredtoelectron:kinetice<1ergy 

Ve:~vl 

3000x{1.6><10-19),,±x{9.1 ><10-l \)xv1 

v:3.2x101ms-l 

b Thiscakulationassumedthattheelectronstartedwithnegligiblekineticenergyandthatnokinetic 
energywastransferredawayfromitduringtheacceleration(becau'il'itwasinavacuum) 

27 An electron is mOYing directly towards a negatively charged plate with a speed of 1.30 x 107 ms-1 

a Whatisthekineticenergyoftheelectronin 
I joules 
ll electronvolts? 

b lfthevoltageontheplateis-SOOV,willtheelectronreachtheplate?Explain 

28 ii A p.1rticle emitted during radioactive decay had an energy of 2.2 MeV. Vvhat was its energy (in joules)? 
b lfit1masswas6.8 x 10-11kg,whatwasitsspeed? 

29 Calculatethegaininkineticenergy(injoules)ofaprotonthatisacceleratedacrossavacuumbyap.d.of 
5000V. 

30 Aphotoooflighttransfersabout2.0eVofenergy 
• Convertthisenergytojoules 
b How many photons would be emitted l">'ery 'il'Cood from a light bu lb emitting 4W of light energy? 

Jli!ll!IEIIIIII The useful effects of electricity 
Scientists have known for nearly ZOO years that when an electric current flows th rough a 
substance,itcanhave(only)threebasiceffects: 

• a heating effect, because the moving charges 'collide' with atoms and ions in the substance 

• a chemical effcc1 in some liquids and gases, because charges moving in opposite directions 
cause chemical decomposition 

• a magnetic: effec! around the current 

Compared to this short list, any list of useful electric and electronic devices found in the modem 
world is both surprisingly long and extremely varied. Most of us have become very dependent 
on the use of these devices and if we are depri\·ed of electrical pml'er for our homes or mobile 
devices, we can get annoyed and unhappy very quickly. 

The rate of scientific and technological advance in the use of electricity has been enormous. 
In the course of about 250years we have gone from the first discovery of electric currents to, 

for example, sman phones, brain scanners, electric cars, espre,so coffee machines and air 
conditioners. The world now, for most people and societies, is incredibly different from the way 
people lived ZOO years ago, and most would say that the changes (delivered by electric currents) 
aregenerallyfor thebetter. 



5.2 Heating effect of electric currents 217 

31 Find out which sc:ienfr;ts are well known for their &irty researrh into electric currents. and when and 
wheretheycarriedouttheirinvestigations 

32 Write down the names of five electrical devices in your home that use 
a theheatingeffectofacurrent E"'~!IJl:j"lil f,t;;:!11 
b the magnetic effect of a rurrent. (The magnetic 

effectofeiectricilyisusedtoproducemotion.) 
c Doyouhaveanyelectricdevicesinyourhome 

thilt involvechemicalreaclklns? 

B Some "rea lity" TV shows hi!Vl' featured people trying 
tolivewithoutsomeorallmodern'convenieocl'I' 
The Amish people of f>eonsytvan~. USA famously 
live in a Wirf whidl rejec:ts modem tec:hno4ogy (lee 
FigureS.22). Whatarelhepossibk>attractionsof 
alrfewilhoutelecttic:ily? • Figure5.22 AnAmishbuggy 

5.2 Heating effect of electric currentS -oneotthe 
earliest uses for electricity was to produce light and heat; this technology continues to 
have a major impact on the lives of people around the world 

The heating effect of an electric current is used extensively throughout the 'MJrld to heat water 
for cleaning and cooking, and to heat air (directly or indirectly) to keep homes and 'MJrking 
environments warm. This heating effect is also employed in devices like irons and toasters, as 
well as filament lamps which need to get very hot befure they will emit light. 

ToK Link 
Thent...,.be~ln~11--~tui!M'fl 
Sense p ercep tioninNrlyelectricinvl"itigations 
w,11l<eytoclai1ifyingfheeff{'{tofv,iriou1prN1er 
soorce1 - h01Wwrfhilil fraughtwithpossibleirrewrsible 
consequence1forthe1cienti1tsinvo/K'd. C;m\\1?1till 
ethi@l/yandlilfe/yusesenseperreption 
insc:iena>rese,irdJ? 

Thedi!nger1olelectriccurrentspa11ingthrougha 
humanbodyarewell under1toodnow. butinear,Y 
investigations,theri1kswe1enotfultycontrolledor 
under1toodandthisre1ultedin1eo,eralfatalitie1. Figure • FigureS.H Benjamin Franklinfamously 
S.23 illustrates a very famous and dangerous experiment flew a kite in a lightning storm as part of 
carriedoutbyl$enjaminFranklio his invest igations into electricity 

• Circuit diagrams 
Circuit diagrams are used extensively to show how electric components are connected together 
to perfurm useful tasks. The connecting wires (leads) should be drawn straight and parallel to 
the sides of the paper. 

All circuits need at least one source of energy. A cell is a single component that transfers 
chemical energy to electrical energy. When cells are connected together they are called a 
battery, although in everyday language a cell is also commonly called a battery. The longer line 
represents the ix:,sitive terminal of a cell 

llil!llll!llmlilll The use of common symbols 
The communication of scientific information and ideas between different countries and 
cultures can be affected by language problems, but this is greatly helped by the use of standard 
symbols for physical quantities (and units) and for electrical components. Increasingly, English 
is being used as the international language of science but, naturally, there are many individuals, 
organizations and countries who prefer to use their own language. Imagine the confusion and 
risks that could be caused by countries using totally different symbols and languages to represent 
the circuitry on, for example, a modern international aircraft 
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• FigureS.24 

Summary of the 

circuit symbols used 

• FigureS.25 

BA 

amp 

baltefY -++-
ilCSUpply 

--------- --0-
--0- "'"'- ,~i»oc -p 
---c=J- potentiometer -6 

Figure 5.24 shows all the internationally agreed electrical circuit 
symbols that will be used in this course. You will find them in the 
Physicsdatabookkr 

Components can be connected in series or in parallel. Connecting 
in series means that the comix:,nents are connected one after another, 
with no alternative paths for an electric current. The same current 
flows through all the components if they are in series. If components 
are connected in pa rallel it means that the current divides because 
it can take tv.u or more different paths between the same two points 
in the circuit. Any point in a parallel connection where wires join 
together and the current can take more than one path should be 
shown with a dot in the circuit diagram at that junction. 

It is common to have components in series and components in 
paral1el within the same circuit. Consider Figure 5.25: A and Bare in 
parallel with each other, but together they are in series with C. The 
combination of A, Band C is in parallel with D and E. All of these 
areinserieswithFandthecell 

• Kirchhoff 's circuit laws 
These two laws are used to help predict currents and voltages in circuits. They apply the laws of 
conservation of charge and conservation of energy to electric circuits. 

Kirchhoff's first law 

~ 
Because charge is conserved, the charge arriving at any junction in a circuit must equal the 
charge leaving the same junction. This means that the total current (charge/time) coming 
into a junction must equal the total current leaving the same junction. Consider Figure 5.26 
as a simple example. The unknown current, I, must be JA to the left, into P, so that the 
current arriving at P is 5 + 3 • BA, the same as the current leaving P. 

• FigureS.26 

Currents arriving at 

a point 

The easiest way of expressing this law is as follows· 

El •O (junction) 

This equation is given in the Physics data bookk1 



5.2 Heating effect of electric currents 219 

The Greek letter capital sigma, !:, is used here to represent 'the sum of'. So, this equation 
means that the sum of all the currents at a junction is zero. Remember that currents arriving 
and currents leaving must be gi\·en opposite signs. In general, currents arriving are positive and 
currents leaving are negative, but they may be the other way round. In this way, the example 
shown in Figure 5.26 would be written as 

S+l-8•0 
l•8-5•3A 

Since '3' is positive, this shows that the current l is into P. 

Kirchhoff's second law 

24V 

Since p.d. • energy transferred/charge, any component in 
an electric circuit that is transferring energy as charge flows 
through it must have a p.d. across it. 

From the law of conservation of energy, we know that the 
energy supplied to the moving charges in a circuit, or in any 
closed loop of a circuit, must be equal to the energy transferred 
to other forms by the components of that circuit loop. 

It follows that the sum of the p.d.s supplying energy to any 
circuit loop must equal the sum of the p.d.s across components 
used for transferring energy to other forms (in the same circuit 
loop). Consider Rgure 5.27, in which the two batteries are in 
opposition to each other and provide a combined p.d. of 

..,fj 
,v 

(24 - 6) • 18V. If the p.d. across component 1 is 11 V, then the 
p.d. acrosscomponem2 mustbe(IS-11) • 7V. 

• Figure 5.27 Thep.d.s 

around a circuit loop 

The easiest way of expressing this bw is· 

rv. o (loop) 

This equation is given in the PhyJics darn bookkt. 
Applying Kirchhoff's second law to more complicated circuits can cause confusion, and we 

will return to this subject in Worked example 14 

34 Draw a circuit diagram to represent the followirig arrangement: two lamps, A and B. are connected to 
a 12V battery with a switch such that it can control lamp A only Oamp B is always on). An ammeter is 
connected so that ii can measure the total current in both lamps and a ~~!meter measures the p.d. across 
thebatll'f}'. 

PinFigureS.28 

36 Determinethevaluesof 
thecurll!nts11,11 and/1 
inFigull!S.25 

37 Figull!5.29shows 
thep.d.sacrossthe 
components of an 
electrical circuit 
Determine the 
magnitudes of 
V1 and Vi 

38 Theuseofanagreed 
common language and 
symbolsl04'scientilic 
documentshasotwious • Figure S.28 
advantages,butinother 

v, 
• FigureS.29 

respects this can be seen as a serious threat todi~ersity and a country's culture and history. 
11 Write a short summary (about 100 words) of your own opinion on this issue 
b If we are to use a common language, what lariguage shoo kl that be and why/ 
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• Heating effect of current and its consequences 
When a current passes through a conductor, the free electrons transfer some energy to the ions 
or atoms with which they 'collide'. Any increase in the amplitude of vibrations of the ions or 

atoms is effectively an increase in the internal energy and temperature of the conductor. 
In electric heaters this effect is very useful but in most other devices, and in all connecting 

wires and other connections (including plugs and sockets), any heating effect is unwanted, a 
waste of useful energy and a possible fire hazard. Connecting wires should be made of a very 
good metallic conductor (usually copper) and thick enough that there is no significant heating 
effect in normal use. (in household wiring, fuses orcirrui! breakers are used to disconnect 
currents if they become dangerously high.) 

The heating effect of a current depends on the size of the current (obviously) and the extent 
to which the material through which it is flowing opposes/resists the flow of current. We refer 
to this as the resistance of the conductor. The following section shows how resistance can be 
calculated 

• Resistance expressed as R = ~ 
We have seen that a potential difference frorrf an energy source is needed to make a current 
flow around a circuit. The obvious question to ask is 'how does the size of a current depend on 
the size of the p.d.1' The simple answer is that the current for a particular p.d. depends on the 
resistance of the component or the wire. 

Resistance is defined as the ratio of the potential difference across a conductor to the current 
through it and is given the symOOl R 

resistance • poten~:~!~~erence 

The unit of resistance is the ohm , n. If a 
p.d. of IV produces a current of I A, then 
the resistance is I 0. The units kfl: and MO 
are also in common use. 

The resistance of a component, 
or wire, may change depending on 
circumstances. lnparticular,significant 
variations in temperature will often affect 
thevalueofaresistance. 

A component that has been made 

/ 

to have a certain resistance is called a 
resistor. Resistorsmayhaveafixedvalue 
or they can be variable. (See Figure 5.24 
for the correct circuit symOOls for the 

• Figure5.30Fixedresistors 

different types of resistor.) Some examples 
of fixed resistors are shown in Figure 5.30. 

To determine the resistance of a component or wire 
experimentally,itisnecessarytomeasurethecurrent,I, 
through it for a known potential difference, V, across it. 
These figures can then be put into the equation, R = V/I, 
although a single pair of readings may not produce a reliable 
result. Figure 5.31 shows a simple circuit for determining the 
value of a resistance. (Most digital electric meters have a 
resistance setting by which a resistance can be determined 
without the need for other experimentation. In effect the 
meter is using its battery to send a current through the 
resistance, and then using the data to calculate its value.) 

• FigureS.31 

Determining the value of 

an unknown resistance 
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A calculation made using alternating currents and voltages will produce an answer with the 
same resistance as a calculation made with direct currents. 

9 a Cak:ulatetheresistanceofammponentifap.d.of8.7Vacrossitproducesacurrentof0.15A 
through it 

b lfthep.d . isincreasedto12.4V.thecurrentrisesto0.17A.Whatisthenewresistance7 

aR=f 
R-8.7 -= 

bR=f 
R-12.4 

-o.lT 

39 What voltage is needed to make a current of 560mA p;iss through a 6700 resistor! 

40 What is the resistance of a 230V domestic water heater if the current through ii is 8.4A7 

41 What C\lrrent flows through a 37k0 resi51orwhen there i1 a p.d. ol 4.5Vacross it7 

42 What is the p.d. across a 68.00 resistor if 120( of charge flows through it in 60.0s? 

Ideal and non-ideal ammeters and voltmeters 

I 

Consider again Figure 5.31. It is intended that the ammeter should measure the current through 
the resistor only, but because of the way it is connected, the ammeter will measure the current 
through the resistor plus the current through the voltmeter. This problem could be solved 
by moving the voltmeter connection to the other side of the ammeter, but that introduces a 
different problem: the voltmeter would then be measuring the p.d. across the resistor plui the p.d. 
across the ammeter. 

These problems can be overcome by using 'ideal' meters: an ideal \'oltmeter will have an 
infinitely high resistance and an ideal ammeter will have zero resistance. Ammeters with 
very low resistance, suitable for most experiments, are commonplace in laOOratories. Digital 
voltmeters typically have resistances over a million ohms and are very \·ersatile laboratory 
instruments. Voltmeters with moving coils will have much lower resistances and their use in 
circuits with high resistances may be inappropriate 

Figure 5.32 shows the principle of 
anearlytypeofammeter(certainly 
not an ideal ammeter!) that played an 
important role in the development of 
circuit measurements. As a current passes 
through the wire, it gets hot (because of its 
resistance), increases slightly in length (it 
expands) and the hanging weight causes 
the wire to sag. This sag can be arranged 
to produce a small deflection of a pointer 
and can make an interesting investigation. 

In a modem school laboratory we may 
wish to measure currents of very different 
magnitudes: typically from a few amps all 
the way down to nano-amps (or lower). 
Possible voltage measurements also cover 
a very wide range. Digital multimeters can 
be very useful, but the measurement of 
very low currents and voltages will require 
specialized and sensitive instrumentation. • Figure 5.32 A model of a hot-wire ammeter 
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@llfiif!\Ulie?M Electric circuits: lighting our homes 
The first inventions that produced light from electricity used the heating effect of a current 
in a metal wire to make it so hot that it emitted visible light. This principle is still used today; 
the wire is called a filamcru and the lamps are described as being incandescen1. Incandescent 
lamps, as shown in Figure 5.33a, can be designed for use with a wide range of different 
voltages and powers. They can be made big enough to light a room or small enough for use in 
a pocket torch 

Incandescent lamps are easy to manufacture and inexpensive, but less than 10% of the 
electrical energy transferred to them becomes visible light (the rest becomes thermal energy). 
When the total number of filament lamps in use around the world is considered, this is 
obviously an enormous waste of energy and the generation of all that wasted power has a 
significant environmental effect on the planet. 

An electric current passing through a gas at low preS&.tre can also produce visible light, but a 
significant amount of ultraviolet radiation may also be emitted. If the inside of the glass container 
is given a suitable coating then most of the ultraviolet radiation can be transferred into visible 
light. The coating and the lamp are described as flu orescent. Fluorescent lamps are typically 
much more efficient at producing light than incandescent lamps, but they have the disadvantages 
of being bigger and more expensive, and they cannot be used with low voltages. Large fluorescent 
tubes (Figure 5.33b) have long been considered the best choice for lighting shops, offices, schools 
and advertising displays. In recent years, hcw,ever, smaller fluorescent lamps have become cheaper 
and more widely available for home use, and the widespread use of incandescent lamps for 
general household lighting is now generally discouraged in most countries. It is likely that more 
and more countries will limit the use of incandescent lamps in the future. 

Apart from being much more efficient than 
incandescent lamps, compact fluoresam 
lamps (CFI..s) (Figure 5.33c) usually have 
a longer'lifetime'beforetheyneedto 
be replaced, and this is important when 
considering the financial costs and the 
effects on the environment of their 
manufacture and disp:>5al. 

Light-emitting diodes (LEDs) provide 
another alternative for lighting our homes. 
They have been used for a long time as 
indicator lamps to show when electrical 
devices are on or off. They are useful for 
this purpose becauseoftheirsmallsize, 
low power, low cost , reliability and long 
lifetime. Early designs of LEDs emitted 
green or red light and it is only in recent 
years that LEDs have begun to be used for 
more general lighting purposes. This is 
because of the invention in the 1990s of 
LEDs that emit blue light and then white 
light (Figure 5.33d). LEDs that emit light of 
different colours can be combined to create 
a vast range of different coloured effects. 

A lot of research is still going on to improve 
the design of LEDs, particularly when it 
comes to increasing their overall efficiency • Figure 5.B Four kinds of lamp: 
in the conversion of electrical energy from a incandescent, b fluorescent tube. 
a mains supply into visible light. Currently, c CFL, d LED 
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the efficiency of using LEDs for home lighting is a little better than CR..s, but they are more 
eJ<pensive to buy. lEDs offer much greater fX)SSibilities for interesting and innovative lighting 
design and they are more reliable and longer bsting 

l Make a checklist of the properties of a lamp which make it a suitable choice for lighting the 
homes of people around the world. 

2 Use the internet to research the latest information on incandescent lamps, C FLs and LEDs 
Use your checklist from question l to compare the advantages and disadvantages of the 
three types of lamp. 

_ Ohm's law 

If the temperature of a metallic conductor is kept constant, its resistance will not change 
because any increase in the potential difference across it will produce a proportional 
increase in current, so that V/I (• R) is const ant, as shown in Figure 5.34. This relationship 
was discovered by the German physicist Georg Ohm in 1827. (Note that the graph has been 

pd extended some way into negative values as an indication that the same behaviour is seen if 
• Figure 5.34 Ohm's law the p.d. and the current both reverse directions.) 

• Figure5.35A 
current-p.d.graphfor 
a filament lamp 

Ohm's law states that the current through a metallic conductor is proportional to the 
potential difference across it, if the temperature is constant. 

l<><Vatconstanttemperature 

If the temperature of a metallic conductor 
does not change very much, it can usually 
be a,sumed that the resistance is constant 
and Ohm's law can be used. But if there are 
brge changes in temperature, Ohm's law 
is not useful. For example, the operating 
temperature of a filament lamp may be 

2500°C and its resistance at that temperature 
will be significantly higher than its resistance 
at room temperature. Figure 5.35 shows how 
the increasing temperature and resistance of a 
filament lamp might affect its l- V graph 

Ohm's law is a starting point for 
understanding electrical conduction. It works 
equally well for de and ac circuits, but there are 
many circuit com{X)nents to which it cannot 
be applied. ln ordertoinvestigatetheelectrical 
behaviour of a specific component (such as a 
filament lamp), either of the circuits shown in 
Figure 5.36could be used. In circuit a, a variable 
electricalsupplyisusedtoobtaindifferent 
voltages across the component. Circuit b uses a 
batteryoffixedvoltageanda var iable res istor 
(a rheostat) to change the overall resistance of 
the circuit, therefore changing the current and 
voltage across the component. However, as we 
will see later in this chapter, using a battery and 
a potential di\iiding circuit is the best choice fur 
this investigation 

• Figure5.36Twomethodstoinvestigate 
the/-Vcharacteristicofanelectrical 
component 
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If the current through an electrical component is proportional to the p.d. across it, then it 
is described as being ohmic, because it 'obeys' Ohm's law and the /- V graph is a straight line 
through the origin (Figure 5.34). A metal wire at constant temperature is an ohmic device. All 
other components (including those not being used at approximately constant temperature) are 
described as non-ohmic (as in Figure 5.35). A filament lamp is a non-ohmic device because its 
temperature changes considerably when different currents pass through it. 

The temperature dependence of a resistance wire can be investigated by taping it next to the 
bulb of a large range thermometer while measuring its resistance 

43 Suggest reasons why hot-win.• ammeters are not used in modem laboratories 

44 Sketchl- Vcharacteristicgraphsfor 
• adeYicethathasaresistancewhichdecreasesasthecurrentincrNSes 
b anon-ohmicdeviceinwhichequalincreasesinvoltageproduceequalincreasesincurrent 
c a deYice that only allows current to flow through it in one direction (a diode) 

45 Gi~e an example of a non-e~rical measuring device which may affect the quantity it is being used to 
measure. Expla in why the results may not be accurate 

lli!ll!lllilll Peer review or competition between scientists? 
Georg Ohm's law was published in Germany in 1827 in the form that the current in a wire, I, 
is proponional to (A/L)V where A is the cross-sectional area of a uniform metal wire of length 
LT wo years earlier, in England, Peter Barlow had incorrectly proposed 'Barlow's law' in the 
form l was proportional to } (A/L), but with no reference to the key concept of voltage. It is not 
unusual for mu or more different scientists, or groups of scientists, to be investigating similar 
areas of science at the same time, often in different countries 

• Figure 5.38Three 

In the worldwide, nKXlem scientific community, with its 
quick and easy mass communication, new experimental results 
and theories are subjected to very close scrutiny and checking 
soon after they are published. In this way new ideas are reviewed 
carefully by other scientists and experts working in the same 
field, in a process commonly called peer review. But 200years 
ago when Ohm was carrying out his research, things were very 
different. At that time, social factors and the reputation, power 
and influence of the scientist were sometimes as important in 
judging new ideas as the value of the \\Urk itself. The story of 
Barlow and Ohm is particularly interesting because in the early 
stages, the incorrect theory proposed by Barlow was more widely 
believed. • Figure 5.37 Georg Ohm 

Combining resistors in series and parallel 
Resistors can be joined together to make new values of resistance. They may be connected in 
series, in parallel or in other combinations. The overall resistance of the combinations can be 
determined experimentally as described before. Computer programs also provide a valuable aid 
here and throughout the study of electric circuits because they enable otudents to construct and 
investigate circuits much quicker than in the laboratory. 

Figure 5.38 shows three different resistors connected in series. Because of the law of 
conservation of charge, the charge per second (current) flowing into each resistor must be the 
same as the current, I, f10>11ing out of it and into the next resistor. 
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The sum of the separate ix:,tential differences must equal the potential difference across them all, 

v,oul•sothat 

Using V • lR for the individual resistors, we get IR,oul • lR 1 + lR1 + IR1, so that we can derive an 
equation for the single resistor, R, which has the same resistance as the combination: 

This equation is listed in the Physics daw booklet. 
Figure 5.39 shows three resistors connected in parallel 

with each other. 
Because they are all connected between the same two 

points, they all have the same potential difference, V, 
across them 

The law of conservation of charge means that 

/total• /1 + 11 +11 

Applying V • IR throughout gi\·es: 

_Ji'._-~+~+~ 
Rtotal R1 R2 R1 

e,, 
' 

' 
• Figure5.39Threeresistorsinparallel 

Cancelling the Vs gives us an equation for the single resistor, R,ou!> which has the same 
resistance as the combination· 

This equation is given in the Phyiics daia booklet 
All the electrical equipment in our homes is wired in parallel because in that way, each 

device is connected to the full supply voltage and can be controlled with a separate switch. 

10 A 50000 re'iistor and 80000 resistor are connected in series 
a Whati1theircombinedresi1tance7 
b Whatisthecurrentthrougheachofthemiltheyarecoonectedtoa4.5Vbattery7 
c Whatisthepotentialdiflerenceacrossthe50000resistor7 
d Repeatthesethreecalculationsforthesamere'iistorsinp.irallelwith&Khother. 

b l=t=
13

4()~=3.Sx10-4Athroughbothresistors 

c V:/R:3.Sx 10-'xS000:1.7V 

d {=so
1
oo+.Jrn-=~ 

R=401~00,,3osoo 

6othresi1torshaveap.d.of4.SVacrossthem 

currenlthroughS0000.1={=~=9.0x10-.4A 

current through 80000, l=t= a6io = 5.6 >< 10- ' A 

11 The lamps shown in Figull' 5.40 are all the same 
a Comp.iretheOOghtnes1olallthelamp1 

• FigureS.40 

b If all the lamps have the same constant resistance ol 2 0, what is the total resistance of the circuit7 
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a lamps A and B wi ll have the same brightness because the ,;ame current flows through them both 
That same current will be sp lit between klmp E and klmps C and D. so that these three must all 
be dimmer than lamps A and B. lamps C and D will have the same brightness because they are in 
series with &Kh other. lamp E wi ll be brighter than lamps C or D because a higher current will flow 
through it 

b CandDtogetherwill havearesi!ilanceof2+2=40 

E in parallel with C/0 will have a resi!ilance of 1.3 0 (-/i- = + + +) 
Total resi!ilance:2+2 + 1.3:5.30 

Connecting meters in series and parallel 

If it is likely that the meters used in an experiment cannot be considered to be 'ideal', the effect 
of connecting an ammeter or voltmeter in a circuit can be determined by treating it the same as 
any other resistance, as shown in these worked examples 

12 a What current flows through a 12.00 resistor connected to a p.d. of 9.10V? 
b An ammeter of resistance 0.31 0 was used to measure the current. 'Nhat value did it display? 
c What was the percentage error when measuring this current? 

a l=t=~=0.758A 

b l=*=,i:!1 =0.739A 

c ~:;::x 100:97.5%.Percentageerrorwas-2.5% 

13 Considerthecircuitlhown inFigureS.41 
a Whatisthecurrentinthecircuitbeforethevoltmeteris 

rnrmected? 
b Whatisthevoltageacrossthe20000resistor? 
c What voltages will be m&JSured if voltmet ers with the 

following resistancesarernnnectedintumacrossthe20000 
resistor 
i 50000 
ii 5000001 

a l={ 1.5 
1
"(1000+2000) 

/:Sx 10---4A(0.5mA) 

V: {5 X 10-~) X 2000 

r ~ 
~ 

Firstcak:ulatethernmbinedresistanceofthe20000resistorandthe50000voltmeterin 
para llel · 

i=f,+-k 
I 1 I 

R"20oo+sooo 
R:14300 

Thenlindthevoltageacrossaresi5tanceof14300rnnnectedinserleswitha 10000resistance 

V:l.Sx1436~
3
~000 

V:0.88V(1nsteadofthe1.0Vpredictedin b) 

ii Repeating the calculation with a 500000 voltmeter gives V = 0.99V, which is better because it is 
muchclosertothevaluepredktedwithoutthevoltmeter. 
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cirrnitshowninFigureS.42 

lngeneralwhenamweringthiskindofque51ion,itwillbe 
necessarytowritedownasmanydifferentequationsasthereare 
unknowns(inthisexampletheiearethree).Thedirectionsofthe 
rnrrents may be unknown, so they have been guessed. but this 
doesnotmatterbecauseifthewroogdirectionis(hosrn.the 
valuernkulatedforthernrrentwillhavl'thernrrectmagnitude, 
butwillbenegative(a1willbeseeninthisexample) 

1 UsingKirchhofl'slir511aw:1i=11 +13 

2 UsingKir(hhoff'ssecondlawforthetopcirrnitloop 
12:1011+20(-ll) 

I' 

Thernrrentliha1beengivenanegativesignbecauseitisshown I, 
flowingtowardsthepositivesideolthebattery,ratherthaninthe 
(ooveotionaldirection 

3 Using Kir(hhoff's second law for the lower cirruit loop: 9 = 20Hi) • Figure 5.42 

4 Kirchhoff"s5l'Condlawrnnalsobeu'il'dfortheouter(ompleteloop.butitwillprO'>'idenoadditional 
informationthanarnmbinationofequatiom2.-md3:12-9= 1011 

Fromequatioo4wernn5eethat/1:0.3A 

Fromequatioo3we(anseethatli=-0.45A 

Sothatli=11 +1i=0.3+(-0.45}:-0.15A 

The two negative sigm show us that the directions (hOSl!o for 11 and 12 were wrong. 

46 The two lamps shown in Figure 5.43 both have a resistan(e 
of 4.00 when rold and 6.00 when working normally with a 
p.d. of6.0Vauossthem 
• What mu51 be the value of the resistor R for the lamps to 

operate normally) 
b 'Nhi!tisthep.d.ac:ro1sthelamp1whentheswitchisfir51 

tumedoo) 

47 A fan heater. whi(h is operated from the electricity mains. 
rnntainsaheatingelement,afanandalamptoindkate 
whentheheatingelementisoo.Thefanmusta!waysbeon 
whentheheaterison,butthefanrnnalsobeswitrhedon 
if the heater is off. Draw a cirrnit with a rwo-w.iy switch to 
showhowtheyareall(oonected 

48 Consider the circuit shown in Figure 5.44. In whi(h resistor 
willpowerbedissip.-itedatthehighestrate7Explainyour 

• FigureS.43 

411 A 220V maim electrk heater has three settings oo its 
swit(h: high. medium and low. Inside the heater there are 
two 40.00 heating elements • Figure 5.44 
• Explain, with diagrams, how the use ol just two heating 

elements (an produ(e three different power outputs 
b Cakulatethepoweroutputooeac:hofthethreesetting1 

50 Figure 5.45 shows a simple drcuit in which the ammeter and 
voltmeterhavebeenrn1111ectedinthewrongpositioos 
a What (approximate) readings would you expect to see on the 

meters)Explainyour answer. 
b When the positions of the meters were swapped to their 

(orrectpositioos,whatreadingswouldyouexpecttoseeoothe 
meters) 

• FigureS.45 
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c The actual ll!ading on the voltmeter was 3.9V. Suggest a reason why it was lower tti.-m expected 
d CalC\llatethe11!1istanceof thev~tmeter. 
• What asrumption(s) dkl you make about the ammeter? 

51 lnthecircuitshowninFigureS.46acurrentof830mA 
flows through the lamp when the switch is closed 
a Whatisthep.d.acrossthelamp7 
b Calrnlatetherelistanceandpowerofthelampunder 

these conditions 
c lftheswitt:hisopened,explainwhathappenstothe 

brightness of the lamp 
d CalC\llatethenewp.d.acros.sthelamp 

52 Thetwoendsofa1mlengthofrelistancewirearejoined 
togetherandthewirespreadoutintoadrcle. Astudent 
carriesoutaninvestigationtodeterminehowtherelistance 
between any two pcints on the circle varies with the length 
of wire between them. Sketch a graph to represent the 
ll!rultsyouwouklexpectfromthisinve51igation 

• FigureS.46 

53 Determine the magnitudes and directions of the C\lrrents in the circuit shown in Figure S.47 

• FigureS.47 

• Resistivity 
A material has electrical resistance because any electrons flowing through it have to pass atoms 
or ions vibrating in their path (see Figure 5.13). The longer the conductor, the more 'collisions' 
that are likely to occur and so the higher the resistance. The wider the conductor, the easier it is 
for electrons to flow, and so the lower the resistance. 

Experiments to determine the resistance of wires of different lengths and diameters show 
that the resistance of wires (of the same metal or alloy) are proportional to their lengths, L, and 
inversely prop:>rtional to their cross-sectional areas, A at constant temperature 

Roe* 
But resistance also depends on the particubr material being used, as is easily demonstrated by 
measuring the resistance of wires of different metals or alloys, all with the same dimensions 
The more free electrons (per unit volume), n, in a material, the better it will be at conducting an 
electric current. We cannot simply look up the resistance of a material (like copper, for example) 
in a table of data, because resistance depends on shape as well as the material itself. Instead, we 
look up a material's resistivity, which is the resistance of a specimen of length Im and cross­
sectional area I ml (as defined by the equation below). 

Not surprisingly (for a theoretical wire of cross-sectional area I ml), the resistivity of a good 
conductor has a very low numerical value. For example, the resistivity of copper is 1.7 x 10--s nm 
at 20°C. 

Resistivity is given the symbol p and it has the unit ohm metre, nm (not ohms per metre): 

This equation is listed in the Physics dara bookie!. 
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The resistivity of different materials can be determined and compared by measuring the 
resistances of wires, or graphite pencils, of known dimensions. If the resistivity of graphite is 
known, it can be used with the equation above to estimate the thickness of a pencil line drawn 
on paper. 

Resistance and resistivity usually change with temperature, sometimes significantly, and we 
should be careful about describing a material as an insulator or a conductor without also stating 
the temperature. Materials can vary enormously in their resistivities, as is shown in Table 5.2 
The semi-conducting elements silicon and germanium are in the middle of the range 

Resistivitytrl m 
1.6x10 8 

1.7x10-8 

2.8x10-8 

1.0xl0-7 

nichrome(use-dforelectricheaters} 1.1 x 10...i; 
carbon(graphite) 3.5x1Q-S 

4.6x10-1 

~ 2 X lQ-1 

6.4x11Y 
~ 1011 

tefloo{PTFE) 

15 a Calculi!tetheresistanceofa1.80mlengthofimnwireofcross-sectkmalarea2.43mml 
b Arnrrentof 2.4A flowed through an 83cm length of metal alloy wire of area0.S4mm1when a p.d. of 

220Vwasappliedi1Crossit sends.Whatwastheresistivityofthealkly7 

aR=1 
R = (1.~t4~0J;Jj80 

R: 7.4 ~ 10-10 

b R:.!'.'::fil:91.70 
I 2.4 

P=¥ 
P=91.7x~8~x10-) 

p:6.0x10-10m 

16 5uggestpossible1easonswhyaluminiumisusuallyusedforthernble1thatcarry largeelectriccurrents 
aroundtheworld(ratherthancopper) 

The resi'>livities of these two metais are in the ratio of 2.8/1.7 = 1.6. This means that an aluminium 
cable cooducts equally as well as a copper wire ii its cross-sectional area is 1.6 times larger. Aluminium 
isabetterchoicebecauseitismuchcheaperthancopperandaluminiumcables(ofequalresistance) 
are lighter in weight 

CopperhasotherpropertH!sthatmakeitabetterchoiceforhouseh~dwiring.suchasitsflexibility 
Some more expemive metals like siM'r. gold and platinum are better conductors than copper and they 
are sometimes used where a very low resistance wire or connection is needed (for example. in some 
sound reproduction systems) 
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54 a What length of nichrome wire of cross-sectional area 0.0855mm2 is needed to make a 15.00 resistor? 
b What value resist Of would be made with nkhrome wire of double the length and ha!! the diameter? 

55 Suggestthepo11iblerelationshipbetweentheresistivityolametalandthenumbef offreeelectronsitha1 
percubkmillimetre 

56 The nichrome heating element in an electric kettle has an over.-ill ll'flgth ol 5.32m. If its resistance is 250, 
whatisthediameteroftnewire? 

57 Calculate the resistivity of a metal wire !I avcitageof 2.SV is needed to make a current of 26mA pass 
through a wire of diameter 0.452mm and length 745cm 

@imj@jj ietM Touchscreen techno logy 
Touchscreens (Figure 5.48) have become very popular in devices such as mobile phones and 
tablets because they enable the user to control the display directly without the need for a 
keypad or mouse. 

• Figure 5.48 Atouchscreentablet 

There are several different technologies used in touchscreens; one of these uses the resistive 
properties of the dispby screen. When any object, such a finger, touches the screen the 
resistance at that point changes and the location is calcubted by the central controller. If 
the finger moves, new locations are detected ~ the speed and direction of the movement is 
calculated and used to control the device. Multipoint screens can respond to two or more 
touches at the same time. One problem with resistive touchscreens is the fact that the screen 
reducesthequalityoftheimage. 

Another common touchscreen technology responds to changes in capacitance (capacity for 
storing charge) at the point where the screen is touched. These screens need to be touched 
with a conductor, like a finger 

l Choose a particular touchscreen phone, tablet or other device and find out which 
technology is used for the screen. 

2 Can you think of any disadvantages of using touchscreen devices/ 
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• Power dissipation 
If the current through a resistor is, for example, JA then JC of charge is passing through it 
every second. If there is a potential difference across the resistor of 6V, then 6J of energy is 
being transferred by every coulomb of charge (to internal energy). The rate of transfer of energy 
is) x 6 • 12jouleseverysecond (watts). 

More generally, we can derive an expression for the power dissipated to internal energy in a 
resistor by considering the definitions of p.d. and current, as follows 

energy t~::sferred • ;:~~~:~~~e:~:~:::~~~r x charge flowin~~~rough resistor 

~ - ~x....1_ 

' q ' 

power • potential difference x current 

P•Vl 

Because V • lR, this can be rewritten as P • (IR)I, or: 

P• JlR 

Alternatively, P • V(V/R), or: 

P•-¥/:-
These three forms of the same equation are all given in the Physics data bookkt. 

To cakulate the total energy transferred in a given time, we know that energy• power x 
time,sothat 

electrical energy • Vlt 

This equation is nm given in the Phyiics data booklet. 

17 Anelectricifllf1islabelledas220V.1200W 
a Expla inwhatthelabelmeans 
b Whatistherl'Si:stanceoftheheatingelementoftheironl 
c Expla in what wookJ happen if the iron was used in a country where the maim voltage was 110V. 

a The label means that the iron is designed to be used with 220V and, when correctly connected. it 
will transferenergyatarateof1200jou!eseo.ery~ond 

V' 
b P:7f 

1200:~ 

R:40.:rn 

c P:; 

So 

P: ~6~ 

Theironwouldtransferenergyat{oftheintendedrateandwooldnotgethotenoughtowork 
properly.(P=Vl,andbothlhep.d.andthecurrentwillbehalvPd,a1sumingtheresistancei1c0051:ant.) 

If an iron dl'Signed to work with 110V was plugged into 220V it woold begin to transfer energy at four 
times the rate it was designed for; It wookJ OYerheat and be permanently damaged 
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58 A12Vpotentialdilferenceisappliedacrossa2400resistor. 
a Calculate 

i i thepower 
111 thetotalenergytransferredin2mintJtes. 

b What valtJe resistor would have twice the power with the same voltage) 

5!il A2.00kWhooseholdwaterheaterhasaresistanceof24.30 
a What rnrrent flows thfO\Jgh it? 
b Whatisthemaimvoltagel 

60 a What would be the rate of production of thermal energy if a rnrrent of 100A flawed through an 
ov«head cable of length 20km and resistance 0.001 ohm per metre) 

b Commentonyouranswer. 

61 • What power heater will raise the temperature of a metal block of mass 2.3kgfrom B°C to47°C in 
4mintJtes{specilicheatcapacily=670Jkg-1°c- 1)? 

b Draw a circuit diagram to show how the heater should be ronnected to a 12V supp~ and suitable 
electricalmeterssothatthepowercanbechecked 

62 a An electric motor is used to raise a 50kg mass to a height of 2.Sm in 74s. The voltage supplied to the 
motor was 240V btJt it was on~ 8% efficient. What was the current in the motor? 

b Suggest two reasons why the motor has a low efficiency. 

63 • What value resistance woo Id be needed to make a 1.2SkW water heater in a coontry where the mains 
voltageis110V? 

b What rnrrent flows lhfO\Jgh the hNter during normal use) 
c Suggest why a larger current flows when it is fir51 tumed on 

Another unit for electrical energy 

When we buy a battery or pay for the 'mains' electricity connected to our homes, we are really 
buying energy. In most countries mains electrical energy is sold by the kilowatt hour: 1 kWh 
is the amount of energy transferred by a I kW device in one hour, that is, the equivalent of 
lOOOJ s-1 for 3600s, or J.6MJ. This conversion rate is listed in the Physics data booklet. 

64 a Use energy= \1/rto estimate how much useful energy can be tram/erred from a single AA-sized bat tery 
b WhatistheapproximatecostofthatenergyperMJl 

65 a Howmuchdohooseholdershavetopayfor1kWhinyourcoontryl 
b Use the internet to compare your prices with those in some other coontries. 
c What is theco51 of 1 MJ of mains e~trical energy in your country? By comparison, it shoold be cl&ir 

thatbuyingdisposablebatteriesisaveryexpensivewayofpayingforenergyandconvenience.The 
disposalofthebatteriesisalsoapollutionproblem 

66 lnChapter8wewilldiscusstheeffectofthegenerationanduseofelectric.alenergyontheenvironment 
There are enormous differences in how much electric.al energy is used in different countries. One way of 
discooragingtheexces1iveuseofelectricityindevelopedrountriesisforgovernment1tomakethecostof 
a kWh gr&iter fOf those homes that use more energy 

Oiscusstheadvantagesanddisadvantagesofthepricingsystemforelectricitymentionedabove 

• Potential divider circuits 
When tv.u (or more) resistors are connected in series they share the total potential difference 
across them in the same ratio as the magnitudes of the resistances (as shown in Worked 
example 10). When this kind of arrangement of resistors is used deliberately for the control of 
p.ds around circuits, it is called a potential div ider. 

Typically, one of the two resistors will be variable, as shown in Worked example 18. 
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18 The value of the variable resistor in Figure 5.49 can be changed 
continuously from 1 kO to 10k0. What is the maximum and 
minimum potential difference, V"'"". that can be obtained across R? 

tlthevariableresistanc:eisl{!llolkO, 
,,s 

voo,"s+T"sv 
tlthevariableresistanc:eisl{!llolOkO, 

V
00

, may be a voltage that controls another part of the circuit; 
perhapssomekindofelectronkswitchthatmightbeooifthe • Figure s.4g 

voltage was. for example. higher than 4V and off ii itwil:I lower than 3V. In this Wifo/, anotherdrcuit 
canbeswitchedonoroffbychangingthevalueofthevariableresistorinthispotenria/divider. 

Sensors 
Potential dividers are often used in automatic control systems in which a sensor is used as a 
variable resistor. A sensor is an electrical component that responds to a change in a physical 
property (temperature, for example) with a corresponding change in an electrical property 
(usually resistance). 

Sensors are commonly available for the detection of most of the physical properties discussed 
in this book, but we shall limit our discussion to three sensors in particular. 

• Light-dependent resistors (LDRs) (Figure 5.50): the resistance of an LOR decreases when 
increased light intensity provides the energy needed to release more free electrons in its semi­
conducting materials. 

• Temperature-dependent resistors (thermistors) (Figure 5.51): the resistance of a thermistor 
varies with changes of temperature. The resistance may increase or decrease, depending on 
the materials used in the particular thermistor 

• St rain gauges (Figure 5.52): the resistance of a strain gauge varies when its shape changes 
(rememberR•pL/A). 

• Figure 5.53 AnLDRina 

potential divider circuit 

• Figure 5.51 A thermistor • Figure 5.52 A strain gauge 

Figure 5.53 shows an LOR connected as part of a potential divider. As the light 
intensity increases, the resistance of the LOR decreases and, therefore, the voltage 
across it, V out• also decreases. V out could be used to control an electronic switch that 
turns off lights when the light intensity rises to a certain level. The light level at 
which the lights are turned on or off can be changed by adjusting the value of the 
variable resistor. 

A thermistor connected in a similar circuit could be used to tum a heater on 
when the temperature falls below a certain value, or tum a heater off when it gets 
too hot. Used in this way to control temperature, the thermistor would be part of 
a thermostat. 
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• FigureS.57 

67 a WhatisthepotentialdifferenceauosspointsAandBinFigureS.S4? 
b A stude<rt wants to coonect a lampwhkh is rated at 1SW, 6V. What is the working resistance of the 

lamp? 
c The student thinks that the lamp will wOO< normally ii he coonects it between A and 8. in parallel with 

X. Expla in why the lamp will not work as he hopes 
d Another student thinks that the lamp will work ii resistorX is removed {while the lamp is still connected 

betwe{!n A and B). Calculate the voha,ge across the lamp. Will the lamp work nOfmally now? 
• Suggest how the lamp coold work nOfmally using a 12V battery 

0.1 -j-~-~-~~--;--
0.1 100 1000 10000 

• FigureS.54 

lightintens.ity/1ux 

• FigureS.SS Resistance-intensitygraphforanLDR 

61 a Drawapotential-dividingcircuitthatcouldbeusedtocootrolthetempe!"atureinarelrigerator. 
b Makealistolelectricaldevicesthathavethermostatsinsidethem 

69 FigureS.SSshowshowapartkularsemi-conductinglORrespondstochar,gesinlightintensity.ThelDR 
ha1aresistanceolaboutBOOOinnormalroomlighting(4001ux) 
a Explainwhytheresi'ilancedecreas.>sasthelightintensityincreases 
b Thescalesarelogarithmic.Explainwhythistypeolscaleisused 
c Writeanequatioofortheline 
d Calculatetheresi1tanceof thelORwhenthelightintensityi1200lux 
• II the LDR was coonected as shown in Figure S.S3. what value of the variable resistance would produce 

a p.d. ol 1.2V across the LOR under normal room 
lighting? 

70 a lfthelengthofacertainwirewasincreasedt,; 
1.00%,whatpercentagechangewooldyouexpect 
in its resistance? {Assume that its v~ume remains 
constant.) 

b Figure5.56showsastraingaugecoonected ina 
potentialdividingcircuit.Cakulatethereadingonthe 
voltmeter. What assumption(s) did yoo have to make 
about the voltmeter? 

c lftheresistanceofthestraingaugeincreas.>sby 
0.570%, what will be the new reading on the 
voltmeter? 

Using a variable resistor as a potentia l divider 

1.50V -;-

• Flgure S.56 

'ii rain 
gauge 

Variable resistors (Rgure 5.57) are made in many different shapes and sizes. Most have three 
terminals, one at each end of the resistor and one sliding contact that can be moved along the 
resistor anywhere between the other two contacts. 

The brightness of the bulb in Figure 5.58 can be adjusted using the variable resistance. Until 
now, we have only considered using tv.u terminals. Used in this way, it may be best to think 
of a variable resistor as a way of changing the current, by changing the resistance in a series 
circuit. The p.d. is divided between the lamp and the variable resistor, which means that the 
circuit shown in Figure 5.58 is a simple example of a potential-dividing circuit. The range of the 
variable resistance must be chosen carefully for its intended use. 
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6.0V 

~f jl 
As an example, consider a 0-5 0 variable resistor used to control 

a lamp of fixed resistance 2.00 designed fur normal use when there is 
a p.d. of 6V across it. When the resistance is set to 00, the lamp will 
get the full 6 V; and when the resistance is set to its maximum of 5 n, 
the lamp will have ap.d. of(Z.0/7.0) x 6.0 • l.7Vacror,s it. It is not 
possible to reduce the p.d. across the lamp to zero. ~ 

Lower p.d.s \\UUld be por.sible with a variable resistance that had 
a much wider range, but then making adjustments for higher voltages 
1M)Uldbecomernoredifficult. 

• Figure5.58Circuitusingavariable 

resistance to change current 

Alternatively, a variable resistor can be connected across a battery 
using all three terminals, as shown in Figure 5.59. Used in this way it 

can provide a potential difference, V "'"' to another part of the circuit, 
which varies continuously from zero to the full p.d. of the battery, V 1n 

The maximum rnltage will be obtained with the sliding contact at 
the top of the variable resistor, and the voltage will be zero with the 
contact at the bottom. A variable resistor used in this way is called a 
potentiomete r. 

• Figure5.59Avariableresistorusedasa 
It is essentially just a potential divider with the sliding contact on 

the variable resistor dividing it into two resistors of variable sizes (as 
shown by R1 and Rz, where R1 + Rz is constant). potentiometer 

When a potentiometer is connected as the input into a circuit, 
the value of V 

00
, cannot be calculated without considering the effect 

of the resistance of the rest of that circuit. Generally, the resistance 
of the circuit should be much higher than the resistance of the 
potentiometer. 

• Figure5.60Acircuitforinvestigating 

A potentiometer provides the best way of varying the voltage 
to a component in order to im·estigate its I- V characteristics (see 

FigureS.60) 

I~ V characteristics of electrical components 

71 • Draw a cirrnit that uses a potentiometer and a 12V battery to prO'>'ide an input that varies from Oto 
12Vf0fasmalllampratedat 12V, 1.SW 

b Labelthelilmpwithit1re1i1tance(assumeitisromtant) 
c Sugge1ta1uitablere1i1tancerangel0fthepotentiometer 
d II a 0- 2000 potentiometer was used, estimate the p.d. across the lamp when the potentiometer was 

settothemiddleofitsrange 
• Explainwhytheanswerto d isnot6V. 

5. 3 EI ectri c ce 11 s -electric cells allow us to store energy in a chemical form 

• Ce lls 
In the modem world, with so many mobile 
electronic devices, we are becoming increasingly 
dependent on compact, portable sources of 
electrical energy. An electric cell (sometimes 
called an elect rochemical cel1 ) is a component 
that uses chemical reactions to transfer chemical 
(potential) energy to the energy transferred by an 
electriccurrent.Electriccellsarealsosometimes 
called l'olwic cells (named after Alessandro 

Volta, an Italian scientist who is credited with 
the design of the first useful electric cells). The 
basic principle can be demonstrated by putting 
two different metals into a solution that conducts 
electricity (an electrolyte) as shown in Figure 5.61 

electrolyte 

• Figure5.61 Asimplifiedelectrochemicalcell 
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The two conductors making contact with the electrolyte (copper and zinc in this example) 
are called the elect rodes. In Figure 5.61, electrons flow around the external circuit from the 
zinc electrode to the copper electrode and in this process they can transfer useful energy to the 
circuit. Remember that conventional current is shown flowing in the opposite direction to the 
flow of electrons. The electrode from which electrons leave to travel around the circuit is called 
the anode and the electrode to which the electrons return is called the cathode. Details of the 
design of cells or chemical reactions are not needed for this course, but are included in the 1B 
Chemistry course. 

A very wide range of practical investigations into simple cells is possible: improving the 
design with a mfr bridge, using different conductors, different temperatures, different electrode 
geometry or different electrolytes (or concentrations). Characteristics such as the voltage, 
current and i:ower delivered to a circuit can be determined and how these properties vary with 
time. With such a wide selection of possible variables, the investigation of electrochemical cells 
is a topic well-suited to computer simuhtions. 

Two or more cells connected together in a circuit are known as a battery, although the term 
'battery' isalsowidelyusedforsinglecells 

Secondary cells 
Simple cells that can only be used until the chemical reactions have stopped are called prima ry 
cells. In secondary cel ls , the chemical reactions can be reversed, so that the cells can be used 
again. This process is known as recharging a cell (battery). The batteries in mobile phones and 
notebooks are secondary cells and can be recharged many times, although there is a limit to how 
many times this can be done. Recharging batteries 
can take several hours or more. The lifetime of 
secondary cells and the times needed for recharging 
them are areas of continual technological research 
The use of primary cells has decreased significantly 
in recent years. 

lnordertorechargeasecondaryce\1 (battery), 
a current must be made to pass through it in the 
opposite direction to the currents that flow when 
the battery is in normal use. The recharging 
voltage should usually be the same as the voltage 
produced by the cell in normal use (see Figure 5.62). 

• Connecting batte ri es into circuits 

Electromotive force (emf) 

harging 
ru< 

V 

rnrrentin 
noooal use : ' 
olbatteiy ' 

• Figure 5.62Rechargingabattery 

Electrochemical cells use chemical reactions to provide potential differences and energy to 

circuits, but there are other devices that can provide p.d.s from different processes. For example, 
pho1ooolwic alls transfer light energy to electrical energy, our homes are provided with a mains 
p.d. and energy by generators at electric power stations, and the dynamo on a bicycle can transfer 
kinetic energy to electrical energy for the lamp. 

The electromotive force (emf) of a battery, or any other source of electrical energy, is defined 
as the IO{al energy transferred in the source per unit charge passing through it 

Most of this energy should be supplied to the circuit, but some energy will be transferred to 
internal energy within the battery itself. 

Electromoti\·e force is a potential difference (energy transferred/charge). It is given the 
symbol e and its unit is the volt, V The name decrromotiw force can cause confusion because it 
is not a force. For this reason it is commonly just called 'emf'. 
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Terminal potential difference 
It is irnponant to realize that when a current is flowing in a circuit, the potential difference 
across the terminals of the battery, or other power supply, is nor equal to its emf. The p.d. across 
the battery is the same as the p.d. supplied to the circuit and is known as the terminal potential 
difference. When a current is flowing, the terminal p.d. is lower than the emf because of the 
imernal resistance of the power source. 

Internal resistance 
Cells, batteries and other sources of electrical energy are- not perfect conductors of electricity. 
The materials from which they are made all have resistance, called the in terna I resistance of 
the cell, which is given the syml:ol r. The internal resistance of a new batte-ry bought for a torch 
rnightbeal:out \ohm. 

If the internal resistance of a battery (Figure 5.63) is much less than the resistance of the 
rest of the circuit, its effect can usually be ignored and, as a result, many e-xamination questions 
re-fer to batteries or cells of 'ne-gligible internal resistance'. But in other examples, the internal 
resistance of an energy source can have a significant effect on the circuit. The value of the 
internal resistance of a battery may vary when differe-nt currents flow through it, but we usually 
assume that it is constant 

• Figure5.63Thechemicalsinsideabatteryprovide 

• Figure5.64 Acellinasimplecircuit 

Consider Figure 5.64. As curre-nt flows through the cell, some energy will be transferred to 
internal energy because of its internal resistance, so that: 

Emf of cell, £ ~ ::~:~~a0,p.d. across + ~:~:t:::~ :1~;:~;ernal 

The same curre-nt flows through both resistances and using V • lR gives: 

£• !R + lr • l(R +r) 

This equation is given in the PhyJics darn bookkt. 
Remember that the voltmeter shown in Figure 5.64 is not measuring the emf of the cell; it 

is measuring the terminal p.d. of the cell, which is the same as the useful p.d. supplied to the 
circuit 

If the current, I, in a circuit is zero, then the 'lost volts' (Ir) are also zero, so that the emf 
equals the terminal p.d. This means that the emf of a cell can be e-ffectively measured by 
connecting a high-resistance voltmeter across it when it is not connected to anything else. 
(Because the voltmeter has a very high resistance, the curre-nt through it and the battery may be 
considered to be negligible.) 
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19 a tf the ceO shown in Figure S.64 has an emf of 1.S V and an internal res.istanceof0.900, calculate the 
rnrrentinthedrcuitiltheres.istorhasa valueof 5.00 

b Whatisthep.d. i1Crossthecirrnit7 

a e:/(R+1' 
1.5:/(5.0+0.90) 

1=&=0.25A 

Thevohmeterwill read 1.3V, but the cell has an emf of 1.SV~0.2V has been 'lost' because of 
the internal resi1tance. The lost volts cannot be measured directly with a voltmeter. but can be 
calculated from lr. This shows us that the value of the lost volts will increase when a larger rnrrent, 
/,isflowingthroughthecell . lfthepowersoo1ceha1significantinternalres.istance,theusefulp.d 
suppliedtothedrcuitwilldecreasesignific:.-mttyifalargerC\lrrentflow1 

.JI.-. To determine internal resistance experimentally, the circuit shown in Figure 5.64 can be 
"II!} used with an ammeter added to measure the current, I, through a known resistor, R. Then the 

equation e = IR + Ir = l(R + r) can be used to calculate r if the emf, e, has been measured in a 
separate experiment. A better methcd is to use a variable resistor instead of R and measure the 
currents for different values of voltage. The gradient of a V-l graph will have an intercept equal 
to the emf and a gradient of magnit ude equal to the internal resistance. 

Simibr cells may be connected in series or parallel to make a battery. If they are connected 
in series, the p.d.s and internal resist ances simply add up. If they are connected in parallel, the 
p.d. provided will be the same as for a single cell, but the overall internal resistance can be 
calculated using the formula for resistances in parallel (page 225) 

72 a When abiltteryofemf4.5Vand internal resistance 1.10wasronnectedtoares.istor. thernrrentwas 
0.68A.Whatwasthevalueoftheresistor7 

b II the res.istor was reploced with another of twice the va lue. what would the new rnrrent be/ 
c Whata1sumption(1)didyoumake? 

73 When aceO of internal res.istance 0.240was connected toa lamp. the current was 0.72Aandthe p.d 
ac:rossthelampwas2.8V. 
a Calrnlatetheres.istanceof thelamp 
b Whatwastheemfofthecell? 
c CalC\llatetherateofenergytransfer(power) in 

i thelamp 
ll thecell 

74 A high-resistance voltmeter shows a voltage of 12.SV wheo it is connected ilCross the terminals of a 
batterythat isnotsupp!yingacum>nttoadn:uit.Whenthebatteryisconnectedtoalamp.arnrreotof 
2.5A flows arid the reading onthevoltmeterfa llsto 11.BV 
a Whati1theemfofthebilttery? 
b Calrnlatetheinternalresistanceofthebattery 
c Whatistheresistanceofthelamp? 

75 Theengineofacari1startedatnightwilhthecar"1headlightson.Startingacarrequiresahighrnrrent 
from a 12V battery and the headlights become momentarily dim 
a WhyisahighC\lrrentneeded? 
b Suggest why the headlights become dim 

76 If a connecting wire is connected hy mistake across a battery Of power supply, it is an example of a 'shon 
circuit" 
a Calrnlatethernrrentthatflowsthroughabatteryofemf12.0Vand internall{'sistance0.250ifilis 

acddentally'shorted' 
b Whatassumptionsdidyoumake7 
c Calrnlatethepowertramferredinthel>attery 
d Suggestwhatwillhappentothebilttery 
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77 Explain why it is not possible lo meamre the internal res istance of a battery in the xime Wif'/ as the 
res.istanceofares.istorinacircuit 

78 Thre{' 1.SV c~ls , each with an internal resistance of 1.00, are lo be connected together to make a battery 
Determinethernmbinedemfandinternalres.istance iftheyarernnnected· 

b in para llel 

711 • Orawacirrnit forobtainingasetofpotentiilldifference-rnrreotreadingsfor abatteryconnectedtoa 
variilbleres.i5tance 

b Explain why the gradient of a V-1 graph equals the internal resistance and why the interu>pt equals the emf 
c Expla inwhyus.ingagraphshouldprO'llideamorereliabledeterminationofinterrlill resistancethana 

calculationbd:Sedonas.inglepairofmeasurements 

10 Suggest reasons why in recent years primary cells hil'le become used much less 

@ljijj@jj i,tW Electric cells: choosing a battery 

• Figure5.65 An 

electric bicycle 

When choosing a battery for a particular purpose, there is a lot more to consider than just its 
emf. It is also important to consider: 

• internal resistance 
• terminal p.d. in normal use (and how it changes with time) 
• size 
• total energy stored 
• whether it is a primary cell or secondary cell 
• recharging characteristics (if it is a secondary cell) 
• whether its manufacture and disposal cause significant pollution 

When we replace a battery in electrical or electronic equipment, we usually have no choice 
about which kind to use; that decision was made during the design process. Question 81 
(page 241) shows why the internal resistance of a cell (and how it compares with the rest of the 
circuit) is important. 

The dramatic increase in the use of high-technology batteries worldwide has important 
implications for both their supply and their disposal. The distribution, availability and cost 
of the materials used in battery manufacture may be an issue of increasing importance in the 
future. The chemicals used in batteries can become a major pollution concern if they are not 
disposed of properly. 

Scientists are continually trying to improve the amount of energy stored per gram in batteries 
and this requires dose collaboration with chemists. This is a major technological research area 
with far-reaching applications for mobile communications, emergency power supplies, battery­
driven transportation and many other uses. 
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• FigureS.66 

Abatteryusedina 
mobile phone 

The amount of energy stored in a battery is often given the unit amp hour, Ah (or watt hour, 
Wh), rather than joules. For example, a battery rated at IOAh should be able to provide I A 
for !Oh or 0.01 A for 1000h. If it is a 12 V battery then the nominal total energy stored will be 
12 X 10 X 3600 • 4.J X lQ'lj 

A typical mobile phone battery (Figure 5.66) is li1hium ion in design and might be rated at 
3.8 V, 8 Wh. Approximately I kJ can be stored in every gram of chemicals in the battery. 

l Would doubling the size of the battery used in a mobile phme mean doubling the energy stored, 
and the time between recharges? If so, discuss why phone manufacturers don't do this. 

pmmmma Scientific 'advances' can sometimes have unexpected long-term risks 
Research into improved battery design seems to be of benefit to all of us, but as is often the case, 
there are negative aspects to consider as well: pollution and depletion of resources, for example. 
The disadvantages of a technological change may be well known now, but years ago the full 
consequences of improved battery design (especially the rapid increase in use of batteries) was 
not foreseen by many people. Perhaps it should have been, but even with such foresight v..uuld 
battery research have been any different! 

Scientific and technological advances have produced really dramatic changes in lifestyles 
and living conditions (including health and sanitation) for nearly everyone on Eanh within 
living memory. There seems little doubt that this astonishing rate of'progress' will continue. 
However, for every development there are likely to be other consequences that may be 
predictable, or could be totally unexpected. 

• Discharge characteristics of batteries 
We have seen that the terminal p.d. provided by a 
battery to a circuit will depend not only on its emf, 
but also on the resistance of the circuit in v..hich it 
is placed and on the battery's internal resistance. 
HcN,ever, another very important characteristic 
of a battery is how the terminal p.d. (and the 
current supplied) to the same circuit changes 
over time: its d ischarge ch aracteristic. This can 
be investigated with voltage and current sensors 
setupwithadata \oggertotakemeasurementsat 
regular intervals over several hours or days. The 
chargingcharacuris1icofasecondarycellcouldN' 
investigated in a similar way. 

Ideallytheterminalrnltageprovidedbya 
battery should stay at the same value for as long 
as possible and then, when the stored energy has 
been transferred, the p.d. should fall quickly to 
zero. In this way, as little energy as possible would 

~ 
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• Figure5.67 Dischargecharacteristicofa 
battery 
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be provided at a reduced ,ultage, which \\-Uuld probably be too low for the correct functioning 
of the device that it is powering. Figure 5.67 shows a typical discharge characteristic. The initial 
p.d. drops quickly to the normal operating voltage and, in this example, it is hoped that the 
terminal p.d. will remain at 12 V for two hours 

11 ThebatteryinFigureS.68hasanemfof6.0Vandaninternalresistanceof0.450.Thevariableresi'ilor,R, 
canbechangedtoanyva luebetween00and30 
• Setupaspreadsheettocakulatethernrrentinthedrcuitfora 

rangeofs.uilablevaluesofR 
b Add columns to calculate the p.d. across Rand the power 

generatedintheresi'ilor. 
c Draw a graph showir.g how the power varies with the value of R 
d Explain why the power is low for both high and low valul.'S of R 
• Under what conditions can maximum power be obtained from 

the battery? 

12 A major attraction of e~trk cars is that they are non-polluting, 
buttheenergystoredintheirhiltterieshadtobetransferred 
from somewhere else. Much research is being carried out into the 
de~opmentofbetterbatteril.'Sfore~triccarssothattheyca11 
supplytheenergyneededforlongerdistancesandrechargemuch 
morequickly.Usetheintemettofindoutthelatestdevelopments • FigureS.68 

13 • 'Nhkhmajorpollutantsoflandandwaterarepresentinusedbatteries? 
b Canthecompooentsofausedbatteryberecyded/ 
c Howdoesyourcommunitydisposeofusedbatteries? 

U Carryoutsomeresearchintotheoriginofthematerialsused inthelatesthigh-technologybatteries 

15 • Estimatethetotalenergystoredinatypicaltorchbatterybyconsideringthepowerofthelampandthe 
numberofminutesitcanbeusedfor. 

b Calculate the approximate amount of energy stored in each gram of the chl.'micals 
c Compareyouranswertotheamoontofenergystoredin 

I lgofchoc:olate 
11 lgofpetrol{usetheintemet} 

S6 ConsiderFigure5.67. 
• Forhowlongrnuldadevicerequiring 10- 14Vbeoperatedbythisbattery7 
b lfthebatterydeliversasteadycurrentof0.46Aduringthistime,estimatethetotalenergytransferred 

fromthebatteryinthistime 
c Estimate the amount ol energy still stored in the battery after the p.d. fa lls below 10V 

17 Sketch a voltage-time graph to suggest how the terminal p.d. of a secondary cell might change during a 
recharging process 

ToK U~k 
Sdentlfk ,nporult!llttr 
Barterystomgeisseenasusefu/tosocietydespite thepotenria/enviFOllll1entalissue5surroundingtheir 
disposal. Should scientists be held momli'f responsible for the long-rerm consequences of their inven~·ons 
and discoveries? 

Most,ifnotall,sc:ientificandtechnologicaldew>lopmentshavesomeunwanted,andlorunexpected,s.ide­
effects. Most commonly these may involve pol lution, the threat of the misuse of new technologies or the 
implic:ations for an ovemowded world. Or maybe a new techriology will 11.'SUlt in dramatic changes to how 
sodetil.'S and cultures function; changl.'S that will have both benefits and disadvantages, many of which will be a 
matter al opinion 

Shoukl ma«' effort be made to antidpate the possible negative ao;pects of sc:ientific researrh and development) 
l'erhapsthatisunrealistic,becausepredktingthefuturedanything,l.'Specially theconsequencesofas-yet­
unfinishedresearrh,israrelysoccessful.Ofcourse, thereall!someextremea.reasofresearrhthatmostpeopJe 
woukl agree shoold never be allowed; nudea.r weapons, for exampJe. It is important to appreciate that a key 
feature of mlKh sc:ientific researrh is that it involvl.'S the investigation of the unknown 

tf 'society' decides that it wishes to control some area of scientific and technological researrh because the 
possiblenegativeconsequencesareconsideredtobegreaterthanthepossibJebenefils,whomilkesthose 
decisions and who monitors and controls the researrh (es.pecially in this modem international world)? Is it 
reasonabletoexpectsc:ienti51:stoberesponsiblefortheirowndiscoveriesandinventionsl 
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• Figure5.69The 
Earth's magnetic field 

5.4 Magnetic effects of electric currentS -th,,ff,,t 
scientists call magnetism arises when one charge moves in the vicinity of another 
moving charge 

• Magnetic fields 
Gravitational fields exist around masses and electric fields exist around charges, but what 
causes a magnet ic field? The answer 'magnets' may be true, but the kind of 'pe rmanent ' 
magnets with which we are all familiar (for example, that hold notes onto a refrigerator 
door) are only one small and fairly unimportant example of magnetic effects. All electric 
currents produce magnetic fields around them so it is difficult to separate the topics of 
electricity and magnetism. Electromagne1ic effects dominate our lives and are essential for 
the operation of such things as power stations, trains, cars, planes, televisions, hairdryers 
and computers 

The Earth's magnetic field 
Magnetic materials have been known for thousands of years, long before they were 
actually understood. Early civilizations recognized that a piece of magnetic material that 
is free to move will always twist until it is pointing approximately north-south. The 
end that points to the north was called the nort h (-seeking) pole and the other end was 
called the south (-seeking) pole. A magnet used in this way is called a compa ss and, for 
many centuries, compasses have been helping people to find their way around. In recent 
years , magnewmeters (which detect the strength of a magnetic field) have become very 
popular, especially because they can be made very small and incorporated in devices like 
mobile phones 

The simplest bar magnets have one pole at each end and are called dipole magnets. It 
is not possible to have a magnet with only one pole and if a dipole magnet is cut in half, 
the result will be two smaller and weaker dipole magnets. Magnets can be designed to have 
complex shapes and multiple poles. When dipole magnets are brought close to each other, it 
quickly becomes obvious that opposite poles attract each other and similar poles repel each 
other. If at least one of a pair of such magnets is free to move, they will align with each other 
This then helps us to explain the action of a compass: the Earth itself behaves like a very large 
bar magnet and the small, freely moving magnet of the compass is just twisting to line up with 
the Earth's magnetic field 

The terms north pole and iot11h pole are still used 
for describing the ends of magnets, although this 
can very easily cause confusion with the Earth's 
geographic poles. By definition, the end we call the 
north pole of a magnet is attracted to the geographic 
north of the Earth. This means that the Earth's 
magnetic field has a magnetic south pole at the 
geographic north and a mag11e1ic: north pole at the 
geographic south. Figure 5.69 represents the Earth's 
magnetic field by field lines, which are discussed in 
greater depth in the next section 

The Earth's geographic poles are located where 
the axis of rotation reaches the surface, but the 
poles of the Earth's magnetic field are not in the 

same place, nor on the surface, and they slowly rotate. At the moment the geographic and 
magnetic poles at the north of the Earth are about 800 km apart. If this is not understood by a 
traveller, it could cause some problems with navigation over large distances using a magnetic 
compass, especially when close to the poles. Alternatively, a gyrocompass can be used (as on 
many large ships), which locates true north by responding to the Earth's rotation (with the 
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added advantage of not being influenced by the steel of the ship). Or GPS can be used for 
navigation 

The Eanh's magnetic field is caused by electric currents in its liquid outer core and is 
believed to reverse its polarity (north becomes south and south becomes north) on average aOOUt 
every 300000years, for reasons that are still not fully understood. The last such reversal was 
about SOO OOO years ago. 

81 The Earth's magnetic field extends a long way aOOYe the Earth's s.urla{e. Carry out some re!iear{h into the 
Earth's magnetosphere and find out how it protects the Earth from the 'solar wind' 

89 It is often reported that some birds, fish, ll!a mammals and even bacter~ {an navigate by their natural 
ability to detect (in some way) the Earth's magnetk field. Use the internet to find out ii this is scienlifi{ 
fact.theory or myth 

90 Do modem aim aft Ull! magneti{ {ompasses, gyrocompasses, magnetometers. radar, radio beacons, GPS 
or some other method of mwigation? Carry out some resear{h into the kinds of navigation system used on 
modern planes 

• Mag netic fi e ld patterns 
Earlier in this chapter we saw that any charge (which may be moving or 
stationary) has an electric field around it. Magnetic fields are produced around 
modng charges 

Because electric currents are a flow of moving charge, all electric currents have 
magnetic fields around them 

The field around a permanent magnet (see Figure 5.70) has its origin in the 
movement of electrons in cenain atoms (like iron, which is described as fer rous) 

• Figure 5.70 Iron filings can be used In most non-ferrous materials these small-scale magnetic effects cancel each 
todemonstratethemagneticfield other out. 
around a bar magnet Magnetic fields can be represented on paper or screen by using magnet ic field 

lines. (Gravitational and electric fields can also be represented by field lines.) 
By convention the direction of a magnetic field is the same as the direction in which a compass 
points: from magnetic north to maW1£tic south 

Fields are strongest where the lines are close:;t together, but field lines can never cross each 
other, because that would mean that the field pointed in two different directions at the same 
place 

Magnetic field patterns around permanent magnets or currents can be investigated 
experimentally in two dimensions by using small 'plotting' compasses or iron filings (such as 
shown in Figure 5.70), which individually twist until they are parallel with the field at that point 
Of course, magnetic fields spread into three-dimensional space and computer simulations can 
help students to visualize the fields more realistically. 

In this course we will discuss the magnetic fields around currents in long straight wires, 
around currents in solenoids and around dipole bar magnets, as well as the strong and useful 
uniform magnetic fields produced between opposite magnetic poles close together 

Field due to a cu rrent in a long straight wire 
Figure 5.71a shows the field produced by a steady current flowing in a long straight wire. In 
the diagram we know that the current is flowing perpendicularly into the page by the use of 
the cross at the centre. The field is circular around the wire and gets weaker as the distance 
from the wire increases, shown by the increasing distance between the field lines. (The field 
strength is inversely proportional to the distance from the wire.) The direction of the field 
lines is shown and can be predicted using the right-hand gr ip r ule: if the thumb points in 
the conventional direction of current flow, then the fingers indicate the direction of the 
magnetic field 
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• Figure5.71 aThe 
magnetic field due 
toarurrentflowing 
inalongstraight 
wire into the plane 
ofthepaper; b using 
the right-hand grip 
rule to predict the 
direction of the field 

Field due to a current in a solenoid 
When a coil of insulated wire is wrapped regularly so that the turns do not overlap and it is 
significantly longer than it is wide, it is usually called a solenoid. Solenoids are useful for the 
strong, uniform magnetic fields produced inside them. Figure 5.72 represents a solenoid showing 

the paral1el lines of a uniform magnetic field inside. The overall field 
pattern is similar in shape to that produced by a simple permanent 
bar magnet. One end of the solenoid acts like a north pole and the 
other like a south ixi!e (confirmed by using the right-hand grip rule). 
Reversing the direction of the current changes the south pole to a 
north pole, and the north pole to a south ixile. This is called reversing 
the polarity of the magnetic field. The more turns of wire in a given 
length, the stronger the magnetic 
field,forthesamecurrent. 

Different materials have 
different magnetic properties. 

• Figure 5.72 Magnetic field due to the current in Magnetic permeabilit y is a 

measure of a medium's ability to 
transfer a magnetic field and it can be compared to electric 
perm itt ivity for electric fields. The magnetic permeability 
of free space is given the symbol µ 0 and its value is given in 
the Physin data booklet 

Other materials have higher permeabilities. If a solenoid or 
coil of wire is wound around a material with high permeability 
(e.g. iron), the field produced can be \·ery much stronger 
than it would be without the core. In this way very strong, 
but adjustable, electromagnets can be made (see Figure 5.73) 
The magnetic material used as the core must gain and lose its 
magnetic properties quickly and, for this reason, 'soft' iron is 
used as the core of most electromagnetic devices, 
such as transformers and motors . 

./1.-.. The properties of electromagnets are an 
~ interesting topic for laboratory investigation not 

only because there are so many variables, but 
also because an accurate measurement of field 
strengthneedstobedevised 

• Figure5.73 Testingan 
electromagnet in a laboratory 

Fields due to permanent magnets 
Figure 5.74 shows the magnetic field around a 
simple diixile magnet, with a plotting compass 
indicating the direction of the field at one point 
It should be compared to Figure 5.70 

• Flgure5.74 Themagneticfieldarounda 
simple dipole magnet 



• FigureS.75 
Magnet fields 

between magnets: 

a between opposite 

polesand b between 

like poles 

• Figure5.76 Using 
an electromagnet 

to create a strong, 

uniform field 
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Figure 5.75 indicates the shape and direction of the fields between the poles of two magnets 
placed close together. 

It can also be convenient to make a strong uniform field with an electromagnet as shown in 
Figure 5.76. Strong uniform magnetic fields, such as those formed inside solenoids, have many 
uses in science and technology, including medical scanners (see Figure 5.77). 

y 
{~I with 

many turns 

r 
Visual models can help understanding 
Much of physics requires knowledge of things that cannot be seen. To help with this 
understanding, scientists develop models of various kinds to represent, in some way, the 
ideas they wish to communicate. Such models may be simplified written descriptions, t\\0-
dimensional drawings, three-dimensional structures or mathematical equations. Magnetic, 
electric and gravitational fields occupy the space around us, but they cannot be seen. This makes 
them especially challenging to understand, but the use of field lines to draw representations of 
them is a great aid to learning and to the communication of ideas. It should be clear that the 
field lines are not a physical reality., but the vizualization of fields in some way is essential for 
human minds to understand them 

Field patterns provide a vizua/ization of a {omp/ex phenomenon, 
essential to all underslilllding of this topk. Why might it be useful 
roregardknowledgeinasimiiarw.-iy, using the metaphor of 
knowledgeasamap - asimplifiedrepresentalionofreality? 

Theuseofline1andpattern1torepresentfieldsi1a{{eptedlully 
bythescientific:rnmmunityaspossiblytheonlywifiolpresenting 
thesediffic:uttidea11implytothehumanmind,althoughno 

onethink1thattheyare'r&1l'.ltmightbearguedthalsu{h 
a s.implifkation in some Wif'/S restricts our understanding, or 
imagination, at>outthe ,;ubje{tbernuseit{hannelsourthoughts 
in{ertainpresuibeddirections.The mapping (representingby 
drawing)ofanyknowledg,ei1as.implificationtoaidunder1tanding 
andonewhkhhasotwiousappeal but, likeallsimplifkations, has 
limitat iom 
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MHfli@ji-i,tW Magnetic fields used in medical scanners 

• FigureS.78 

Demonstrating the 

force on a current 
flowinginapieceof 

Magnetic resonance imaging (MRI) is used in mcxlem hospitals to create images of organs 
within the human body. (This topic is covered in detail in Option C.) Although they are 
expensive to buy and to operate, such scanners are 
so useful for medical diagnoses that they are being 
introduced inhospitals\<Urldwide 

Scanners, such as that shown in Figure 5.77, 
require very strong magnetic fields that are 
typically 10000 times stronger than the magnetic 
field of the Earth. Very large currents are 
needed to produce such strong fields and this 
is only possible if the resistance of the wires 
can be reduced to very low values by operating 
at extremely low temperatures. Liquid helium 
at a temperature of about 3 K is used to coil 
the electromagnets so that the wires become 
superconduct ing (their resistance is almost zero). 

l Many different techniques are used for medical 
imaging. Find out the medical conditions that 
arebestdiagnosedbyMRI scans. 

• Magnetic force 

• Figure5.77 AnMRlscanner 

When a current is passing through a flexible, lightweight conductor in a strong magnetic field, 
as in Figure 5.78, the conductor may be seen to move. In this example, the aluminium starts to 
move upwards. 

-+--~f--------C=~ 
In order to describe and explain this very important phenomenon, and many other 
electromagnetic effects, we need to represent and understand these situations in three 
dimensions. Figure 5.79a shows a situation similar w that in Figure 5.78 - a wire carrying an 
electric current across a magnetic field. The current is perpendicular to the magnetic field from 
the permanent magnets. In Figure 5.79b the same situation is drawn in t\<U•dimensional cross­
section, with the wire represented by the point P and the magnetic fields from the magnets 
(shown in green) and from the current (shown in blue) included 



• FigureS.79 
Comparing the 

directions of current, 

field and force 

• Figure5.80How 
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angle of the current 

to the magnetic field: 

therewillbenoforce 

biggest force per 

unit length will be 

onwireB.WireCwill 
experience a force, 

buttheforceperunit 

length of wire will 
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The two fields are in the same plane, so it is easy to consider the combined field that they pro.:luce 
Above the wire the fields act in opposite directions and they combine to prcduce a weaker field. 
Below the wire the fields combine to give a stronger field. This difference in magnetic field 
strength on either side of the wire pro.:luces an upwards force on the wire, which can make the 
wire move (if it is not fixed in position). This important and useful phenomenon is often called the 
motor effect and it provides the basic principle behind the operation of electric motors. 

In order for there to be force on a current-carrying conductor in a magnetic field, the current 
must be flowing acroJS the field. If the current is flowing in the same direction as the magnetic 
field lines from the permanent magnets, there will be no interaction between the fields and, 
therefore, no force produced. Figure 5.79 shows the situation in which the force is maximized 
because the field and current are perpendicubr, but as the angle between field and current 
reduces, so too does the force. Consider Figure 5.80, which shows three different wires carrying 
the same current indifferent directions in the same uniform magnetic field . 

• 

ieB wieC 
m 

wire A 

Direction of the magnetic force on a current-carrying conductor 
in a magnetic field 
The direction of the magnetic force is always perpendicular to both the direction of the current 
and the direction of the magnetic field. In Figure 5.80, the forces on Band C will be in or out 
of the plane of the paper, depending on the direction of the current. We can use Fleming's 
left-hand rule to predict the direction of force if the current and field are perpendicular to each 
o ther. This is shown in Figure 5.81. Remember that magnetic fields always point from magnetic 
north to magnetic south and the (conventional) direction of current is always from positive to 
negative 
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• Figure5.81 
Fleming'sleft-hand 

rule predicts the 

• Figure5.82 

Current/flowing at 
anangleOacrossa 

magnetic field 

lie kl 

fu""'' t "'"""'" ~'" 
~r$":;, E•_'.:, 

current 

'\.. ~oodfir,ge< 
Cum>nt 

Magnetic field strength 
We know that gravitational field strength, g, equals gravitational force divided by mass, and 
electric field strength, E, equals electric force divided by charge. So it would be consistent 
to suggest that magnetic field strengt h equals magnetic force divided by moving charge 
(current). Howe\·er, the si:e of the magnetic force depends not only on the current, I, but also 
on the length of the conductor in the field, L, and its direction relative to the field, B (see 
FigureS.82) 

{Uffml,0 

We define magnetic field strength (given the symbol B) as fullows: 

B • _ F _ 
ILsinB 

Magnetic field strength is also commonly called magnetic flux densit y (the reason for this will 
be given in Chapter 10 fur Higher Le\·el students). The units for magnetic field strength are 
newtons per amp metre, N A-1 m-1. Unlike gravitational and electric fields, the unit for magnetic 
field strength is also given another name: the tesla , T. (This unit is named after the eccentric 
physicist Nikola Tesla, who was born in Croatia to Serbian parents. He did a lot of important 
work on electromagnetism in Europe and, later, in the United States.) 

The equation above is more usually written in the form 

F • BILsinB 

This equation, which is given in the Physics data booklet, shows that the force on a current­
carrying conductor in a magnetic field equals the magnitude of the current, multiplied by the 
length of the conductor, multiplied by the component of the field perpendicular to the current 
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20 In Figure 5.83. a measured current is /lowing ilCross a small. uniform magnetic fi~d 

+- I f--------C:z=:,----{A)--__J 

• Figure5.831nvestigatingmagneticfieldstrength 

a lnwhichdirectiooistheforceoothewire? 
b lnwhichdirectiooistheforceoothebaklnce? 
c When the cuffi'flt is flowing. the balance indKates that there is an elctra mass 

of 4.20 x 10-lg oo the balance. What extra downwards f0<ce is this? 
d If the currl'flt is 1.64A and the length of the field is 8.13cm. what is the strl'flgth of the magnetic 

field? 

a Usingthelefl-handrule,theforcei1upward1 

b Using Newtoo·s third klw. the force is dowowards 

c W:mg:(4.2 x 10-lx10-ljx9.81 

W:4.12x10-' N 

d UsingF:B/L1inll.wrlhsioll=l.give1 

4.12 x 10--4:B x 1.64x0.08B 

B:3.09x10-lT 

91 AtpointPioFigureS.84alargecurrenti1flowingvertKallyupwards.outoftheplaneofthepaper 
a In what direction is the magnetic field (due to this current} at points Q and R? 
b HowdoesthestreogthofthefieldatQcomp.aretothestrengthatR? 

92 Figure S.85 shows a comp<1Ss plac:ed near to a solenoid carrying a small electric current I 
a Make a copy of the diagram showing where the compass might point if the rnrreot io the solenoid is 

doubled 
b Where would the same compass point if the directioo of the current was reversed? 
c Draw the compass in a position where it cou ld point to geographic south (with the original current) 

[] • 

R 
(J]}»Dll- »lll~ 

I 

• Figure 5.84 • FigureS.85 
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93 Cakul<1te the magnetic for{e per metre oo a wire {<1rrying a rnrrent of 1.2A through a ma,gneti{ field of 
7.2 ml if the angle between the wire and the fie kl is 
a 30° 
b 60° 
, 900 
d o0

• 

94 a lheEarth"smagneti{fi~d1trength<1taparticularlocationhasahorizontalrnmpooentof24µT. Whati1 
the maximum for{e per metre that a horizontal cable carrying a rnrrent of 100A {ould experien{e? 

b In whkh direction woukl the rnrrent need to be flowing for this force to be vertically upwards? 

95 A current is flowing in a horizontal wire perpendicularly a{ross a magnetic field of strength 0.36T. It 
experien{esafor{eof0.18N,alsohorizontally. 
a Drawadiagramtos.howtherelativedirectionsolthefor{e.fieldandrnrrent 
b tf the length of wire in the field i1 16an, ulrnlate the magnitude of the current 

96 a Arnrrentof 3.BA in a long wire experien{esa force of S.7 x 10-iN when it flows through a magnetic 
fieldof5trength2SmT.tfthelengthofwireinthefieldis10{m.whati1theanglebetW{.'l'nthefieldand 
thernrrent? 

b If the direction of the wire is {hanged so that it is perpendirnlar to the field. what would be the new 
for{eonthe{urrent? 

97 Usetheintemetto1&1maboutthe1u1pensionsy1temusedinMaglevtrains 

Forces between currents in parallel wires 
Consider the two parallel wires shown in Figure 
5.86. If both wires are carrying a current, then 
each current is in the magnetic field of the o ther. 
Both wires will experience a force and, using the 
left-hand rule, the forces will be attractive between 
the wires if the currents are in the same direction 
The forces are equal and opposite (remember 
Newton's third law). If the currents are in opposite 
directions, the wires will repel 

This arrangement is used to define the SI unit of 
current, the ampere. One ampere, I A, is the current 
flowing in t\1-U infinitely long, straight, parallel wires 
thatproducesaforceof2 x 10-7Nm- 1betweenthe 
wiresiftheyarelmapartinavacuum 

• Mag netic fo rces o n individua l 
cha rges moving across 

• Figure 5.86Forcesbetweenparallel 

mag netic fi e lds 1J 

ltshouldbeclearthattheforceswehavebeen ~ 
discussingarenotactingonthewiresthemsekes,but ~ 
on the currents in the wires. In fact, the force on a 
rue=< is j~ me rum of me fuoces =me'""'""""' ·-_, __ 
moving charges. Any =ing charge crossing a ' y 
magnetic field will experience a force, whether it is in : 

8 
q 

awireormovingfree\y(throughavacuum). . ~ 
Consider a charge, q, moving across a magnetic , ~ -

field, B, at an angle, B, and with a velocity, ..,, as L , / · """····· -... . .• 
shown in Figure 5.87. In time 1, q moves from X to 
Y,adistanceL 

We have seen that F • BILsinB. &it in this case, 
l' • I.Ji and l • q/1, so the equation can be written as: 

F • B(q/1)(l•t)sinB 

Cancellingt,weget· 

F •q..,BsinB 

This equation is given in the Physics data booklc1. 

• Fi9ure 5.87Anindividualchargemoving 

acrossamagneticfield 



• FigureS.88Circular 

paths of charges 

moving perpendicular 
to magnetic fields 
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With this equation we can calculate the magnetic force acting on any charged particle moving 
in a uniform magnetic field. Note the important and interesting fact that the force is bigger if the 
particle moves faster. There is no force on a charge that is not moving (i .e. when v • 0). 

It is not possible to track the progress of individual charged particles in school laboratories, 
but this equation is very useful when investigating the properties of charged particles that have 
been formed into particle beams. This includes beams of electrons, protons, ions and certain 
kinds of nuclear radiations (alpha particles and beta particles). The deflection of particle beams 
as they pass through magnetic fields (and/or electric fields) is a very useful way of determining 
the charge and/or mass of the individual particles, as well as their speeds and energies 

Direction of magnetic forces on charged particles moving across magnetic fields 

Any charged particle moving perpendicularly across a magnetic field will experience a force that 
is always perpendicular to its instantaneous velocity. The direction of the force can be predicted 
by the left-hand rule, remembering that the conventional direction for current is that of the 
movement of positive charges. (This means that the direction of current for moving electrons 
will be opposite to their velocity.) 

A force perpendicular to motion is the necessary condition for circular motion. (This will 
be explained further in Chapter 6.) Therefore, any charged particle moving perpendicular to a 
magnetic field will move along the arc of a circle 

Figure 5.88 shows examples of charges moving perpendicularly across strong magnetic fields 
In each example, the speeds and kinetic energies of the particles do not change as a result of the 
perpendicular magnetic force. Note how the direction of a magnetic field perpendicular to the 
paperisrepresental 

• a ® shows that the field is pointing out of the paper 

• a x shows that the field is pointing into the paper. 

positive 
charges 

(e.g.pmtons) 

negative 
charges 

(e.g.ek>ctrons) 

m.igneticfi~doutofpaper 

Figure 5.88 also shows that the faster a charge is moving, the greater is the radius of its circular 
path, even though it is experiencing a bigger magnetic force. This can be explained by equating 

the equation for magnetic force to the equation for a force producing circular motion, F • ~ 
(see Chapter 6). For a charge of mass, m, moving in a circular path of radius r r 

F•qvBsinB•~ 
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• Figure5.89Curved 
paths of individual 

particles in a nuclear 

phY5icsbubble 

Remembering that for a movement perpendicular to the field, sin B • I, we get· 

qB•~ 

qB 

This equation, which is nor in the Physics data booklet and need not be remembered , shows us 
that for a given mass, charge and magnetic field, the radius is proportional to the velocity of 
the charge. A charge that is losing kinetic energy and velocity (because of collisions with other 
particles)willspiralinwardsas its radius decreases. 

We can also see that if the velocity and charge of particles are kept constant, their radill'l in 
a given magnetic field will depend only on their mass. Information al:out the mass and speed 
of sub-atomic particles can be determined by analysing their paths as they move across known 
magnetic fields (seeFigureS.89) 

If the motion of the charged particle is not perpendicular or parallel to the field, then it will 
move inaspiral-likepath,calledahelix. 

21 What is the magnetic force acting ona proton (charge = +1.6 x 10-1gC)ma.ing at an angle of 32° across 
amagnetKfieldof5.3x 10-1Tataspeedof3.4x105m1-I? 

F:qvBsinO 

F:(1.6x10-19)x(3.4x101)x(S.3x10-ljsin32° 

F:1.Sx10-16 N 

22 Anelectrooofmass9.1 x 1Q-l1Kgandcharge-1.6x 10-1gci1ma.ingataspeedofl.6x 107ms- l 
perpendicularfytoamagneticfi~dofl.4x 10-4T.Calculatetheradiusofitspath 

'"qF 
r= {9.1 x 10'1)x(1.6x 101) 

(1.6x10 111)x(1.4x104) 
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• FigureS.90 

The Large Hadron 

underground and 

has a radius of about 
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CERN 
The world's largest nuclear physics laboratory is located near Geneva on the border between 
France and Switzerland (see Figure 5.90). Its work is done on behalf of 20 different European 
countries. 

The letters of CERN originally represented the Conseil Europeen pour la Recherche Nucl~aire, 
but the organization is now called the European Organization for Nuclear Research 

The main activity at CERN is the use of particle accelerators to produce the extremely high 
energies needed to investigate the fundamental forces and particles of nature. This is achie\·ed 
by the use of extremely large magnetic fields (using superconductors) to force charged particles 
to keep moving faster and faster in circular paths 

CERN provides an informati\·e website, at http://home.web.cern.ch/. 

l Find out what research the Large Hadron Collider at CERN is used for. 

18 a Expklin how it is possible for a charged particle to mOYe lhfOUgh a magnetic field without 
experiencing a force 

b Explain whether ii is possible for the same particle to move through electric and gravitational fields 
without experiencing forces 

19 AA alpha particle has a charge of +3.2 x 10- 1g c andamassof6.7 x 1Q-l1kg. ltmovesacross a magnetic 
fieldolstrength0.28Twithaspeedol1.4 x 101ms-1atanangleof33° 
a Whatistheforceonthepartkle? 
b Di!scribethepathofthealphapartkk>acrossthefield 

100 a What magnetic field strength is needed to provide a force of 1.0 x 10-11 N on each particle in a 
beamofsingly charged ions(q: 1.6 x 10-1gC) movingperpendirnklrlyacrossthefieldwithaspeed 
ofS.Ox106ms- l ? 

b The ions mO'lle in the arcs of circular paths of radius 2.78m. What is their mass? 
c If the beam was !{'placed with doubly charged ions of the same mass, but moving with half the 

speed, whatwouldbetheradiusoftheirpath? 

101 a Ek>ctronsareaccek>ratedintoabeambya volti!Qeof74S0V. Whatisthekinetk energyofthe 
electrons in 
l electronvolts 

II joules? 
b Cak:ukltethefinalspeedoftheek>ctrons 
c What strength of magnetic fie kl is needed to make these electrons move in a circle of radius 14.Scm? 
d tf the iKcelerating ~ojti!Qe is halved, what would the radius of the electrons" path be in the ~me field? 
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102 A charge of +4.8x 10-1gc movingperpendirnlar~<1uos1amagnetkfieldof 1.9 x 10-lTexperiencesa 
forceof9.5x ,o-14N 
ii What was the speed of the particle? 
b Whatelectricfieldwooldbeneededtoproducethe1ameforceonthischarge? 
c Draw the path of the particle moving across the fields in a direction such that these two forces coo Id 

beequalandoppositetoeachother(~that theresultantforceonthepartidewaszero) 

103 FindoothowtheAuroraB0fealisisformed(seeFigure5.91) 

• Figure5.91TheAuroraBorealis 



• Examination questions - a selection 
Paper 1 IB questions and IB style questions 

01 What are the ideal electrical properties of ammeters and voltmeters? 
A ammeter zero resistance; voltmeter zero resistance 
B ammeter zero resistance; voltmeter infinite resistance 
C ammeter infinite resistance; voltmeter zero resistance 
D ammeter infinite resistance; voltmeter infinite resistance 

Examination questions 255 

02 A voltage of 3kV is used to accelerate an electron from rest in a vacuum. What is the maximum kinetic 
energy of the electron? 

A 3eV B 3keV C 4.BeV D 4.BkeV 

03 The graph shows the 1-V characteristics of a certain electrical component. 

Which of the following shows hOVI/ the resistance of the component at point P may be calculated? 

Af ·~ 
C the gradient of the line at P 

04 The SI unit of current is based on: 

D 1/gradient at P 

A the charge passing a point in 1 second 
B the power transformed by a p.d. of 1 volt 
C the force on a conductor in a permanent magnetic field 
D the force between parallel current-carrying conductors. 

OS The diagram shows a potential divider circuit. 

lli 12V 

V 

In order to increase the reading on the voltmeter: 
A the temperature of R should be increased 
B the temperature of R should be decreased 
C the light intensity on R should be increased 
D the light intensity on R should be decreased. 

e/BOrgillliZation 
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Q6 An electric heater has two elements, both connected in parallel to the same voltage supply. The first 
element has a resistance of R and a power output of P. The second element has a power output of 4P. 
What is its resistance? 

A 2R B 4R C _ii_ 
2 

D _ii_ 
4 

Q7 A cell of emf e and internal resistance r delivers current to a small electric motor. 

c£J 
mol0< 

450C of charge flows through the motor and 9000J of energy are converted in the motor. 1800J are 
dissipated in the cell. The emf of the cell is: 

A 4.0V B 16V C 20V D 24V 
e /B0rg,miza~·on 

Q8 The diagram shows a circuit containing three equal resistances, a battery of emf e and negligible internal 
resistance, and an ideal voltmeter. 

When the switch is closed the reading on the voltmeter: 

A rises from zero to f B rises from zero to f 

C fallsfromftof D fallsfromftof 

Q9 A wire is made of a metal of resistivity P. The wire has length L, radius rand resistance R. What will be the 
resistance of another wire of resistivity 2P, length L/2 and radius 2r? 

A R B f C M of 
Q10 Which of the following statements about the resistance of a conductor is a correct interpretation of 

Ohm's law? 
A Resistance proportional to temperature. 
B Resistance constant if temperature is constant. 
C Resistance proportional to potential difference if temperature is constant. 
D Resistance proportional to current if temperature is constant. 
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011 Which of the following correctly describes the process of conduction? 
A There are no electrons in insulating materials. 
B A current in a solid conductor is carried by positive charges moving towards the negative terminal of the 

battery. 
C Metals conduct well because they have plenty of free electrons. 
D A current in a solid conductor consists of electrons moving in the direction of the electric field. 

012 In the diagram, a long, current-carrying wire is normal to the plane of the paper. The current in the wire is 
directed into the plane of the paper. 

®wire 

Which of the arrows gives the direction of the magnetic field at point P? 

A W B X C y D Z 

e/BOrganiz;ition 

013 A current of 2A consists of electrons flowing through a metal wire of cross-sectional area 1 mm2. If the 
metal contains 4 x 1028 free electrons per cubic metre, the best estimate for the drift speed of the 
electrons is: 

A 1 x 10-4 ms-1 e 3 x 10-4ms-1 c 1 x 10-rnms-1 D 3 x 10-10 ms-1. 

014 Which of the following is an incorrect statement about Kirchhoff's circuit laws? 
A They can only be used if the temperature is constant. 
B 'D = O (junction) shows that charge is conserved. 
C :EV = O (loop) shows that energy is conserved. 
D The laws can be applied to arrf electrical circuit. 

015 The equation: 

q\q2 
F=k7 

describes the force between two electric charges. Which of the following is a correct statement about this 
equation? 
A k is known as Boltzmann's constant. 
B r is the radius of the spheres on which the two charges are placed. 
C The equation applies to point charges. 
D The equation can only be applied to uniform electric fields. 

Paper 2 IB questions and IB style questions 

01 The components shown below are to be connected in a circuit to investigate how the current I in a tungsten 
filament lamp varies with the potential difference V across it. 
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a Construct a circuit diagram to show how these components should be connected together in order 
to obtain as large a range as possible for values of potential difference across the lamp. (4) 

b Copy the axes below and use them to sketch a graph of I against Vfor a filament lamp in the range 
V =Oto its normal working voltage. (2) 

'L 
0 V 

0 /BOrganizatKJfl 

Q2 a A heating coil is to be made of wire of diameter 3.5 x 10- 4 m. The heater is to dissipate 980W when 
connected to a 230V de supply. The material of the wire has resistivity 1.3 x 10- 6 0m at the working 
temperature of the heater. 

i Define electrical resistance. (1) 
ii Calculate the resistance of the heating coil at its normal working temperature. (2) 

iii Show that the length of wire needed to make the heating coil is approximately 4 m. (2) 
b Three identical electrical heaters each provide power P when connected separately to a supply 

S that has zero internal resistance. Copy the diagram and complete the circuit by drawing two 
switches so that the power provided by the heater may be either P or 2P or 3P. (2) 

supp!yS 

--=---=---=-
0 /BOrganizatKJfl 

Q3 A student wishes to determine how much energy can be obtained from a simple electric cell made from 
two metal electrodes inserted into a potato. 
a Draw a circuit diagram showing how the student should connect the measuring instruments. (2) 
b List the measurements that the students would need to take. (3) 

Q4 The diagram shows an electron travelling at a velocity of 6.9 x 106 ms-1 entering a uniform magnetic 
field of strength 2.3 x 10-2r. 

X X X X 

---------- X X X X 

X X X X 

a Calculate the magnitude of the force acting on the electron while it is passing through the field. (2) 
b Describe and explain the path of the electron in the field. (3) 



a Circular motion and gravitation 

• Figure6.1 

passenger accelerate 

• A force applied perpendicular to its displacement can result in circular motion. 
• The Newton ian idea of gravitational force acting between two spherical bodies and the 

laws of mechanics create a model that can be used to calculate the motion of planets . 

6.1 Circular motion -a ta,ce applied perpendicu1arto its displacement 
can result in circular motion 

An object moving along a circuhr path with a constant speed has a continuously changing 
velocity because its direction of motion is changing all the time. From Newton's first law, we 
know that any object that is not moving in a straight line must be accelerating and, therefore, it 
must have a resultant force acting on it, even if it is moving with a constant speed 

Perfectly uniform motion in complete circles may not be a common everyday observation but 
the theory for circubr motion can also be used with objects such as people or vehicles moving 
along arcs of circles and around cun·es and bends. Circular motion theory is also very useful 
when discussing the orbits of planets, moons and satellites. It is also needed to explain the 
motion of sub-atomic particles in magnetic fields, as discussed in Chapter 5 

Imagine yourself to be standing in a train on a slippery floor, holding on to a post 
(Figure 6.1) . While you and the train are travelling in a straight line with a constant speed 
(constant velocity) there is no resultant force acting on )'OU and you do not need to hold on 
to the post, but as soon as the train changes its motion (accelerates in some way) there needs 
to be a resultant force on you to keep )DU in the same place in the train. If there is little or no 
friction with the floor, the post is the only thing that can exert a force on you to change )Ullr 
motion. The directions of these forces (from the post) are shown in the diagram for different 
types of acceleration. If the post pushes or pulls on )QU, then by Newton's third law you must be 
pushing or pulling on the post, and that is the force )'OU would be most aware of. 

accelerating 
po5itl\lely 

train 
deccelerating 

train going 
around a bend 

at constant speed 

In particubr, note that the direction of the force needed to produce a curved, circular path is 
perpendicular to the instantaneous motion. 
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• Period, frequency, angular displacement and angu lar ve locity 
Before we look more closely at the theory of circular motion, we will define some of the terms 
commonly used in this branch of physics. 

The period, T, of a circular motion is defined as the time taken for the object to complete 
onerotation(J60°). 

The frequency, f, of circular motion is defined as the number of rotations in unit time 
(usually every second) 

These definitions are similar to those presented previously in Chapter 4 (when discussing 
oscillations and waves). As before, period and frequency are connected by the simple equation: 

f·+ 
Angular displacement 
In Chapter 2, linear displacement was presented as a measure of the distance from a fixed 
reference point. For circular motion, displacement is measured as an angle. 

Angular displacement, 8, is defined as the angle through which a rigid object has rotated 
from a fixed reference position. 

For example, a lxxly may be rotated through 198° in an anticlockwise direction, or 457° in a 
clockwise direction. A rotation of more than 360°, of course, implies more than one complete 
revolution 

At this point we will introduce an alternative and more convenient unit for the measurement 
of angles; the radian. In Figure 6.2 the angle 8 (in radians) is equal to the distance, s, along the 
arc of the circle divided by the radius, r. 

' ~' B(inradiansl•-' 
~ T 

r Note that an angle expressed in radians is the ratio of two lengths and, as such, the unit 
(radian) is not based on an arbitrary/historical decision (like the choice of 360 degrees for one 

100 \r 
~

' 

= 57~ / 

circle). 
One radian is the angle subtended by an arc of length equal to one radius (8 • r/r • 1), as 

shown in Figure 6.2b; 1 radian• 57.3°. 
One rotation through an angle of 360° • 2ITT'/r • 211 radians; 180° is n radians and 90° is 11/2 

radians 
For small angles (less than aOOut 0.1 rad, or 6°) the shape shown in Figure 6.2a can be 

• Figure 6.2 a Angle fl considered as similar to a right-angled triangle. This enables a useful approximation to be made 

(inradians)isequalto 
for small angles, 8 (in radians) .. sin 8 "' tan 8 

1 a Coovertanangleof137°toradians 
b Howmany i deg rees. ii radiamdoesarotatingobjectp;rssthroughintheproce11offiverevolutions? 
c tf two circular motions are seen to be completely out of phase. what is the phase difference between 

them i indegrees. ii inradians? 
d tf two osdlliltioos are n/2 oot of phase , what fraction ol an oscillation is between them) 

137x2n 
a ~=2.39rad 
b i 5x360:1800° 

ii nrad 
d n/2:Y.ofanoscillation 
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Angular velocity 
A key quantity in the description of translational motion is velocity (change in linear 
displacement/change in time). Similarly, to describe circular motion, we use 'change in angular 
displacement/change in time'. This is called angular velocit y. (Angular velocity is sometimes 
called angulaT speed or angular frequeTICy.) Angular velocity has the symbol wand the unit rads-1 

angular velocity, w • &!ngula~~/:~acement 

Because in one oscillation 2" radians are completed in pericxl, T, for regular continuous rotation 

'" w• T 

Also,becausef•f: 

w•Zrif 

These three widely used equations for w are not gi\·en in the Phys ics data bookie!. 
Time pericxl, frequency and angular velocity are three concepts that represent exactly the 

same information for uniform motion in a circle. For example, if an oscillator has a time pericxl, 
T, of 0.20s, we know that it has a frequency of 5.0 Hz (because/• l(T) and an angular \·elocity 
of 31 rads-1 (because w • 2n(f). 

When information is presented to us, for example in a question, we are most likely to be 
given the period or the frequency of a rotation; for calculations, howe\·er, the angular velocity, w, 
is usually needed. 

2 tfanobjectrnmplete-;exactly20rotationsin34.6s.calrnlate 
a itsfrl'{Jueocy 
b itsar-.gularvelocity 

a f=+=(34_~l0.0)=0.578Hz 

b ro:2nf=2n(O.S78)=3.63rads-1 

rotation 
=2u 

• Figure6.3 Relatinglinearspeedtoangular 
velocity 

Relationship between the speed of a mass undergoing 

circular motion, v, and its angular velocity, w 
If a (point) mass is undergoing circular motion with a constant linear 
speed, as shown in Figure 6.3, it also has a constant angular velocity 
and there must be a simple relationship between the two 

Because linear speed, tJ • 2-rir(f and angular velocity, w • 2rr/f 
(if we measure angles in radians): 

This equation is given in the Physics data booklet. 
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3 Apointmasscompletes14.7rotationsinexildlyooeminute 
a What is its ,mgular velocity? 
b tfi11di1tancefromthecentreofrotationi1S8cm.whiltisit1l inear1peed? 

a w=4} 
W= 14.7 xi&= 1.54rads-1 

b v=ur 

v:1.S4x0.S8:0.8'} ms- l 

1 Convertthefollowing anglestoradians 
• 180° 
b 90° 
c 45° 
d 112° 

2 If an object has an angular displitc:emefTl of 31112. what distance has ii travelk!d along the circumference of 
acirclewitharadiu1ofS0cm? 

3 • ConvertanangleofS.00°toradians 
b Whati1the1ineof5.00°? 
c What percentage erfOf would t)(! int roduced by assuming that the ~ne of 5.00° was the same as an 

angleof5.00°expressed inradians? 

4 A biqde is moving with linear speed of 8.2 m1-1 
a lfthewheelseachhavearadiusof31cm,what isthei1angularvelocity? 
b Calculate thefrequencyolthewheels"rotatioo 

5 A small mass is mOYing in a circle of radius 1.32mwith a time period of 2.77s 
a Whatisitsfrequenq? 
b Whati1it1angularvelocily? 
c Whati1it11inearspeed? 

• Centripetal force 

.(>'-'. 2i 
m< ;x. 

Figure 6.4 shows four random positions of the same mass, m, moving in a circle with a 
constant speed. The blue arrows represent the instantaneous velocity, v, of the mass at 
various places around the circle. The velocities are always directed along tangents to the 
circle. Any force, F, causing circular motion is called a centripetal force and it always acts 
perpendicularly to the velocity, inwards towards the centre of the circle, as shown by the 
red arrows in Figure 6.4. Because the force is perpendicular to motion, it does not cause 
a change of speed, but it does continually cause a change of direction. This resultant 
centripetal force acting on the mass always has the same magnitude but it is continuously 
changing direction 

• Figure6.4 Velocity 

and centripetal 

force vectors during 
Because the force is always perpendicular to the motion, no work is done (energy 

transferred) by any centripetal force that makes an object move in a circle. 

Examples of forces produc ing circu lar motion 
The following list gives some examples of circular motion and the origins of their centripetal 
forces . It is important to understand that centripetal force is not a type of force in itself (like 
gravity or friction, for example), but it is the name used to describe any force that happens to be 
causing motion in a circle 

• If an object is whirled around on the end of a string in a (nearly) horizontal circle, the 
centripetal force is provided by the tension in the string (see Figure 6.13). 
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• Gravity provides the centripetal force that keeps planets, moons and satellites in orbit 

• Clothes in a washing machine or drier are kept moving in circles by the sides of their 
container pushing inwards. Water can pass out through holes where there is no centripetal 
force 

• A car can only move around a corner 
because of the force of friction between 
the road and the tyre (Figure 6.5) 

• A person walking around a comer needs 
the force of friction between their feet 
and the ground to change direction 

• A passenger in a car can mo~·e in 
a circular path because of the force 

:~::eFas\::.~;en~;::~::~;::/:1:0 ~------~ 

~:!~:::/:;~::lc;~~;~~ya~::ugh • Figure 6.5 

P"shiogomwarrls J= 
• te7/~7;~~\~:ec!::~;e~i:t:: :'.!st7:m . ==== 

the air when the plane tilts tt;:~~ f:~ =k 

• A train on a track can go around bends 
because of the normal reaction force of the • Figure 6.6 The train track pushes inwards on 
track on the wheel (Figure 6.6) the wheel of a train moving in a circular path 

• When an object is moving in a curved 
pathonaslopingsurface(seeFigure6.7), 
the normal reaction force, R, will have 
a horizontal component, RH, which can 
help provide more centripetal force if 
friction is not enough at high speeds 
Suchasurface,ortrack, is described as 
being banked (Figure6.8) 

• An electron may be considered to be in a 
circular orbit around a nucleU'l due to the 
electrical force between them 

• Charged particles (ions, electrons, 
protons)canbemadetomoveincircular 
paths when they pass perpendicularly 
acrossmagneticfieldsinavacuum(see 
Section5.4). 

::::'.rrace

1

l~ 
~ . 

• Figure6.7Forcesonacyclistonabanked 

• Figure6.8Cyclingatthevelodromeatthe2012 
Olympic Games in London 

6 Draw a ffe{'-body diagram of an airplane "banking· around a comer. 

7 Explainwhyacyclistorrunnercanbeseento'leaninto"abe<idwhe<itravellingquickly 

I What provides the centripetal force for the rotating wheels of a car or bicycle? 

I Explainwhya1ateHiteorbitingtheEarthinatirruta1pathdoe1notnl.'edanenginetokeepitmoving 
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r 
Diverse observations can have a common explanation 

The preceding list offers a wide range of examples of circular motion, or motions in arcs of 
circles, or simply motions deviating from straight lines. Physicists now believe that ail such 
examples require similar explanations in terms of forces acting radially inwards 

This is not at all obvious. It took centuries of observations and analysis to reach such a 

~~~i~~· :n~~s::~~:~:::~t~:~·r:tte confuse. crmri~tal forces with cemrifugal forces 

Seeking simple, unifying explanations of diverse observations is a common theme of science, 
and one that requires the fundamental assumption that the universe may not be as complicated 
as it seems and is, therefore, capable of such analysis 

instantar.eousvelocity 

TaK Urtk 
sh,e,ytd- b•II- in thlrlts that- cannet.datert with o.urown MMe17 
Fouuult's pendulum gives a simple, obseNable proof of the ro@!ion of the Earth, whkh is largely 
unobseNable. How Cilll we have knowledge of rhings that are unobseNable? 

• Figure6.9Foucault'spendulum 

AnotherexampleofcirrnlarmotiooisthatoftheEarth.andthepeopleooit.spinninginacircleorKeevl'f}' 
day. Gravityprnvidesthenecessarycl!fllripetalforce.Thousamlsofyearsagomostpeoplewouldnothiwe 
believedthattheEarthisrotat ing . Today, mo5lpeopleacceptthis'i!:ientific'fact',althoughlheymaynot 
hiwe seen any direct evidence. Are we sensible to belieo,-e what we are told by 'i!:ienti5ts and teachers, rathl.'f 
thilntotrustoorownsenses? 

• Centripetal accelerat ion 
We know that a resultant force causes an acceleration, a, Therefore, a 
centripetalforcetowardsthecentremustresultina cent ripeta l ac:celeration, r~:'~ 

cefltripetal ' \ cirruklr 

also towards the centre of the circle. This is shown more clearly in Figure 6JO 
Although there is an acceleration directed towards the centre, there is no 
movement in that direction or change in speed of the mass. Instead, the 

forceand • path action of the force continually changes the direction of the motion of the mass, 
Remember that acceleration means a change of velocity, and the velocity of a mass 
can change by going faster, going slower or challging direction. 

acceleration 

• Figure6.10 Centripetalforceand 

• Equations for centripetal acce leration and centripeta l force 
When an object moving in a circle changes to have a faster speed, v, or smaller radius, r, the 
centripetal acceleration, and force, need to be larger, This is represented in the equation for 
calculating the magnitude of centripetal acceleration; 

a•~ 

This equation is included in the Physics daia booklet. 
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Because the speed in a circle equals the circumference divided by the time taken to complete 
one circle (the period T), speed v • 1¥-· 

The equation for centripetal acceleration can then be rewritten as 

a•~•(2nT[7')2 

so that: 

This equation is included in the Physics dara bookie!. 
Because F • ma, the expression for the centripetal force needed to make a mass, m, move in a 

circle of radius, r, at a constant speed, v, is; 

This equation is included in the Physics data booklet. 
Or, because v • wr, the equation for centripetal force can be rewritten as; 

F • mwlr 

This equation is included in the Physics dara 
booklet. 

In Figure 6.11, although they both have the 
same angular velocity, the bigger child needs a 
much bigger centripetal furce because she has more 
mass and is travelling with a faster speed. 

Deriving the expression a= 14--

• Figure6.11 Childrenonaplaygroundride 

Consider a mass moving in a circular path of radius, r, as shown in Figure 6.12a. It moves 
through an angle, B, and a distance, tu, along the circumference as it moves from A to B, while 
its velocity changes from vA to v8• 

To calculate acceleration we need to know the change of velocity, /J.v. This is done using the 
vector diagram shown in Figure 6.12b. Note that the direction of the change of velocity (and 
therefore the acceleration) is towards the centre of motion 

The two triangles are similar and, if the angle is 
small enough that tu can be approximated to a 
straight line,wecanwrite: 

B-~ --¥ 
(The magnitudes of vA and v8 are equal and 
representedbythespeed,v.) 

Dividing both sides of the equation by /J.1 we get: 

/J.v /J.J 
~-~ 

u A 

' .. 
• Figure6.12 Derivinganequationfor 

centripetal acceleration 
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Then, because a• l':w/l',.1and!',.s/l',.t• v: 

l The orbit of the Earth around the Sun is approximately circular, with an average radius of 
about 150 million kilometres. Calculate the centripetal acceleration of the Earth towards 
the Sun. 

Experimental investigations of circular motion 

• A straightforward investigation of circular motion can be carried out by whirling a small 
mass in circles on the end of a thin piece of string. See Figure 6.13. (The mass should be well 
secured and the string thick enough that it will not break.) It will be necessary to devise 
some way of measuring the force exerted on the string. 

• Fairground rides offer many interesting examples of motion in arcs of circles, including 
those that offer passengers the opportunity to travel upside down ('looping the loop'). See 
Figure 6.15 and Worked example 5. Measurements of times and estimates of distances can 
lead to approximations of the magnitudes of the forces involved on the passengers 

• A coin (or other mass) on a rotating turntable can only stay in its position if there is enough 
friction to provide the necessary centripetal force. Observations can be made as the angular 
velocity is slowly increased (on different masses and/or different positions and/or different 
surfaces) 

• A bucket of water can be safely whirled by hand in a vertical circle if it moves fast enough. 

• Because of the rapid speed of many rotations, video analysis of circular motion can make 
observations and measurements much easier and more accurate. Using data loggers for 
measuring centripetal forces can also improve experiments that invoke rapid movement. 

4 Consideraballofmass72gwhirled 
witharnnstantspeedof3.4ms-1 

aroundina(nearly)horizootalcircle 
ofradius6Scmontheer.dofathin 
pieceofstring,asshown inFigure 
6.13 
a Calculatelhecentripetal 

iKC~eratiooandforce 
b Explainwhylheforceprovidedby 

thestringcannotacthorizontally 
c Explainaprobablerl'dSOflwhy 

thestringbreakswhenthespeed 
isincreasedtoS.Oms-1 

d lnwhatdirectiondoesthebil ll 
move immediately after the string 
breaks? • Figure6 .13 

a a=~ 

3.41 

a=o:r;s 

a:18ms-1 
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b lftheforreishOOzoot<1l,itcannothave<1 
verticalcomponentwithwhichtosupportthe 
weightoftheb.Jll(seeFigure6.14) 

A5thespeedoftheballisinueased,abigger 
centripetalfofceisneededfofthex1meradius.Jf 
thi1forcei1g1&11:efthancanbepr011idedbythe 
string. thestmgwillbredk 

d Theb.lllwil lcontinueitsinstantanrousvelocity 
inastraightline<1fterthestringbreaks.ltwill 
mweatat<1ngenttothecircle.butgravitywil l 
also affect its motion 

'~::;'~ --------_---- ,:,: 00_ '- '""""' 
we19ht ! 

honzontalcomponentof 
tenllon1scentnpet<1lfo«:e 

weight 

• Figure6.14 Free-bodydiagramforaball 

5 Youngchildll'nenjoyplaygmundridesandpeoplefrnmal l countriesseemto 
enjoythethrillsofamusementparkrides{seeFigure6.15).Explilinhowitis 
possibk>lorthepassengerstobeupside-downwithoutfallingoutofthecarriage 

Thepassengersdonotlalloutbecausetheirspeedissufficientlylastthat 
thecentripetalforcerequiredtokeepthemmovingaroundthecurvedp;1th 
isgreaterthantheirweight. 

At the top of the drde the downward fo«:es acting on a passenger are their 
weight(constilnt)andthereactiooforcefromthese;it{variabk>) - iftheyarein 
conti!Clwithit.Thereruitantfo«:eisfoundbyaddingthesetwofofces. Jfthe 
centripetalfo«:eret1Jiredi1gr&1terthantheirweighttheywill 1tayincontact 
withtheirse;it<1ndtheextralorceneededisprovicledbytheseat.Jftheir 
weightisbiggertMnthecerrtripetalfofceneeded(becausethespeedistoo 
slow),thentheywillfal l outofthecarriage. 

6 A car of mass 1240kg moves around a beodof radius 63m on a horizontal 
road at a speed of 18ms·1. If the car was to be driven any lasterthell' would 
notbeenoughfrictionanditwouldbegintoskid • Figure6.1 5Upside-
a DetermineavaUl!fortheroefficientofm::tionbetweentheroadilOOthetyres downonafairground 
blsthisacoelficientofstaticfrictiooordynamicfrictiool 
c Wouldaheaviercarbe<1bk>todrivefasteraroundthisbend7 

a Centripetalforce:frictionallorce 

!Ef-=µmg 
124

~; 
181 

:µx1240x9.81 

µ:0.52 

bStatic,l>ecausebeforethesl:idthecarisnotmovinginthedirKtiooofthelrictiooal.centripetallorce 
c No.Usingtheequatioo<1bove,themasscance!soot.Theextracentripetalforceneededisprovided 

bytheextrafrktioo 

10 A toy tra in of mass 432g i1 movir,g amund a circular track of radius 67cm at ii steady speed ol 2Scms·1 

• Calculatethecentripetalacceleratiooofthetrain 
b What is the rerultant force acting oo the train (m magnitude and direction)? 
c Whatisthetimetakeoforthetoytr<1intogoaroondthetrackonce? 

11 The hammer being thrown in Figure 6.16 completed two full cirrles of radius 2.60m at a constant speed 
in 1.381justbefore itwasreleased.Assumingthatthe 
motioowashOOzooti!I 
• What was its centripetal aa:elerationl 
b Whatforcedidthethmm>rneedtoexertonthe 

hammerifit1masswa14.0Kg7 
c The thrower will aim to release the hammer when it is 

mcMngatanill"qeof4S0 tothehorizonta1.Exp(ainwt?f. 

12 • Whatangularvelocityisproducedwhena 
ceotripetalforceof84NisactingooamassofS80g 
movinginacircleofrildius 1.34m? 

b How long will it take the mass to compk>te ten 

'. 

- 11--• :t;.! .JI 
< ':' ~.//- -. l 
~ 

revolutioosl • Figure6.16 
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13 The Moon's distance from the Earth varies but averages about 380000km. The Moon ortiits the Earth in 
anapproximatelycircularpathevery27.3days 
a CalrnlatetheMoon'sorbitalspeedinms-1 

b What is the centripetal acceleration of the Moon towards the Earth? 

14 a Calrnlatethecentripetalforceneededtokeepa1200kgcarmovingat1Sms-1aroundarnrvedroadof 
ritdius60m 

b Whatprovidesthislorce? 
c Explain why it might be di!flgeroos for the diver to try to trmel at twice this speed around the same bend 
d lftheroadisffl!toricy,whyshouldthedrivergoevenslowerl 
• Disc:msthepossibK>effectsonsafetyifthecarwascarryingpassengersandluggagethillinueasedthe 

massbySOOkg 

15 A bucket of water can be whirled in a vertical circle over your head without the water coming out if the 
centripetallorcerequiredisgreater thantheweight 
a Calrnlate the minimum speed of the bucket of water if the radius of the circK> is 90cm 
b Howmanyrevolutionsisthateverysecond? 

16 A boy of mass 65kg standing on the equator is spinning with the Earth at a speed of approximately 
460ms-1 

a Whatreruttantcentripetalforceisrequiredtokeephimmoving 
inadrcle?(TheEarth'sradiusis6.4 x 106m.) 

b Whatistheweightoftheboy? 
c Drawafullylabelledfree-bodydiagramoftheboy 

17 Figure6.17showsapendulumofmass 120gbeingswungina 
horizontal circle 
a Drawafree-bodydiilgramofthemass,m 
b Calrnlatethecentripetalforceac:tingonthemass 
c lltheradiusolthecirdeis28.Scm,whatisthespeedofthe 

pendulum and how long does ii take to romplete one circle? 

18 What isthefa51e1tspeedaca1candrivearoundarnrveofritdius 
49monahorizontal roadifthecoeffkientoffrictionis0.76? 

J_ j -J _, 
m.-i11,m _ _ ____ .,... -

• Figure6.17 

6.2 Newton's law of gravitation -theNewton;,n ;deaof 
gravitational force acting between two spherical bodies and the laws of mechanics 
create a model that can be used to calculate the motion of planets 

• Universal gravitation and the inverse square law 
Isaac Newton was the first to realize that if the force of gravity makes objects (like apples) fall 
to the Earth and also keeps the Moon in orbit around the Earth, then it is reasonable to as.sume 
that the force of gravity acts between aU masses. This is why he called it unit1CTrnl gravitation. 
Newton believed that the size of the gravitational force between two mas.ses increases with the 
sizes of the mas.ses, and decreases with increasing distance between them - following an int'erse 
squarerdarionsliip(seepage 162) 

The distance between the Earth and the Moon is equal to flJ Earth radii, and Newton was 
able to prove that the centripetal acceleration of the Moon towards the Earth (from v1/r) was 
equaltog/601(seeFigure6.18). 

g 
j, 

(nottosc:ale) 

• Figure 6.18 How the acceleration due to gravity varies wit h distance from the Earth 
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7 The average distance between the Earth and the Moon is 384000km and the Moon takes 27.3 days to 
orbitttieEarth 
a Calculatetheil\lerageorbitalspeedoftheMoon 
b What is the centripetal acce~ration of the Moon towards the Earth? 
c Compareyouranswerfor b tog/6fi!. 

a V=~= (~2;_; ;J:,,8: ;~~;) = 1.02 x 103ms-1 

b a:..":_,,(1.0lxlOl)l x108:2.71x10-lms-1 
r 3.84 

c 9.811602 = 2.73 x 10-i ms-1. The two answers are within one per cent of each other. This is 
verygoodevidencethatgravitationalaccelerations(andforces)arerepresentedbyinverse 
square laws 

• Newton 's law of gravitation 
The forces acting between two point masses (M and m) are proponional to the product of the 
masses and inversely proportional to their separation (r) squared 

Foe Mm 

Putting a constant of proportionality into the relationship, we get Newton's universal law of 
gravitation; 

This equation is given in the PhyJics data booklet. 
G is known as the universal grnvitation constant. Its value of 6.67 x 10- ll N m1 kg-l is given 

in the Physics data booklet. Its small value reflects the fact that gravitational forces are small 
unless one (or both) of the masses is very large. G is a fundammtal constant which, as far as we 
know, always has exactly the same value everywhere in the universe. It should not be confused 
with g, the acceleration due to gravity, which varies with location. The relationship between g 
and G is covered later in this chapter. 

The relationship between force and distance is illustrated in Figure 6.19. Note that exactly 
the same force always acts on both masses (but in opposite directions), even if one mass is larger 
than the other. This is an example of Newton's third law of motion. 

, , 
Mr!--

• Figure 6.19 The gravitational force between point masses Mand m decreases with 
increasingseparation(thevectorsarenotdrawntoscale) 

Of course, the mass of an object is not all located at one point, but this does not mean that 
Newton's equation cannot be used for real masses. The forces between two spherical masses of 
uniform density located a long way apart are the same as if the spheres had all of their masses 
concentrated at their centre points. The gravitational field around a (spherical) planet is effectively 
the same as would be produced by a similar mass concentrated at the centre of the planet 
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8 Calrnlatethegravitationalfo«:eildingbetweentheEarthanda 1.0kgbookootheEarth'swrface.(The 
Earth'smassis6.0JC1014kg,mditsrildiusis6.4JC106m.) 

F:G~ 

F = (6.67 x 10-11} JC l.0(6.t~Ol0•1~) 

f:9.BN 

This is the weight of a 1.0kg mass on the Earth's surfa.c:e. The book attracts the Earth up towards it 
withaoequallysizedlorcewhich,olcourse,hasanegligibleelfectontheEarth. Thisisanexampleof 
Newton's third law 

1!1 Estimate the gravitational force between you aod your pen when you are 1 m apart 

20 What is the gravitational force between two steel spheres each of radius 45cm and separated by 10cm7 
(Thedemityofsteelis7900kgm-1.) 

21 Calculate the average gravitatiooal force between the Earth and the Sun. (You will oeed to research the 
relevant data.) 

22 A proton has a massol 1.7 JC 10-17 kg, and the massol aoelectron is9.1 JC 10-11 kg. Estimate the 
gravitational lorcebetweenthesetwoparticlesinahydrog.enatom,aswmingthattheyare5.3JC10-11m 
apart 

Simi larities and differences between electric forces and gravitational forces 
If Newton's law of gravitation is compared to Coulomb's law (page 2C6), it will be noted that 
there are striking similarities. Both laws describe forces that act across space between two points· 
one gravitational forces between masses, the other electric forces between charges. 

Newton's and Coulomb's laws both apply to forces spreading radially into the space around 
them, so it is not surprising that the two equations have similar forms (inverse square laws). But, 
of course, there are also differences between electrical and gravitational forces; 

• The electrical force between t\<-0 isolated p:>int charges is much, much larger than 
the gravitational force between nm isolated p:>int masses with the same separation. A 
comparison of the size of the two comtants in the equations demonstrates this difference. 

• As far as we know there is only one kind of mass, but there are t\ID kinds of charge; it seems 
tha t there is no such thing as a repulsive gravitational force between masses. 

• As masses get larger and larger, so do the gravitational forces involved. But when objects get 
larger and larger there will normally still be (approximately) equal numbers of positively and 
negatively charged particles, so electrical forces do not tend to increase with physical size. 

• On the microscopic scale of atoms, ions, molecules and other particles, electrical forces 
dominate and gravitational forces are negligible. However, on the large scale, the only 
significant forces between planets and stars are gravitational. 

• The value of the gravita tional force between two masses in a certain arrangement will always 
be the same. The value of the electrical force between two charges depends on the electrical 
permittivity of the medium in which they are located, although we often assume that the 
mediumisairoravacuum 

• Electric forces are closely linked to magnetic forces, so much so that they are known together 
as the electromagnetic force. The electromagnetic force and gravitational force are two of the 
four fundamental forces of nature (see page 290) 

• Gravitational fields 
We have seen in Chapter 5 that an electric field exists where a charge experiences a force, and a 
magnetic field exists where a moving charge (electric current) experiences a force. Gravitational 
fields are described similarly. 



• Figure6.20 

used to represent 

gravitational fields on 
paperoronscreen:a 

radialfield;buniform 
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A region (around a mass) in which another mass would experience a gravitational force is 
called a gravitational field . We all live in the gravitational field of the Earth, while the Earth 
moves in the gravitational field of the Sun. Gravitational forces can be wry small if the masses 
are small or far apart, in which case the fields may be totally insignificant but, in theory, they 
neverreducetozerocompletely. 

We often want to represent a gravitational field on paper or on a screen, and this can 
be done with gravitational field lines as shown in Figure 6.20 and previously discussed for 
magnetic fields. The lines and arrows show the direction of the gravitational force that would 
be experienced by a mass placed at a particular place in the field. Figure 6.20a represents the 
spreading radial gravitat ional field lines around the Earth 

The lines are closer together nearer to the Earth, which shows that the field is stronger. Field 
lines never cross each other; this 'M:luld mean that gravitational force is acting in two different 
directions at the same place. The parallel lines in Figure 6.20b represent a uniform gravitat ional 
field , such as in a small region of the Earth's surface where variations in field are negligible 

TOK Link 

The fact thar one mass can affect another mass without any contact or other matter between them is very 
difficult to undersrand and explain: how can a mass 'know' that rhere is another ma5S affecting it when 
!here is no c01VJection between them? (This is sometimes called 'action at a distance'.) Similar comments 
can be made about the forces berween electric charges. Adding to the puzzle, there seems to be no time 
delay between rhe movemenr of a fllilS5 and rhe gravitational effect of that movement somewhere ek.e. 

Bygivingaforceaname(forexample. "gravitatiooalforce")andcallingthespac:e inwhichtheforcecanbe 
detected a 'field', we may feel that we understand it better, but do we reaHy? 

As always, the real usefulness of physics is in making calculations and predictions. and Newton's law and 
Coulomb's law are extremely useful in this respect. These laws predict that the fields which they describe 
e>ctrod indefinitely. In practice. of course. forces become immeasurably smil ll if the distances involvl.'d get 
veryli!rge 

8nstein'sthroryofgroeralrelativityhasprovidedadifferentinterpretationofgravitational forreandfield 
in terms of the curvature of space- t ime. but that does not reduce the importance of Newton's universal law 
of gravitation ariy more than it reduces the usefulness of any of Newton's laws of motion. Quantum physics 
removl'Sthe need for the concept ofek>ctricfield. instead using the idea of virtual particles to cause the 
forces 

There are certain phroomena in physics for which there seems to be no simpler explanation and we may 
betemptedtothink'thatisjustthewif'/theuniverseis',notdelv ingariydeeper. However,thesearchlor 
fundamental'truths'isoneofthedefiningfeaturesofphysics 

Thestudyolgravitat iooal,electromagneticandnudearforcl'S,andthefieldsweusetodescribethem, 
isacentralpartofphysicsbecausetheseforceshaveproducedtheworldandtheuniversethatwesee 
around us. Trying to see similarities between these fundamental forces and fields has long been an iswe for 
physiciststryingtodevelopthecooceptolasingleunifiedforce 
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• Figure6.21 
A planet's 

gravitational field 
strength,g,decreases 

planet,r,showing 
an inverse square 
relationship 

Gravitational field strength 
We may want to ask the question 'if a mass was put in a particular place, what would be the 
gravitational force on it!' The answer, of course, depends on the magnitude of the mass, so it is 
more helpful to generalize and ask 'what is the force on a unit mass (I kg)!' If we know this, then 
we can easily calculate the gravitational force on any other mass. 

Gravitational field st rength is defined as the force per unit mass that \\-Ull ld be experienced 
by a small test mass placed at that point. 

Reference is made to a 'small test mass' because a large mass (compared to the mass creating the 

original field) would have a significant gravitational field of its own 
Gravitational field strength is given the symOOl g and has the unit newtons per kilogram, 

Nkg-1• Field strength is a vector quantity and its direction is shown by the arrows on field lines. 

gravitational fie ld strength • gravita::l force 

This equation is given in the Physics dara bookie!. 
In general we know, from Newton's second law of motion, that a • F/m, .'lO that gravitational 

field strength (g • F/m) in N kg-1 is numerically equal to the acceleration due to gravity in m s- l 

Imagine you were on an unknown planet and wanted to find experimentally the gravitational 
field strength. This can be done easily by hanging a 'small' test mass of I kg on a forcemeter. The 
reading will be the strength of the gravitational field (in Nkg-1) and the direction of the field will 
be the same as the direction of the string- 'downwards' towards the centre of the planet. 

The equation g = F/m should be compared to E = F/q and B = F/ILsin B, each of which 
defines the strength of fundamental force fields. 

Gravitational field strength around a planet 
Since the gravitational force F • GMm/r1, the gravitational field strength g around a point mass 
M can be found in terms of G by sub.stituting for F in the equation g • F/m. If m is a test mass 
placed at a distance of r from a mass M, then; 

GMm/r1 
g • - m -

o,,ooplanetssurface 

This equation is given in the Physics data bookkt 
Although derived for a point mass, it can also be used 
to determine the gravitational field on the surface, or 
outside of, a spherical mass, such as a phnet or moon. To 
determine the field on the surface of a planet, we replace 
r with rp the radius of the phnet. \Ve can use an average 
density to calculate the mass, but we must assume that 
the mass is concentrated at the centre of the sphere. Like 
gravitational force, gravitational field strength, g, follows 
an inverse square bw with distance. This is sketched in 
Figure6.21. 
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To determine how the gravitational field strength depends on a planet's radius we need to use 
these facts: 

• mass, M, is equal to density, p, multiplied by volume, V 

• the volume of a sphere equals }rrr1 
So, we can write; 

M• 4ml 
The density of a planet is not uniform, so the value used here is an a\·erage. Putting this 
equation for M back into the equation for g we get: 

So that: 

g•j-Gnprp 

This equation predicts that the gravitational field strength at the surface of a planet is 
proportional to its radius. It is 11.(){ in the Phyiic:5 daia booklu 

From the equation we would expect bigger planets to have stronger fields, but that is only 
true if they have equal average densities. (The Earth is the densest planet in our sobr system, 
with an average density of 5510kg m-J. Venus and Mercury have similar densities to Earth but 
the density of Mars is significantly lower. The outer planets are gaseous and have lower densities 
Saturn has the lowest density at 6F:7 kgm-J.) 

9 a Calrnl<1tethegril'litationalfieldstrenglh on therurtaceoftheMooll.ThemassoftheMoonis 
7.35x10"1 kganditsrad iusis1740km 

b CakulatethegravitationalfieldstrellglhatapoilltontheEarth'ssurtaceduetotheMoon{notthe 
Earth)asrumingthatthedi51ancebetweellthecelltreoftheMoonalldtheEarth'ssurlaceis 
3.8x11)1im 

t Cakulatethegr<1vitationalfield 1trengthontherurtac:eofthe~anetVenus{radius=6050km,il'lerage 
density:5.2xH>3kgm-l) 

GM 
a g=,r 

(6.67x10- 11 ) x(7.35x10"1) 
g= (1.74x106P 
g= 1.62Nkg-1(Thisi1aboutone-sixthoftheEarth'sgravitation<1llield51rength.) 

b g:~ 

(6.67x10-ll )x(7.35x1i)ll) 
g: (3.8x 10")' 
g:3.4x 10-INkg-1 

This shows us that Oil the Earth's surface, the gravitational f;eld due to the Moon is about 300000 
times weaker than that due to the Earth. Although it is much weaker it still has some effects Oil the 
Earth,tide1forex<1mple 

c g:;Gnprp 

g=jx(6.67x 10-11)xnx(5.2x 1Ql}x{6.05x106) 

g:8.8Nkg-1 
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23 The radius of the planet Mercury is 2440km. Its mass is 3.3 " 1onkg. Cakuklle the gravitational field 
strengthooitssurface 

24 ii What is the gravitational fie kl strength at a height of 300km above the Earth's surtace7 (The radius of 
the Ea1thi16.4xl06m.)Manyx1tellitesOfbit ataboutthisheighl 

b What perceotageisthisoftheaccepted valueforthegravitationalfield1t rengthootheEarth'1 
surface! 

25 Cakulatethegravitationalfieklstrengthonthesurtaceofaplanet thathasaradiusof8560kmandan 
averagedemilyof4320kgm-1 

26 What wouklthegravitatiooal f ieklstrengthbeonaplanetthathadtwketherildiu1ofEarthandhatf the 
density! 

27 Use a spreadsheet to cak uklte data and to draw a graph showing how the Earth's gravitational f ie kl 
strengthvariesfromitssurtaceuptoaheightofSOOOOkm 

28 ii Find out the name and details of the klrgest moon in our soklr system and the planet around which it 
orbit s 

b Calrnlatethegravitat ionalfieldstrengthonitssurtace 

•.QM Weighing the Earth 
~--· - At the time Newwn proposed his law of universal gravitation it was not possible to determine 

an accurate value for the gravitational constant, G. The only gravitational forces that could 
be measured were those of the weights of given masses on the Earth's surface. The radius 
of the Earth was known, but that still left two unknowns in the equation F • GMm/rl; the 
gravitational constant and the mass of the Earth. If either of these could be found, then the 
other could be calculated using Newton's law of gravitation. That is why the determination of 
an accurate value for G was known as 'weighing the Earth'. 

Certainly it was possible in the seventeenth century to get an approximate value fur the 
mass of the Earth from its volume and estimated average density (using m • pV). But density 
estimates would have been little more than educated guesses. We know now that the Earth's 
crust has a much lower average density (about JOOOkgm-J) than most of the rest of the Earth 
However, it was possible to use an estimate of the Earth's mass to calculate an approximate 
value for the gravitation constant. The first accurate measurement was made more than 
100 years later by Cavendish in an experiment that is famous for its precision and accuracy. 

To calculate a value for G without needing to know 
the mass of the Earth (or the Moon, or another 
planet) required the direct measurement of the 
force between two known masses. Cavendish used 
lead spheres (see Figure 6.22) because of their high 
density (I LJ gcm-J). The forces involved are very 
difficulttomeasurebecausetheyaresosmall,butalso 
becausesimilar-sizedfurcescanarisefromvarious 
environmental factors. (In fact, Cavendish's main aim 
was to get a value for the density of the Earth rather 
than to measure G.) 

l a Calculate the gravitational forces between two 
identical 4.0 kg lead spheres with their centres 
!Ocmapart. 

• Figure 6.22Amodernversion 

Cavendish'sapparatus 

b What is the distance between the surfaces of the spheres? 

Estimate the weight of a grain of salt and compare your answer to the gravitational force 
calcubtedina 



2 In an early attempt to estimate the gravitational 
constant and calculate a value for the mass of 
the Earth, pendulums were suspended near 
mountains (see an exaggerated representation in 
Figure6.23). 

What measurements should have been taken! 

b Suggest why such experiments were unlikely to be 
very accurate 

Find out what you can about Nevil Maskelyne 
and a Scottish mountain 

Calcu lating combined 

gravitational field strengths of 

planets and/or moons 
It is possible that a mar.s may be in two 
or more separate gravitational fields. For 
example, we are in the fields of 00th the 
Eanh and the Moon. However, the values 
calculated in Worked example 9 showed 
that on the Earth's surface the two fields 
are in the ratio 9.81/(3.4 x 10-1), or abou t 
300000:1. In other m::,rds on the Earth's 
surface the Moon's gravitational field is 
almost negligible compared to the Earth's 
field. But if a spacecraft is travelling from 
the Earth to the Moon, the gravitational 
field due to the Earth will get weaker as 
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• Figure6.23 Apendulumanda 
mountain attract each other 

(nottosc:a~) 

increasingremllilntforCI' 
and field towards Earth 

atpointP 
therewooldbe 

ooremttant 
force or field 

' 
increds.ingremltantforce 
and field towards Moon 

the Moon's field gets stronger. There will • Figure 6.24 Opposing fields cancel at a precise 
be a point at which the two fields will be point, P, between the Earth and the Moon 
equal in strength but opposite in direction 
(shown as P, in Figure 6.24) 

At P the total gravitational field strength is zero and there will be no resultant force on 
the spacecraft because the pulls of the Moon ard the Eanh are equal and opposite. As the 
spacecraft travels from the Earth to P there is a resultant furce pulling it back to Earth, but 
this is reducing in size. After the spacecraft passes P there will be an increasing resultant force 
pulling the spacecraft towards the Moon 

In general, if two or more mar.ses are creating gravitational fields at a certain point, then 
the total field is determined by adding the individual fields, remembering that they are wctor 
quantities. 

In this chapter we will only be concerned with locations somewhere on the line passing 
through the two masses~ then the vector addition of the two fields is straightforward, as shown 
in Worked example 10 
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10 In Figure 6.25 (which is not drawn to scale), Pisa point midway bet'Nei!n lhe 
centresofplanetsAandB.AtPthegravitationalfieldstrengthduetoAis 
4.0Nkg-1andthatduetoBis3.0Nkg-1 

a Whatisthetotalgravitatiooal fieldstrengthatP? 
b What is the combined gravitatiooal field 'ilrength at a point Q. which is the 

ximedistancefromAasP? 

a Takingthefieldtowardsthebottomofthediagramtobepositil'i' 

-4.0+3.0:-1.0 
The gravitational field strength is 1.0Nkg-1 towards A 

b ThesizeofthelieldduetoAisthesameatQasitisatP,butitisinthe 
oppositedirectioo.ThestrengthofthelielddtJeto8atQis31times 
smallerthanatPbecau:seitisthreetimesfurtheraway,OOtitisinthe 
samedirectioo 

4.0+(--¥-)=4.3Nkg-1 towardsAandB 

• Figure6.25 

2Q a ResearchdatathatwillallowyoutosettJpaspreadsheettocalctJlate thegril'litational fieldstrengths 
duetotheEarthandtheMoonatpointsalongastraightlinejoiningtheirsurfilCes 

b Combinethefieldstodeterminetheresultantfieldanddrawagraphoftheresults 
c Wheredoestheresultantgravitatiooallieldequalzero? 

30 Thegril'litatiooalfieldsoftheSunandtheMooncausethetidesoftheworld'soceam.Thehighesttides 
occur when the resultant field is large'il {at times of a 'new moon'}. Draw a sketch to show the relative 
positionsoftheEarth,SunandMooowhentheresuttantlieldootheEarth'ssurfilCeis 
a stroogest 
b weakest(atthetimeofa'fullmoon') 

31 ConsiderFigure6.2S.tfplanetAhasagravitatiooalfieldof1SNkg-1 atQ,butthecombinedfieldatthe 
samepointis16Nkg-1,rnlculatethecombinedlieldatpointP. 

• Orbital motio n 
The gravitational forces between two masses are equal in si:e but opposite in direction. However, 
if one of the masses is very much bigger than the other, we often assume that the force on the 
hrger mass has negligible effect, while the same force acting on the much smaller mass produces 
a significant acceleration. If the smaller mass is already moving then the grnvirntional force can 
provide the centripetal force to make it o rbit (move continuously around) the larger mass. It is 
then described as a satel lite of the larger mass. The Earth and the other pbnets orbiting the 
Sun, and moons orbiting phnets, are all examples of nat u ral satellites. In the modem 1MJrld we 
are becoming more and more dependent on the artifici.t l satellites that orbit around the Earth. 

Artificial satellites around the Earth 
If we assume that there is no air resistance, a bullet that is fired 
'horiwntally' from the top of a mountain would move in a parabolic path 
and hit the ground some distance away, as shown by path A in Figure 6.26 
If the bullet was travelling fast enough, it could move as shown in path B, 
and 'escape' from the Earth. Path C shows the path of an object moving 
with exactly the right speed and direction so that it remains at the same 
distance above the Earth's surface (remember thm we are assuming that 
there is no air resistance); that is, it is in orbit around the Earth. 

Gravity is the only force acting on the bullet and it is acting 
• Figure 6.26 The path of objects projected continuously and perpendicuhrly to its instantaneous velocity. As we have 
at different speeds from a mountain top discussed, this is a necessary condition for circubr motion. The force of 
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gravity (weight) is providing the centripetal force. Remembering the equation for centripetal 
acceleration,wecanwrite: 

This enables us to calculate the theoretical speed necessary for an orbit very close to the Earth's 
surface(radius•6.37x lO"m). 

v2•gT•9.81 X (6.37 X 10") 
v • 7910ms-l 

Without air resistance, an object moving horizontally with a speed of 7910 ms-1 close to the 
Earth's surface would orbit the Earth 

To avoid air resistance, a satellite needs to be above the Earth's atmosphere. Most satellite 
orbits are at a height of at least 300km. In order to maintain a satellite in a circular orbit around 
the Earth, it needs to be gi\·en the correct speed for its particular height. If there is no air 
resistance, a satellite in a circular orbit will continue to orbit the Earth without the need for any 
engine. The force of gravity acts perpendicularly to motion so that no work is done by that force. 

Knowing the value of g at any particular height enables us to calculate the speed necessary 
for a circular orbit at that height. The speed does not depend on the mass. All satellites at the 
same height move with the same speed and have the same orbital period. 

If the speed of a satellite is faster than the speed necessary for a circular orbit (but slower 
than the escape speed) it will move in an elliptical path. The orbits of planets, moons and 
satellites are not perfectly circular, but the difference is often insignificant 

l2 • Cakulate values for the gravitational field streflgths at heights aOO\'e the Earth of 250km, 1000km, 
10000kmaf"Ki30000km 

b Cakulatethenecessaryspeedsforcircularort>itsattheseheights 
c Use a compass to draw a o;cale diagram of the Earth with these orbits around it 
d Use v = 2nr/Tto determine the t imes for complete orbits (periods), T. at these heights and mark them 

on your diagram 

]3 Two satellites of equal mass ort>it the same planet as shown in Figure 6.27. Satellite Bis twice as far awirf 
from the cefltre of the planet .-is s.-itellite A. Copy the table and complete it to show the properties of the 
orbitofsatelliteB 

Distancefromplanet"scefltre 

Gravitatiooalfieldstrength 

Speed 

• Figure 6.27 
Time period 

34 TheEarthisanaver.-igedistanceof1 .S0x1011 mlromtheSun 
• Cakulatetheil'lerageorbitalspeedoftheEartharoundtheSun 
b DeterminethecentripetalacceleratioooftheEarthtowardstheSun 
c Useyouramwerstocakulatea valuelorthemassoftheSun 

Gravity controls the motions of moons, planets, stars and galaxies 
Gravity is the only significant force controlling the motions of all the large objects in space 
Although perfect circular motion is an idealized example, Newton's laws of motion and 
gravitation can be combined with the concept of centripetal force to make reliable predictions of 
the motions of moons, planets and stars, and the rotation of galaxies etc. 
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r 
Can the laws of physics predict the future? 
Newton is rightly famed for formulating the 'laws' of motion and gravitation that bear his 
name. These laws are central to much of what is known as 'classical physics' and, by using 
them, future motions can be predicted from current and past observations. Newtonian physics 
is often described as deterministic, meaning that a given set of circumstances can only lead to 
one, certain outcome (a concept that modem physics has shown to be incorrect on the atomic 
scale). For example, we can use Newton's laws to predict very accurately what will happen when 
cars collide, or when a comet will be observable from Earth hundreds of years in the future, but 
not to confidently predict events within an atom. Also, although Newton's law may accurately 
describe gravitational events in the terms of mathematical equations, it offers us no help at all in 
trying to understand the true nature of gravity. 

• Figure6.28 

• Figure 6.29 
Johannes Kepler 

Relating the average radius of an orbit to its time period 
The centripetal force (m.J/r) required to keep any mass, m, in a circular orbit around 
a larger mass, M, is provided by the force of gravity (GMmfrl), which always acts 
perpendicularly to the motion of the orbiting mass (see Figure 6.28). 

mv2 GMm - ·-----;:r-

l'l.~ 

(This equation is equivalent to .J • gr as used earlier in this chapter.) 
If we replace II with 2rrr/T (circumference/pericd), we get an important equation that 

shows us directly how the time pericd of an orbit depends on its radius. This equation 
canalsobeappliedtoellipticalorbitsiftheaverageradiusisused. 

(';I' -~ 
Rearranging, we get a general equation linking the radius to the pericd for all satellites orbiting 
thesamemass,M. 

r 1 GM 
p·-;r,;r 

GM/41t1 is a constant for all masses in orbit around the same mass, M. 

This means thatr1/T 2 must also be a constant. This was first discovered by the German 
mathematician Johannes Kepler (1571- 1630, Figure 6.29). Kepler was using observations and data 
on the planets of our solar system, but his law can be applied wherever different smaller masses 
orbit the same brger mass, M. (For example, the moons around Jupiter, or the artificial satellites 
around Earth). His law is empirical (based only on observation, rather than theory) and the 
derivation shown alxwe was proposed by Isaac Newton many years bter. 
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11 lois a moon of Jupiter. It is an averi!Q('distann,of422000km from the centll! of Jupiter and takes 
1.77daystocompleteanorbit.CakulatethemassofJupiter. 

r1 GM 
JY"TnT 

n)i;~; :~~ = (6.67" 10-, ,>-l#r 

M:1 .90x10'7kg 

Artificial satellites orbiting the 
Eanh have a wide range of uses, 
which is expanding ewry year. 
This requires a high level of 
international consultation and 
control;suchcollal:orationalso 
aimstoavoidduplicationof 
research and costs. Figure 6.31 
shows the launch site for rockets 

- 1 . . -1-,~~-~ . ----, .,.... .. ., _::,-. 

of the European Space Agency, • Figure 6.30 European Space Agency launch site in French 
which has twenty member states. 

35 a Calculate the time period and orbital speed of a satei lite in a low orbit 300km above the Earth"s 
surface 

b Suggestoneadvantageandonedi:<.a(Nantageofplacingsatellitesatthisheight 

36 The mass of the Sun is 1.99 x 103°kg. Use Kepler"sthird law and the time period of the Earth todell'fmine 
theaveragedistaocetotheSun 

37 a Makeaspreadsheetoftheplanetsofthe50larsystem,theiraverngedi1tancesfromthe5un,r,andtheir 
periods.T. 

b Usethespreadsheettocakutater'. Pandr'lfi 
c Usetheprogramtoplotagraphofr'againstfi 
d Do your results confirm Kepler"s th ird law? Explain your answer 
• Alternatively.agraphoflogTcooldbeplottedagainstlogr.W'hatcooklbedeterminedfromthe 

gradient of this graph? 

38 Two moons. A and 8, orbit a planet at distances of S.4 x 101m and 8.1 x 101m from the planet"sa>ntre. If 
moon A has a period of 24 days. calculate the period of moon B 

ToK Unk 

The laws of mechanics along with the law of gravi@o·on create the de rerministk narure of classkal physics. 
Are classical physics and modem physk5 compariblel Do other areas of knowledge also have a similar 
division between classical il1ld modem in their historical developmenrl 

Are the motions of all masses, ranging from stars and galaxies down to sub.;itomic particles. controlled by 
the~me1aws"ofphysic1,01isitpossible.oracceptable.thatweneedtotallydiffell'ntphysicstodescribe 
motioo1oodifferentscales? 
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• Examination questions - a selection 
Paper 1 18 questions and IB style questions 

01 An object moving in a circular path of radius 40cm completes tl/l/0 revolutions in 4s. Which of the following 
is an accurate calculation concerning the object's motion? 
A Its total angular displacement was 2n radians. 
B Its average angular velocity was nrads-1. 

C Its average linear velocity was 2.Sms-1. 

D Its frequency was 2Hz. 

02 A small rubber ball on a length of thin cotton was spun faster and faster in a nearly horizontal circle until 
the cotton broke. Which of the following describes this situation? 
A Tension in the string provides the centripetal force on the bal l. 
B When the cotton broke the ball initially moved radially away from the centre of the circle. 
C If the experiment was repeated with a more massive ball moving in a path of the same radius, it would 

need to be spun faster before the cotton would break. 
D If the experiment was repeated with the original ball moving in a path of larger radius, it would need to 

be spun faster before the cotton 1/1/0uld break. 

03 The Moon orbits the Earth. 

0 0 
Which of the following diagrams correctly represents the force(s) acting on the Moon? 

A G--F91..;!>00MI 

B ~ ~~:::" 

04 Which of the following correctly describes the constant, G? 
A It isa vector quantity. 
B It has a larger magnitude on the Moon than on the Earth. 
C It has a smaller magnitude on the Moon than on the Earth. 
D It is a fundamental constant. 

e/80,gitnizatiofl 

OS There is a place between the Earth and the Moon where the gravitational field strength is zero. This is 
because: 
A The Earth's gravitational field is stronger than the Moon's gravitational field. 
B Gravitational fields only exist close to the surfaces of planets and moons. 
C The fields from the Earth and the Moon act in opposite directions. 
D The Moon does not have a gravitational field. 
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06 Newton's universal law of gravitation concerns the force between two masses. These masses are: 
A planets 
B stars 
C spherical masses 
D pointmasses. 

07 Which of the following is a correct statement about on object moving in a circle at a constant linear speed? 
A There is no force acting. 
B ltsangular velocityincreasesuniformly. 
C A force is needed in the direction of instantaneous motion. 
D The object is accelerating. 

Paper 2 IB questions and IB style questions 

Q1 This question is about gravitational fields. 
a Define gravitational field strength. (2) 
b The gravitational field strength at the surface of Jupiter is 25N kg-1 and the radius of Jupiter is 

7.1 x 107 m. 
i Derive an expression for the gravitational f ield strength at the surface of a planet in terms of 

its mass M, its radius R and the gravitational constant G. (2) 
ii Use your expression in b i above to estimate the mass of Jupiter. (2) 

e/BOrgilfliz;ition 

Q2 a Name the type of force that enables a car to travel around a curve on a horizontal road. (1) 
b A 1200kg car is travelling around a road that is the arc of a circle of radius 80m. What is the 

maximum possible speed of the car if the available centripetal force cannot exceed 4500 N? (3) 
c Explain hO'N a banked road surface can enable a car to travel around a corner faster than 

on a similar horizontal surface. (3) 



I.I Atomic, nudear and partide physics 

• In the microscopic world energy is discrete. 
• Energy can be released in nuclear decays and reactions as a result of the relationship 

betweenmassandenergy. 
• It is believed that all the matter around us is made up of fundamental particles called 

quarks and leptons. It is known that matter has a hierarchical structure with quarks 
making up nucleons, nucleons making up nuclei, nuclei and electrons making up atoms 
and atoms making up molecules . In this hierarchical structure, the smallest scale is seen 
for quarks and leptons(10- 18 m). 

7.1 Discrete energy and radioactivity - ;nrh,m;,mscop;, 
world energy is discrete 

Light is electromagnetic energy that has been emitted from atoms - we can learn a lot about the 
energy inside atoms by examining the light (spectra) that atoms emit. 

• Emissio n a nd absorptio n spect ra 
When white light from the Sun passes through a prism, the light 
is dispersed into its component colours. The band of different 
colours merge into a continuous spectrum as shown in Rgure 4.22 

We can make some sub.stances emir light by supplying them 
with energy by heating them. Many elements emit different 
colours from which they can be identified in/lam£ tests. We 
also commonly produce light using electric currents to supply 
energy in a variety of ways (see Chapter 5). If an electric current 
(at high voltage) is passed through an element in the form of a 
low-pressure gas in a discharge tube it will produce its own unique 
emission spectrum. See Figure 7.1 

When a high potential difference is applied acror.s the two 
electrodes in the tube, energy is transferred to the gas atoms 
or molecules and light is emitted. Examination of the light 
with a spect roscope shows that the emitted spectrum is not 
continuous but consists of a number of bright lines, as shown in 
Figure 7.2. (A simple hand spectroscope can be made using just 
a black tube with a slit and a diffrac1iOll grating - see page 397) 

• Figure7.1 Adischarge 
tube containing atoms of 

501.7nm 471.4nm 438.9nm 

mi~ 'm 

• Figure 7.2 Emission spectra of hydrogen and helium 



• Figu re 7.3 

absorption spectra of 

• Figure7.4 

A spectrometer 
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The spectrum produced by the gaseous element in the discharge tube is cal1ed a line 
spectrum. It consists of a number of discrete (separate) colours; each colour is the image of the 
slit in front of the light source. The range of wavelengths corresponding to the lines of the 
emission spectrum is characteristic of, and unique to, the element in the discharge tube. 
If broad spectrum white light is passed through a sample of gaseous atoms or molecules 
maintained at low pressure and the spectrum is analysed, it is found that light of certain 
wavelengths is mi~Jing. In their place are a series of sharp dark lines. This pattern of lines is 

identical to that seen in the emission spectrum of the same gas. It is called an absorpt ion 
spectrum. 

Figure 7.3 compares the emission and absorption spectra of the same element, and how 
they can be observed using a prism. (The prism could be replaced by a diffraction grating, as 
discussed in Chapter 9.) 

abSO(plioospectrum 

inrn!itsingfrequency 

The study of spectra is called spectroscopy, and instruments used to measure the wavelengths of 
spectraarecalledspccrrometcrs(seeFigure7.4) 
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• Discrete energy and discrete energy levels 

Photons 

Before we can explain the origin of line spectra )UU need to understand a \·ery important 
concept in physics: all electromagnetic radiations, including light, transfer energy in discre!e 
(separate) amounts called photons. The transfer of energy is not continuous. More generally, we 
use the term quantum to describe the smallest possible quantity of any entity that can only have 
discrete values. We can say that light is quantized. 

The fact that light can behave as if it is 'lumpy', as if it were composed of 'particles', 
contradicts the wave theory of liglu used in Chapter 4 to explain diffraction and interference. It 
is worth stressing that there is no single, simple theory of light that explains all of its propert ies, 
and this dilemma is often referred to as the waw----par1ide duali1y of light. Photons are discussed 
in much more detail in Chapter 12 

The energy, E, carried by one photon of electromagnetic radiation depends only on its 
frequency,/, asfullows· 

E •h/ 

This equation is given in the Ph~ics dara bookie!. 
his a very imponant fundamental 00115tant that controls the properties of electromagnetic 

radiations. It is called Planck's constant. Its value cl 6.63 x 10-.l<! J sis given in the Physics daia booklet. 
Since we k~w from Chapter 4 that c • fA, this equation can be rewritten as E • he/A, 

although it is written in the Phy Jin dara booklet as: 

1 Calculatetheenergycarriedbyonepliotooofmicrowil\lesofwi!Velength10cm(asmightbeusedina 
mobilephooe) 
a inJ 
b ineV. 

af:+ 
E .. 6.63 "10-1," 3.og_~o1oe 

f:c2.0x10-1'J 

b ~:~: ~~~
1

:,. 1.2,. 10-1eV 

1 ii Whatfrequencyofelectromagneticradiatioohasphotonsofenergy 1.0x 101eV? 
b Whatnamedowegivetothat kindofradiation? 

2 A mKTOW<NeOYenuses~photoosofef1efgy1.6xlO -'l.'J.WhatisthewiM.'4engthofthllraootioo? 

1 Thegre{'nhouM!gascarbondioxideabsorbsritdiationoffrequencyof1600nm 
ii Howmuche<iergyiscarriedbytheabsorbedphotons? 
b In what part of the electromagnetic spectrum is this radiation? 

4 A particular visible line in the spectrum of oxygen has a wav~ength of S.13 x 10-7m. What is the energy 
transfeffl.'dbyonephotooofthisradiation? 

5 A light bulb emits light of power 4W. Estimate the number of photons emitted every secood 

, lighthasatypical wavelengthofSx 10-7m,andX-rays hil\leatypicalwi!VelengthofS x 10-11m 
ii Draw a small square of sides 2mm to repreM!nt the energy carril.'d by a light photon 
b Assumingthat photonenergyisrepreM!ntedbythearea,drawanothersquaretorepreM!ntthee<iergy 

caffiedbyanX-rayphoton 
c SuggestwhyX-raysaremoredangerous thanlight 
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Transitions between energy levels 
The emission of a light photon transfers energy away from an atom and this must mean that the 
amount of energy inside the atom has decreased. The fact that the spectra from elements is in 
the form of separate lines tells us that energy can only be emitted (as photons) from atoms in 
definite, discrete amounts. We may conclude that the emission of each photon occurs when an 
atom changes from one precise energy lewl to another precise, but lower, energy le\·eL We refer to 
rran.si1ionsbetweenenergylevels 

The emission of photons of different energies from atoms of the same element must mean 
that each atom has many possible energy levels. Consider Figure 7.5, which shows, with a 
simplified example, that an atom with fuur different energy levels could have six possible 
transitions between energy levels and, therefore, atoms with these energy levels might emit 
photons of six different energies (wavelengths) 

l 
j 

j 

Each of the transitions results in the emission of a photon with a particular wavelength. The 
transition from E-1 to E1 involves the highest amount of energy, and so results in light with the 
highest frequency and shortest wavelength. The transition from E~ to Ey which involves the 
least energy, gives light with the lowest frequency and longest wavelength. In general, if there is 
a difference in energy, toiE, between two levels then the frequency, f, of a photon involved with a 
transition between these two levels is gi\·en by: 

toiE • hf 

The lowest possible energy level is called the ground state of the atom and it is, logically, the 
lowest level shown in the diagram. Atoms are usually in their ground srates and they need to be 
uciud (given energy) by heating, or from an electric current, to raise them to a higher energy 
level, which is called an excited state. After which, an atom usually returns very quickly to a 
lower energy level by emitting a photon. 

The different energy levels of atoms are explained by changes to the way electrons are 
arranged around the nucleus, so it is common to alternatively refer an atom's energy levels as 
electron energy levels. 

When energy is absorbed by an atom, its electric potential energy increases. This is because 
of the forces between the positively charged nucleus and negatively charged electrons. When a 
photon is emitted, the electric potential energy decreases 

Absorption spectra are explained by atoms being raised to higher energy levels by absorbing 
photons with the same energy as those that can be emitted by the same atom, as they undergo 
transitions between identical energy levels. The atom will quickly re-emit a photon, but in a 
random direction, thereby decreasing the intensity of radiation travelling in the original direction. 

Atoms of different elements have different energy levels. This means that the differences 
between energy levels are unique to each element, so that each element (in the gaseous state) 
produces a different and characteristic spectrum. These spectra can be used to identify the 
presence of a particular element in a sample that has been vaporized. Analysis of the light 
emitted from stars is used to determine the elements present in them (this is covered in further 
derail in Option D: Astrophysics) 
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• Figure7.6 Someof 
the energy levels of 
the hydrogen atom 

• Figure7.7 
A hydrogen atom 
anditselectron:ain 
itsgroundstate, bin 
a short-lived excited 
state,creturningto 
the ground state 

Measurement of the numerous wavelengths of the spectral lines from an element (using a 
spectrometer) can be used to determine the magnitudes of the large number of energy level 
transitions occurring within the atoms. From this infurmation a detailed energy level diagram 
can be constructed. Figure 7.6 shows energy levels within the simplest atom: hydrogen. Note 
that the energy levels are all shown with negative values; this represents the fact that energy 
must be mpplied to the atom to raise an electron to a higher level of potential energy, and that 
a free electron is considered to have zero electric potential energy. The energy that needs to be 
supplied to an atom to take an electron from its ground state to the highest excited state is called 
the ionization energy of the atom because it is the energy needed to free the electron from the 
attraction of the nucleus, the energy needed to ionize the atom. 

--0.061 X 10--18 ) 
--0.086x10--18 J 
--0.136x10--18 J 

--0.24x10· 18 J 

--0.54x10·18 J 

- 2.18x10--18 J 
ground state 

Figure 7.7 represents an electron in a hydrogen atom moving to the next higher energy level and 
then quickly returning to the ground state as a photon is released 

= ' 
,,----

-O.S4x10· '"J---- E, -----t--- 3.4 eV 

'""'"'" 

= ' 
,,----

eleruoo 
tr~nsition emitted 

..,,,oo 

E, - E, •hf 

s ,----- 13.6eV 

,,:n_,.,, 
f 1 - 13.6eV 

2 ConsiderFigure7.7 
a What is the iooizatioo energy of the hydrogen atom? 
b What is the frl'{Juency of a photoo emitted whl!fl the atom falls from the -3.4eVenergy level down to 

the ground state? 
c Hyd1ogenabsorbsrildiationofwil'lelength6.7x 10-7m.ldentifythetransitioninvoWed 
d How many energy transitions are theoretically possible betw!.'i!n lhe levels shown? 

a 2.18x10·18J 

b f:hf 
Differenceinenergylevels(J):{2.18-0.54)x 10- 18 :(6.63x10·1')f 
f:2.5x1Q11Hz 

I 
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Thiscorres.poodstothetransitionupfromthesernndtothethirdenergyll"vel 

7 CoosiOl'rFigure7.8 
• Whatwavelengthofradiationisemittedbythe 

transition shown? 
b lnwhatpartoftheeJectromagneticspectrumisthis 

radiation? 
c Whl'llradiationoffrequl'llcy1.18x1015Hzpas.ses 

throughcoolmerruryvapouritisabsorbed.ldentify 
thetransitioninvolvedinthisprocess 

d Whatistheloogestwavell'llgthofradiationthatcould 
beemittedbyatransitionbetweenthell"velsshown? 

I WhenthespectrumemittedbytheS.Unisobseivedclosely 
usingaspectrometer.U)'lookingatawhitesurface - not 
thesundirectly,itisloundthatlightofcertainffequendes 
ismissingar.d.intheirplace.aredarklines 
• Expla in how the coo outer gaseous atmosphere of the 

Sunisres.poosiblelortheabsenceofthesefrequendes 
b Suggesthowananalysisofthesciarabsorption 

spectrum could be used to determine whkh elements 
arepresentintheSun"satmosphere 

I Rydbergdisc:overedthatthefre,quenciesofallthelines 
inthespectrumofhydrogencouldbepredictedbythe 

---- --- --- -------------------0.00 
ionized 

======= l:~ 
Jli 
- 3.74 

- 4.98 

- S.SS 
- S.77 

- 10.44eV 

Energylev~sofmercury 

followingexpression • Figure7.8 Someoftheenergylevels 

f:3.29x1011 (~ --k} wheren, <ni{bothintegers) ofmercury 

• Useasprei!dsheettocakulatethefrequendespredictedbyusingn1=1.letn1 varyfrom2toavery 
large number. 

b Show that the series converges to a numerical limit. What is that limit? (These ffequendes are in the 
ultri!Violetpartofthespectrum. Theyareknownasthelymanseries.) 

• Atomic structure 
Before we can discuss radioactivity we need to have some understanding of the strucrure of 

I 

r What;smatte,' 
The question 'what is matter made of?' has been one of the central issues in science and 
philosophy for centuries. As recently as 2012 a major discovery (the 'Higgs OOson') confirmed a 
significant new development (see Section 7.3), but we need to go back more than 2400 years for 
the beginnings of the story - Democritus is often credited as being the first person to propose 
that matter was made of atoms (aOOut 400 BCE). However, it is only about 100 years since the 
first proposal that the atom had a central nucleus. 

The basic nudeaT model of the atom was first proposed by Ernest Rutherford in 1911 
following the famous Geiger and Marsden experiment (see Section 7.3). This model describes 
the atom as consisting of a very small and dense central nucleus surrounded by orbiting 
electrons.Two years later (1913) Nie ls Bohr proposed that the existence of energy levels could 
be explained if electrons could exist only in specific orbits (known as 'shells' in chemistry) 
More details can be found in Chapter 12. 

The diameter of an atom is typically aOOut 10-10 m and the diameter of a nucleus is typically 
about 10-15 m. 
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• Figure 7.9Simple 
nuclear model of a 
lithiumatom(notto 

scale) 

::-:,,;.:,~;:,,;t;:;'"' 
e:1.6x10--19 C 

proton1G1riyapositM! 
chargeof+1e 

neutroo1G1nyr.ocharg,e 

In the years that followed it was confirmed that the nucleus consists of p rotons and neutrons, 
which contain almost all of the mass of the atom. The protons are positively charged and the 
neutrons are electrically neutral. The electrons are negatively charged but have very little mass 
in comparison to protons and neutrons. Atoms are electrically neutral because there are equal 
numbers of protons and electrons. In this model, the electrons orbit the nucleus because of 
the centripetal force provided by the electrical attraction between opposite charges. The vast 
majority of an atom is empty space, a vacuum. The properties of protons, neutrons and electrons 
aresummarizedinTable7.1. 

• Table 7.1 Properties - N-,m- ,- . -, ,-" -ti c-,, - . -,,-,o-xim- ,-,.- ,.-,,-tive- m,-,.- ,- , -,,.-ive- <h- ,-~ -, 
of sub-atomic 
particles 

1 
ffiO 

This model of the atom was never fully satisfactory because electromagnetic theory predicts that 
the centripetally accelerating electrons \\-Ould radiate away energy (and spiral inwards). Also, 
there were many properties of atoms that the theory could not explain, such as the reason for 
energy levels, and why the protons were not repelled from each other. 

This electrostatic mcxlel of the atom is still a common visualization but it has been replaced 
by a quantum mechanical model based on the wave behaviour of electrons - see Chapter 12. 
There are many more sub-atomic particles than protons, electrons and neut rons, and details are 
given later in this chapter (in Section 7.3). 

Nuclear structure 

P roton number, Z 

The number of protons in the nucleus of an atom determines which element it is. So, atoms of 
a particular element are identified by their proton number (sometimes called a1omic numb.er), 
which is given the symOOl Z. The periodic table of the elements arranges the elements in order 
of increasing proton number 

The proton number, Z, is the number of protons in the nucleus of an atom 

Because atoms are electrically neutral, the number of protons is equal to the number of electrons 
orbiting the nucleus 

Nucleon number, A 

Neutrons and protons are 00th found in the nucleus of the atom. The term nucleon is used for 
both these particles. 

The nucleon number, A, is defined as the total number of protons and neutrons in a nucleus. 

The nucleon number represents the mass of an atom, because the mass of an electron is 
negligible. Nucleon number is sometimes referred to as the mass number. 



numbef 
I :x 
I I 

proton element 
numbef symbci 

12nucleons 
I ,:c 
I I 

6protons element 
~,boo 

• Figure7.10 Standard 
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Neutron number, N 

The neutron number, N, is defined as the number of neutrons in a nucleus. 

The difference between a nucleon number and the proton number gives the number of neutrons 
in the nucleus 

N•A-Z 

Isotopes 

Two or more atoms with the same proton number may have different numbers of neutrons. 
The atoms are the same element but have different nucleon numbers. These atoms are called 
isotopes. 

Isotopes of an element have the same chemical properties. Most elements have several i.'lOtopes 

Nuclides 
The term nuclide is used to specify one particular species (type) of atom, as defined by the 
structure of its nucleus 

All atoms with the same nucleon number and the same proton number are described as 
atoms of the same nuclide. 

:~~:::: for specifying :t:~~ :~:nu:~:::~::r~Figure 7.10) used to represent a nuclide by identifying its proton 

• Figure 7.11 

The three isotopes 
of hydrogen 

It is important to make clear the difference between nuclides and isotopes. When referring 
to different types of atom we call them nuclides, however, when referring specifically to atoms of 
the same element with different nuclei, we call them isotopes 

Some elements have many isotopes, but others have very few or even one. For example, the 
most common isotope of hydrogen is hydrogen-I, lH. Its nucleus is a single proton. Hydrogen-2, 
iH , is called deuterium; its nucleus contains one proton and one neutron. Hydrogen-3, fH , with 
one proton and two neutrons, is called tritium. Hydrogen isotopes (Figure 7.11) are involved in 
fusion reactions (see Section 7.2 and Chapter 8). 

As a further example, the following nuclides are three isotopes of carbon: 
1iC(sixprotons,sixneutrons) 
1lC(sixprotons,sevenneutrons) 
1lC(sixprotons,eightneutrons) 

Samples of elements are usually mixtures of isotopes. Isotopes cannot be separated by chemical 
means. Separation can be achieved by processes that depend on the difference in masses of the 
isotopes, for example the diffusion rate of gaseous compounds. 

The notation for describing nuclides can also be applied to the nucleons. For example, a 
proton can be written as [P and a neutron as 6n. The electron can also be represented using 
this notation: its charge is -1 compared to the +I charge on a proton, so an electron can be 
represented by -~e, remembering that the mass (number) of the electron is effectively zero 
compared to the proton and neutron. 
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3 Dedu{e the nudeon, proton and neut ron numbers tor these two isotopes of lithium 

~Li and ~Li 

Draw simple diagrams showing the 51:ru{ture of these atoms 

Uthium-6: 6 m;deons, 3 protons, and 6 - :l = 
3neutrons 

lithium-7:7nucleons,3protons,and 7-3= 
4neutrons 

e,ruoos 

~ . 
'utrt>ns 

' 

• Figure 7.12 

,.ct~-

eutrons 

' 

4 An oxygen atom nudeus is represented by 1io. Describe its atomi{ stru{tme 

Thenudeushasaprotonnumberof8andanudeonnumberof16. Thus.itsnu{k>us{ontainseight 
protons and eight neutrons (16 - 8}. There are also eight eiectmns 

5 A potassium atom {onta im 19 protons. 19 eiectrons and 20 neutrons. Deduce its nudide notation 

Proton number Z = 19, and nudeon number A= 19 + 20 = 39 

31iK 

6 State the numbers of protons and neut rons in an atom of the isotope plutonium-239. 1:Pu 
numberofprotons{protonnumber}Z:94 

nu{leonnumber(A}:239 

10 The nudides 1\ ~1. 1/(Cs and ~Sr were all formed during atomic weapons testing. State the number of 
neutrons, protonsande!ectrons intheatomsolthese nudides 

11 Whatistheelectrk{hargeofthenudeus1He7 

12 Thenumberolek>ctrons,protonsandneutrons inanionofsulfurareequal to18,16arid16,respectively 
Whatisthernrrectnudidesymboiforthes.u llurion7 

13 Statethenumberofnudeoosin onecarbon-1:latom, 1~ 

14 Chlorine is an element that has 17 protons in its nude us. The two most {ommon isotopes of {hlorine are 
{hiorine-3Sandchlorine-37. 
• What are the nudide symbols tor these two isotopes? 
b Suggestwhytheperiodi{tabk>showsanatomi{massfor{hlorineof3S.45 

• Fundamental forces and their properties 
We know from Chapter 5 that there are electrical fon:es between charged particles and that Coulomb's 
law can be used to cakulate the magnirude of th:- forces, a'l sh:.wn in this worked example. 

7 a Estimateanorderofmagnitudefortheforcebetweenaheliumnu{k>usandoneoltheelectronsin 
theatom(assume thattheseparationis10-10m) 

b Estimateanorderolmagnitudefortheforcebetweenthetwoprotonsintheheiiumnudeus 

a F=k.'J#-

F :{B.99 x lOll) x (-l.6 x 1Q-l llj{~d~11; x 2 x 1Q-l llj ~ -10-7N (attmtive for{e) 

b F=k!!J)-

F:(8.99 x 10ll) x (+1.6 x 10·;;
0
~,;~-6 x lO-l 9) "' +101N(repolsrlefor{e) 
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In a simple mcdel of the atom the attractive forces between the 

'-_~ nucleU'l and the electrons keep the electrons in orbit moving around 
the nucleus, but the much larger forces (Worked example 7b) between 
the protons within the nuclell'l suggests that they should be repelled 
apart(seeFtgure7.13a) 

nt~:!;i;~:!:~=: op!s~s :tret:ttrt;:;u7s~:~ ~n~n::~=~t:t~~p:::::::~:e~ich 

nucleons pu lling them together This attracti\·e, very short-range force acts between nucleons 
(including neutrons) and is known as the st rong nuclear force . 

The electrical force is proportional to 1/separationl (as shown 
• Figure7.1 3Repulsiveandattractiveforcesina 

in the equations aOOve), but the strong nuclear force must decrease 
much more quickl}· with distance because it is negligible or zero except when the separation of 
the nucleons is very smalL typically less than 10- t.'i m. In other 'M:lrds, the strong nuclear force 
extends effectively only to its immediate neighOOurs - it does no t extend to all the nucleons in 
the nucleU'l 

The strong nuclear force is considered to be one of the four fundamental forces (in1eractioru) 
in the universe: 

• Strong nuclear force: only acts o n sub-atomic particles known as quarks (from which protons 
and neutrons are constructed). 'Short-range', within the nucleus. 

• Electmmagne1ic force: causes 00th magnetic and electrostatic effects and exists between two 
charges. It is this force that binds electrons to the positively charged nucleus to form an atom. 
It is also the force that binds atoms together to form solids, liquids and gases. It is attractive 
for unlike charges but repulsive for like charges. Its range is infinite but its magnitude obeys 
the inverse square law. 

• Grat'iuuional force: it exists between any t'Ml objects with mass. It is this force that binds &tars 
together to form galaxies (see Option D: Astrophysics). It is always attractive and its range 
is infinite. A galaxy can experience the gravitational pull by another galaxy many billions 
of kilometres away. Its magnitude obeys the inverse square law and is the weakest of the four 
fundamental forces 

• Weak nudear force: involved with radioactive decay (even shorter range than the strong 
nuclear force). 

These fundamental forces are discussed in more detail in Section 7.3. 

• Radi oactive decay 

Tote link 

The role of lud::lserendipity in successful scientific discovery is almost inevi@bly accompilllied by a 

scientiticit/i'f curious mind thilr will pursue the outcome of the 'lucky' event. To whar extent might scientific 
discoverie<i !hat have been de5cribed as being !he result of luck actuali'f be betrer described as being the 
resulrofreason orintui~·on7 

Radioactivitywasdi1eove!robya-c:cidentin 1896byHenri8ecque«>lwhowasca,rryingoutaserN'sof 
experiments on fluorescerxe. In the course of his experiments he put 10me potassium uranium sulfate (which 
emits radioactivity, but nobody knew that then) on a shee t of photographic film that was between two piec:l'S 
of black paper in a drawer. When Becquerel developed the film he four-Kl that ii had the same appearana> 
asifilhadbemexposedtorunlight,aN:hooghthat wasnotpossibk>.ln la-c:t,radiatioohadpassedfrom the 
uranium compoorKl through the black paper and exposed the film. In this rathef strange and serendipitous WiJ'f 
Becquerelhaddisc:overedradioactivity.{'Serendipity'me.insvnploonedaodur.expectedgoodlock.) 

Therearemanysimilarexamplesofaccidentaldisc0Yeriesinscience,bvtthesesho11ldnotsimp!ybeviewed 
as 'luck' because a spirit of investigation is a prerequisite, as well as excellent experimental skills. And, mo51 
importantly, the scientist needs to appreciate the significance of what may appear at the time to be a minor 
eflect(aN:houghBecquerelwasuncertainof lheexplanationatfirst). TheFrenchmkrnbiologistlooi1f>a'iteur 
i1wide!yquotedassaying'fortunefavoursthepreparedmind 
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• Figure7.14 Stable 

number plotted 

against proton 

An understanding of the causes of radioactivity begins with a consideration of the forces in the 
nucleus. 

The relative sizes of the Coulomb repulsion and the attractive strong nuclear force depends 
on the ratio of neutrons to protons (N/Z) in a nucleus; the balance between these two forces 
controls nuclear stability. Big nuclei with large numbers of protons and neutrons (typically Z 
> 82) are unstable because the longer-range repulsive electrical forces (from a large number of 
protons) can be greater than the short-range strong nuclear forces. But many nuclides of lower 
mass are al.'lO unstable. Figure 7.14 indicates how nuclear stability depends on the N/Z ratio. For 
low-mass atoms, stable nuclei have approximately equal numbers of protons and neutrons 
(N • Z), but larger nuclei need more neutrons (compared to protons) to achieve stability. 

, 
lf120 

i 
§100 

I 

Protoonumbef.Z 

In an attempt to become more stable, unstable nuclei may release nuclear radiation in the 
form of small particles and/or gamma rays. This is also described as ionbing radiat ion because 
it causes atoms in the surrounding materials to lose electrons and form ions. The release of a 
particle from a nucleus results in the formation of a different nuclide of a different element. 
This is known as transmutation. 

Rad ioactivity is the emission of ionizing radiat ion caused by changes in the nuclei of 
unstable atoms. The process by which radioact i\·e atoms change into other elements is 
known as radioactive decay 

Radioactive decay should not be confused with chemical or biological decay. The decay of a 
radioactive material will often not involve any ob\'ious change in appearance 

A material that emits measurable amounts of radioactivity may be described as mdioactiw, 
while an unstable atom may be referred to as a rad ioisotope or rad ionucl ide. 

It should be stressed that the decay of an unstable nucleus is S{X}ntaneous, random, 
unpredictable and uncontrollable 

Radioactive decay and the emission of nuclear radiation is unaffected by factors such as chemical 
composition, temperature and pressure. We cannot control when radioactive nuclei will decay; 
however, we can control our exposure to the emitted radiation. 
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The effect of ionizing radiation on humans 
All radiation that can cause ionization is dangerous to humans. Ionizing radiation comes 
in many forms and from many sources. It includes the radiation from natural radioactive 
substances and radiation from anificial sources, such as X-ray machines in hospitals and 
nuclear reactors 

People are exposed to a variety of ionizing radiations that are health risks. The danger is due 
to the absorption of energy from the radiation by the tissues of the body. This results in the 
formation of ions, which can kill or change living cells. 

Very high doses of radiation can cause cells to stop functioning and prevent them from 
undergoing cell division, resulting in the death of the cell. Widespread damage of cells in 
different tissues can result in death. There are also possible long-term delayed effects of ionizing 
radiation, such as sterility and cancers, especially leukaemia (cancer of the white blood cells) 
and inherited genetic defects (mutations) in the children of people who have been exposed to 

radiation 

The short-term effects of exposure to large doses of radiation include radiation burns (redn= 
and sores on the skin) mainly caused by beta and gamma radiations. There may also be 
blindness and the formation of cataracts in the eyes. Radiation sickn= occurs when a person 
has a single large exposure to radiation. Nausea and vomiting are the main symptoms, together 
with fever, hair loss and poor wound healing. 

Medical experts are uncertain about the long-term effects of exposure to low doses of radiation 
Estimates of the risk of radiation damage are based on the assumption that as the dose of 
radiation becomes smaller, so the risk is reduced in proportion. 

The main risks from alpha and beta radiation come from sources that get inside a person. 
Because alpha and beta particles do not penetrate very far into the body, the risks from external 
solid or liquid sources are fairly small. However, care must be taken to stop radioactive materials 
from being eaten or inhaled (breathed in) from the air. So no eating, drinking or smoking 
is allowed where any radioactive materials are handled, and disposable gloves and protective 
clothing are worn. Masks are 'Mlm in mines where radioactive dust particles are airborne. 

Gamma radiation and X-rays from external sources can be absorbed deep inside the b:xly, 
and people who are exposed to sources of X-rays and gamma radiation must be protected as 
much as possible. The dose a person receives can be limited in a number of ways: by using lead 
shielding, by keeping a brge distance between the person and source, and by keeping exposure 
times as short as possible 

People who 'Mlrk with ionizing radiation may wear a film badge or detector that gives a 
permanent record of the radiation dose received. Workers may also be checked for radiation 
contamination by using sensitive radiation monitors before they leave their place of work 
A worker handling radioactive materials may use remote-controlled tools and sit behind a 
shielding wall made of thick lead and concrete. 

When radioactive materials are used in medicine they are chosen carefully to have the least 
damaging effects on the body. 

Nuclear reactors produce large amounts of high-frequency electromagnetic radiation (gamma 
rays) and radioactive waste materials. The safe storage of nuclear waste for thousands of years is 
a very important safety issue that requires international debate. Nuclear reactors also produce 
large numbers of neutrons, which are released from the nuclei of uranium atoms. High-speed 
neutrons are also a form of dangerous ionizing radiation. 

l Explain why nuclear radiation is used extensively in hospitals, even though it is considered 
to be a serious health risk. 
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• Alpha part icles, beta particles a nd gamma rays 
Radioactive nuclides may emit three kinds of radiation· 

• alpha particles 

• beta particles (positive and negative) 

• gamma rays (often associated with alpha or beta emission). 

Atoms of the same radionuclide always emit the same kind of radiation 

Alpha radiation 
An alpha pa rticle is the same as a helium-4 nucleus: the combination of two protons and 
two neutrons. It has a nucleon number of 4 and a proton number of +2. Alpha particles are 
represented by the symbols 1a or 1He. 

Clearly the emission of an alpha particle results in the loss of two protons and two neutrons 
from a nucleus, so that the proton number of the nuclide decreases by two and a new element is 
formed (transmutation). This can be represented in a nuclear equat ion as follows: 

1_X ~ t1H jHe 
parent nuclide daughter nuclide alpha particle 

Nuclear equations must balance: the sum of the nucleon numbers and proton numbers must be 
equal on both sides of the equation. The terms parent nuclide and daugh1er nuclide are commonly 
used to describe the nuclides before and after the decay, respectively. 

The change to a more stable nucleus is equivalent to a decrease in nuclear potential energy; 
this energy is transferred to the kinetic energy of the alpha particle (and the daughter nucleus). 
Because there are only two particles after the decay, they must initially mm·e in exactly opposite 
directions. This is because of the bw of conservation of momentum, which also predicts that 
the alpha particle will have a much faster speed (if it is emitted from a massive nucleus). Emitted 
alpha particles from the same type of nuclide usually have the same speed and the same energy, 
typically about 5 MeV (reminder: energy in J • energy in eV/1.6 x 10-19). (But some radionuclides 
can emit alpha particles of one of several different energies.) 

For example, an alpha particle is emitted when a radium-226 nucleus decays, resulting in the 
formation of a radon-222 nucleus. This is described by the nuclear equation· 

The alpha particle pro.::luced in this decay has a kinetic energy of 4.7 MeV. 

Beta radiation 
In an unstable nucleus it is possible for an uncharged neutron to be converted into a positive 
proton and a negative electron. This also invokes the creation of another particle called an 
(electron) antineutrino, V

0
• Antineutrinos (and neutrinos) are wry small particles with no 

charge,sotheyare\·erydifficult to detect 

After this nuclear reaction happens it is not po;;sible for the newly formed electron to remain 
within the nucleus and it is ejected from the atom at a very high speed (close to the speed of 
light). It is then called a beta-negat i~·e particle and it is represented by the symbol~~ or -~e 

When beta-negative decay occurs, the number of nucleons in the nucleus remains the same, 
but the number of protons increases by one, so that a new element is formed (transmutation) 
This can be represented in a nuclear equation 

1_X ~ l1X -~e + V0 

parent nuclide daughter nuclide beta particle 

A:; with alpha decay, the change to a more stable nucleus is equivalent to a decrease in nuclear 
potential energy and this is transferred to the kinetic energy of the particles. Because there 
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are three (rather than two) particles after the decay, which may move in a variety of different 
directions, the beta particles emitted from the same type of nuclide will not all have the same 
speeds and energies (consider the bw of conservation of momentum). There will be a well­
defined maximum energy however, typically aOOut I MeV. 

For example, beta-negative particles are emitted when a strontium-90 nucleus undergoes beta 
decay, resulting in the formation of an yttrium-90 nucleus: 

~Sr-t~+~e+V
0 

The beta-negative particle in this decay has a kinetic energy of 0.55 MeV. 
In a similar proce,s called beta-poii1iw decay, a {X)Sitively charged proton in a nucleus is 

converted into neutron and a {X)Sitively charged electron, called a positron, which is then 
ejected from the atom (after which it is called a beta-positi\·e particle). An (electron) neutrino, 
v., is created at the same time. The electron and the {X)Sitron are considered to be matter­
antimatter. This is discu,sed in more detail in Section 7.3. 

The following equation represents a typical beta-positive decay· 

A full understanding of beta decay requires knowledge of quarks and the weak nuclear force (see 
Section 7.3) 

Gamma radiation 
G amma r~rs are high-frequency, high-energy electromagnetic radiation (photons) released from 
unstable nuclei. A typical wavelength is about 10- 12 m. This corresponds to an energy of about 
I MeV (use E • he/A).Gamma rays are often emitted after an unstable nucleus has emitted an 
alpha or beta particle. Gamma rays may be represented by the symOOl gy. 

For example, when a thorium-234 nucleus is furmed from a uranium-238 nucleus by alpha 
decay, the thorium nucleus contains excess energy and is said to be in an excited state. The 
excited thorium nucleus (shown by the symbol * in an equation) returns to a more stable state by 
emittingagammaray: 

Because gamma rays have no mass or charge, the composition of the emitting nucleus does not 
change. There is no transmutation 

15 Complete the following nuclear equations and name the decay processes involved 

b 2gJAm--->Np +~He 

16 A gamma ray has a wavelength of 5.76 x 10- 11 m. What is the energy fin MeV) of a photon of this 
radiation? 

17 Wrilenuclearequationsforthefollowingnucl&1rfl!iKtions 

a alphadecayof ,%Pt 

b beta-negativedecayofj1Na 

c gamma emission Imm ~Co 

Use a periodic table to identify any new elements formed 

18 Cakulatethespeedofanalphapartidewithkineti{energyof3.79MeV{usethePhy5ksdatabookletto 
obtain the masses involved) 

19 Use the law of rnnservation of momentum to explain why beta particles emitted from the same •;otm:e 
musthavearange(s.pectrum}ofdifferentspeedsandenergies 

20 When the unstable nucleus magnesium-23 decays, a positron is emitted (beta-positi~e decay). Write a 
nucl&irequationforthis 
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• Figure7.1 5Sources 

of background 

radiation in the UK 

• Rad ioactivity experime nts 
The properties of nuclear radiations can be investigated in a school laboratory if suitable 
radioactive sources are available. Alternatively, it is possible to use apparatus or computer 
programs that simubte radioactive experiments. 

If ionizing radiation from a radioactive source enters the human lxx:ly it is hazardous to 
health (see Additional Perspectives, page 293), so it is important that any radioactive sources 
used have a very low power, and that they are treated with the appropriate safety precautions 
These include: 

• Sources should be kept in thick, lead-lined containers. When not in use they should be 
locked away securely. 

• Sources should be used for as short a time as possible 

• Sources need to be well-labelled, with appropriate warnings 

• Sources should be handled with tongs and always directed away from people. 

• Lead shielding can be used to stop radiation spreading outside of the apparatus 

When nuclear radiation enters a detector it is usually detected as single events, and these 
are 'counted', so that we may refer to the count or the count ra te (count per second) from a 
detector and (Geiger) counur. The unpredictable nature of individual radioactive decays means 
that significant variation in count may be observed. This is not an error, but more consistent 
measurements will be obtained with higher counts. 

Background radiation 
Traces of radioactive isotopes occur naturally in almost all substances. We are therefore 
all exposed to very low levels of radiation all the time. This cannot be avoided and it is 
called background radiation. Of course, some locations have a higher background count 
than others. Figure 7.15 shows where the background radiation typically comes from in 
the UK 

radonanditsdilughterproductsarereK'asedintotheairfollowing 
thedecayofnatuallyocrnrringuraniumisotopesfoundingranite 

medical SOllrt:es 
such as X-rays 

internalsourcesfromthe 
foodweeat,theliquklswe 
drink and the air we breathe 

gamma rays from 
rock.sand soil 

cmmKraysfromouters.pilCe 

lwkslromsourcesusedin 
pov,,erstationsandhospitals 

The internal sources are radioactive nuclides, such as potassium-40, ni,c, which are found in our 
lxx:lies. The radon gas in the air comes from naturally occurring radioactive materials such as 
radium, thorium and uranium in the Earth's crust. Most of the cosmic radiation from space is 
absorbed by the Earth's atmosphere but some reaches the ground. Howe\·er, people in high-flying 
aircraft and astronauts receive a much larger cosmic radiation dose. Cosmic rays include fast­
moving nuclei of hydrogen and helium atoms. 

Measurements of radiation counts from sources in the laboratory should normally be 
adjusted for the background count. For example, if the background count was JO min-1 at the 
time that a count rate of 387 s-l was being measured from a source, then the adjusted rate v..ould 
be 386.Ss-1. Clearly the background count will be more significant when lower readings are 
being taken 
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Absorption characteristics of decay particles 
Testing the absorption of ionizing radiation in various materials is one of the most common 
radioactivity investigations. However, their absorption (range) in air should be understocd first. 

Alpha particles are absorbed by a few centimetres of air (typically four or five). Beta particles 
penetrate further - up to about 30cm. Gamma rays are very penetrating because there is very 
little absorption. But note that a gamma ray count rate will fall rapidly with increasing distance 
from the source because, even without any absorption, as the rays spread out the intensity will 
decrease with an inverse square rebtionship 

As alpha particles and beta partcles travel through matter, they collide with atoms causing them 
to lose one or more electrons. The ionized atom (ion) and the resulting free electron are called an ion 
pair (Rgure 7.16). When the kinetic energy cl the particle has been reduced to a bw value (comparable 
to the surrounding atoms), it will stop moving forward and can be considered as 'absorbed'. 

0 
'QI--

a-particle 
before 0 

0 

0 

0 '7• 
0 

0 . 0 

0 
0 'QI -
• •0 a-partkle 

has lost . 0 

The pnxluction of an ion pair requires the separation of unlike charges, hence this process 
requires energy. Alpha particles have a relatively large mass, so that they transfer energy quite 
effectively in collisions with molecules typically of greater mass. This makes alpha particles 
efficient ionizers. They may pnxluce as many as lo" ion pairs for every centimetre of air through 
which they pass. As a result they lose energy relatively quickly and have low penetrating power. 

Beta particles have considerably less mass than alpha particles. Consequently they are 
much less efficient at transferring energy in collisions and pnxluce much fewer ion pairs per 
centimetre. They are, therefore, far more penetrating than alpha particles. 

Because gamma rays have no charge or mass, their ionizing pw,er is much lower than that of 
alpha or beta particles. Their greater penetrating power makes gamma rays the most dangerous of 
the radiations entering the body from outside. Their energy is also transferred all in one interaction, 
rather than gradually during many collisions, and this can cause more hann to individual lxxly cells 

Generally we would expect absorption of any radiation to be more extensive in denser 
materials. Figure 7.17 illustrates the absorption of nuclear radiations in paper, aluminium and 
lead. These materials ha\·e become the otandards used to compare absorptions. Note that 
because alpha particles are easily absorbed in air, their absorption in other materials must be 
tested within a few centimetres of the source 

thkkpaper to rate counter 

l~s<hao Scm cY 
he!iuma:, ~ GMtube c=Ytoratecouot!.'f 
nudl.'4~ 

II II GM tube 
electrons 

GM tube q----- to rate couoter 

An unknown radiation can be identified from the materials that will absorb it. Alternatively, a 
radiation can be identified from its behaviour in electric or magnetic fields, as discussed in the 
next section 
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• Figure 7.18 
Behaviour of ionizing 

magnetic field 

• Figure7.19 
Behaviour of ionizing 

Deflecting radiation in fields 
Alpha and beta radiation will be emitted in random directions from their sources, but they 
can be formed into narrow beams (collimated) by passing the radiation through slits. Because 
a beam of alpha particles, or beta particles, is a flow of charge they will be deflected if they 
pass perpendicularly across a magnetic field (as discussed in Chapter 5). Gamma radiation is 
uncharged, so it cannot be deflected 

Figure 7.18 shows the passage of the three types of ionizing radiation across a strong magnetic 
field. Aeming's left-hand rule can be applied to confirm the deflection of the alpha and beta 
particles into circular paths, the magnetic force providing the centripetal force. The radill'l of the 
path of a charged particle moving perpendicularly across a magnetic field can be calculated from 
r•mv/qB(page252). 

An alpha particle has twice the charge and about 8000 times the mass of a beta particle, 
although a typical beta particle may be moving ten-times faster. Taking all three factors into 
consideration, we can predict that the radius of an alpha particle's path may be aOOUt 400 times 
the radius of a beta particle in the same magnetic field. 

(Note that observation of the deflection of alpha particles will ll'lually require a vacuum.) 

magnetic field 
perpendirnlarout 

ofplanerpaper 

Alpha and beta radiation can also be deflected by electric fields, as shown in Figure 7.19. Alpha 
particles are attracted to the negative plate; beta particles are attracted to the positive plate 
The combination of constant speed in one direction, with a constant perpendicular force and 
acceleration, pnxluces a parabolic trajectory. This is similar to the projectile movement discussed 
in Chapter 2. The deflection of the alpha particles is small in comparison to beta particles, due 
to the same factors as discussed for magnetic deflection 

21 Alpha partkles lose about S x 10- 1s J of kinetic energy in each collision with ar1 atom or molecule in 
the air. An alpha particle travelling throogh air makes 101 ionizing co llisiom with molecules or atoms in 
theairforeachcentimetreoftravel.Calculatetheapproximaterangeofanalphapartkle iftheparticle 
begimwithanenergyof4.7x1Q-1lJ 

22 Alpha particles are absorbed much moll:! easily than beta partkles with the same energy. yet alpha 
particlesaremOfemassivethanbetaparticles.Explainthis 

23 Whydoesionizingradiationtravel furtherinairifthepressureisreduced? 

24 Explain why a somce of alpha particles outside the human body may be considered to be very low ris.l::. but 
asoorceinsidethebodyisahighrisk 
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25 R<ldiatioofromagammilrifisourreisdetectedatadistanceof12cmfromasoorceandacoontrateof 
373s-1i1recorded.E1timatethecountrateifthedistancewa1: 

b inueasedto39cm 

26 Ouringaradi0iKlivityinvestigatioothebac:kg1oondrnuntwa1me.rsu1edthreetimes,9ivin9theresults 
38min-1.41min-1and36min-1 

11 Explainwhythesemeasurementsarealldifferent 
b Calrnlateanaveragebac:kgroundrnuntrateins-1 

c Explain why background radiation causes problems in experiments that involve mearuririg low count 

27 Explain how beta particles can be identified using experiments that observi! their ability to penetrate 
different materials 

• Summary of properties of alpha and beta particles and 
gamma rays 

Property Alpha (~ Bet a @+ orp-J Gamma('rl 

Relative charge 0 

1 
1840 

Typical penetration Scmair;thinpaper 30cmair;few highly penetrating; 
millimetres of aluminium partially absorbed by thick, 

denseffiilterials 

positrooorelectron ek>ctromagneticwiNe/ 
photoo 

Typkalspeed 107ms-l ~ 2.Sx 1QSms-1 3.00xlOSms-1 

~ o.1c ~o.9c: 

fHeorju jeorsP ,~~ 

Ionizing ability very high light very low 

Absorbed by piece of paper interisityhar.edby2cmlead 

• Patterns of radioactive decay 
The decay of a single unstable nucleus is a spontaneous and random event. It is unpredictable 
in a similar way that the result of tossing a single coin is unpredictable. However, we can be sure 
that if we toss a large number of coins, about SO per cent will be heads and about 50 per cent 
will be tails. Similarly, we can say that when we ha\·e a large number of undecayed nuclei, about 
SO per cent of them will decay in a certain time. Even the tiniest sample of a radioactive material 
contains a very large number of nuclei, and this means that the random process of radioactive 
decay can be predicted 

Half- life 

The half-life of a radioactive nuclide is the time taken for half of any sample of unstable 
nuclei to decay. 

Half-life is given the symbol T w The half-lives of different radioactive nuclides can vary 
enormously, from fractions of a second to billions of years. See Table 7.3 for some examples. 
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• Table 7.3Examples 

• Figure 7.20 
The pattern of 

radioactive decay 

can be simulated by 

throwing dice 

• Table7.4 Results 

of dice-throwing 

experiment 

4.5><10gyears 

1.6x103years 

3.8days 

After each half-life has elapsed, half of the remaining unstable nuclei will decay in the next 
half-life. As a much simplified example, if there were 64 (billion) nuclei at the start, after each 
successive half-life, the number remaining would be aOOut 32, 16, 8, 4, 2 ... Theoretically the 
numberwillneverreducetozero 

The process of radioactive decay can be simulated by the throwing of dice (Figure 7.20) 
Consider the following experiment in which a group of students start by throwing 6000 dice. 
Each time a six is thrown, that dice is removed. The results fur the number of dice after each 
throw are shown in Table 7.4. 

Number ofdiceremaining Number ofdi ce removed 

Figure 7.21 is a graph of the number of dice remaining plotted against the number of throws. 
This is an example of a decay rnrw. The rate at which dice (with a six) are removed decreases 
because fewer sixes occur when fewer dice are thrown. Reading values from the graph shows 
that approximately J .8 throws v,.uuld be required w halve the number of dice. After another 3.8 
throws the number of dice would halve again. The 'half-life' of the process is J .8 throws. 

Alternatively a graph of the number of dice removed against number of throws could be 
drawn. This graph will have the same shape and same half-life as the graph shown in Figure 7.21 

The dice experiment is a useful mo.::lel (analogy) for representing radioactive decay, with the 
dice representing 6000 radioactive nuclei and the rate of decay decreasing with time. 
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• Figure7.22 

Radioactive decay 
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The graph in Figure 7.21 is an example of a quantity undergoing decay in which the rate of 
decay (modelled by the dice) is directly proportional to the amount remaining (number of dice) 
This is known as an exponential decay. The mathematics of exponential decay is not needed 
here, but it is described in Chapter 12 and in 1B mathematics courses 

Figure 7.22 shows a typical graph representing a radioactive decay with a half-life ofTw It 
has the same shape as Figure 7.21. A value for the half-life can be determined by ch(X)sing any 
value and finding the time taken for that value to halve. Accuracy can be improved by choosing 
several pairs of values and cakulating an average 

--------------------------------r,n r,n r,n r,n 

For example, radium-226 (an alpha emitter) has a half-life of 1620 years. This means that if we 
start with I g of pure radium-226, then O.Sg of it will have undergone radioactive decay in 1620 
years. After another 1620 years (another half-life), half of the tadium-226 atoms remaining will 
have decayed, leaving 0.25 g, and so on. 

Experimental determination of half-life 
Counting numbers of undecared nuclei in a sch(X)l's radioactive source is not possible, so we 
need to use changes in count rates to determine half-lives. The count rate from a radiation 
counter placed close to a radioactive source will be an indication of the rate of decay in the 
source. (The actual number of decays occurring every second in the source is called its ac1iviry 
and has the unit Bequerel, Bq. This is discussed in Chapter 12.) 
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• Figure7.23The 
radioactive decay 

of a sample of 

radioactive decay 
of a sample of 

fu stated earlier, the rate of radioactive decay is pro{X)nional to the number of atoms still 
undecayed. This means that the half-life of a radionuclide is also equal to the time taken for the 
count rate (or activity of the source) to halve. 

If a radioactive source with a convenient half-life (between a few minutes and a few hours) is 
available, the half-life can be determined by taking sufficient count rate measurements to plot a 
decay curve. If not, many useful computer simulations are available. 

28 Theinitialcountratefromasampleofaradioac:tivenudideis8000s-1.Thehalf-lifeofthenudide 
is 5 minutes. Sketch a graph to show how the activity of the s<1mple changes over a time interval of 
25minutes 

29 The table below shows the variation with time. r, of the count rate of a ,;ample of <1 r<1dioactive nuclide X 
Theaveragebac:kgroundcountduringtheexperiml'fllw<1s36min-1 

Count 
rate/min-1 854 752 688 576 544 486 448 

a Plotagraphtoshowthevariationwithtimeofthecorrectedcountrate 
b Usethegraphtodeterminethehalf-lifeofnudideX 

30 Explainwhyitmightbedifficultl04"alab04"<1torytopmYidearildioisotopewithahatf-Hfeof.forexample. 
10minutes 

Radioactive decay problems 
If the half-life of a nuclide is known then the number of undecayed nuclei, o r the count rate, 
after successive half-lives can be determined if the initial values are known. 

Figure 7.23 illustrates the radioactive decay of a sample of americium-242, which has a 
half-life of 16 hours. Initially there are 40 million undecayed nuclei. The grey circles represent 
undecayed nuclei and the orange circles represent decayed nuclei. With each half-life, half of the 
remaining undecayed nuclei decay. 

Q :clmillionundecayednuclei Q :clmilliondec:ayednudei 

I I I I 
undecayed 

nuclei 

20million 
undecayed 

nuclei 
undecayed 

nuclei 

Smill ion 
undecayed 

nuclei 

This process of radioactive decay is summarized in numerical form in Table 7.5 

Frac tion of ori ginal 
undecayednuclei decayed 

undecayednuclei remain ing nuclei elapsed 

40 x 106 

20 x 106 20 x 106 

10x 106 30 x 106 

5.0 x 106 35 x 106 

2.S x 106 ,,, 37.S x 106 

of hours 
elapsed 
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8 Thehalf- lifeoffrancium-221 is4.8minutes 
a Cakulate the fraction of a sample of pure francium-221 remaining undecayed after a time of 

14.4minutes 
b Whatlrild:ionoftheoriginalsamplewi llhavedecayed? 

a Thehalf-lifeoffrancium-221is4.8minutes.so14.4minutesisthreeha tl-lives(14.4+4.8) 
Alter one half-life, half of the sample will remain 1mdecayed 

After two half-lives, 0.5 x 0.5 = 0.25 of the sample will remain undecayed 

Afte r three hall-lives, 0.5 x 0.25 = 0.125 of the sample will remain undecayed 

Henceafter14.4minutesthefrilclionolfrancium-221 ll!mainingundecayedis0.125.or~ 

b1-t=t 
9 Caesium-137hasahalf-lifeof30years.lfthein itialcountratefromasourcewas104s· 1.whatisthe 

count rate after 
a 120years 
b 135y&irs? 

a 120yearsisequivalenttofourhalf- lives.10thecountratewillhavedecreasedbyafi1Ctorof16(24) 
andwill be10'/16:630s· 1 

b 135y&irsisequivalentto4.5hatl-lives,soWf!knowthat thecountwillbebetween625and313. 
but it is not midway betWf!en these values because decay is not linear. The mathematics needed to 
makethisulculationisgiveoin5ection 12.2.(Thecorrectansweris442s· 1.) 

31 Aradk>activesubstance hasahalf-l ileof l ivedaysandtheinitialcountrateis500min· 1.ttthebackgf0\lnd 
countwasfoundtobe20min· 1.whatwill bethecountrateafter15days? 

32 a The half-life of frandum-221 is 4.8 minutes. Cakulate the fraction of a sample of lrandum-221 
rema ining undecayed after a time of 24.0 minutes 

b Thehalf-liferadon-222is3.8days.Cakulatethefractionofasampleofradon-222that hasdecayed 
after15.2days 

c Cobalt-60 is used in many applications in which gamma radiation is required. The half-life of cobalt-60 
is5.26years.Acobalt-60sourcehasan initialild:ivityof2.00x1015 decayss· 1.Whatwill beitsac:tivity 
after26.30years7 

d A radioactive element has a half-life of 80 minutes. How long will it take for the count rate to decrease 
to 250 per minute if the in itial count rate is 1000 per minute? 

• Thehalf-lifeofradium-226is1601years.Foraninitialsample 
I whatlractionhasdecayedafter4803 ywrs? 
II what fraction remains tmdecayed after 6404 years? 

33 Technetium-99 is a radioactive waste product from nucl&ir power stations. It has a half-life of 212000 y&irs 
• Estimatethepercentageoltechnetiumthatisstillradioactilli!afteronemillion)',!ars 
b Approximately how many years are needed for the ild:ivity from the technetium to fall to 1 per cent of 

its original va lue? 

Decay series 
Heavy radioactive nuclides, such as radium-226 and uranium-238, cannot become stable by 
emitt ing just one particle. They undergo a radioactive decay series, producing either an alpha 
or a beta particle and maybe gamma radiation during each step, until a stable nuclide is formed. 
For example, uranium-238 undergoes a decay series (see Figure 7.24) to eventually form stable 
lead-206. Each decay will have its own particular half-life 

If it was po,sible to have a source of pure uranium-238, for example, it \ffiuld immediately 
start decaying into other nuclides and, after some time, all the nuclides in the decay series would 
be present in the sample. The relative proportions of different nuclides depends on their half­
lives. After a wry long t ime most of the source will have turned into lead. In other words, we 
should expect many radioactive sources (of the heavier elements particularly) to contain a range 
ofdifferentnuclides 
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• Figu re 7.24 
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Figure 7.24 shows a small part of an overall N- Z plot. Readers are advised to inspect a full 
neutron number- proton number plot, which is commonly known as a ch.m-1 of 1he nudides 
because it has a space fur every known nuclide. Stable and unstable nuclides are clearly indicated 
and the kind of radiation emitted is often shown 

Figure 7.25 represents haw the chart position of a nuclide changes during alpha decay and 
beta-negative decay (beta-positive decay is in the opposite direction). The movement on the 
chart can be seen as an attempt to move towards the line of stability. Gamma rays do not cause 
transmutation. 

·~ i N 

! 
I Z-2 
z N- 2 100 1moreproton 

1fewerneutroo 
Protoonumber,Z Protonnumbef.Z 

• Figure7.25Transmutationsonachartofthenuclides 
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• Uses of rad io nuclides 
Radioactive substances have a wide range of uses and, although these are not directly included 
in the 1B course, students are recommended to research one or t\<-0 of the following applications: 

• diagnosis of illness 

• treatmentofdisease 

• 'tracers' 

• food preservation 

• sterilization of medical equipment 

• determining the age of rocks 

• locating faults in metal structures, such as pipes 

• carbon dating 

MHMi\liOULM Carbon dating 
Archaeological specimens (which were previously living plants or animals) with ages up to 

about 50000 years can be dated using the isotope carbon-14. Carbon-14, which has a half­
life of 5730 years, is constantly being formed in the upper atmosphere. When cosmic rays 
enter the atmosphere they can produce neutrons. The nuclear reaction shown below can 
then take place: 

ljN +/,n-t iic+ lH 
This type of reaction is an example of a natural transmutation in which a nuclide absorbs 
another smaller particle into its nucleus and undergoes a nuclear reaction to form a new 
nuclide. 

The carbon-14 (present in the atmosphere as carbon dioxide, 14COl) is taken in by plants 
during photosynthesis. The plants are eaten by animals, which may then be eaten by other 
animals. However, once the animal or plant dies no more radioactive carb:m-14 is taken in and 
the percentage in the remains starts to decrease due to radioactive decay (Figure 7.27) 

This means that if the ratio of carbon-14 to carbon-12 is known then the age of the specimen 
can be determined. The activity of carbon-14 in living materials is about 19 counts per minute 
for each gram of specimen. This technique of carbon dating can be used to determine the ages 
of animal remains and \\-UCl<l, paper and cloth. It has also provided supporting evidence that 
there has been change (evolution) in groups of organisms over time 
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• Figure7.27 

incorporated into 

living tissue 

• ,,~ (I 

wood and paper 

l Find out about at least one specific example of the use of carbon dating to determine the 
ageofanhistoricalanefact. 

2 Sketch a graph to show how the carbon-14 count rate from a sample might vary over about 
20000years 

@ijftj@j[0]1tM Medical tracers 

• Figure7.28 

Injecting a 

Nuclear medicine involves the use of radioactive substances to detect (or treat) abrormalities in 

the function of pmicubr organs in the bc:x:ly. Substances introduced into the bc:x:lyfor this purpose 
are called !Tocers. They may be injected or ingested (see Rgure 7.28). The radioactive substance 
most commonly used is technetium.Wm. This is an excited atom produced from molyb.::lenum-99 
by beta decay. The decay pnxess has a half-life of six hours and the gamma photons have an 
energy of 0.14MeV. Bcxh of these properties make technetium-99m a gocxl choice for tracer srudies 
The amount of energy carried by the gamma photons makes them easy to detect (using a gamma 
camera). The half-life ci six hours is a gocxl compromise between activity lasting long erough to 
be useful in nuclear medicine and the wish to expose the patient to ioni:ing radiation for as short 
a time pericd as possible. The technetium is usually used to 'label' a molecule that is preferentially 
taken up by the tissue. This illustrates how knowledge of radioactivity, radioactive substances and 
the radioactive decay law are crucial in modern nuclear medicine. 

I Write a nuclear equation ,howing the formation of technetium-99m 
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7.2 Nuclear reaction S -energycan be released in nuclear decays and 
reactions as a result of the relationship between mass and energy 

In this section we will concentrate on the energy that can be released when there are changes in 
the structure of nuclei. These changes include· 

• spontaneous natural radioacti\·e decays, as discussed in Section 7.1 

• nuclear fission (splitting a nucleus into two smaller nuclei) 

• nuclear fusion (joining two small nuclei to make one larger nucleus) 

• other artificially induced reactions 

As we shall see, when energy is released the masses involved must decrease slightly, so we will 
begin by introducing the unified atomic mass unit 

• The unified atomic mass unit 
The kilogram is an inconveniently large unit for the masses of atoms and sub-atomic particles. The 
Wli{ied aiomic mass unit, u, is the most widely used unit for mass on the microscopic scale. The 
unified atomic mass unit is approximately equal to the mass of a proton or neutron, but it is very 
precisely defined as follows: 

The unif ied atom ic mass unit is defined as one-twelfth of the mass of an isolated carbon-12 

From Chapter 3 we know that, by definition, one mole of carbon-12 has a mass of 12.00000g 
and contains 6.022 141 x lQLJ atoms (this is the value for NA to seven significant figures) 

Therefore, the mass ofonecarbon-12 atom• 
6

_
0
~:-~~0ll • 1.992647 x 10-ll and one 

unified atomic mass unit, u • -h (1.992647 x 10-llg) • 0 .166054 x 10-llg 

To four significant figures, 1 u • 1.661 x 10-l7kg. 

This value is given in the PhyJics data booklet 
Expressed in unified atomic mass units, the rest mai&s of the proton, neutron and electron are: 

• mass of the proton, mp • 1.007276u (• 1.673 x 10-17 kg) 

• mass of the neutron, mn • 1.008665 u (• 1.675 X 10-17 kg) 

• mass of the electron, m, • 0.000549 u (• 9.110 x 10- Jl kg) 

All these values are given in the Physics data booklet. 
The rest mass of a particle is the mass of an isolated particle that is at rest relative to 

the observer 

• The relationship between mass and energy 
According to Einstein's special theory of relativity, any mass, m, is equivalent to an amount of 
energy, E. Einstein said 'mass and energy are different manifestations of the same thing'. If the 
energy of any system increases (in any form), then its mass increases too. This is explained in 
more detail in Option A: Relativity. 

The mass and the energy of a system are proportional, E/m • constant. The constant is the 
speed of light, c, squared, so that· 

E • mc:1 

This famous equation shows us that a very small mass is equivalent to an rn.ormous amount of 
energy. For example, a mass of 1 g is equivalent to about JOHJ . If we increase or decrease the 
energy of an everyday object by changing its potential energy, kinetic energy or internal energy, 
there will always be an accompanying change in mass, but it will be much too small to measure. 
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But on the atomic scale, relati\·ely large amounts of energy are transferred from relatively small 
mas.ses, so that the energy-mass equivalence becomes much more relevant and useful. 

Whenever a nuclear reaction results in the release of energy from an atom, there must be a 
corresponding decrease in mass of the nucleus, l\.m, which is equivalent to its loss of energy, l\.E. 
The nucleus has less energy, so it must have less mass. 

This equation is given in the Physics data booklet 
The energy equivalent of I u • (1.6605 x 10-27 ) x (2.9979 x Jc8)2 • 1.4924 x 10-JOJ 
Converting joules to electronvolts: (1.4924 x 10-l0)/(1.6022 x 10-19) • 9.315 x ic8eV 

The energy equivalent of a mass of I u is 931.5 MeV. 

For a larger scale example, when one kilogram of uranium-235 undergoes fission in a nuclear 
reactor, the total energy released from the nuclei is approximately 8 x JC)l1 J. This corresponds to 
asmall,butmeasurable,decreaseinoverallmass; 

l\.E 8 x !d1 

l\.m•7 • (3.00x!b8)l '" 9xIO- •kg 

ToK link 

The acceptil!Ke that m.-m illld energy are equi\ldlem was a major paradigm shift in physks. How have other 
paradigmshiftschangedthedirectionofseience?Havetherebeensimilarparadigmshiftsinotherareasof 
knowledge? 

A phy'iics paradigm is a widely occepted model and a WiJY of thinking t,,, which an aspect of the physical 
world is viewed and described. A paradigm sh ift is when one paradigm is discarded in favour of another. It 
ofteninvoWesradkalchange 

Formanycenturie1scientill1hadrnn'iideredenergyandmasstot>edistinctandunrelatedtoeachother. 
But Einstein's propo-;al that mass and energy are equivalent to e.-..c:h other completely changed that WiJY of 
thinking. It was a completely new paradigm. Mass-energy equiVdlence is fundamental to moll important 
studies and research in modem phy'iics. from particle physics and nuclear phy'iics to cosmology 

One of the moll famous paradigm shifts in science was the change from an Earth-centred model of the 
universe to a Sun-centred model (and then to a model without a centre). Each model rejl.'cted the one that 
preceded it as lundamentalty flawed. and ii seems that science cannot willingly have conflicting modejs to 
descrit>ethesamething. Thesamemaynotbetrueofotherareasofknowledge 

An alternative unit for atomic-scale mass 

Considering the equivalence of mass and energy, we can reconsider the unit we use for mass 
Since m = E,-i, a unit for mass can be expressed in terms of energy divided by the speed of light 
squared 

The SI unit for mass is then seen as .V(ms- 1) 2, which is known as the kilogram 
But, as we have seen in atomic and nuclear physics, energy is often measured in electron 

volts, eV (keV or MeV). In this measurement system the unit of mass becomes MeV c-2• This unit 
isnotgivenanyothername. 

10 There1tmassofaprotoni11.007276u 
a What is this mass in units of MeVcl? 
b Whatistheenergyequiva~ntofthi1mas1? 

a 1.007276x931.S:938.3MeVcl 



• Figure 7.29 Binding 

energy is needed to 
separate nucleons; 

this example is 

lithium-7 
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34 Use Einstein's mas5-energy equivaleoce rekcltiom,hip to calculate the energy equivalent of 500g of matter. 

35 An atom k>ses a mass of 2.2 x 10-JOKg after a nuclear reaction. Determine the energy obta ined in joules 
duetothislossofnudearmass 

36 Cakulatetheincreaseinmasswhen1.00kgofwaterabwrbs4.20 x 10'Jofenergytoproducea 
temperatureriseof10.0°C 

37 Themassdecreasef()(thedecilj'oloneradiumatomis8.S x lQ-lO kg.Calculatetheenergyequivalent 
inMeV. 

• Mass defect and nuclear binding energy 
In any nucleus, strong nuclear furces hold the nucleons together, so it can be described as a 
bound 5ystem. If we wanted to separate any or all of the nucleons (in a particle physics thought 
experiment) we would have to supply energy to the system. See Figure 7.29. 

The binding energy of a nucleus is the amount of energy needed to completely separate all of 
its nucleons. 

nudeus 
(small mass) 

bindingenergy - 0 
0 

Q 
separatednocleons 

(kclrgermass) 

Alternatively, binding energy can be interpreted as the energy released when a nucleus is formed 
from its nucleons. The binding energy is equivalent to the p:>tential energy in the nucleus. 

The energy needed to remo\·e one nucleon from the nucleus is approximately equal to the 
binding energy divided by the number of nucleons. This is known as the a\·erage binding energy 
per nucleon. Nuclei with high values for their average binding energy per nucleon are considered 
to be the most srnble. (N uclear srnbility should not be confused with chemical stability.) 
N ickel-62 is the nuclide wit h the highest average binding energy per nucleon 

Supplying energy to a system means that the mass of the system must increase (energy-mass 
equivalence), so the total mass of the separated nucleons must be higher than their combined 
mass when they were together in the nucleus 

Consider a numerical example: the mass of a carlxm-12 atom is (by definition) 12.000 000u 
The atom is composed of six protons, six neutrons and six electrons. However, the sum of the 
separate rest masses of the sub-atomic particles is more than 12.000000u as follows: 

(6 x 1.007 276u) + (6 x 1.008665 u) + (6 x 0.000549u) • 12.09894u 

When these particles joined together to make a carOOn-12 atom there was a reduction in mass 
of 0.09894 u and an equivalent increase in nuclear potential energy. This difference in mass is 
called the mats ikfec1 of the atom. More usually this term is just applied to a nucleus 

The mass defect of a nucleus is the difference between the mass of the nucleus and the sum 
of the masses of its nucleons if separated 

The binding energy and mass defect of a nucleus are equivalent to each other 
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• Figure7.30Aplot 

of binding energy 
per nucleon against 

number of nucleons 

11 Aparticularnudeushasamassdefectof0.369u 
a What is iii binding energy in MeV? 
b tf ii contains 40 nucleons. what is the average binding energy per nucleon? 

a 0.369x931.S:J44MeV 

b ~:8.6MeV 

12 Calculate the mass defect (1n eOOroovolts) arid binding energy of a helium atom {4.00260u). It consists 
of two protons (&Kh of mass 1.007276u), two neutroos {each of mass 1.008665u)and two ~ectroos 
(&Khofmass0.000549u). 1u=931.5MeVc-1 

Thetotalmassoftheindividualparticles:(2x 1.007276)+(2 x 1.008665)+(2x0.000549) 
:4.03298u 

Massdefect:4.03298-4.00260:0.03038u 

M:0.03038x931.5:28.30MeV 

Variations in nuclear stability (average binding energy per nucleon) 
A plot of binding energy per nucleon against nucleon number shows some important 
variations. Clearly larger nuclei have higher overall binding energies, and we might expect 
that the binding energy was approximately proportional to the number of nucleons, so that 
the average binding energy per nucleon was constant. However Figure 7.30 shows that, 
although a value of between 7 and 9 is typical for most nuclides, a clear pattern is seen with a 
peak at nickel-62. 

,Li : 

6Li fusion : fissioo 
~~, ~~~~-m~~~~~~~~~~ 

possiMe ' po5sible 

3 'H 
'H, 

'H 
o+-~~~~~~~~~~~~~~~ 

0 
Numberofnucleoos,A 

This chart is sometimes drawn the other way up, with nega1i11e binding energies. The use of 
negative binding energies is consistent with systems in which separated particles have zero 
energy, and bound particles have negative binding energy, representing the fact that energy must 
be provided to the system in order for it to reach zero energy. As other examples, remember that 
the electron energy le\·els within atoms are given negative values and that gravitational potential 
energies are always negative 



13 Determine the bindingenergypernudeonofthenudeusof 1~C 

Toli1lrestma11ofindividui1IPfolonsi1ndneutrons 

(6x1.007276u)+(6x1.00866Su)=12.09S646u 

12.09S646u -12.000000u:0.095646Su 

Bindingenergypernu{leon 

0.09S6 4~i x 931 .S = 7.425 MeV per nudeoo 
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38 The binding energy of ii {ilfbon-14 nudeus is 102 MeV. Cill{uklte the binding energy per nudeon 

3g Ci1kuli1le the binding energy. in MeV. of ii nilrogen-14 nudeus with a mass defect of 0.108517u 

40 Themils.sofilnkkel-62atomis61.92835u.Cakulateitsaverilgebindingenergypernudeoo{Proton 
numberolnKkelis28) 

41 • Estimatetheaverilgebindingenergypernudeonoluranium-235fromFigure7.30 
b Cakulilteavalueforthetotalbindingenergyolthenudide 

Jli!ll!llmlllll Patterns, trends and discrepancies 
Searching for patterns in measurements and observations is a major preoccupation of scientists 
and there are mu excellent examples in this chapter, both of which have been represented 
graphically: Figures 7.14 and 7.30. These two charts are presented as empirical results, without 
any theoretical background. Of course, such patterns demand explanations but, even without 
those, they provide the information needed to make very useful predictions about nuclide 
stability. As a further example of the usefulness of patterns, if we check further into the observed 
patterns of nuclear stability, we find that, for example: 

• Figure7.31 Any 
nuclear process that 

of average binding 

energy per nucleon 

releases energy 

• Nuclides containing odd numbers of both protons and neutrons are the least stable. 
• Nuclides containing even numbers of both protons and neutrons are the most stable 
• Nuclides that contain odd numbers of protons and even numbers of neutrons are less stable 

than nuclides that contain e\·en numbers of protons and cdd numbers of neutrons. 

• Nuclea r fi ss ion and nuclear fusi on 

Nuclear fission 
Nuclear fission is the splitting of a heavy nucleus into two lighter nuclei If fission can be made 
to happen, it is accompanied by the release of a large amount of energy (kinetic energy of the 
particles and the electromagnetic energy of photons). The two newly-formed nuclei are more 
stable than the previous single nucleus, and this is shown by the fact that they have a higher 
average binding energy per nucleon. See Figure 7.31a 

fissionofillilrgenu{leusiocreases 
thesizeofbindingenergyper ""'""" ""' ···-f"" 

fusionolsmallnudeiir,crease1 
thesizeofbindingenergyper 
nu{leonilndreleasesenergy 
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The most common fission reaction is instigated by the bombardment of uranium-235 nuclei 
by slow-moving neutrons. This can result in the capture of a neutron and the formation of 
uranium-236. This is an unstable nuclide that undergoes fission readily. A typical fission reaction 
is as follows: 

in+ 2J~U -t ~U -t 1tlBa + ~Kr + 3in + photons 

The neutrons released may be absorbed by other uranium-235 nuclei and induce additional 
fission reactions. Nuclear fission reactors make use of controlled fission (see Chapter 8). Atomic 
bombs make use of uncomro!!ed fission. 

... ~~. The risks associated with nuclear power 
\~}' Because of the possible risks involved, the use of nuclear power and the possible development 

of nuclear weapons has been a major issue worldwide for the past 70 years. Most people have 
strong opinions on this subject and a few countries ha\·e nuclear policies that can cause major 
disagreements with their neighbours and other countries. In a world with an ever-increasing 
demand for energy supplies, nuclear power has significant advantages, but many people consider 
that the risks are too high. International discussion and collaboration are needed to avoid 
conflict, but who makes the final decisions? Nuclear power is discussed in much greater detail in 
Chapter 8. 

Nuclear fusion 
Nuclear fusion is the combination of nm light nuclei to produce a heavier nucleus. Energy 
is released in the process. As with fission, the newly-formed nucleus is more stable than the 
previous two nuclei, as shown by the fact that it has a higher average binding energy per 
nucleon. See Figure 7.31b. 

An example is the fusion of two hydrogen-2 nuclei (deuterium) to produce a helium-3 nucleus: 

fH + fH -t{He+ bn 

Temperatures in the region of lo'! kelvin are required to provide the fusing nuclei with sufficient 
kinetic energy to overcome their mutual repulsion. Experimental nuclear fusion reactors make 
use of controlled nuclear fusion, but they ha\·e not been able to produce a sustainable power 
output. There is more about this in Chapter 8 

• Calcu lating energy re leased during nuclear react ions 

Radioactive decay 

A!; an example, consider the alpha decay of radium-226. We will assume that the radium atom 
has no significant kinetic energy. 

~Ra-t 2llRn + 1He 

Consider the masses on both sides of this equation: 

• Rest mass of radium • 226.0254u 

• Rest mass of radon• 222.0176u 

• Rest mass of alpha particle• 4.0026u 

A simple calculation shows that the mass after the reaction is 0.0052 u less than before. The 
same result will be obtained whether we consider the masses of atoms or the masses of nuclei, 
because the masses of the electrons remain unchanged. We know that the total mass- energy 
must be the same before and after the decay (conservation of energy), so the difference in mass 
must have been converted to the kinetic energy of the alpha particle and the radon nucleus); 
0052 u is equivalent to 4.84 MeV. 

Because the alpha particle has a much smaller mass than the radium nucleus we know, from 
the law of conservation of momentum, that it will move much faster and carry most of the 
kinetic energy. The actual energy of the alpha particle is 4.7 MeV. 

One mole of radium (226g) will release a total energy of: 

6.01 x !CY1 x4_71 • 2.84 x !CY~MeV 
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This is a lot of energy (4.54 x 1()1 1 J), but remember that the energy will be released over a very 
long time because the half-life of radium-226 is al:out 1600 years. Radionuclides are not generally 
used to transfer large amounts of energy because they are both low p:>wer and very expensive, but 
they can provide energy for a long pericxl of time. Alpha sources can be used to generate small 
amounts of electrical energy in places that are difficult to access, such that replacing a p:>wer 
source would be problematic. This inclOOes some uses on satellites and space probes. 

But another kind of nuclear reaction is capable of transferring large amounts of energy 
quickly~nuclearfission. 

Nuclear fission 

As an example, consider this fission of uranium-235 into nuclides of barium and krypton, similar 
to that discussed before: 

in+ 2,PiU ~ ~U ~ 1tBa + ~Kr +:\In+ photons 

• Rest mass of neutron • 1.0087 u 

• Rest mass of uranium-235 • 235.0439u 

• Rest mass ofbarium-144 • 144.9229u 

• Rest mass ofkrypton-89 • 88.9178u 

Rest mass on left-hand side of the equation • Z36.0526u 
Rest mass on right-hand side of the equation • 235.8668 u 
Massdifference•0.1858u 

This mass difference is equivalent to 173.1 MeV (0.1858 x 931.5). This amount of energy is 
released from each fission in the form of kinetic energy of the resulting nuclei and neutrons, and 
as photons. The fission of one mole of uranium-235 nuclei (235 g) in this way will release: 

(173.J X 106) X (6.02 X l()B) X (J.6x J0-19) • J.7 X lQllj 

As we will discuss in Chapter 8, the release of such a large amount of energy from a small amount 
of uranium can be controlled. The energy is mostly absorbed within the source and this raises its 
temperature such that steam can be pnxl.uced and used to tum turbines that generate electricity. 

Nuclear fusion 

As an example, consider the example of a fusion reaction given before: 

i H + JH~{He+ in 

• Restmassofhydrogen-Z •Z.0141u 

• Rest massofhelium-3 • 3.0161 u 

• Rest mass of neutron • 1.0086 u 

Rest mass on left-hand side of the equation • 4.0282 u 
Rest mass on right-hand side of the equation • 4.0247 u 
Mass difference • 0.0035 u 

This mass difference is equivalent to 3.26MeV (0.0035 x 931 .5). This amount of energy is 
released from each fusion in the form of kinetic energy of the resulting nucleus and neutron. The 
fission of one mole ofhydrogen-2 nuclei (2g) in this way will release· 

(J.26x 106) x (6.02; 101l) x (1.6x 10-19) • I.6 x lQllJ 

The energy that would be released from the fusion of one kilogmm of hydrogen-2 is of the same 
order of magnitude as that released from the fission of one kilogram of uranium-235 

In order for two positively charged nuclei to fuse together they must have enough kinetic 
energy to overcome the repulsive electric forces between them. This requires extremely high 
temperatures. Much research continues into the technology that will allow this to happen in a 
controlled and sustained way. See Chapter 8. 

Although nuclear fusion has only been achieved for relati\·ely short times on Earth, it is the 
dominant energy transfer taking place in &tars. The fusion of hydrogen into helium is the origin 
of the radiated energy that is released from stars, including the Sun. See Option D: Astrophysics 
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42 Thorium-227 decays by alpha emission to radium-223 {proton number of tnorium = 90, mass of thorium 
nucleus= 227.0278u, mass of radon nucleus= 223.0186u, mass of alpha particle= 4.0026 u) 
a Writeanuclearequationforthisdecay 
b Calculatetheenergy(MeV)released inthedecay 

43 Use data from the previous page to confirm that 'the energy that would be r~eased from the fusion 
ofonekilogramofhydrogen-2isofthesameorderolmitgnitudeasreleasedfromthelissionofooe 
kilogramofuranium-235' 

44 AA alpha particle i1 emitted from radon-222 with energy ol 5.4'}MeV. 
a Calculatethespeedoftnealphaparticle 
b Determine the speed of the radon nucleus immed~tely after the decay - assume that it was at rest 

before.{Masses:alphaparticle:6.64S x 10· 11kg,radonnucleus:3.687 x 10-11 kg) 

45 Onepossiblereactiontakingplaceinthec()(eofanuclearreactoris· 

(Masses: uranium-235, 235.123u; molybdenum-95, 94.945u; lanthanum-139, 138.9S5u; neutron, 
1.009u.0.235kgofuranium-235contains6 x 1011 atoms;1u:931.5MeV.)Forthi1fissionreaction, 
calcuklte 
a the mass (in atomic mass units) on each side of the equation (ignore the mass of electrons) 
b thechangeinmass(inatomic mass units) 
c theenergyr~easedperfissionofauranium-23Snucleus(inMeV) 
d theenl'(gyil'iaiklblelromthefissionof0.100gofuranium-23S(injoules) 

46 TwofusionreactionsthattakeplaceintheSunaredescribedbelow 
• Ahydrogen-2nucleusabsorbsaprotontoformahelium-3nucleus 
• Two helium-3 nuclei fuse to form a h~ium-4 nucleus plus two free protons 
Foreachnuclearreaction,writedowntheappropriatenuclearequationandcalculatetheenergy 
releasedinMeV 

(Masses: hydrogen-2, 2.01410u; helium-3, 3.0160Su; helium-4, 4.00260u; proton, 1.00728u and 
neutron,1.00867u; 1u:931.5MeV) 

· ·- ~~:ie:rr!~a~t ~~~s~ aii~~~ :1c~ r ~~~!~:~ ;::~~~~y

5

change to the nucleus of an atom. 
Nuclear reactions will produce different elements if the number of protons changes. Chemical 
react ions always produce new substances, but they never involve changes in nuclei, so they do 
not create new elements. Chemical reactions involve the rearrangement of electrons and this 
typically invok es much smaller amounts of energy than nuclear changes. Rates of chemical 
react ions are influenced by temperature and catalysts. Rates of nuclear reactions are unaffected 
by such factors, o r the physical form of the substances involved. 

Both chemical and nuclear reactions are involved in the production of nuclear power. The 
extraction of uranium from the ground and the processes preparing the fuel for the reactors 
necessitate chemical changes, whereas nuclear fission is obviously a nuclear reaction. 

l Find out why uranium hexafluoride is needed in the production of nuclear fuel 

2 Use the internet to compare (an order of magnitude) the energy that can be transferred 
when I kg of oil is burned in a conventional power station to when I kg of uranium-235 
reacts in a nuclear power stat ion 
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7.3 The structure of matter -n;,b,Ueeedth,tallthematte, 
around us is made up of fundamental particles called quarks and leptons. It is known that 
matter has a hierarchical structure with quarks making up nucleons, nucleons making 
up nuclei, nuclei and electrons making up atoms and atoms making up molecules. In this 
hierarchical structure, the smallest scale is seen for quarks and leptons (10- 18 m) 

The basic nature of matter and the different particles within it (and the forces between them) 
have always been a central theme of physics. With such knowledge, scientists are also able to 
develop an understanding of the beginnings of the universe and make predictions about how it 
will change in the future. This kind of research has been a source of fascination and motivation 
for many generations of scientists. 

The basic proton- neutron- electron structure of the atom outlined at the beginning of this 
chapter was developed in the early years of the twentieth century and it still remains the most 
common visualization of an atom. This final section of the chapter will outline how this model 
has been refined in the light of [lK}re recent experimental evidence, up to and including the 
discovery of the Higgs l:oson in 2012. But we will begin with a discussion of one of the most 
famous of all physics experiments, the series of investigations that first led to the concept of the 
atom with a central nucleus - the Geiger- Marsden experiment. 

• The Geiger-Marsden experiment 
The most common method of finding out about atomic structure is to direct a stream of fast­
moving tiny particles at much larger atoms and see how the atoms and particles are affected 
by the 'collisions' (if at all). Modem nuclear research laboratories accelerate charged particles 
with electric fields, to give them as much energy as possible, before they are made to collide 
with other particles. This branch of physics is generally known as high-energy physics. 

The first experiments investigating the structure of the atom took place just over 100 years 
ago but, at that time, modern particle accelerators were obviously not available and the most 
energetic particle beams were those produced in radioactive decay. 

In 1909, Ernest Rutherford and two of his research students, Geiger and 
Marsden, \\Urking at the University of Manchester, UK, directed a narrow 
beam of alpha par1icles from a radioactive source at a l'CTY thin gold foil. A 
zinc sulfide detector was moved around the foil to determine the directions 
in which alpha particles travelled after striking the foil (Figure 7.32). The 
alpha particles have enough energy to emit a tiny flash of light when they 
are stopped by the zinc sulfide 

• Figure7.32 Thealphaparticlescattering 

Alpha particles carry a very large amount of energy relative to their 
small size and, at that time, it was expected that the alpha particles would 
not be affected much by passing through such thin gold. Gold foil can be 
made very thin (less than 10-6 m) and may then only have about 3000 
layers of atoms. Although alpha particles only travel al:out 4cm in air, they 
would encounter many more molecules travelling that distance in air than experiment 
passing through gold atoms in very thin foil. But Geiger and Marsden's 
results were surprising. 

Rutherford published the results in 1911. He reported that: 

• most of the alpha particles passed through the foil with very little or no deviation from their 
original path 

• a small number of particles (about 1 in 1800) were deviated through an angle of more than 
about 10° 

• an extremely small number of particles (al:out 1 in 10000) were deflected through an angle 
larger than 90°. 

At that time, physicists knew that atoms were not elementary particles because they contained 
electrons and emitted radiation. Many atomic structure theories were being put forward but none 
were really satisfactory until Rutherford had the insight to proi:ose the nuclear model of the atom. 
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• Figure7.33Alpha 
particle trajectories 
in the gold foil 
experiment 

• Figure7.34 

nitrogenatom,with 

orbiting the positive 

the diameter of the 
atom is more than 
30000timeslarger 

From alpha particle scattering experimental results Rutherford drew the following conclusions 

• Most of the mass of an atom is concentrated in a very small volume at the centre of the 
atom. Most alpha articles would therefore pass through the foil undeviated (continuing in a 
straight line) because most of the atom was empty space (a vacuum) 

• The centre (he called it the nucleus) of an atom must be positively charged in order to 
repel the positively charged alpha particles. Alpha particles that pass close to a nucleus will 
experience a strong electrostatic repulsive force, causing them to change direction. 

• Only alpha particles that pass very close to the nucleus, almost striking it head-on, will 
experience electrostatic repulsion large enough to cause them to deviate through angles 
larger than 90°. The fact that so few particles did so confirms that the nucleus is very small, 
and that most of the atom is empty space (a vacuum) 

Figure 7.33 shows some of the possible trajectories (paths) of the alpha particles. Rutherford used 
his new nuclear model of the atom and G:>ulomb's inverse square law (covered in Chapter 5) 

to explain the repulsive force between the i:ositively charged particles. He used the forces 
to calcubte the fraction of alpha particles expected to be deviated through various angles 
Rutherford's calculations agreed very closely with the results from the experiment, supi:orting his 
proposal of a nuclear model of the atom 

l!"'"""'""' 
dosestapproac:h 

From his results, Rutherford calculated that the diameter of the nucleus is in the order of 10- 11 m, 
compared to the diameter of the whole atom, which is in the order of 10- 10 m. Figure 7.34 shows 
the features of the nuclear model of a nitrogen atom with approximate dimensions. 

·.~ ----------------------------orbiting 

'"""'" 

= := :===:= ==l6 x10-15m 2x10-10m 

positive 
nucleus 

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

Alpha particle scattering can be modelled using simple apparatus such as that shown in 
Figure 7.35, in which a small ball rolls down a wooden ramp onto a specially shaped metal 
'hill'. The shape of the hill is made so that , when viewed from above, the ball moves as 
if it was being repelled from the centre of the hill by an inverse square law of repulsion 
In other words, gravitational forces are used to model electric forces. Using this apparatus 
it is possible to investigate how the direction in which a ball travels after leaving the hill 
(the scattering a ngle) depends on its initial direction ('aiming error') and/or its energy. 
In Geiger and Marsden's experiment it was not possible to observe the scattering paths 
of individual alpha particles, but the observed scattering pattern of large numbers of 
alpha particles in a beam is found to be in very close agreement with modelling based on 
individual balls rolling on hills. 



• Figure7.35Alpha 

particle scattering 
analogue 

•••• 
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47 Explain in fewer than 100 words (without using a diagram) why Rutherford concluded that atoms conta in 
a small. positivetycharged central nucleus 

48 • Makeasketchofanalphapartidebeingdeflectedthrough'Xl0 byagoldnudeus 
b On the same sketch draw the p;ith of an alpha particle (appmiKhing along the same path as before) 

being scattered by a copper nucleus (which has a lower pmtoo number} 
c Show how an alpha particle of higher energy would be affected rf ii approached a gold nucleus aloog 

theximepath 

4g Analphaparticleneartycol lideswithagoldnudeusandreturnsalongtheximepath.Sketchagraph 
showir.g how the electric potential eoergy and kinetic energy possessed by the alpha particle vary with the 
distanceofthealphapartidelromthegoldnudeus 

SO Whatwouldhil'lehappenedrfneutronshadbeenusedinRutherfOfd"sexperimentinsteadofalpha 
partides?Explainyouranswer. 

The plum-pudding model 
The first scientist w propose an internal structure for the atom was Joseph John ('J.J.') Thomson 
in 1904. This followed his discovery of the negatively charged electron a few years earlier from 
which it became clear that the atom was not an elementary, indivisible particle. Thomson 

proposed that an atom consists of a uniform sphere of positive charge in which 
a number of negatively charged electrons were randomly distributed. This was 
popubrly known as the 'plum-pudding' mcdel (Figure 7.36) and it assumed that the 
mass and positive charge of the atom was spread evenly over the entire atom 

Thomson's mcdel could explain the electrical neutrality of the atom, but could not 
be reconciled with Rutherford's scattering of alpha particles, discovered years bter. 
Rutherford's nuclear mcdel was a paradigm 5hift in thinking about atomic structure 
and Thomson's mcdel was then abandoned. 

• Figure 7.36 Thomson's If Thomson's mcdel had been correct, the maximum deflecting force on the alpha 
'plum-pudding' model of atomic particle as it passed through an atom would be small, because the positive ard 
structure showing undeflected negative charges and mass are uniformly distributed in the sphere of the atom 
alpha particles The highly energi:ed alpha particles would pass through mostly undeflected 

(Figure 7.36), as had been originally predicted. 

l Explain why the results of Geiger and Marsden's alpha particle scattering experiment do not 
support Thomson's 'plum-pudding' mcdel of the atom. 

• Part icle class ificatio ns 
So far in this chapter we have referred to the following sub-atomic particles and radiation· 

• protons 

• electrons 

• (electron) neutrinos 

• photons. 
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• Figure 7.37 The 

And the following antiparticles (see comment below): 

• positrons 

• (electron) antineutrinos 

We will now discuss whether or not these are dem.emary particles and what other types of particles 
are found inside atoms. There are three types of sub-atomic particle - and this is the basis of the 
Standard Model of elementary particles. More details are provided later in this chapter. 

• leptons: electrons, neutrinos, antineutrinos and positrons are particles of low mass known 
as leptons. These particles have never been split apart into smaller particles and behave as 
point-like fundamental particles. Particles such as these, which have no detectable internal 
structure, are known as elementary part icles. Two or more elementary particles of the same 
kind, for example tv..o electrons, are completely identical 

• Quarks: the proton and the neutron are nor elementary particles. They are made up of smaller 
elementary particles known as quarks and, as such, they are examples of composite particles. 

• Exchange particles, also known as gauge bosons. As we shall see, the four fundamental forces 
(interactions) that were listed in Section 7.1 can be explained by the exchange of particles 
For example, the photon is responsible for the electromagnetic interaction. 

Within these three classifications there are a large number of composite, non-elementary 
particles, only some of which are mentioned in this book. Most of these can only be created 
in high-energy particle physics laboratories and they may be difficult to detect and/or are short 
lived (decay quickly into other particles). There is no requirement to remember their specific 
names or properties. 

The naming of the different types of sub-atomic particles can be confusing. Figure 7.37 is 
presented for easy reference. It summarizes the names that will be used in the rest of this chapter. 

Fu11damentalp.irtkle1 
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• Particles and a ntiparticles 

For every sub-atomic particle there is an antipa rticle that has same mass as the particle, but 
the opposite charge (if it is charged) and opposite quantum numbers (see page 322). 

For example, the electron, e- , has a negative charge, while its antiparticle, the positron, e*, has 
positive charge. Other antiparticles are typically denoted with a bar over the particle's symOOl 
In some cases, however, particle and antiparticle coincide; for example, the photon is its own 
antiparticle 

In 1932, the positron was the first antiparticle to be discovered when a particle with the mass 
of an electron was observed to be deflected by a magnetic field in the opposite direction (to an 
electron). The antiproton was discovered more than 20 years later 

Antimatter is material that is made up of antiparticles. If antimatter comes 
into contact with matter, they will annihilate (Figure 7.38), turning all the mass 
into energy (according to E • mcl). For example, in a collision of an electron and 
a positron, a pair of high-energy photons (gamma rays) are created. The reverse of 
thisprocessisalso(X)ssibleandisanexampleofpairproduction(seepage517) 

• Figure7.38 Ann ihilationofan 

Particle physics theories based on perfect symmetry predict that the early 
universe after the Big Bang would contain equal numbers of particles and 
antiparticles. Today, however, physicists observe a universe that consists almost 
entirely of matter and very little antimatter. The reasons for this are still not fully electron-positron pair 
understood 

• Quarks, le pto ns and their antiparticl es 

Quarks 
By the late 1960s a large number of different sub-atomic 
particles had been identified and physicists were questioning 
whether they were all elementary or made of a much lower 
number of smaller particles combined in different ways 
Murray Gell-Mann (see Figure 7.39) and George Zweig 
proposed the existence of quarks in 1964 but their discovery 
was not confirmed until aOOut ten years later, when the 
scattering of high-energy electrons off nucleons suggested 
that protons and neu trons had some kind of inner structure 
and, therefore, that they were not elementary. 

The name 'quark' was selected from Finnegan's \Vake 
written by the Irish author James Joyce and published in 
1939. At that time only three quarks had been proposed 

Three quarh for Mimer Mark! 
Surehehasnotgotmuchofabark 
And mre any he has i1's all beside the mark. • Figure 7.39 MurrayGell-Mann 

In order to e.xplain the properties of the composite particles that contain quarks, six different types, 
or flavours, of quark are needed. They are given the names up, down, strange, charm, /.,,:morn and 
wp. The fLwour of quarks has no meaning other than as a way of distinguishing them (Table 7.6) 
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Properties of quarks 

• Figure7.40 

quarks in some 

baryons and mesons 

All six types of quark have an electric charge that is either 1/ 1 orl/1 of the magnitude of an 
electron'scharge,e. 

Symbol Electri c charge Baryon number Strangeness 

-\e 
strange -\e 

Baryon number and strangeness are explained later. A simplified version of this chart is included 
in the Physics data booklet 

Quarks are never found as free particles. They are always combined together. Particles 
comixised of combinations of quarks are called had rons. 

Antiquarks have the opposite charge to quarks. For example, the anti-down quark has the 
symOOl d. and charge +\e 

Up and down quarks are generally stable (although they are involved in beta decay) and they 
are by far the most common quarks in the universe, whereas charm, strange, top and OOttom 
quarks can only be prcduced in high-energy collisions (such as those involving cosmic rays and 
in particle accelerators). For the rest of this chapter, for simplicity, we will only discuss up, down 
and strange quarks. It is, however, interesting to mention that the top quark is the heaviest sub­
atomic particle ever observed, with a mass that is nearly as heavy as an entire atom of gold and, 
together with the recently-discovered Higgs OOson, it is one the elementary particles receiving 
the greatest attention. 

The concept of strangeness was first intrcduced when some mesons (see below) were found 
to have 'strange' properties (they took much longer to decay than was expected). This unusual 
behaviour was then explained by proposing that the particle contained a different kind of 
quark: a strange quark. The concept of strangeness was extremely important from an historical 
perspective; however, it is no [lK}re fundamental than any of the other quark flavours - and we 
can talk similarly of topness, OOttomness etc. 

Hadrons, baryons and mesons 
There are two types of hadron (particles containing quarks) - bar)Ons and mesons. 

B ar yon s 

Baryons contain three quarks. A prolon is a bar)On composed of two up quarks and one down 
quark (uud), such that it has total charge of +e. A neutron is a baryon composed of two down 
quarks and one up quark (udd), such that it has no overall charge. See Figure 7.40. 

proton 

antiprotoo 

baryons 

/If' 
d 
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But there are other bar)'Uns apart from protons and neutrons. For example, the lambda zero 
particle contains an up quark, a down quark and a strange quark (uds). This particle 
is uncharged. It is described as having a strangeness of -1 (meaning that it contains a 
strange quark) 

M eson s 

The combination of a quark with an antiquark is called a meson. For example, the 11+ meson 
(pion) is a combination of an up quark and a down antiquark (lid). See Figure 7.40. It has a 
charge of +le. Its antiparticle, then- meson, contains a down quark and an up antiquark \Ud) 

A K° kaon is a meson contains an anti-strange quark, (dS). It is uncharged and has a 
strangeness of +I (meaning that it contains an antistrange quark). 

Mesons occur only in high-energy interactions in matter. They have short lifetimes before 
they decay. 

Confinement 

The fact that quarks are only ever found bound together as hadrons and never exist as free 
particles is called quark confinement. 

To explain this we need to consider the nature of the strong force between two quarks: this force 
does n()( vary considerably with distance (unlike o ther forces, which decreai;e with di5tance; for 
example the electric force between two charges decreases with distance with an inverse square 
relationship). This means that the work(• force x distance) that \\UUld have to be done to 
completely separately quarks would be infinite. If a large amount of energy is supplied to two 
quarks there is the possibility that the energy could be converted to mass, with the formation 
of another pair of quarks. In other words, the energy supplied in an attempt to separate them 
produces a quark- antiquark pair long before they are far enough apart w observe separately. 

51 Summarizetheessentialdiffell!ncebetweenbaryomandmesom 

52 Whatisthequarkstructureof 
• anantiproton 
b anantineutron? 

54 When a proton collided with a negative pion {ud), a neutron was formed and one other p;irtkle 
a Whatwasthequarl<.structureoftheotherp;irticle? 
b What assumption did yoo make7 

Leptons 
There are six leptons: the electron and its neutrino, the muot1 and its neutrino, and the tau and 
itsneutrino.SeeTable7.7 

Lepton Symbol Electriccharge/e Restmass(MeVc-2) Lepton number 

very small.not confirmed 

very small,notrnnfirmed 

very small.not confirmed 

Lepton number is explained later (page 322). A simplified version of this chart is included in the 
Physicsda1abooklet. 

The three neutrinos of the electron, muon and tau all have very small masses. The muon is 
present in cosmic rays, but the tau has only been detected in high-energy collisions in a particle 
collider. The muon is unstable and quickly decays into an electron, an electron antineutrino 
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and a muon neu trino. The electron is the charge carrier in metallic conductors and semi­
conductors. Electron neutrinos are formed during beta-posit ive decay, as we saw earlier in this 
chapter. 

• The conservation laws of charge, baryon number, lepton 
number and strangeness 

Particles can have a range of properties. Apart from mas.s- energy equivalence, we have 
already referred to charge, flavour and spin. In any particle decay or interaction, many of these 
properties are conserved. This is a similar principle to the conservation of proton and nucleon 
numbers in radioact ive decay 

Quantum numbers are used to describe quant ized values of conserved quant ities· 

• Thequantumnumberforcharge, ll), !I}, I, 111} . .. is always conserved. 

• The quantum baryon number is the number of baryons; it is always conserved (antibaryons 
have a baryon number of -1). Quarks have a baryon number of l!j. 

• The quantum lepton number is the number of leptons; it is always conserved (antileptons 
ha\·e a lepton number of -1) 

• Strangeness is conserved in electromagnetic and strong interactions, but not always in weak 
interactions. All quarks have a strangenes.s ofO except the strange quark(-!). 

14 Applytheconservatkmlawstothefollowingposs.ibleinteractions 
a n--i,p+e- +V

0 

b l:°--,,n++n-

a Baryonnumber:1=1+0+0 
leptonnumber:0=0+1+(-1) 
Charge:0=1+{-1)+0 
Strangeneo;s:0=0+0+0 

The conservations laws ore all correct. so the interaction can occur. It isbeta-neg.ati~erndil>iKtive 
dea,y 

b Baryonnumber:0=0+0 
leptonnumber:0:0+0 
Charge:0=1+{-1) 
Strangeness:1=0+0 
Strangenessisnotconserved.sothe interactioncannotoccur. 

55 Aneutral kaon{d;)rnninteractwithaprotontoproduceapmitivekaon(u;)andanotherpartide, x 
K°+p --,,K• +x 
Deducethenatureofx 

56 Use the conservation rules to determine if the loOowing nuclear rea<tiom are possible. Research the 
propertiesoftheparticleswherenecessary. 
• n+p --i, e• +v, 
b p+p --,, n- + rr+ 
c e• +e- --+r+Y 
d n- +p--+K°+AO 
• n°+n--+K• + i:• 



• Figure 7.41 A ball 
being exchanged 
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• The nature and range of the strong nuclear force, weak 
nuclear force and electromagnetic force 

The four fundamental interactions in nature were briefly mentioned earlier in this chapter. They 
are summarized in Table 7.8. (The weak and the electromagnetic interactions are sometimes 
considered as combined in the tlectTo--weak interaction.) 

Approximate 
relative size Range/m 

strong nuclear quarksandgluom 10 11 

electromagnetic all {hargedp;irticles 10-1 lnfinite,butreo.KeSwith 
anirwers.esquarelaw 

quarksandk>ptom 10-6 10-T~ 

gravitational 10 1~ (not lnfinite,butreduces 
signifirnntfOf 
individualpartides) square law 

A simplified version of this is included in the Physics daia booklet 

• Exchange particles 

Exchange 
particle 
gluon(g) 

photon(y) 

gril'liton 
(theoretical) 

At the fundamental level of particle physics, forces are explained in term of the transfer of 
exchange particles (gauge bosons) between the two particles experiencing the force 

For example, there is a force between two charged particles because there is an exchange of a 
photon between them. The photon is the exchange particle for the electromagnetic interaction 

We can begin to explain exchange particles with an ever)'Uay example, as follow-s. Consider Rgure 
7.41. Thefurward force needed to throw the ball from A to Bis equal andoppo5ite to the backward 
force on A When B catches the ball there will be a backward force on her. In other words, the 
exchange of the ball results in A and B being 'repelled' from ea.eh other. If the ball is thrown back the 
process is repeated. If the ball was not visible we v,uuld simply observe that the boats were repelled. 

Of course, this macroscopic example is very different from the action of exchange particles 
in fundamental interactions and it does not easily explain attractive forces (some books use a 
boomerang to explain this). Nevertheless, the visualization helps our understanding. 

Physicists believe that the fundamental interactions occur because of the exchange of 
particles. These exchanges are very fast and are not observable. Because of this, the exchange 
particlesareoftendescribedas virtualparticles. 

The short range of nuclear forces can be explained if the virtual particles have a limited lifetime 
and do not have enough time to be transferred between the other nm particles unless they are very 
close together. (Heisenberg's uncertainty principle explains why this can occur. It is discussed in 
Chapter12.) 

57 Suggest how the u~ of a boomerang analogy rnukl help in expla ining attractive fOfces between p;1rticles 

a protons 
b neutrons 
t electrom 
d quark1 
e leptoos? 

59 In Table 7.8 electromagnetk forres and griMtat ional forre are stated to be in the approximate ratio 10-i 
to10-38 .Asanexample,calrnlatetheelectricforrebetweenaprotooandanelectronseparatedbya 
distan{e of S -.. 10-11 m and compare it to the gravitational force between the same two particles 

iO Desabethe{haracteristicfeaturesoftr>estroogn\Jdearfoo:ethatdislinguilhitfromtheelectrom3gneticforo>. 
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• Figure7.42 The 

of atomic physics 

• The Standard Model 
The Standard Model of particle physics is a theoretical framework that reflects scientists' current 
understanding of the sub-atomic world. The model has been extremely successful in accounting 
for most observed sub-atomic phenomena. However, it is not believed to be the complete 
picture. For example, gravity cannot be incoqx:irated in the model. There are other theoretical 
shortcomings. As a result, the focus of current high-energy experiments is on attempting to 
disco\·er what physics lies beyond the Standard Mcx:lel 

Rgure 7.42 shows a chart of the Standard Mcx:lel of elementary particles. The simplicity of 
the chart does not truly reflect the extent of the efforts that preceded it: considerable research, 
both experimental and theoretical, in many countries over the last SO years has been necessary 
to reach this point. In the latest particle-colliding experiments the quantity of data pro.::luced 
is huge, requiring enormous computing power for its analysis. However, there are still many 
unanswered questions, such as where does gravity fit into the model, what is dark matter (in 
space) and why is the universe mostly matter and not antimatter! The chart also includes the 
H iggs boson, which will be discussed later. 

91 .26<'.V/<!-

60.46<'.Vft!-

I 
~ 
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lli!ll!lllilll Pred ictions: belief in 'simplicity' 

The concept of a proton- neutron- electron model for atoms had an elegant simplicity, so the 
disco\·ery of a large number of other sub-atomic particles was problematic for physicists who tend 
to believe that it is the fundamental nature of science that the structure of the universe should 
be 'simple' and composed of a relatively small number of elementary particles (and forces). 

Despite the hundreds of particles that have been discovered or theorized, the assumption has 
always been made that most of them were no! elementary and that there had to be an underlying 
simplicity awaiting confirmation. That faith has been restored by the development of the 
Standard Model 

The Standard Model also reflects scientists' belief in the importance of symmetTy. For 
example, there are positive and negative charges, particles and antiparticles, and six leptons and 
six baryons 



• Figure7.43 Richard 
Feynman: 'l have 

approximate answers 

andpossiblebeliefi 

and different degrees 

of certainty about 

differentthings,but 
I'm not absolutely 

sure about anything' 
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Doesthebe/iefintheexistenc:eoffundamentalpartklesmf!ilflthatitisjustifiabletoseephysicsasbeing 
moreimportantrhanorherareasofknowledge? 

What individuals choose to bel;eve i1 important is for them to decide, blll knowledge about the structure of 
matter and the tmiverse is undoobtedly of considerable intrins.ic intereo;t to most people and such knowledge 
i1undeniablyabouta1hasicandfundamentalas iti1poss.ibletobe.However,1eiencehasprogresll'Otothe 
stage where such understanding is not easily atta ined by anyooe who does not have a sciemific background, 
andtomanypeople,ildvanced">Ciencei1totallydi1eonnectedfromtheireverydaylives 

lti1certainlypo51ibletoarguethattheapplicatiooofothera!l'asofsciet1tificknowledge {medicinefor 
example)ismore'important't>ecausetheydirectlyaffectthequalilyofooreverydaylives.ltshouldbe 
added that we do not know what benefits may come from high-energy physics reseaich; for example, CERN 
playedakeyr~einthedevelopmentoftheintemet 

• Feynman diagrams 

Feynman diagrams are a way of visualizing any elem.emary particle interaction us ing a vertex 
(or two or more vertices) 

Figure 7.44 is a simple example. The vertex is the point in the middle of the diagram. 

• Figure 7.44 Feynmandiagramofasimpleinteract ion 

• The area to the left of the vertex represents before the interact ion, the area to the right 
representsafiertheinteraction. 

• Observable particles are represented by straight lines with arrows pointing to the right. 
Antiparticles are represented by arrows to the left, even though all particles are always 
c01i.sidcredrolxmcwingfromleft1arigh1 

• There is always one arrow pointing into a vertex and one arrow pointing away. 

• Unobservable exchange particles are represented by curly lines, without arrows. 

• The change in orientation of a line signifies that the motion of the particle has changed. 

• Each vertex joins two straight lines and typically one curly line 

• The conservation laws can be applied to the interaction represented by a single vertex 

With this information we can see that the vertex in Figure 7.44 represents an electron emitting 
an exchange particle (a photon) and changing direction 

It is important to understand that these diagrams are not representing the spatial 
arrangement of particles, or the vectors in a collision. Feynman diagrams are not displacement­
time graphs. In fact, they are a simplification of a complex mathematical treatment of 
unobservable particle interactions, which is not included in the 1B course 

In this book we are representing increasing time by moving from kf1 ro right, but other 
sources may use boirom to top to represent time. This is easily checked by seeing which way the 
arrows point for particles 
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• Figure7.4S 
Electron and positron 

• Figure7.46Two 

Feynmandiagrams 

for electron-electron 

scattering 

• Figure7.47 A 

Feynmandiagram 

for photon-photon 

scattering 

Feynman diagrams provide a powerful tool in representing, analysing and predicting particle 
interactions. The diagrams in Figure 7.45 show some variations to Figure 7.44. Despite their 
obvious similarities they represent different situations 

Allek>ctrooabsorb1aphoton 

ApositronablOffiSaphotoo 

We will now expand our discussion of Feynman diagrams to include interactions between 
different particles. Students will not be expected to remember individual Feynman diagrams, 
rather they will need to be able to interpret diagrams provided on an examination paper, or 
construct simple diagrnms from information in the question 

Examples of Feynman diagrams 
Figure 7.46a represents a possible interaction between two electrons, which we would previously 
ha\·e interpreted as the electric repulsion between similar charges. However, there are many 
other Feynman diagrams that could be drawn to achieve the same result of overall repulsion 
between tv..o electrons. One example is shown in Figure 7.46b. A full mathematical analysis 
would be needed to consider all possibilities 

Figure 7.47 represents an interaction in which tv..o photons scatter off each other due to the 
exchange of electrons and positrons 



• Figure7A8 

Annihilation and pair 

production 

• Figure7A9Beta­

negativedecay 

• Figure7.50 

Exchange of a gluon 

in the formation of 

quarks 

• Figure7.51 

Fran~ois Englert and 
Peter Higgs 
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Figure 7.48a represents the annihilation of an electron---fX)Sitron pair. (This is an unusual 
example, normally two photons will be created). Figure 7.48b represents pair production. 

Figure 7.49a shows a Feynman diagram representing beta-negative decay, while Figure 7.49b 
shows a particle representation. 

'~"'' "'""' 
W-bosm 

'· antir-.eutrino 

e-{betaparticle) 

Beta-negative decay 

p,<rtoo 

.. + e 
u u d + 11-

+ , -

Figure 7.50 shows the formation of a quark- antiquark pair involving the strong nuclear force 
exchange particle, the gluon. 

,1 Draw a Feynman di<19ram to represent beta-positive decay, which involves a w• boson 

62 Researchthemeaningolthe'eightl~dway' 

• Higgs boson 

The existence of the Higgs boson - an elementary particle - was first pro!X)Sed by a number of 
physicists in the early 1960s but it t<X)k aOOUt 50 years until it was finally identified on 4 July 2012. 



328 7 Atomic, nuclear and particle physics 

On that date a particle with the correct properties (the only elementary particle to have zero charge 
and zero spin) and with a large energy-mass of 126GeVc-2 (135 u) was discovered. The search fur 
the Higgs boson t(X}k so long because it required the extremely high-particle energies that only 
became achievable at CERN's Large Hadron Collider (see Rgure 5.90) 

Peter Higgs and Fran90is Englert were then awarded the Nobel prize for physics in Oslo in 
2013 'for the theoretical discovery of a mechanism that contributes to our understanding of the 
origin of mass of sub-atomic particles, and which recently was confirmed through the discovery 
of the predicted fundamental particle, by the ATLAS and CMS experiments at C ERN's Large 
Hadron Collider' 

The Higgs particle was the vital missing link in the Standard Model and its importance was 
reflected in newspaper and internet headlines. 

Higgs and his colleagues proposed that particles do not have intrinsic mass but acquire the 
properties of mass from interacting with a field - the H iggs field - that occupies the entire 
universe. As with the other fields we have discussed, a boson - the Higgs boson - is needed 
for this interaction to occur. Clearly the discovery of the Higgs boson was the fundamental 
evidence needed to support this revolutionary theory that explains, for the first time, why 
different particles have different masses. 

Jlli!llll!l!lllll 1ntemational collaboration at CERN 

Nuclear physics experiments that are aimed at increasing our knowledge of sub-atomic particles 
and the beginnings of the universe require ever increasing particle energies, and these can 
only be provided by extremely expensive particle accelerators, such as at C ERN. It has been 
beneficial fur countries to collaborate in sharing knowledge and costs, but the allocation of 
considerable funds to nuclear research has been a matter of much debate. Many people consider 
that countries have more important priorities (social needs) than spending money on specialized 
scientific knowledge that may, or may not, have any long-term benefits to society. 

One reason for the establishment of C ERN in 1952 was political. During the Second 
World War, scientists and engineers from European countries had been competing to develop 
the nuclear bomb and missiles. After the war it was hoped that a European centre could be 
constructed so that scientists could work together for non-military research. CERN staff design 
and build particle accelerators and help to prepare, carry out, analyse and interpret data from 
complex particle physics experiments. Half of the world's particle physicists visit CERN for their 
research. They represent almost 600 universities and 100 nationalities. Particle physics and the 
disco\·ery of new particles intensified when there was large-scale national and international 
collaboration. Large particle accelerators, such as the Large Hadron Collider at CERN are so 
expensi\·e that they can only be operated if many countries contribute. 



• Examination questions - a selection 
Paper 1 IB questions and IB style questions 

01 Why are gamma rays not deflected by a strong magnetic field? 
A They have no mass. 
B They are weakly ionising. 
C They are strongly penetrating. 
D They are electrically neutral. 
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02 A freshly prepared sample contains 40µg of the isotope iodine-131. The half-life of iodine-131 is 8 days 
Which of the following is the best estimate for the mass of the iodine-131 remaining after 24 days? 
A 10µg 
B 13µg 
C Sµg 
D zero 

03 Two neutrons are captured by a nucleus. Which of the following gives the changes in the proton number 
and nucleon number of the nucleus? 

A unchanged unchanged 

B unchanged inueasesby2 

C increases by2 unchanged 

D inueasesby2 inueasesby2 

04 What is particle X in the fusion reaction shown below? 

~Li+ ~H-+ 2~He +X 

A a proton 
B an electron (beta particle) 
C an alpha particle 
D a neutron 

OS The binding energy of a helium-3 nucleus is defined to be: 
A the energy released when a helium-3 nucleus is formed from its individual constituents 
B the energy released when the helium-3 nucleus is separated into it s individual constituents 
C the total energy of the protons inside the helium-3 nucleus 
D the total energy of the helium-3 nucleus. 

06 The diagram shows four possible electron energy levels in the hydrogen atom. 

The number of different frequencies in the emission spectrum of atomic hydrogen that arise from electron 
transitions between these levels is: 
A 0 
B 2 
C 4 
D 6 
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Q7 The radiation emitted when an electron changed energy levels in an atom had a wavelength of 
6 x 10-7 m. Which of the following correctly describes this energy change? 
A The electron moved to a higher energy level within the atom. 
B The frequency of the emitted radiation was 2 x 10-15 Hz. 
C The energy of the emitted photon was approximately 3 x 10-19 J. 
D 3 x 10-19 J is approximately equivalent to O.SeV. 

QS Which of the following statements about sub-atomic particles is correct? 
A Protons, neutrons and electrons are all elementary particles. 
B Electrons belong to a class of particles called leptons. 
C Electromagnetic forces are explained by the exchange of part icles called gluons. 
D Protons and neutrons each contain two quarks. 

Q9 The Standard Model has three classes of particle. These are: 
A hadrons, leptons and quarks 
B hadrons, leptons and exchange bosons 
C hadrons, quarks and exchange bosons 
D leptons, quarks and exchange bosons. 

Q10 Which of the following is not a conserved quantum number in some, or all, nuclear reactions? 
A mass B baryon number C charge D strangeness 

Q11 Which of the following is true about beta minus(~-) decay? 
A An antineutrino is absorbed. 
B The charge of the daughter nuclide is less than that of the parent nuclide. 
C An antineutrino is emitted. 
D The mass number of the daughter nuclide is less than that of the parent nuclide. 

e/BOrg,mization 

Q12 In the Geiger-Marsden experiment a particles are scattered by gold nuclei. The experimental results provide 
evidence that: 
A a particles have discrete amounts of kinetic energy. 
B Most of the mass and positive charge of an atom is concentrated in a small volume. 
C The nucleus contains protons and neutrons. 
D Gold atoms have a high binding energy per nucleon. 

QB Protons and neutrons are held together in the nucleus by the: 
A electrostaticforce 
B gravitational force 
C weaknuclearforce 
D strong nuclear force. 

Paper 2 18 questions and IB style questions 

e/BOrganization 

e/BOrganization 

Q1 a i Describe the phenomenon of natural radioactive decay. (3) 
ii Ionising radiation is emitted during radioactive decay. Explain what is meant by the 

term ionising. (2) 
b The sketch graph below shows the variation with mass number (nucleon number) A of the 

binding energy per nucleon E of nuclei. 

le 
A 
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One possible nuclear reaction that occurs when uranium-235 is bombarded by a neutron to form 
xenon-142 and strontium-90 is represented as: 

~iU + ~n -t 1~Xe + :sr + 4in 

i Identify the type of nuclear reaction represented above. (1) 
ii Copy the sketch graph above. On your copy, identify with their symbols the approximate 

positions of the uranium (LI}, the xenon (Xe) and the strontium (Sr) nuclei. (2) 
iii Data for the binding energies of xenon-142 and strontium-90 are given below. 

Isotope Bindingenergy/MeV 

The total energy released during the reaction is 187.9MeV. Determine the binding energy per 
nucleon of uranium-235. (2) 

iv State why the binding energy of the neutrons formed in the reaction is not quoted. (1) 

Q2 A stationary radon-220 (2:Rn) nucleus undergoes a-decay to form a nucleus of polonium (Po). 
The a-particle has kinetic energy of 6.29 MeV. 

a i Complete the nuclear equation for this decay. 

2:Rn -t Po+ 

ii Calculate the kinetic energy, in joules, of the a-particle. 
iii Deduce that the speed of the a-particle is 1.74 >< 107 ms-1. 

The diagram below shows the a-particle and the polonium nucleus immediately after the decay. 
The direction of the velocity of the a-particle is indicated. 

I 
O a-partkle 

b i On a copy of the diagram above, draw an arrO'N to show the initial direction of motion of 

(2) 

(2) 
(1) 

the polonium nucleus immediately after the decay. (1) 
ii Determine the speed of the polonium nucleus immediately after the decay. (3) 

iii In the decay of another radon nucleus, the nucleus is moving before the decay. Without any 
further calculation, suggest the effect, if any, of this initial speed on the paths shown in bi. (2) 

The half-life of the decay of radon-220 is 55s. 
i Explain why it is not possible to state a time for the life of a radon-220 nucleus. (2) 

ii Definehalf-life. (2) 

e /BOrganiz;ition 



II Energy production 

• The constant need for new energy sources implies decisions that may have a serious 
effect on the environment . The finite quantity of fossil fuels and their implication 
in global warming has led to the development of alternative sources of energy. This 
continues to be an area of rapidly changing technological innovation. 

• For simplified modelling purposes the Earth can be treated as a black-body radiator and 
theatmospheretreatedasagreybody. 

8.1 Energy sou rces - the constant need tor new energy sources implies 
decisions that may have a serious effect on the environment. The finite quantity of fossil 
fuels and their implication in global warming has led to the development of alternative 
sources of energy. This continues to be an area of rapidly changing technological 
innovation 

Data concerning the use of energy sources throughout the world is changeable over time 
and can vary in reliability. For this reason the figures quoted throughout this chapter are for 
guidance only and should not necessarily be a,sumed to be indisputably precise. It is wise to 
consult reputable websites for the latest information 

A fu el is a widely used term for any substance from which energy from changes within 
its atoms and molecules (that is, from chemical or nuclear energy) is used to do useful work 
Examples include coal and uranium. Coal is an example of a foss il fuel. Oil and natural gas are 

also fossil fuels. Fossil fuels are formed underground by the action 
of high pressure and temperature (in the absence of air) over many 

natural gas 

• Figure8.1Theproportionofdifferent 
energysourcescontributingtothetotalenergy 

millions of years. They are formed mostly from dead phnts and 
marine creatures. Although the processes that form fossil fuels are 
still happening tOOay, because of the very long time needed for their 
formation, they are known as non-renewable energy sources: we are 
using them at a very much quicker rate than they are being formed 

In 2012, the total annual world primary energy consumption 
was aOOut 5.5 x !OZO J. Although this figure cannot be known with 
a high degree of certainty, it amounts to a global average power 
consumption of over 2000W for every person on the planet. Of 
course, this is only an average and so does not take into account 
the wide differences in energy consumption between richer and 
poorer countries. This figure includes energy sources used for 
transport, industry and the generation of electricity, but does not 
inclOOe the use of small-scale individual resources such as firev.uod. 

consumption of the world About one-quarter of the people on Earth do not have electricity 
in their homes. Sometimes figures quoted on websites or in books can be misleading if they only 
take into account energy sources used for the generation of electricity. 

The proportions of different energy sources that are used around the \\Ul"kl are shown in Figure 8.1. 

• Fossil fu els provide about 82 per cent of the total energy consumed in the world. The 
pn:x:lucts of cnx:le oil are the most widely used (32 per cent), followed by coal and natural gas 
(methane) at 29 per cent and 21 per cent, respectively. Despite the considerable advantages 
of using fossil fuels, they have at least two major disadvantages: they release carbon dioxide 
when they are burned (and almost certainly lead to climate change) and they are non­
renewable (see page 333). 

• Nuclear power provides approximately five per cent of the total energy consumed in the 
world. This is also a non-renewable energy source 

• Renewable energy sources supply about 13 per cent of the total energy consumed in the world 
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Countries need fuel supplies to maintain the living standards of their citizens. Because most 
countries do not have enough energy resources for themselves, they need to import energy from 
those few countries that have more than they need. This requires international understanding 
and co-operation between countries if conflicts, and possibly wars, are to be avoided. 

Any threat to international fuel supplies can have a rapid and dramatic effect on world 
economics; the price of a barrel of oil on international markets is a very important financial 
indicator that affects the price of many other items that we buy. 

• Primary energy so urces 
A primary energy source is a source that occurs naturally and that has not been processed in 
any way. For example, crude oil is a primary energy source. 

When a primary .'lOUrce is converted into another, more useful, resource it is then described 
as a secondar y energy source. For example, crude oil refined into other fuels, uranium processed 
into plutonium or the generation of electricity. 

The original source of most of the energy consumed on the Earth is the Sun. Plants get their 
energy direct!}' from the Sun's radiation, and plants and animals that died hundreds of millions 
of years ago are the source of all fossil fuels. Wind and rain are a result of temperature changes 
caused by the Sun's radiation and waves are formed by the wind 

The main sources from the ab:we lists that do not get their energy from the Sun are 
nuclear energy (which comes from changes inside the nuclei of atoms) and geothermal energy 
(from radioactivity, which is also from nuclear changes). A third example is tidal energy, 
which gets its energy from very slight changes in the gravitational potential energy of the 
Earth- Moon- Sun system 

• Advantages and disadvantages of different energy sources 
The most important factors to consider when discussing the advantages and disadvantages of 
individual energy sources are: 

• greenhouse gas emissions and possible effects on global warming 

• risks to human health/life 

• possible pollution and environmental effects, including problems caused by the 
transp:>rtation and storage of fuels and waste products 

• whether the source is renewable or non-renewable 

• how much energy can be transferred from a given mass (or volume) of the source 

• whether the energy is continuously avaibble or dependent on factors such as weather 
conditions and the time of day/night. 

• Renewable and no n-renewabl e energy sources 

A renewable energy source is continuously repbced by natural processes and will not be used 
up (become depleted/run out). It will continue to be available for our use for a very long time. 

Wind and waves, for example, will always be available as long as there is energy coming from the 
Sun to warm the planet. The main renewable sources are; 

• biomass/biofuels (energy transferred from wcxxl and other plants, and also from animal 
waste) 

• hydroelectricity 

• solarheating 

• wind power 

• geothermal (energy transferred from hot rocks under the ground) 

• photovoltaiccells 

• wave power. 



This list is in the approximate (decreasing) order of total energy use 
Hydroelectric pov.·er is the most widely used renewable energy source for 
the generation of electricity. These are fast-de\·eloping technologies and 
the latest information can easily be researched on the internet 

When we call an energy source non-renewable we mean that the 
source cannot be replaced once it has been used up, and so supplies will 
run out (be depleted) sometime in the not-too-distant future. The main 
non-renewable sources are· 

• fossilfuels 

• nuclear power. 

• Specific e ne rgy a nd energy density of fu el 
sources 

• Figure8.2Brazilusesalargeamountof 

ethanol (produced from sugar cane) as a fuel. ~~~:~~e:u!:~:;:(f:i:~~:~ ;~;;~:n:a~et ~:~n!e:~::::/ This 

'"'-tl'"' ~ '"""" calorimeter 

water 

• Figure8.3Estimatingtheenergy 
densityorspecificenergyofafuel 

• TableB.1 Specificenergies 

can be determined in a laboratory by burning a known mass or volume of 
fuel and transferring the resulting thermal energy to raise the temperature of 
a known mass of water. (Remember that Q • mdff). Figure 8.3 shows how a 
chemist might quickly do this for a liquid fuel, although this simple method 
will not be very accurate (students should be able to explain why using ideas 
fromChapter3). 

Specific energy • energy transferred from unit mass. Unit: J kg-1 

Energy density • energy transferred from unit volume. Unit: J m-1 

For many renewable energy sources, such as wind power, it may not be sensible 
to refer to a numerical value of energy density, although sometimes wind pov.·er 
may be described in general terms as having a low energy density because it 
requires a relatively large area of land to achieve a moderate power output 

A major advantage of nuclear power is its high specific energy (and energy 
density). Of the fossil fuels, natural gas (methane) has the highest specific 
energy. 

When using a fuel with a high specific energy, less mass of fuel will be needed 
to provide a certain amount of energy compared to using a fuel with a lower 
specific energy. Table 8.1 gives some examples. 

Speci fi cenergy/MJ kg·I 
nudearfusioo(ofdruteriumandtritium) 

hy<lrogen 

Mturalgas(methane) 
gasoline/petrol 

typkalcarbohy<lrate(food) 

cONdung 

wateratheightof100m 
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1 In an experiment simiklrtothat shown in F,gure 8.3. when 1.24ml' of fuel was completely burned in iir the 
temperatureof54.8gofwaterrosefrom18.0"Cto83.4°C.(Specilicheatc~ilyolwateris4180Jkg-1K-1.} 
a Calculateavalueforthe roergydensityofthe fuel 
b Would you expect the actual value to be higher Of lower than your answer? Explain 

2 A country has a popolation of 46 mill ion pe<lpe and a total energy consumption of S.2 x 101a Jin one year. 
a Calculatetheaverageenergyconsumptionperpersoninoneyear. 
b What is the average power consumption per person? 
c If an average home has 2.8 people and a total power consumption of 2.7 kW, what percentage of the 

country'1energyconsumptionoa:ursinpeople"shomes? 
d Suggestwhattherestoftheenergyisusedfor. 

l a Howmuchgasolineisneededtoacceleratea 1SOOkgcarfromrestto20ms-1 ifthemerall elficiencyof 
theprocessis32percent? 

b Estimate the rate at which the same car consumes gasoline if ii is travelling at a constant speed of 
20mi-1 againstatotalresistiveforceof2000N 

c Whatisthespecilicroergyofatorchbatterycontaining7.9gofchemic:alsthatsuppliesenooghenergy 
toruna0.8SW lightbulbfor110minutes7 

4 A coal-burning power station has an efficiency ol 36 per cent and an output power of 312MW. 
a Calculatethemassofcoal bumed 

I everysecond 
ii every week 

b Approxiffiiltely how much uranium woukl be needed each week for a nuclear power station of the 
sameoutputbutwithanefliciencyof42percent? 

5 a Find out which countries of the world have the highest average power consumptions (per person/capita) 
b Suggestpo1siblereasonswhythepeopleofthosecountriesusesomuchenergy 

6 Suggest in what ways a list of the energy sources used in large-1eale electrical power generation might be 
dif ferentfromalistofoverallenergysource1u1edintheworld 

7 Use the internet to find out the latest figures for the use of renewable energy sources 
a inthewor1d 
b inthecountrywhereyoulive 

8 Suggest circumstances under which ii might be more useful to refer to the energy density of a fuel. rather 
than its specific energy 

• Electricity as a secondary and versatile form of energy 
It was not until the end of the nineteenth century that science and technology had advanced 
to the- point where power stations could be built in orde-r to bum fuels to generate electricity for 
large numbers of people (see Figure 8.11). Before that time, coal and wcxxl were used for heating, 
and gas, oil or candles were used for lighting. Even today almost half of the world's population 
still uses local v.uod or other plant or animal materials for providing some, or most, of their 
energy. 

In a period of just over 130 years most of the world has been completely transformed by the 
widespread use of electricity. This is because: 

• large amounts of electrical energy can be generated quickly and economically in power 
stations 

• electric currents can transfer energy efficiently to where it is needed by using metal wires 
and cables 

• a wide variety of devices have been invented that transfer electrical energy to other very 
useful forms. 

But electric curre-nt has to be ge-nera ted when it is needed. It cannot be stored directly. 

r All scientific advances have associated risks 

Electricity has transformed the world as a result of the collaboration between generations of 
scientists and engineers across the world on a massive scale. (Although there is still a long way to 
go before everyone has access to electricity; it is estimated that about 1.Z billion people still live 
in homes without electricity.) This has come at a cost - the Earth's resources have been depleted; 
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we are threatened by climate change and pollution. But it is the very nature of science to solve 
problems, especially when, as in the hope of providing inexpensive and environmentally friendly 
energy, there may be tremendous financial advantages to be gained. 

Of course, the scientists who carried out the pioneering investigations of current electricity 
would never have dreamed where their discoveries would lead in the following 200 years! 
The full consequences of a scientific or technological development are often not foreseeable 
but, when they are, it can be argued that it should be part of scientists' roles to undertake 
and present risk- benefit analyses, rather than simply pursue knowledge regardless of the 
implications. Where there is any doubt, it is now generally accepted that scientists must 
convince their colleagues, and the public, that none of their intended actions/research could be 
harmful in anyway. (This is called the 'precautionary principle'.) Although it must be admitted 
that, by the very nature of science and the unpredictability of research, this is a very difficult 
thing to achieve 

Using energy sources to generate electricity in power stations 
Most power stations that produce electricity transfer the energy from burning fossil fuels or from 
fission reactions in nuclear fuels. The thermal energy is used to raise the temperature of water in 
a OOiler and tum it into high-pressure steam. The steam causes the rotation of turbines, shown 
in Figure 8.4, which are connected to coils of wire. The process of elecrromagne1ic induc1ion 
(Chapter 11) produces electrical energy as the coils rotate in strong magnetic fields. When the 
steam exits the turbine it is cooled, causing it to condense, and the water is pumped back into 
the boiler. Figure 8.5 shows a simplified representation of a fossil-fuel power station. 

The same basic ideas apply to all {X}Wer stations that transfer energy from a fuel to electricity 
using the flow of thermal energy. Machines that are powered by a flow of thermal energy are 
called heat engines. Examples include power stations, cars, planes and trains 

• Figure8.4 Aturbineusedforgenerating 

electricity 

• Figure 8.5 A schematic diagram of a fossil-fuel power station 

• Energy conversions and energy degradation 
Heat engines use the principle that when there is a temperature difference between two 
places, thermal energy will flow between them. There is then the possibility of using some of 
that energy to do useful work, for example turning turbines to generate electricity. Figure 8.6 
illustrates the principle by showing an example in which, for e\·ery 100 J of energy flowing 
between a 'hot' and a 'cold' area, JO J of energy can be used to do useful \rnrk and 70 J is 



• Figure 8.8Asimple 

Sankey diagram 
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transferred to the cold area, from where it spreads into the surroundings (environment). Of 
course, 30J + 70] • IOOJ because of the law of conservation of energy. The efficiency of this 
process is JO/I{)() •0.3,orJOpercent. 

Energy that spreads into the surroundings (d issip.ites) cannot be recovered to do any useful 
work and it is known as degraded energy. 

A typical p:>wer station may be only 35 per cent efficient in pro.::lucing electricity (a 
disappointingly low figure), which means that 65 per cent of the energy obtained from the fuel 
is degraded and transferred to the surroundings at the power station. Of course, we want power 
stations to be as efficient as possible and it is therefore imp:>rtant to understand why energy 
becomes degraded. As we saw in Chapter 2, in all mechanical proce,ses friction will result in the 
dissipation of energy, but this is nor the major reason fur power station inefficiency. 

To understand the inefficiency of all heat engines, consider the following simplified example 
In Figure 8.7, thermal energy is supplied to gas sealed in a cylinder. The increasing pressure 
inside the cylinder forces the movable piston (assumed to be friction-free) to the right. In this 
example it is possible, in theory, for all of the thermal energy supplied to the gas to be converted 
into the kinetic energy of the moving piston. The system can be 100 per cent efficient 

];~1'5:~tioo 
• Figure 8.6Energyflowbetween 

thelmil l meigy inpvt 

• Figure 8.7 Doing work on a piston 

But a heated gas in a cylinder cannot expand forever. This means that any practical heat engine 
must involve a process that repeats itself over and over again in order for it to work continuously. 
A practical heat engine must work in cyckJ in a confined space, with an expansion followed 
by compression, followed by expansion etc. However, it is not possible for any q ,dical process 
to happen without a lot of the thermal energy being transferred to the surroundings (out of 
the system). This is the main reason why power stations are so inefficient. The efficiency of a 
power station (or any other heat engine) improves with a higher temperature input and a lower 
temperature output 

Sankey diagrams 
Energy transformations can be usefully represented in flow diagrams, such as Figure 8.8. This 
is another way of representing the simple situation described earlier in Figure 8.6. The width of 

ene<gy 
input 

useful ene<gyoutput ---~~ 

70
J degradedenergy 
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chemi@lenergy 
in fuel 

each section is proportional to the amount of energy (or power), starting with the energy 
input shown at the left of the diagram. Degraded energy is shown with downwards arrows 
and useful energy flows to the right. 

Diagrams like these are known as Sankey d iagrams and they can be used to help 
represent many energy transformations. 

Figure 8.9 represents the useful energy transformations in a fossil-fuel power otation 
(like that shown in Figure 8.5) and Figure 8.10 shows a Sankey diagram representing the 
energy flow through the same system, including the degraded energy. 

thermal energy Computer simulations are very helpful for observing and comparing Sankey diagrams 
trarisferredtowater representingvariousphysicalprocesses 

~-~~ 

steam expands 

·

total output 4-irr-·-chemical 
=•gy 
input 

thermal energy thermal energy thermal energy 
eleruomagnetic 
induction 

transferred transferred due to friction 
to cool ing 

electrical 
energy 

water 

• Figure 8.9 Energy transfers • Figure 8.10 Sankey diagram for a fossil-fuel power station 
inafossil-fuelpowerstation 

9 EstimatetheoveralleffideocyofthepowerstillionrepresentedinFigure8.10 

10 OrawSankeydiagramstorepreM.'llttheenergyflowsfor 
a acartravellingatarnnstant~ 
b a small torch bulb powered by a battery 

11 a Whichhasmoreinternalenergy: 1kgofwaterat25°Cor 1kgofwaterat35°C? 
b Explainwhyitistheoreticaltypossibletotrarisferenergylromwaterat25°Ctodouselulworkifitisin 

a room at 15°C, but useful energy cannot be transferred from the same water if it is in a room at 35°C 
c Everything around us cootaim very large amounts of internal energy. Explain why we are not able to 

extractthisenergytodouselulwori:: 

• Energy choices 
In the rest of this section we will describe the basic features, and some of the advantages and 
disadvantages, of using the following energy sources: 

• fossil-fuel power stations 

• nuclear power stations 

• wind power generators 

• hydroelectricsystems 

• solarpower. 

Fossil-fuel power stations 
Fossil fuels currently provide between 80 per cent and 85 per cent of the world's 
energy needs. Oil, coal and natural gas are used worldwide for the generation of electricity 



• Figure8.11 Afossil­

fuelpowerstation 
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and for transportation. However, the burning of fossil fuels has two very important 
disadvantages 

• The gases released during the combustion of fossil fuels enter the Earth's atmosphere and 
almost certainly lead to increased global temperature and climate changf. This vital topic is 
discussed in more detail in Section 8.2. 

• Fossil fuels are non-renewable and we cannot continue to use them at the current rate. Our 
supplies will become depleted 

Figure 8.11 show the outside of a typical fossil-fuel power station. Figure 8.5 shows an outline 
sketch of a typical interior. Figure 8.9 uses a Sankey diagram to represent the energy flow in a 
fossil-fuel power station 

All fossil fuels have high specific energies compared to most other energy sources except nuclear 
energy (as shown in Table 8.1). This is one of the main reasons that the world has become 
so dependent on them. Worked example I shows a typical calculation involving the fuel 
consumption of a gas-fired power station. 

1 Estimate the useful output power of a gas-fired power station that uses natural gas at a rate of 
15.0kgs-1. Assume that the specific energy of the gas i1 55 MJkg-1 and the efficiency of the power 
stationis4Spercent 

Power ootput, P= efficiency x mass of fuel bumed every second x specific energy 

P:0.45x1S.0x{S5x106) 

P:3.7" 1osw(370MWor0.37GW) 

Natural gas power stations are the most efficient type of power station. They are able to convert 
nearly half of the chemical potential energy in the gas into electrical energy (approximately 45 
per cent efficient). Coal-fired power stations are typically no more than 35 per cent efficient. Oil­
fired power stations have efficiencies of about 40 per cent. (These figures are for rough guidance 
only - they have been rounded-off to the nearest five per cent to make them easy to remember.) 
Option B: Engineering physics uses the laws of thermodynamics to explain why it is impossible 
to achieve much higher efficiencies than these values 
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Because of its high specific 
energy, the cost of transporting 
coal over quite large distances 
by rail is not too high when 
compared with the other expenses 
of power generation. For similar 
reasons, oil and natural gas (being 
fluids) are commonly moved 
around the world through very 
long pipelines. Large quantities 
of oil are also moved around the 
world in large ships (tankers). The 
advantages of moving fossil fuels 
fromwheretheyareextracted 
from the ground ro where they • Figure 8.12 The oil spill in the Gulf of Mexico, 2010 

are used are considerable, but so 
too are the disadvantages, especially when accidents result in oil being spread widely into the 
environment. This kind of pollution can be particularly harmful when an oil spill occurs at sea, 
such as the accident off the coast of the USA in 2010 (see Figure 8.12). Because of their high 
energy density, it is possible to store enough fossil fuels to provide for the energy demands for 
many weeks ahead 

How long will fossil-fuel reserves last? 

There are many reasons why it is difficult to predict how many years fossil fuel reserves will last. 
However, it seems probable that sometime within the next 100 years the world will have to face 
the major problem of very significant reductions in the availability of coal, crude oil and natural 
gas as the Earth comes to the end of the 'fossil-fuel age' and cheap energy. However, at the same 
time there will be a beneficial decrease in the emission of greenhouses gases 

At the present ra1e of usa~, existing coal reserves may last about another 150 years, natural 
gas aOOut 60 years and crude oil about SO years. But these figures can be very misleading because 
the world continues to change and we cannot be sure about many factors, including· 

• how much fossil fuel remains to be discovered 

• whether existing sources that are currently considered uneconomic to extract from the 
ground will later become more viable as technologies improve and economic conditions 
change (e.g. fracking) 

• to what extent the use of renewable sources and nuclear power will increase 

• by how much the world's consumption of energy will increase. 

Ontopofthesefactors, 
economic and political pressures 
will probably have unforeseen 
and all-important effects. Of 
course,somecountriesare 
'rich' infossil-fuelreserves(for 
example, the USA has the 
highestcoalreserves,seeFigure 
8.13), while other countries have 
very little or none. 

Table8.2summarizes 
the main advantages and 
disadvantages of using fossil 
fuels. 

• Figure8.13TheUSAhasthehighestreservesof coal 
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Advantages Disadvantages 

• Highenergydensity. • Greenhousegasemiss.ionsandglobalwarming 
• Fuelisrelat ivetychwp(atthougheconomicandpolitical fact0f5 

mayrerultins.ignificantandruddenchangesin price) 
• Chemicalpollutiondurir.gmin ingandbumir.g(including 

ac:idrain) 
• Power stations are relativety inexpemive to construct and maintain 

(whenconsideringtheirhigh poweroutputs) 
• Power stat ions can be built in almost any location (that has good 

transportlinksanda~entifulwaterruppty) 
• Theseareestablishedtechnologies - powerstations,transportand 

stemsalreild exist 

• Table8.2 Advantagesanddisadvantagesofusingfossil fuels 

• Extraction/miningcandamagetheenvimnmentandbe 
hazardous to health 

• Leakagelmmoiltankersorpipelinescancausecons.iderable 
harmtotheerwirooment 

12 An old.fashioned steam train had an output power of 2.3 MW but an elliciency of ooly 8.4 per cent. If the 
coal used had a spec:ilk energy of 29MJkg-1, how moch coal had to be burned rNery minute? 

13 a Howmuchfuel(kerosene)doesajetairlinerconsumeeverysecondwhentravellingataconstantspeed 
of 240ms-1 with a power output of 89MW? Assume that the fuel has an energy density of 37 MJm-3 

andtheengineshaveanefficiencyof39percent 
b 'Nhatistheres.istiveforceac:tingontheairliner? 
c Estimate the amount of fuel needed to travel a distance of 5000km at this constant height and speed 

14 A 220MWoil-fired power station has an efficiency of 40 percent and uses fuel ata rate of 13kgs-1. What 
isthespecificenergyofthefllel? 

15 • What is the efficiency of a coal-fired power station that produces an average 560MW of output power 
when burning fuel at a rate of 4.8 x 106kg every dirf? (Asrume that the ~ific energy of the coal is 
30MJkg-1.) 

b If the discarded thermal energy was remO\'ed from the power statioo by cooling water, which shouk; 
not increase in temperature by more than 4.0"C, calculate the minimum rate of flow of rooling water 
thatwouldbeneeded.The1pecilkheatcapac:ityofwateri14180Jkg-1°C-1 

c Estimate the mass of coal that must be burned rNery year to suppty the needs of a large home that uses 
anaveragepowerol3kW. 

16 Usetheinternettofindoutthelatestinformationonhowloogfoss.il-fuelreservesareexpectedtolast 

Nuclear power stations 
There are a total of approximately SOO nuclear power stations in about JO different countries 
around the \<-Orld. The USA has the highest number of reactors but France has the biggest 
percentage of the total electrical energy generated from nuclear reactors. China and Russia are 
planning to build the largest number of reactors. The use of nuclear power is a controversial issue 
that stirs up strong feelings in many people, but it is not sensible to form an opinion without first 
understanding some of the physics invoked 

• Figure 8.14 The 3.6GW nuclear power station in Cruas, France, 
suppliesaboutfivepercentofthecountry'selectricityneeds 

C hain reaction s and energy transfers 

The energy released in a nuclear reactor comes from 
the fission of nuclei, not from rndioact ive decay. When a 
fission reaction in a nucleus of urnnium-235 is initiated 
(started) by the capture of a neutron, the process will 
release aOOut 200 MeV (J.2 x 10- u J) of energy (for more 
details see Chapter 7). The nuclear ix:,tential energy is 
transferred to the kinetic energy of the resulting nuclei 
(the fission fragments) as well as to the neutrons and 
photons. This is an enormous amount of energy from one 
tiny nuclear reaction. 

If the same process can be repeated with a very 
large number of urnnium nuclei, the resulting increased 
kinetic energy of so many particles will effectively be a 
very large increase in the internal energy of the material 



• Figure 8.1 5Energy 

power station 

The uranium will get much hotter with the possibility of large-scale production of electrical 
energy in much the same a way as in a conventional fossil-fuelled power station. The material 
used is called the nuclear fuel and it is usually in the shape of ro,h. Obviously, a nuclear fuel is 
different from a fossil fuel because it is not burned to transfer energy. Figure 8.15 shows the main 
energy transformations in a nuclear power station. 

The following equation is just one of several possible fission reactions that nuclei of 
uranium-235 may undergo when they interact with slow-moving neutrons. It is also shown 
diagrammaticallyinFigureB.16 

bn + 2~~U ~ 1tBa + :Kr + 3bn + about 200MeVenergy 

When a neutron collides with a nucleus of uranium-235, fission is not certain; in fact it is 
unlikely and typically only a small percentage of interactions will initiate nuclear fission. In 
the equation above it is clear that, in this example, each nuclear fission produces three more 
neutrons (the average for all uranium-235 fissions is about 2.5) and these three neutrons may 
themselves then go on to cause further fissions. If, on average, at least one of the neutrons causes 
further fission, then the process will continue and it is described as being a chain reaction. This 
typeofreactionisdifficult to achieve 

If, on average, each fission reaction leads to one further fission reaction (and so on), then the 
number of fissions per second remains constant and the process can be described as conrrn!led 
or self-sustained nuclear fission . This process provides the basis for nuclear reactors generating 
electricity in power stations. However, if each fission produces more than one further fission, 
then the reaction is 1mcomrolled and the number of fissions per second will rise rapidly. This 
will result in the release of an enormous amount of energy very quickly. This is what happens in 
nuclear weapons 

Figure 8.17 shows an idealized example of the start of a chain reaction in which all neutrons 
cause further fissions. 

A relatively small number of fission reactions occur randomly in any sample of uranium-235 
all the time. These reactions provide the neutrons needed for further fission reactions. In order 
to encourage and control nuclear fission, scientists need to understand the main factors that 
affect the probability of fission occurring. These are as follows· 
l Neutrons are penetrating particles (because they are uncharged) and many or most of them 

will usually pass out of the material without interacting with any nuclei 
2 Uranium-235 atoms make up only a small percentage of all the atoms in the material 
J When a neutron does interact with a uranium-235 nucleus, it will only cause fission if it is 

travelling relatively slowly. Fast neutrons do not cause fission. 

• Figure8.16 Fissionofuranium-235 • Figure8.1 7Thestartofachainreaction 
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Critical mass 

The ratio of volume to surface area of a solid increases as it gets larger (consider solid 
cubes of different sizes). This means that the more massive a material is, the smaller the 
percentage of neutrons that will reach the surface and escape. That is, a higher percentage 
may cause fission . The crit ical mass of a material is the minimum mass needed for a self­
sustaining chain reaction. (Uranium that contains 20 per cent of uranium-235 has a critical 
massofover400kg.) 

Fuel enrichment - increasing the percentage of uranium-235 

Uranium-235 is the only nuclide on the planet that occurs in significant quantities that can 
sustain a chain reaction. However, when uranium ore is extracted from the ground and refined, 

the uranium atoms are approximately in the ratio 99.3 per cent uranium-238 and 
only 0.7 per cent uranium-235 (with traces of other uranium isotopes). All the 
isotopes of uranium are radioactive, but the half-life of uranium-238 is very long 
(4.5 x 109 years), similar to the age of the Earth, whereas uranium-235 has a half­
life of 7.0 x J(}'!years 

• Figure8.18Uraniumfuelrods 

For a chain reaction and power generation, the percentage of uranium-235 
has to be increased to about three per cent at the very least, although higher 
percentages are preferable. (Nuclear weapons require a much higher percentage.) 
This process is called fuel enrichment. Figure 8.18 shows a photograph of 
enriched uranium fuel rods. 

Uranium-238 nuclei can absorb neutrons without causing fission, so too 
much uranium-238 will discourage a chain reaction. Enrichment cannot 
be done chemically because isotopes of the same element ha\·e identical 
chemical properties, so physical processes need to be involved (for example, 
using the diffmion of gaseous uranium compounds) but these are difficult 
and expensive technologies. The remaining uranium is called depleted 
uranium; it has physical properties, especially its high density, that have 
made it useful in military engineering but this has been controversial 
(because it is radioactive). 

Moderator, control rods and heat exchanger 

The neutrons released in nuclear fission have typical energies of about I MeV, which means 
that they travel \·ery fast. This is usually too fast to initiate another fission reaction. The slower 
a neutron travels, the higher the probability it has of it being captured by a uranium nucleus 
Therefore, before a chain reaction can occur the neutrons need to be slowed down to energies 
of less than I eV (they are often then described as thermal neutrons). This process is called 
madera1ing the neutrons and the material used is called a moderator. 

In order for the fast neutrons to lose so much of their kinetic energy, they need to collide 
many times with the nuclei of atoms. In general, when particles collide there is a higher rate of 
transfer of kinetic energy between them if they have approximately the same mass (see Chapter 
2). The mass of a neutron is always lighter than the mass of a whole nucleus, but the difference 
is less for nuclei with low mass. This is why atoms with nuclei of small mass are preferable for 
this process of mcxleration, but it is also important that the nuclei do not absorb neutrons. 
Commonly, graphite (carbon) or water is used as a moderator. 

In the pressurized water-cooled reactor shown in Figure 8.19, the nuclear fission occurs in the 
fuel rods in the reactor \>essel. As the cold water flows past the hot fuel rods it removes thermal 
energy and, at the same time, acts as the mcxlerator, slowing down the neutrons. 

The hot water that flows through the reactor vessel is in a sealed system and it never leaves 
the concrete containment. Its temperature may be as high as 300°C, but it does not boil because 
it is under very high pressure. It is pumped to a heat exchanger in which the thermal energy in 
the water is transferred to more water in a separau system (this is an important safety measure). 
Steam is generated, which turns the turbines to generate electricity. 
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• Figure8.1 9 

A pressurized water-

• Figure8.20 

The control rods (typically made ofl:oron) are used for adjusting the rnte of the fission reactions 
by absorbing neutrons. This is done by moving the rods into or out of the system as necessary. 
Figure 8.20 represents the use of control rods to produce controlled fission. 

Students are advised to use computer simulations to model the \\Urking of nuclear power stations 
and other nuclear processes 

17 Cakulatethespeedof: il lMeVneutrnn; b a 1eVneutrnn 

18 Suggestwhyisotopesofuraniuma1esodiffkulttoseparatebyphysicalmethods 

19 Anudedl"po.YefstiJl:ionusinguranium-235hasaneffidencyof43pe,ce!lt.-mdausefulpo.Yefoutputof1GW. 
a If the awrage energy released per fission is 190MeV, calculate how many fissioo1 occur every second 
b Whatmas1ofur.-mium-235isnel'dedeveryday? 

20 a Calrnlatethespedfitenergyofpureuranium-235(inJkg-1) 
b lfuranium-235isonlythreepertentofthetotalmas1ofthefuel,calrnlatetheenergydensityolthefuel 
c Compa1eyoo1answerfor b withatypeofrnalthaltantransfer29MJkg-1 

21 Another possible fission of uranium-235 results in the formation of 1!1Cs and ~Rb. Write a nuclear 
equationforthisreac:tioo 

22a ifanindividualuseselectricalenergyatanaveragerateoflkW.whatistheirannualenergy 
rnnsumption7 

b What mass of uranium-235 atoms has to undergo fission to provide the energy needed for a year7 
{AssumelOOpercenteffkiency.) 



• Figure 8.21 

explosions in the 
wake of the tsunami 
(2011) 

Safety issues 

Nuclear accidents 
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It is fair to say that the risks of nuclear power are very well understocx:l and, as a result, safety 
standards are very high. But, for many people, this is not reassuring enough because no matter 
how careful nuclear engineers are, accidents and natural disasters can happen. Safety standards 
do vary from country to country, but the consequences of a nuclear accident anywhere could be 
really disastrous. 

The world's worst nuclear accidents at Chernobyl in Ukraine in 1986 and Fukushima 
(see Figure 8.21) in Japan in March 2011 remain as vivid warnings about the possible risks of 
nuclear power. The radiation leaks and explosions at Fukushima followed the damage caused by 
a tsunami, whereas the 'meltdown' at Chernobyl is widely recognized to be the result of 
poor design and management at that time. Modern designs and safety procedures have been 
vastly improved but may still be insufficient in the face of an extreme natural disaster. 
Hundreds of thousands of people had to be evacuated because of these accidents, and the 
number of long-term illnesses and deaths caused by them will take many years to be confirmed. 

A thermal meltdown is probably the most serious possible consequence of a nuclear accident. 
If, for some reason (for example, the loss of coolant or the control rods failing to work properly), 
the core of the reactor gets too hot or even melts, the reactor vessel may be badly damaged 
Fires and explosions may happen as extremely hot materials are suddenly exposed to the air. 
Highly concentrated and dangerous radioactive materials may then be released into the ground, 
water or air so that they are spread over large distances by geographic and weather conditions. 

When considering the dangers of nuclear power, it should always be remembered that the uses 
of all other kinds of energy resources have their various risks. In particular, coal mining has been 
responsible for an extremely high number of serious injuries, long-term health problems and 
deaths over the past 200 years 

Nu.dear waste 

The products of fission reactions are high!}' radioactive and can therefore be dangerous if 
safety standards are not high enough. Anything associated with the reactor must be considered 
as a potential health risk, although the biggest dangers are obviously posed by the fuel rods 
themselves. Nuclear waste products, such as the fuel rods after they are no longer useful, are 
highly radioactive and contain some isotopes with very long half-lives, which means that they 
will be dangerous for many thousands of years. As an example, '19'fc has a half-life of210000 
years. It should be noted, however, that if a radioisotope has a very long half-life, the activity 
from each gram will be very low. 
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• Figure 8.22Storageofnuclearwaste 

• Figure8.23McCleanlakeuraniumminein 
Saskatchewan,Canada 

@ijfli@ml,tM Nuclear weapons 

There is no way to stop a radioactive material from emitting 
nuclear radiation, so safety measures have to concentrate 
on preventing people from being exposed to the radiation. 
Radioactive substances need to be surrounded by materials that 
will absorb the radiation safely. Thick concrete, water and lead 
are widely used for this purpose, depending on the circumstances 
Exposure to radiation is also reduced by keeping people as far 
away as possible or, if they need to be close, by wearing protective 
clothing and limiting the length of time of their exposure. 

The disposal of highly dangerous nuclear waste remains a 
serious problem that we are leaving for generations to come. 
At present, some of this waste is stored deep underground in 
very strong aOO thick containers designed to prevent leakage, 
while some is stored above ground where it can be more easily 
monitored (seeFigure8.22) 

M ining 

Uranium is widespread as a trace element in many minerals 
around the world, but more than half of the world's uranium mines 

are located in only three countries: Canada (see Figure 8.23), 
Australia aOO Kazakhstan. A lot of rock has to be extracted from 
large, open-cast mines to obtain only a small amount of uranium, 
which is usually in the form of uranium oxide 

One of the products from the decay of uranium nuclei is the 
radioactive gas radon. This makes uranium mines potentially 
dangerous places. Because it is a gas, any radon present in the air 
can enter the lungs and, once it is inside the bcxly, the radiation 
that it emits is far more dangerous than similar radiation sources 
outsidethebcxly. 

The first nuclear bomb was tested in 1945 in the USA. The latest country to develop nuclear 
weapons was North Korea in 2013. It is believed that nine different countries have nuclear 
weapons; they all claim that these are just for national defence and that the weapons \\Dllld 
never be used except under the extreme circumstances of being attacked by another country. 

The destructive power of just a single nuclear bomb was horrifyingly demonstrated at both 
Hiroshima and Nagasaki in Japan in 1945. The basic requirement is a critical mass (but not 
all together in one piece) of plutonium-239 or highly enriched uranium-235 (enriched to 

• Figure8.24 Sub-criticalmassesinanuclear 
bomb-aconventionalexplosionforcesthetwo 
sub-critical masses together 

20 per cent at least, but preferably much more). If the bomb is 
to be detonated, the two separate halves of the critical mass 
have to be brought together by a relatively small conventional 
explosion, as shown in Figure 8.24. This then produces an 
uncontrolled chain reaction. 

The production of enriched 'weapons-grade' uranium is 
technically extremely difficult and expensive. The alternative, 
plutonium-239, is a product of neutron capture by uranium-238 
nuclei in a nuclear power station, which can later be recm·ered 
from the fuel rods. This is why there is concern that a few 
countries may use their development of a nuclear power 
programme to (secretly) develop nuclear weapons 
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Many people claim that the threat of nuclear weapons becoming available to the 'wrong' 
countries/organizations/people is one of the biggest threats facing the world in the twenty-
first century. Hov.1ever, some people believe that the threat of the use of nuclear weapons has 
actually helped prevent major wars, although many others believe that there could never be 
any justification for the construction or use of nuclear weapons under any circumstances. 
Regretfully, in the modem \mrld we need to be aware of the possibilities of terrorist attacks on 
nuclear power stations, or the transportation of nuclear materials, or the use of nuclear or 'diny' 
bombs by terrorists. 

l It might be agreed that a world without nuclear weapons would be a better place but, once 
they had been invented, is it ever going to be possible to remove them all? 

2 Research the Nuclear Non-Proliferation Trea1y and which countries have not signed it. 

Table 8.3 Summarizes the advantages and disadvantages of the use of nuclear capability. 

Disadvantages 
• Extremelyhighenergydensity. • Dangerousandverylong-lastingradiOilClivewasteproducts 
• Nogreenhousegasesemittedduringroutineoperation.(Some 

scirotists think that nucl&ir power may be the only realistic solution 
to global warming.) 

• Expensi~e 
• Efficiencyisnothighwhenthewholeprocessistakeninto 

account 
• Threatofseriousaccidrots 
• Possibletargetforterrorists 

• Nochemicalpollutionduringoperation 
• Reasonablylargeamountofnudearluelsarestillavailable 
• Despiteafewseriousincidents,statistically overthetast50y&irs, 

nud&1rpowerhasoverallpm'let1tobeareasonablysafeenergy 
technology 

• Unkedwithnuclearweapons 
• Notarenewablesource 

• Table8.3Advantagesanddisadvantagesofnuclearpower 

• Figure8.25 

Protestorstrytostop 

the shipment and 

storage of nuclear 

ToK Unk 
Tovrlh•••ttnt 11\m1M1 ,Ublk ..,1,,..,. rnt1uimu1idt11tlflc _,m and ~p,nenn 
The use of nuclear energy in5Pires a range of emotional re5POnse-; from scienlr.its and society. How can 
ac:ruratescirotifkriskasS!"ismrotbeunderlakeninemotiona/lychargedareas? 

The<ecanbefewareasinsdencewhereknowledgeandemotionsaresointertwinedasinanydiscussion 
about nuclear power. Very few people ill"I' umlecided; they tend to be strongly for or strongly aga inst the 
useofnucl&1reoergy.Thepera>ivedworstconsequencesofanuclearac:cidentatapartirularlocationare. 
no doubt, te<rifying. but a realistic ri sk assessment needs to compare that carefully with the long-te<m and 
more widespread risks associated with us ing other energy resoom,s, or indeed the other risks of everyday life 

Whro we try to form an honest opinion about anything, our own previous experiences. prejudices and 
emotions will influence our thoughts. no matter how hard we try to be objec tive. The<e is no doubt that 
thesharedprocessesofsciencetry~eryhardtoeliminatesuchbia1.but'theknowledge'thatweeachcarry 
arovndinourheadsishigh!ypersonalized 
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Nuclear fusion 

Nuclear fusion is the source of the energy in all stars, including the Sun (see Chapter 7). A 
typical fusion reaction like that shown in the fullowing equation would transfer about 18 MeV: 

fH +{H -t\He+in 

The nm nuclei of hydrogen (known as deuterium and tritium) are both positively charged and 
they will only fuse together if they have enough kinetic energy to overcome the repulsive furces 
between them. Achieving this high kinetic energy requires temperatures of more than 108 K At 
this high temperature electrons move around separately from hydrogen ions (protons) and the 
gasiscalleda plasma. 

Nuclear fusion at these temperatures has been 
achieved on Eanh, but the main problem is continuing 
(mstaining) the reactions over any significant length 
of time. The hot plasma cannot be allowed to come in 
contact with the walls of a container because that would 
cause it to cool down and the container 1MJuld also 
become contaminated. 

To avoid this problem the plasma is confined 
(contained) using a very strong magnetic field, such as in 
the Russian designed Tokamak thermonuclear reactor, 
which uses a doughnut (torus) shaped field (Figure 8.26) 

• Figure8.26RussianTokamakthermonuclearreactor 

If energy could be released on a large scale by 
nuclear fusion, it 1MJuld have the advantage of being a 
more plentiful fuel supply with fewer radioactive waste 
problems, compared to nuclear ft\Sion. These advantages 
are enormous, but despite years of considerable scientific 
efforts, the technology needed to sustain nuclear fusion 
reactions is still proving too difficult . 

23 Alltheio;otopesofuran iumareri!dioactiveanddecayintootherelemrots.Explainwhythereisstilla 
significantamoontofuraniumleltonEarth 

24 1f,afteranuclearacddentirwoMnganisotopewithahall-lifeof12y&irs. theradiationlevelinthe 
environment was 33 times higher than the normal background wunt, approximately how much t ime 
wouldhavetopassbeforepeoplecouldre-roterthe.-11ea? 

25 a Dangerous nucle;ir waste is to be stored underground for more than 100000 years. S.Uggest ways in 
whichthisplancooldgowrong 

b lsputtingthewa1teonarocketandliringitintotheSunasensiblealte1native?Explainyour answer 

2i a Use Coulomb"s law to calrnlate the repul~e force between a tritium nucleus and a deuterium nucleus 
whentheyaresepara tedbyadistanceof5.0x10· 11 m 

b Calrnlate the acceleration with which the deuterium nucleus would start to mOYe away 

27 a Usetheintemettogatherdataonthetotalnumberofdeathsandseriou1illne11esthathil'lebeen 
attributedtotheChemobylaccident5inceitoccurredin1986 

b You will probably find that the information from varioos websites is different. Suggest re;isons why 
con5istent informationisdilficulttoobtain 

c How can you decide which web5ite gives you the most reliable information/ 

28 Use the internet to find out about the latest developments in nuclear fusion : what power was 
achieved. and tor how long? What nuclides were used? Where did it take place? In particular, what 
andwhereislTER? 

U a What is your personal opinion about the use of nuclear power? In 100 words or fewer explain why yoo 
thinkthatyourcountryshould.orshouldnot.operatenucle;irpowerstations 

b Conductasurveyoftheopinionsofyourfellowstudents.Areopinionsofphy5icsstudentsdifferent 
fromthoseofnon-physin'itudentl7 

30 a Underwhatcircumstances (ifany)doyouthinkthatitwouldbeacceptableforonecountrytousea 
nuclearweapontobombanother? 

b Do you believe that every count ry has the right to decide for itseif whether to buikl nuclear weapons or 
not?lfnot.whoshouldcontrolanydevelopmentoftheworld"snuclearweapons? 
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Wind power generators 
Radiation from the Sun causes differences in temperature that result in changes in air density. 
These changes produce convection currents and differences in air pressure. Wind is air moving 
between areas of high pressure and low pressure. For thousands of years the energy transferred 
from windmills has been used around the world for \\-Ork such as grinding crops (see Figure 8.27) 
There isan enormous amount of kinetic energy in the winds across the planet, but it has low 
energy 'density' and it is only in recent years that technological advances have encouraged 
the widespread use of large wind-driven electrical generators. It has now become a very rapidly 
expanding technology. 

• Figure8.27TraditionalwindmillsinGreece • Figu re 8.28 A wind farm in Denmark 

There are many different designs of wind generators (which generate electricity, not wind!) but 
we will concentrate on the type most commonly used for large-scale electrical power generation 
They have a horizontal axis of rotation, as shown in Figure 8.28. However, there is an interesting 
variety of designs for wind generators with vertical axes, most of which function equally well 
whatever the direction of the wind. Figure 8.29 shows an example. 

• Figure8.29Windgeneratorswithaverticalaxis 
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The blades of a horizontal axis generator (usually there are three) move in a vertical circle and 
are designed to be struck by wind moving parallel to the Earth's surface. The kinetic energy of 
the blades is then transferred. to make coils spin in electrical generators. The number of blades, 
their width and angle to the wind are all carefully chosen to get the maximum amount of power 
transferred from the wind. For the same reason, the whole blade mechanism is often able to 
rotate in the horizontal plane so that the wind always strikes the blades perpendicularly. The 
blades are designed to rotate at a particular speed with winds within a certain range, typically 
about 5 to 15 ms-1. Figure 8.30 shows the energy transformations involved in wind power 

• Figure 8.30 Energy flow diagram for wind generators 

Advantages 

Winds flowing close to the ground will lose energy due to friction and by striking obstacles, so 
generators are ll'lually located near to coasts or on treeless hills, and the towers supporting the 
rotating blades are as tall as possible. Constructing wind generators in shallow water off-shore 
has obvious advantages, but these are expensive to construct. The largest off-shore wind farms 
(already operational and those in construction) are off the shores of the UK, Denmark aOO 
Germany. 

Smaller wind generators may be ideal fur remote locations, fur example on boats or 
farmhouses that have no access to mains electricity. The advantages and disadvantages of ll'ling 
wind power are shown in Table 8.4 

Disadvantages 

• Nogrel!nhousegasemissiom • Expeosivetoconstruct 
• Renewablemurce 
• Freesourceofeoergy 
• Nopollutionduringuse 
• Smi1llgeneratorsareidealforremotelOG1tions 

• Lowenergydensity;largeareaneeded{althooghthelandaroundthemcan 
stillbeusedforfarming) 

• Windspeed(andpoweroutput)isunreliabk> 
• Emitssomenoise 
• Best IOG1tioos are often far away from cities and towns 
• Manypeopleconsiderthatthey areug!y andspoi ltheenvironment 

• Table 8.4 Advantages and disadvantages of wind power 

Calculations involving wind power 

An equation for the power of a wind generator can be obtained by considering the loss of kinetic 
energy of the wind striking the blades. 

The maximum theoretical power, P, available from a wind power generator with cross-sectional 
area A (see Figure 8.31) when struck by air of density p moving with a speed tJ is given by: 

This equation is given in the Physics dara booklet. 
It is not surprising that the power is prorortional to the area and density, but the fact that 

it depends on the wind speed cubed should be noted. A doubling of the wind speed could 
theoretically produce eight (21) times the rower 

The transfer of kinetic energy of the air to kinetic energy of the blades cannot be 100 per 
cent efficient, considering that some of the wind must pass between the blades and that the air 
that strikes the blades will not come to rest. 



-·· Deriving an equation for wind power 
The volume of air passing the 
blades every second, V, is equal 
to the speed of the wind, 11, 

multiplied by the area 'swept out' 
bytherotatingblades,A 

V • vA 

Becausemass•volumexdensity, 
p, the mass, m, passing every 
second is given by: 
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area.A 

Using the equation fur kinetic 
energy(EK • -fmv2),thekinetic 

energy of this moving mass of • Figure 8.31 Cross-section of wind striking the blades of a 
airpassingthebladesevery 
second is 

EK(• tr) •f xvApx l! l 

We know that: 

power • energy t~::sferred 

So, if all of the wind's kinetic energy is transferred to the wind generntor e\·ery second (which 
would mean that the air behind the generntor is not moving), then its maximum theoretical 
power, P, is given by: 

l Find out why most horizontal-axis wind generators have three blades. 

31 Explain what it means to xlY that wind power has a low 'energy density' 

32 A w ind generator has blades of length 18 m and operates with ,m efficiency of 21 per cent. What power 
output woold you expect with a 12ms- 1 wind? (Density of air= 1.3kgm-l.) 

33 A wind generator has an output of 10kW when the wind speed is 8ms- 1 

a What wind speed would be needed for an output of 20kW? 
b What power output woold you predict for another generator of similar design, but with blades of twice 

the length, when the wind s.peed was 16ms-1? 

34 A =II farmhouse needs an average power of 4 kW. A wind generator is to be placed on the top of 
atowerwheretheeffectiveaveragewinds.peedis7.Sms-1.Calrnlatethelengthofbladesneededto 
generate this power ii the system is24 percent efficient 

35 large wind generators can produce SMW or more of electrical power. 
a Make an estimat e of the diameter of the circle through which the blades rotate. list the assumptions 

you made 
b A total output of 20MW is required. Discuss whether it might be better to build four similar generators 

oronegeneratoroftwicethesize 

36 • How many large wind generat ors (as described in question 35) woo Id be needed to provide 2 GW 
(equivalenttoalarge fossil-f uelledpowerstation)) 

b II the w ind generators have to be at least 300m apart, what is the minimum area of land needed) 
c Suggestareasonwhythegenerat orsneedtobesolarapart 

37 Windspeedsvaryconsiderablyand quotingan'average'valuemaybemisleading,especiallyilavaluefor 
the average speed is used directly to predict an average power, as in question 34. Expla in why this would 
almost certa inly lead to an underestimate of the ava ilable power. 

38 Draw a Sankey diagram to represent the energy transfers invoWed w ith a wind generator. 
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• Figure8.32 

hydroelectric power 

• Figure8.33 
Theltaipu 
hydroelectric power 
stationontheBrazil­
Paraguayborder 

Hydroelectric power 
When water is free to flow downwards, gravitational potential energy is transferred to kinetic 
energy, which can be used to drive turbines and generate electrical energy. Electric power 
generated in this way is known as hydroelect ric power. 

In order for this to be a useful long-term source of electricity, there must be a process (cycle) 
continuously involving the transfer of the energy needed to return the water to a higher level. 

Water storage in lakes 

Water is continuously evaporating from the oceans and seas due to the transfer of thermal 
energy from the Sun. The water vap:mr rises due to convection currents, forms clouds and later 
the water falls as rain (or snow), which can be collected and stored at high altitude in lakes, or in 
artificial reservoirs behind dams. 

When the water is allowed to fall downwards, often nearly vertically, electrical energy can 
be generated by turbines at the bottom of the fall (see Figure 8.32). It is also possible to generate 
smaller amounts of electrical power directly from fast-flowing rivers. Some of the most powerful 
power stations in the world are hydroelectric, for example the ltaipu hydroelectric power station 
on the Brazil- Paraguay border (Figure 8.33), but there are also a very large number of small-scale 
schemes providing electric power for small communities in remote locations. Approximately 
20 per cent of the world's electricity is generated by hydroelectric power stations and it is the 
world's most widely used source of renewable energy (for electricity production). 

transformer 



• Figure8.34 Typical 

daily variation in 

energy consumption 

from a large power 

station in summer and 

B. 1 Ener y sources 353 

Pumped storage 

In hilly locations, hydroelectric power offers a large-scale solution to the problem of storing 
exceo.s energy from an electricity power station. Electrical power stations are designed to be 
operated at a panicular power output at which they have their maximum efficiency but at night, 
when most people are asleep, there is normally less demand for electrical energy (see Figure 
8.34). Some electricity companies try to encourage people to use electricity at night by offering 
cheaper rates. If power stations are operated at a lower power at night, their efficiency is reduced 
and a higher proponion of energy is wasted as thermal energy transferred into the surroundings. 
It is better to keep a power station running at approximately the same power 24-hours a day by 
storing the excess energy generated at night and transferring it back into the system during the 
day at time when the energy can be sold at a higher price. The most common way of doing this 
is to use the excess power to pump water up to a lake at a greater height during the night and 
then release it to generate extra power the next day. 

• 
~ s 

L 

Time of day 

The energy transformations that take place in a hydroelectric power station are shown in 
Figure 8.35. Tides, caused by the gravitational attraction of the Moon, cause rises in sea level 
twice a day. The water can be trapped behind dams and released bter when the sea level falls. 

• Figure 8.35 Energy flow diagram for hydroelectric power stations 
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The advantages and disadvantages of using hydroelectric power are shown in Table 8.5 

Advantages 

• Renewablesourceofenergy 
• Nogre{'nhou,;egasemiss.iom(atthoughtherewillprobably 

be some increase in the re~a,;e of methane from the enlarged 
lakes) 

• Relatively high efficiency 
• Fre{'sourceofenergy 
• Nos.ignificantpollutionduringoperation 
• Dams may also be used to control river flow, improve irrigation 

and prevent flooding 
• Newlycreatedlakescanbearecreationalre10Urreandprovidea 

newhabitatforsomeplantsandanimais 
• Canbetheidealenergyresourceforremote,hillyloc:.-itions. 

• Table 8.5 Advantages and disadvantages of hydroelectric power 

Disadvantages 

• Theenvironmentwillbeaflectedandthenaturalhabitatof 
mi!nyplantsandanimi!lsmaybedestw;ed 

• Newly built dams will form lakes that milY cover land that was 
previoos.fyvillag.es,towns,farmlandetc 

• Canonlybeusedincertainloc:ations{mount.-iinous/hillyp\ac:es) 
• Large-scaleprojectscanbeveryexpens.ivetoamstmct, 

atthoughmaintenanceismorereasonable 
• The natural flow of rivers may be interrupted, which can have 

mi!nyundesirableconsequences 
• Hydroelectric power statioos may be a long way from centres of 

population,sothepowi!rmayneedtobetransmittedoverlong 
distances 

• lf.-idamburstsitc.-incausernnsiderabledamageandlossoflife 

Calculations involving hydroelectric schemes 

The loss of gravitational energy v.hen a mass, m, of water falls a distance, lih, can be determined from: 

liEP •mglih liE 
The average theoretical power output during time l'.1 will be --d-· 

Because they do not rely on the transfer of thermal energy, hydroelectric power stations will 
be much more efficient than fuel-burning power stations. Typically, the brger the power station, 
the more efficient it will be 

2 'NhatlstheiM'rageoolputpa.verffanasrral l~paNerstationoperatir,gat92.0percentefficieocy 
if242000kgotwi!l:efpassesttrooghilsturbioesrNeryhour,hir.ir,gfalenavertic:al <istatlc:eof82.4m? 

Energytransferredfromfallingwaterinonehour 

llEp:242000><9.81><82.4:1.96><108J 

Maximum theoretical power: ¥f,, 1
·
9:~6°8

,, 5.43 x lO'W 

Output power: input power x efficiency: 5.43 x 104 ~ 0.920: S.00 x 104W 

39 Cakul.-ite the maximum theorehcal power available from a hydroelectrK power station in whKh 2.0m3 of 
water falls a vertical dlst.-ince of 112 m f!olery second. Assume that the density of w.-iter is 1000kgm-l 

40 Whatisthetotalgravit.-itionalpotentialenergyavailablefromalakeofare.-i5.8km1 andaveragedepth 
of 33m which supplies a hydroelectric power station that is 74m bejow the bottom of the lake? Think 
carefu llyaboutwh.-itheightyoushouldu,;einthecak:ulation 

41 Waterllowsffomalaketl1roughacertainhydroelectricp<)W{'r1tationatanaverilg.eannualrateof4.3mls-1 

a If the water in the lake comes from the rainfall a.er an area ol 138 kml, what is the il'lerage rainfall (in 
cmy-1)merthatarea? 

b Whatassumptiondidyoohavetomake?lsitreao;onable? 

42 A family wants to install a small hydroelectric generator to provide their own electrical needs, which 
theyestimi!tetobeanaverageof3.0kW. Thegenerator'seffidencyis85percent. lftheirhomeis.-itan 
altitude ol 1420m and they want to use water fa lling from a small lake at an attitude of 1479m, what 
averagemi!ssofwatermustpassthroughthegeneratoreveryo;econd? 

43 Makeali!itol thedesirableleaturesofapossiblelocationforanewhydroelectricpowerstation 

44 Suggest some 'undesirable conseqtJences· that may ()((Ur ii the natural flow of a large river is interrupted 
byoneormoredams 

45 lnaptJmpedstoragesystem,waterispumpeduptoalake/reservoirtJsin9electricalenergyandthenlater 
allowedtofall biKktogenerateelectricityagain.Ofcour,;esomeenergyiswastedinthisprocess.Explain 
whythisprocesscanstillbeagoodidea 

I 
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Solar power 
The intensity of sohr radiation falling on a surface can be calculated using· 

intensity • i::·:r 

This equation is included in the Physics data booklet 
The intensity of the Sun's radiation arriving at the Earth is approximately I400Wm-2• 

Although this figure can vary by approximately seven per cent, it is known as the sola r 
constant. It is the power passing through each square metre perpendicuhr to the Sun's 'rays' 
as they reach the outer limits of the atmosphere, as shown in Figure 8.36. (This power is across 
all wavelengths of the Sun's emission spectrum, although about half is in the visible pan of the 
spectrum.) 

This is an enormous amount of energy incident on 
the Earth, although some of the energy from the Sun is 
absorbed, reflected and scattered (reflected randomly) 

{almost) ~ ' _ atmosphere in theatmosphere.Forexample,on acleardaywiththe 
para ll~ rays ' , _,.-· Sun directly overhead, a figure for the intensity on the 
f-<t•S.m ~ · ••• / , Earth's surface is sometimes quoted to be about I kW m- . 

~ ' A moreusefulvalue,a\·eragedover24hoursand 

~ ,' over the whole planet, is about 230Wm-2. Of course, 
'-... ' .· .. ' • -............ the energy transferred by radiation from the Sun is 

1400\Vpa~ ~ · essentialforalllifeonEarthanditisimportantto 
through each / : remember that it is, or has been, the indirect origin of 
square metre • \ the majority of the energy resources discussed in this 

topic. However, surprisingly little use has been made of 

• Figure8.36SolarradiationarrivingattheEarth 

• Figure8.37Photovoltaiccells 

• Figure8.38 Energyflowforaphotovoltaiccell 

(not to scale) the direct transfer of solar energy to other energy forms. 
Solar radiation can be used directly in two different 

ways: in &0!ar he at ing panels the radiant (solar) energy 
is transferred to raise the internal energy of water; in photo\·olta ic 
cells (alsocalledphotocellsorsolarcells)thesolarenergyis 
transferred directly to electrical energy. Groups of photovoltaic 
cells are commonly called solar panels, but this can cause 
confusion with sohr hearing panels 

Photovoltaic cells 

When radiation falls on the semi-conducting material of a 
photO\oltaic cell, free electrons are released within the material 
and a potential difference is pn:x:luced across it 

When used in a circuit, both the current and the potential 
difference from a single cell tends to be low and there is also 
significant internal resistance. So, individually, they are only 
sources of small amounts of electrical power (see Figure 8.37). A 
large number can be connected together to provide much greater 
power. Figure 8.38 shows the energy transformation that occurs in 
a photovoltaic cell. 

Photovoltaic cells are probably the world's fastest growing 
renewable energy technology. Costs are falling quickly and 
efficienciesarerising.Mostsolarcellsoperateatlessthan20per 
cent efficiency, although the best are aOOut 25 per cent, with 
future hopes aiming at over 40 per cent. Because of their potential 
convenience and low cost, a lot of research is going into the design 
of thin-film photornltaic cells 
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Photovoltaic cells are used (together with rechargeable 
batteries) for low-power devices such as calculators and for 
isolated single devices (such as emergency phones), but improving 
technology and lower costs now mean that they are also being 
used widely to provide supplementary electric power to homes and 
offices. Figure 8.39 shows a typical example. Solar power stations 
are also being built to provide 100 MW (or more) of power to 

electricgridsystemsaroundtheworld 

Solar heating panels 

• Figure 8.39 Germany has made significant In a solar heating panel the radiation from the Sun is absorbed 
investments in photovoltaic power by black-painted copper pipes through which water flows 

(Figure 8.40). The hot water is then pumped through a heat 
exchanger in which thermal energy is transferred from the hot water to a larger amount of water 
stored in an insulated tank. When the water in the tank is hot enough it can be used in the 
home fur washing etc. Homes with solar heating panels will usually also have some other means 
of heating water for the times when the water is not hot enough. Figure 8.41 shows the energy 
transferinasolarheatingpanel 

blac:kpaintedcopperpipes 
inasolarheatingpanel 

• Figure8.40 Asolarheatingsystem 

• FigureB.41 Energyflowforasolarheatingpanel 

Solar heating panels are mo,tly used for individual 
homes and they are typically placed on a roof. 
They are used widely in many countries, most 
usefully where there is a hot and/or a sunny 
climate (Figure 8.42). Many governments 
encourage their use, or even require that all new 
homes have solar heating panels. 

• Figure8.42 Solarheatingpanelson 
homes in Turkey 



/ 
eqllillinddeolpowi'r 
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Variations in radiation intensity reaching the Earth's surface 

The intensity of the radiation reaching a particular place on the Earth's surface depends on: 

• the weather/climate 

• the geographical latitude of the location 

• time of day/night 

• the angle of the surface to the horizontal at that location. 

Figure 8.43 illustrates that if the same radiated solar power falls on areas A and B, the intensity 
(power/area) will be less at A because the area is larger. This diagram could be representing 
places at different latitudes on the Earth or, for a given location, it could be representing 
variations in intensity at different times of the day or at different times of the year. 

To reduce the effect of these variations, photovoltaic cells or solar heating panels are not 
usually placed horizontally on the ground but are positioned so that they receive radiation 
perpendicularly at a carefully chosen (average) time of the day and year. A more expensive 
option is to provide the machinery necessary for the devices to move and keep aligned 

It is important to realize that if a panel were positioned so that it received the maximum 
radiation at midday in winter, the received power would still be less than that received at 
midday in summer. This is because the radiation has to pass through a greater length of the 
Earth's atmosphere. This can be seen by comparing the lengths P and Q in Figure 8.44 

"'--~-, 

• Figure8.43Thereceivedintensityofsolarradiationvarieswiththe 

angle of incidence 

(nollo'>(:ale) 

• Figure8.44Effectoftheatmosphereonreceived 

intensityofradiationatdifferenttimesofyear 

The advantages and disadvantages of using solar radiation are summarized in Table 8.6. 

Advantages 

• Reoewablesourreofenergy. 
• Frl'{'so\l1ceolenergy 
• Pollvtioo-lreeduringuse 
• lowmaintenance c051:s 
• Typical20+years"lifetime 

Disadvantages 

• Variatiooolootputwith time al"day/n9'1t. weather. time ofyreretc 
(meaningthatindividualsystemsneedsupplementary power/battefies) 

• Photol'Oltaicc~lsandsotarhe.-itingpanelsareexpensiveto 
constructandinsta ll(bvttheyarebecomingsignificantlycheaper) 

• Photovoltaicc~lshavesomepollutionissvesdvringconstructioo 
andeod-of-vserecycling 

• low energy density - large .-ireas needed for photovoN:ak power 
statioos 

• Table8.6 Advantagesanddisadvantagesofsolarpower 
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46 a CalrnlatethetotalamountofenergyrildiatedfromtheSunthatfal!sootheEarth'supperatmosphere 
inoneyear.{AssumethatthedistancelromthernntreoftheEarthtothelimitoftheatmosphere 
is6.5><106m.) 

b Compare yoor answer with the world's total annual energy consumption, estimated to be 
approximately5>< 1010J 

47 Figures836and8.44arenotdrawntoscak>.TheradiusoftheEarthis6.4><106maodtheheightofthe 
atmosphere is often assumed to be about 100km. Use a compass to draw a scak> diagram of the Earth 
surroondedbyitsatmosphere 

48 Make two copies of Figure 8.43 and label them (a) variation of intemity with time of the day, and (b) 
variat iooofintensilywithtimeoftheyear.OneachdiagramindicatethepositionoftheEarth'saxisand 
thenorthpok>.On(b)alsolabelthed irectiooofrotation 

41 Suggest two re<tSom why the value of the solar constant varies (by up to seven per cent) 

50 Explain the ways in which the design of a solar heating system (with black-painted copper pipes) as shown 
inFigure8.40triestomaximizetheamoontoftheimalenergytransferredtothewaterinthetank 

51 a Draw an electric cirrnil that woold enabk> you to investigate how light intensity affects the potential 
differenceacrossaphotovoltaiccell andthernrrentthroughit 

b Howcouldyouusethedatatodete<minetheintemalresistanrnofthecem 

52 Aphotmoltaiccellofarea1.8cm"isplacedwhereitreceivesradiatiooatarateol700Wm·1 

a Whatelectricalpowerisproducedifitsefficiencyis18percent? 
b lfthevoltageacrossitis0.74V,calculatethernrrentthroughthecell 
c How many cells would be needed fOf a power ootput ol SOW? 
d Whatwouldbethetotalareaolthecel!s? 

5l a Use the internet to get an up-to-date estimate of the world's total electrical power consumption 
b Useestimatesoftheaverageradii!tedpowerreceivedootheEarth'ssurface,aridtypicalareasand 

efficienciesofphotovolta iccells,tocalculateanapproximatevaluefortheareaofcellsthatwouldbe 
rieededtosuppfyalloftheworld'selectricalpowerneeds 

S-4 lmaginethatasolarheatingpanelisbeingplacedinafixedpoo;itionontheroofofahomeinyourtown/ 
city.Discusswhichwooldbethebestdirectionforittoface 

55 Asolarheatingpanelofarea3.4m'isputinapositionsuchthatooonedayitreceivl.'danaverage 
intensityof640Wm-lduring12hoursofdaylight 
a Whatisthetotalenergyincidentontheparielduringthatday) 
b Thesystemisdesignedtotransferthisenergytoa0.73m1 tank.ofwate<,andatthestartofthedaythe 

temperature of the water in the tank. was 2°C. What is the maximum poss ible temperature of the water 
at the end of the day? (Assume that the density of water is 1000kgm-l arid 
thatthe1pecificheatcapacityofwateris4200Jkg-1°c-1 .) 

c What assumptioo did you make? 

56 a Make a copy of Figure 8.45, which shows how the total energy received per 
daybyafixedsolarpanel(orsolarcelQispredictedtovaryduringtheyearat 
alocationwithalatitudeof30°inthenorthemhemisphere 

b Addlinestoyourgraphtoshowtheenergy/daythatwoolclbepredictedlor 
thesamepanelifitwas 
I atalatitudeof60°N 
li atalatitudeofzero,ontheequator 
Hi atalatitudeof30°S 

c Give two reasons why the total energy received per day decreases with 
increasing latitude 

i~ 
' li ' • E • 

.! 
• Figurel.45 

MHfii@jj.ietW Geothermal energy 
At a number of locations around the world, naturally occurring hot water has been used for 
thousands of years for bathing and for heating rooms. In recent years, attention has turned to 

extracting more of this geothermal rn.ergy, with the aim of reducing the adverse effects of using 
fossil fuels. 

Since its formation, the core of the Eanh has been extremely hot. It has remained hot partly 
due to energy released in the decay of radioactive materials. Some of this internal energy is 
continuously transferred as thermal energy to nxks close to the surface of the Earth. 
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A volcano is a dramatic example of this, and the use of 
geothermal energy is mostly (but not exclusively) to be 
found in countries known for their volcanic activity. 

Currently, geothermal power provides much less 
than one per cent of the total world's needs, but 
three countries each generate more than 25 per cent 
of their electrical power using geothermal energy: 
Iceland (Figure 8.46), the Philippines and El Salvador. 

In some locations the energy is directly and 
conveniently available in the form of hot water, but 
in other places water has to be pumped down to 

hot rocks a long way beneath the surface. The most 
common and efficient use of geothermal energy is 
achieved with the direct use of hot water for heating, 

• Figure 8.46 Iceland gets about 30 per cent of its energy needs but where temperatures are high enough electricity 
from geothermal power can be generated. 

l Where are the nearest 'hot springs'/spas to where you live? How hot is the water and what is 
it used for/ 

2 Use the internet to find out as much information as you can about any one particular 
geothermal power station from around the world. Prepare a presentation for the rest of 
your group. (Answer questions such as: Why is it at that location? Did engineers have 
to dig into the Earth's crust or was the energy accessible close to the surface? Is the 
internal energy mostly in rocks or water? How is the energy transferred for use/ Is there 
any pollution? What is the useful power output? What is the efficiency?). Make sure 
that you are using the terms 'thermal energy' and 'internal energy' correctly. Try not to 

use the word 'heat'. 

Energy research 
The world's current dependency on non-renewable fossil fuels cannot continue indefinitely 
It has become a matter of great urgency that new sources of energy are developed, especially 
because the world's population is increasing and many people in developing countries 
are hoping for improved standards of living. At the same time, climate change and other 
environmental issues are of very great concern, and it is vital that energy sources do not 
make those problems worse. 

These problems are now generally well known and accepted around the \ffirld, but they 
should never be underestimated or forgotten because of overfamiliarization. A great deal of 
scientific and technological research is being carried out in many different countries by scientists 
and engineers collaborating from almost all branches of science. But obviously this is not just a 
matter of science and technology - individuals and societies must accept responsibility and make 
changes, led by politicians and governments. 

The introduction of new technologies is also driven by economics. Companies, large and 
small, are usually happy to invest in research if they anticipate making profits later. This is a 
rapidly changing business situation; a new idea may seem uneconomical when first conceived but 
become profitable when introduced on a large scale. 

These are some of the continuing areas of development: 
• discovery of new reserves of fossil fuels 
• development of new technologies (e.g. fracking) to extract fossil fuels that were previously 

uneconomical 
• imaginative new ideas and technologies for renewable energy sources 
• providing education and information to people around the \ffirld (including the need for 

population control) 
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• more efficient use of energy by individuals, homes and organirntions 
• continuing nuclear fusion research 
• increasing use of nuclear (fission) power, if this can be acceptable to the public. 

The following list contains some of the many questions that might be asked about different 
types of power station 

• Is the energy source renewable? 
• Can it provide large amounts of power to large numbers of people? 
• Are there any greenhouse gases emitted? 
• Is the source of energy free or expensive! 
• Is it expensive or difficult to transfer the energy source to the power sta tion? 
• Does the source have a high energy density! 
• Is the supply of energy reasonably constant and predictable? 
• lstheprocessenergyefficient1 
• Is there any pollution during operation! 
• Is there any significant pollu tion during construction or disposal? 
• Are there any other adverse effects on the environment or people/ 
• Is it difficult or expensive to construct and install! 
• Is the equipment expensive to maintain? 
• How long before the equipment needs replacing/ 
• Are there plenty of suitable locations for power stations of this type! 
• Are the probable locations of power stations close to towns and cities? 

8.2 Thermal energy transfer -1o,,;mp1m,dmod,wnopu,pom 
the Earth can be treated as a black-body radiator and the atmosphere treated as a 
grey body 

Everything emits electromagnetic waves, most commonly in the infrared part of the 
spectrum. The hotter and bigger an object is, the more radiation is emits. The Sun, of course, 
is both very big and very hot, so it emits a very large amount of energy (J.84 x !Ol6W). 
Most of the energy that we use on Earth came originally from the Sun in the form of 
electromagnetic waves. In this section we will consider the energy arriving at the Earth 
from the Sun, the energy absorbed, the energy reflected and the effect all of this has on the 
averagetemperatureoftheplanet 

But first we will summarize the three principal means of thermal energy (heat) transfer and 
then describe how thermal radiation can be quantified 

• Conduction, convection and thermal radiation 

Thermal conduction 
If a substance contains parts at different temperatures, the hottest part contains particles 
with the highest random kinetic energy. Thermal conduction is the process by which this 

energy spreads out and is transferred from particle to particle, by 
'collisions', to a cooler part of the substance (or another substance) 

SeeFigureS.47 
Conduction can occur in solids, liquids and gases, but the 

process is quicker when particles have strong forces between them 
and are close together. Therefore conduction in solids is usually 
better than in liquids, and conduction in liquids is better than 
conduction in gases. The water trapped in the wetsuit of the 
windsurfer shown in Figure 8.48 is a poor thermal conductor and so 
keeps him warm. 

• Figure8.47Thermalenergybeingconducted 

Metals are good conductors of heat because the energy is also 
transferred by their free electrons. Most non-metals are poor 
conductors of heat (they are good imulaiors). 

along a metal rod 



• Figure8.48Wetsuits 
provide thermal 

trappedwaterisapoor 
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r 
The usefulness of analogies 
Electrical conduction and thermal conduction have many similarities. In Chapter 5 we 
saw how a potential difference is needed to conduct a flow of charge through an electrical 
resistance. Simply by analogy, we may suggest (correctly) that a temperature difference 
is needed to conduct a flow of thermal energy through a thermal resistance. Thermal 
resistivity can be considered analogous to electrical resistivity. Similar equations ca.n be 
used to represent both kinds of conduction, and even the flow of water along pipes 

In Chapters 5 and 6 we saw another powerful analogy~ how gravitational and electrical 
forces between points were represented by similar equations. 

Thermal convection 
When a liquid is heated the molecules have greater random kinetic energy and they will 
move further apart from each other. We say that the liquid expands. Similarly, a gas may 
expand when it is heated, but only if it is not in a container that prevents expansion 

When part of a fluid (gas or liquid) is heated, the molecules will move further apart and this 
will result in a localized decrease in density. The warmer pan of the fluid will then rise and flow 
above the cooler part of the fluid, which has a higher density. This movement of thermal energy 

and fluid is called thermal corwection. It is common fur convection 

cook>rair 
fallir,g 

to produce a circulation of a gas or liquid. Convection currents in air 
and water are \·ery important in the study of weather patterns and 
climate. Figure 8.49 shows a simple example: during the day the land 
heats up quicker than the sea because it has a lower specific heat 
capacity; thermal energy is transferred to the air, which then rises 

There are many important examples of convection currents. 
These include ocean currents and the movement of molten rocks 
under the Earth's surface. 

Thermal radiation 
The various interactions of the particles contained within all 
matter results in the emission of electromagnetic radiation 

=u~i~~::·::tnvection currents near the beach Toh~s)_;~~r::;~a~'.~:(:::t::!:;;i;ri:~:::~~;:a~~:;l~~: rz; r~ 

radia t ion. Figure 8.50 shows a simple laboratory experiment 
./t..-.. designed to compare how the surfaces of identical containers affect cooling. Figure 8.51 
~ show another experiment to compare how the surfaces of identical containers affect their 

rises in temperature. 
Experiments like these should show that dark surfaces are good at emi11ing thermal radiation 

and good at absorbing thermal radiation. Similarly, white surfaces are poor emitters and absorbers: 
they are good refkt:ion of radiation. Although simple in principle, in practice both of these basic 
experiments may produce unconvincing results. 
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• Figure8.52 

• Figure 8.50 Comparing thermal radiation losses • Figure 8.51 Comparing thermal radiation gains 

Thermal energy transfers between everyday objects often involve conduction, convection and 
radiation at the same time. Conduction is best through solids, convection only occurs in fluids 
and radiation can occur across a vacuum. Thermal radiation becomes much more significant at 
higher temperatures. 

• Black-body radiatio n 
The concept of a black body is central to an understanding of thermal radiation. 

A perfect black body is an idealized object that absorbs aU the electromagnetic radiation that 
falls on it 

Because it does not reflect light, it will appear black (unless it is so hot, that it emits visible light). 
Any good absorber of radiation is also a good emitter of radiation. The radiation emitted 

from a 'perfect' emitter is called black-body rad iation. Remember that, if the object is hot 
enough to emit visible light, it will not appear black 

An object cannot emit all of its energy over all frequencies in an instant, so we can 
define (perfect) black-body radiation by using graphs that show the intensity distribution 
for the different frequencies emitted. Figure 8.52 compares the radiation emitted from black 
bodies at different temperatures. 

visible spectrum 

Wavelength/nm 

increasing frequency 

As any object gets hotter it emits more radiation at all frequencies, so that the graph is shifted 
upwards for higher temperatures. Howe\·er, it is very important to realize that the distribution of 
frequencies/wavelengths also changes, with bigger increases occurring at lower wavelengths. The 
peak wavelength moves to a lower value (higher frequency) 
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The vertical axis on the graph represents the intensity (pml'er emitted per unit area) from a 
surface over a small range of wavelengths. The area under the graph is an indication of the total 
power emitted per unit area. 

The surface temperature of the Sun is about 5800 K and the Earth's average surface 
temperature is approximately 288 K (too low to be shown clearly on the scale used in 
Figure 8.52). If we assume that they both behave approximately like perfect black bodies, we 
can compare the radiation emitted from the Sun and from the Earth. The solar radiation 
arriving at the Earth from the Sun is approximately 50 per cent visible light and 50 per 
cent infrared, with small amounts of ultraviolet and other radiations. The radiation going 
away from the Earth is much lower in intensity and it is all in the infrared part of the 
electromagnetic spectrum. As we will see later in this chapter, it is because of this difference 
in the spectra of the incoming and outgoing radiations that the greenhouse gases in the 
Earth's atmosphere will absorb a much bigger proportion of the radiation emitted from the 
Earth than of the radiation arriving from the Sun 

Calculating radiated power emitted 
The total power radiated from any surface depends on only three variables: 

• surfacearea,A 

• surfacetemperature,T 

• natureofthesurface. 

Note that the pm..,er emitted depends on the nature of the surface, but not the substance itself. 

Emitted power varies considerably with changes in temperature and this is shown by the 
Stefan-Boltzmann law. This states that for a perfect black body, the total power emitted per 
unit area is proportional to the fourth power of the (absolute) temperature· 

i:::r °" T~ 

The pov.·er, P, emitted from a perfect black bxly is given by the equation: 

P • oAT• 

Here o is a constant. It is called the Stefan- Boltzmann constant and has the value 
5.67 x 10-s W m-1 K----i . (This value is given in the Physics daia booklu.) 

The term grey body is sometimes used to describe objects that are not perfect black bxlies; 
this equation can be easily adapted for use with any such bxlies by using the concept of the 
emissivity,e,ofasurface. 

Emissivity is a number between zero and one: a bxly with an emissivity of I represents a 
perfect black body emitting the maximum power; an emissivity of 0.5 represents a surface that 
emits 50 per cent of the maximum power. 

Emissivity is defined as the power radiated by a surface divided by the power radiated from a 
black body of the same surface area and temperature. Emissivity is a ratio and therefore does not 
have a unit 

. . . powerradiatedbyasurface 
emissivity • power radiated from a black body of the same temperature and area 

Dark surfaces have high emissivity, which means that they radiate heat well, but they also absorb 
heat well. Light surfaces have a low emissivity, which means that they radiate heat poorly, but 
they also absorb heat poorly. The average emissivity of the Earth (and its atmosphere) is 0.61 

The Stefan- Bolnmann law fur the power emitted from any surface then becomes: 

P•eoAT4 

This equation is given in the PhyJics daia booklet. 
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3 The power of our Sun is 3.8 x 1026W and its surface temperature is 5780K. As.suming that it behaves 
likeaperfectblack body,calculatethe radiusoftheSun 

3.8x1026 :1x{S.67x10- 8)x(4nr1}x57BO' 

"=i.:s"x
1
~ 

r:6.9x10Bm 

Wien's displacement law 
The variation in the wavelength at which the maximum power is emitted by a black body 
(see Figure 8.52) can be represented mathematically by the following equation (known as Wien's 
displacement law): 

2.90 X JO-) 
A,r .. x(metres) • T(kelvin) 

This equation is given in the Phyic:s data booklet. (Remember that the temperature must be in 
kelvins.) 

This is an empirical law, determined by investigation. 

4 ThesurfacetemperatureoftheSunis5780K 
a At what wave length is the emitted rad iation maximized7 
b What as.sumptioo d~ you make7 
c lnwhatpartofthevisiblespectrumisthiswavelength7 

a .I.mu (metres)= 2ifk;lvli~)-l 

.I. ,,2.90x1Q-l 
"'"' 5780 

.l.m.i,=S.02x10-1 m 

b ThattheSunisaperfectblackbody(thisisalmosttrue) 
c Grei!n 

57 Describe simple laborato,-y experiments that demonstrate the flow of thermal l'llergy by a cooductioo, and 
b rnnvection 

58 Suggest reasom why the experiments shown in Figure 8.50 and Figure 8.51 'may produce unconvincing 
results' 

59 Giveaneverydayexampleof 
a a dark surface rn>ing good at absorbing thermal energy 
b adarKsurfacebeinggoodatemittingthermalenergy 
c awhiteOfshinysurfacebeinggoodatreflectingthe«nalenergy 
d a white Of shiny surface being poor at emitting thermal energy 

60 Astarhasaradiusof8.3 x107mandasurfacetemperatureof7S00°C 
a Calrnli!tethepoweritemits 
b Whatassumptiondidyoumake? 
c Whatistheintensityatadistanceof2.4x1011 mfrnmthestar? 

61 a Estimateanil'leragesurtaceareaforanakedaduithumanbody 
b tfskinhasanemissivityof0.95,calculatethepowi>rradiatedawayfromanakedbodywithaskin 

temperatureof33°C 
c lnwhatotherwayswillthebodyloseheat? 
d Your amwers may suggest that a naked body would lose heat very quick~. Expla in why this is prnb;ib~ 

not true 
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,2 a lfthetemperatureofaoobjectincreasesfrom285Kto312K.whatisthepercentageinueasein its 
emittedradiatioo? 

b AA object is at 20°C. To what tempera tu!{' would it have to be heated to double the power of the 
radiation emitted? 

'3 Wheo the current through an incande,ceot light bulb is turned 011. the temperature of the filameot will 
rise uotil the thermal energy is radiated i!Wirf at a rate equal to the electrical power provided. Cakulate the 
operating temperature of a 40W light bulb if the filament has a surface area of 1.2 x 10-1m'. (Assume it 
behavesasaperfectblad:body.) 

'4 Atungsten-halogenbulboperatesatatemperatureof3S00K 
a At what wavelength is the emitted radiatioo maximized? 
b Sugge1thowthelightfromatungste11-halogenbulbwillappeardifferentlromthelightfroman 

incaodesceotlightbulboperatingat2800K 

@ijftj@Ji[ll,tM Using emitted thermal radiation to determine temperatures 
I If an object is hot enough to emit visible light its temperature can be estimated from its 

colour. For example, when steel is heated to the temperature at which it just gives out 
visible (red) light, it is ab::.ut 600°C. When its temperature is raised further it will emit 
orange light as well, and then yellow. An overall effect of yellow light is produced at a 
temperature of about 1000°C. The emission of radiation across all of the visible spectrum 
produces white light at about 1300°C. 

2 The surface temperature of stars, including our Sun, can be determined from detailed 
analysis of the radiation they emit. If the wavelength of maximum intensity is determined, 
then Wein's law can be used to determine the temperature. This is explained in more detail 
in Option D: Astrophysics 

3 lnfrared cameras can be used to produce images in some similar ways to visible light 
cameras. Because all objects emit infrared, they have the advantage of being able to produce 
images from objects even if there is no visible light. (Any colour(s) in the images are added 
artificially.) The quality of the images is not as good as with light because longer wavelengths 

• Figure 8.53 Thermalscannerat 

lncheonairport, South Korea 

are used. If the power radiated by any point on 
an object can be determined then, in principle, 
its temperature can be es1imaud by using P • 
eoAT~, although an assumption would need to be 
made about emissivity. In this way it is possible to 

produce thermograplu, which have a wide variety of 
uses such as scanning at airports (Figure 8.53). 

I Use the internet to make a list of at least five 
different uses for infrared thermography. 

2 Research how infra red cameras detect different 
intensities of radiation 

3 Suggesttheadvantagesanddisadvantagesof 
using infrared thermometers to measure human 
b.:xlytemperatures 
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• FigureB.54 

spreading out 

• Radiation from the Sun 

The solar constant 
If we assume that thermal radiation from the Sun spreads out equally in all directions without 
absorption, then at a distance r from the Sun, the same power is passing through an area 4rrr2 
(the surface area of an imaginary sphere), as shown in Figure 8.54. 

planet O , 

·. 
powerP 

·' 

- imaginarys.phe<e 
ofsurfi1Cearea4,u-l 

(not to scale) 

Because: 

intensity, l • r::::,r: 
the intensity at different distances, r, from the Sun can be calculated from· 

Intensity fullows an inverse square law with distance from the source (as discussed in Chapter 4) 
This equation is no! given in the Physics daia booklet 

5 Calrnlatetheintensityofthe 5un"sradiationarrj,,, ingat 
a theEarth 
b Merrury 

a Earthisanavera,gedistanceof1S0x106kmfromtheSun.so: 
I- p _ 3.84x10'6 
- 4Ji? - 4xnx(1S0x 10")' 

/:1.36x101Wm-1 

b Merruryisanil\leragedi1tanceof58x 106kmfromthe5un,so 
I- p _ 3.84x1Ql6 
-4rirT- 4xnx(S8x10")' 

/:9.1x16lWm-1 

The result fur Earth calculated in Worked example 5 was used earlier in this chapter when 
discussing solar power. It is called the solar constant, S, and it represents the average intensity 
falling on an area above the Earth's atmosphere that is perpendicular to the direction in which 



• Figure8.55 Snow 
has high albedo but 

water has low albedo 
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the radiation is travelling. It has been measured on orbiting satellites to have an average value of 
1361 Wm-!. The value given in the Physics daia booklet is 

solarconstant,S• 1.36x !OlWm-l 

There are slight variations in the solar constant due to pericxlic change in the power output from 
the Sun, and differences in the distance from the Earth to the Sun at different times of the year. 

Albedo and emissivity 
On average about 30 per cent of the radiation from the Sun that is incident on the Earth and 
its atmosphere is directly reflected back, or scattered, into space, but there are considerable 
variations from place to place and at different times of the day and year 

The ratio of the total scattered or reflected power to the total incident power is known as the 
albedo. 

This equation is given in the Phyiics daia bookkt 
Albedo is sometimes given the symbol a. An albedo of I v..ould mean that all radiation was 

scattered or reflected. An albedo of zero would mean that all the radiation was absorbed and 
none scattered or reflected. White and bright surfaces (such as snow, ice and clouds) have a high 
albedo because they reflect a lot of the incident radiation. They will also have a low emissivity. 
Darker surfaces (such as water), which have higher emissivity, will have a lower albedo because 
they absorb more of the incident radiation (Figure 8.55) 

Good emitters of radiation (high emissivity) are also good absorbers of radi~t ion. A surface 
that absorbs radiation well, and so reflects poorly (low albedo), will also have a high 
emissivity. 

Albedo also varies with the angle of incidence (which changes with inclination of the surface, 
season, latitude and time of the day). The Earth's average albedo is approximately 0.30 (30 per 
cent), asmentionedaOOve 
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• Figure 8.56Earth 
receiving and emitting 

65 Usethesolarcoostantand theradiusoftheEarth(6.37 x 1Q6m)toshowthatthetotalradiatedenergy 
arrivingattheEarthlromtheSunis1.74xl017Jeverysecood 

66 Thetotalradiatedpowi'rarrivinglromasunataplaneti12.82x1011W. Theorbitoftheplanetaround 
thesunhasaradiusof1.23 x 10lm 
i1 Calrnlatetheintemityoftheradiationarri'lirigattheplanet(perpendirnlartothedirectionofthe 

radiation) 
b lltheaveragealt>edooftheplaneti10.22.cakulatetheaverageintensityofradiationrad~tedaway 

lromtheplanetinalldirectiom 

67 One of the planets in our solar system receives solar radiation with an intensity of about 15Wm-1 

Cakulate it1distancelromtheSunandhencefindoutwhkhplanetiti1 

68 A small light bulb is the only lamp in a11 otherwise dark room. It emits visible radiation with a power of 
5 W. What is the intensity received at a book 90cm from the bulb! 

69 Suggestpossibk!reasonswhytheaveragealbedoatapartirnlarplaceis 
a differentinwinterthaninrummer 
b dilferentatdillerenttimesofthe'i<"!meday 

70 Two planets are Ofbiting a distant star. Planet A is 100 million kilometres from the star and receives an 
intensity of 860Wm-l . What i1 the intensity received at planet B if it i1 120 million kilometres from the star? 

• The greenhouse effect 
The Earth receives an average of about 1.74 x 1017J of radiated energy from the Sun every 
second (Figure 8.56). If the Earth reflects or radiates energy back into space at the same rate, 
then it will be in 1heT1lllll equilibrium and its average temperature will remain constant. If the 
Earth reflects or radiates ler.s energy than it receives it will get hotter. If it reflects or radiates 
more than it receives, it will become cooler. 

1.74x10"W 

radiation arriving 

at the Earth from 

The greenhouse effect is the name that has been given to the natural effect a planet's 
atmosphere has in increasing the temperature of the planet to a value higher than it would be 
without an atmosphere 

The Earth has had a beneficial greenhouse effect for as long as it has had an atmosphere; 
if the Earth did not have an atmosphere it \\Uuld be about30°Ccooler and without life. The 
Moon and the Earth are approximately the same distance from the Sun, but the surface of the 
Earth is hotter because the Earth has an atmosphere 

However, most scientists now believe that the greenhouse effect has become enhanced 
(increased). It is believed that this is mainly because human activity has changed the com{X)sition 
of the atmosphere. The enhanced greenhouse effect is discussed later in this chapter. 



• Figure8.57 Energy 

flow through the 

Earth's atmosphere 
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If the Earth did no! have an atmosphere, the average intensity of radiation received from the 
Sun over the whole of the Earth's surface (over an extended period of time) could be calculated 
as follows 

total power received by Earth from the Sun 1361 x JtT/ 
I• totalsurfaceareaoftheEarth ·~ 

where rE is the radius of the Earth, 6.37 x 106m. 

/•340Wm-2 

But the Earth docs have an atmosphere. Of the 340W m-2 incident on the Earth and its atmosphere, 
107W m-l is immediately reflected back into space (about 77W m-2 from the atmosphere and 
30W m-l from the Earth's surface). These values gi\·e the albedo of the Earth as 107/340 ,. 30 per 
cent, which agrees with the figure quoted earlier for the average albedo of the Earth. 

This lea\·es a global a\·erage of 233 Wm-l absorbed by the Earth and its atmosphere. Figure 
8.57 shows what happens to this energy: 66 W m-1 is absorbed by the atmosphere and 167 W m-2 

is absorbed by the Earth's surface. (Although actual values are quoted here, figures may vary 
slightly depending on the sources of information used; these do not need to be learnt.) 

For the Earth to remain in thermal equilibrium it is necessary for the incident 233 W m-2 to 
be matched by an equal intensity radiated back into space. 

Radiation is the only way that thermal energy can travel away from the Earth through space 
(But thermal energy is transferred from the Earth's surface to the atmosphere by a number of 
other pnx:es.ses as well, involving conduction, convection and evaporation.) 

The atmosphere absorbs a much higher percentage of this outgoing radiant energy than it 
does incoming radiant energy from the Sun. This is because the Earth is much cooler than the 
Sun and the radiation it emits is mostly at lower wavelengths (all infrared, rather than visible) 
See Figure 8.52. The (greenhouse) gases in the atmosphere absorb some of these infrared 
wavelengths, but do not absorb so much of the incoming radiation 

The energy absorbed by the atmosphere is also transferred away as radiated energy, which is 
emitted in all directions, some of which goes directly into space. However, most of the energy 
is transferred back down to the Earth's surface (by radiation and other processes) and so the 
process continues, and thermal equilibrium is established at a certain temperature. (On average 
this is about IS°C at present on the Earth's surface.) Figure 8.57 attempts to simplify and 
summarize these complex processes 

radiatk>nfmmSun 

I 
whKhisabsoroedby 
the Earth's surface 
or atmosphere 
(233Wm--.l) 

Sun absorbed by 
the atmosphere 
(66Wm--.l) 

atmosphere into 
space(193Wm--.l) 

mergylfan'ilenedfromthe 
ground to the atmosphere 
{451Wm-1} 

radiated directly 
into Space from 
theEarth"ssurf<Ke 
{40Wm-1} 

I t energytransferfed 

LS:------, _) ~~~-:r:i:: 
radiatioofmmtheSun 
ablorbedbytheEarth"s 
rurface(167Wm--.l ) 

L __ f-------~ {491Wm--.l) 
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• Figure8.58 Afew 

possible molecular 

vibrations in carbon 
dioxide 

Greenhouse gases 
The Earth's atmosphere has been formed over millions of years by naturally occurring 
volcanic and biological processes and from collisions with comets and asteroids. The air in the 
atmosphere contains approximately (by volume) 78 per cent nitrogen, 21 per cent oxygen and 

0.9 per cent argon. There are also naturally occurring traces of many other gases, including 
carbon dioxide and water vapour. Some of these trace gases are called greenhouse gases 
because they play a very important part in controlling the temperature of the Earth and the 
greenhouse effect. Greenhouse gases absorb (and then re-emit) infrared radiation. Nitrogen, 
oxygen and argon have no greenhouse effect (because they have non-polar molecules). 

There are many greenhouse gases but the four most important, in decreasing order of 
their contribution to the greenhouse effect, are: 

• water vapour 

• carbon dioxide 

• methane 

• nitrous oxide (dinitrogen monoxide). 

The relative importance of these gases in causing the greenhouse effect depends on their 
relative abundance in the atmosphere as well as their ability to absorb infrared radiation. 
Each of the gases has natural as well as man-made origins. 

Water vapour is by far the most abundant of the greenhouse gases. Of the other gases, 
carbon dioxide contributes between 15 and 20 per cent of the overall greenhouse effect. 

Methane and nitrous oxide absorb infrared radiation more strongly than carbon dioxide 
but their concentrations in the atmosphere are \·ery much lower. 

Molecules of greenhouse gases absorb infrared radiation because the atoms in their 
molecule are not at rest - they oscillate with simple harmonic motion, like masses 
connected by springs. Figure 8.58 shows a much simplified example of por.sible modes of 
vibration of a carbon dioxide molecule 

If the atoms in a molecule oscillate at the same frequency as the radiation par.sing through 
the greenhouse gas, then energy can be absorbed (an example of an effect known as rewnanct), 
raising the molecule to a higher vibrational energy level. The energy is quickly released again but 
the released energy is emitted in random directions 

The behaviour of the greenhouse gases is also an important topic in chemistry. 

Summary of the greenhouse effect 

• Some of the radiant infrated energy emitted by the Earth's surface (and atmosphere) is 
absorbed by molecules of 'greenhouse' gases in the atmosphere. 

• All gas molecules oscillate. Molecules of greenhouse gases oscillate at the same frequencies as 
infrared radiation. This is why they absorb energy. 

• Greenhouse gas molecules also absorb some of the energy arriving from the Sun, but they 
absorb a lower percentage from the Sun because the distribution of wavelengths is different -
because the Sun is much hotter than the Earth. 

• The molecules re-radiate the energy at the same wavelengths, but in random directions, so 
that some of the energy that was previously moving away from the Earth is redirected back 
towards the planet's surface. 

• Energy balance in the Earth surface-atmosphere system 
A planet, like the Earth, is in thermal equilibrium if the total incoming power equals the total 
outgoing power. A planet can only receive or emit energy by radiation, so: 

incoming radiated pov.u (from the Sun) • outgoing radiated power (from the Earth) 

solar constant x cror.s-sectional area of Earth x (I - albedo) • eoAT4 



• Figure8.59Changes 

in global temperatures. 

The temperature 
anoma/yisthe 
difference between 
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For the Earth and its atmosphere, as we have seen, the solar constant is 1361 W m-z, the average 
albedo is 0.30 and the average emissivity is 0.61, so that: 

1361 X rlT/ X (1-0.30) •0.61 X (5.67 X 10-8 ) X4rlT/ X 'f' 

This calculation confirms an average surface temperature of about 288 K (290K). 
Although this calcubtion uses a much simplified model of the Earth's energy balance, it can 

be used to predict the effect of changing emissivity and/or albedo 

71 Recak:ulateatemperaturefortheEarth(forthecalculationabove)assumingthatthealbedorosebyten 
percentandtheemi1si'litydecrea1edbytenpercent 

72 TheplanetUranusisanaveragedistanceof2.9xl011 mfromtheSun 
i1 Calculatethesolarrnmtantforthisplanet 
b Estimate its surfa,c:e temperature assuming it has va lues for albedo and emissi'lity that are the ,;ame as 

for the Earth 
c Resean:hthetruevalueofthe1urfacetemperatmeofUranu1 

73 Supposethatanewplanetisdiscoveredorbitingadistantstaratanaverageradiusof2.7 x 1011 m. 
ii If the power emitted by the star is 1.3 x 1fii-!W, estimate the surface temperature of the star. State the 

assumptionsyoomade 
b DoyouthinkttierecookJ belifeonthisplanet7 

74 Expla in why a planet of radius 2rwould have approximately the same temperature as a planet of radius r 
at the ,;ame distance from a star (assume equal albedm and ernis1Mties) 

• Glo bal w arming and climate change 
The Earth has changed temperature in the past, but increases in the past lOO years appear to be 
rebtively sudden. Figure 8.59 shows data representing global average temperatures o\·er the last 
130 years. Although there has been some doubt over the accuracy of some of this information 
(especially the older data), scientists generally agree that the planet is getting warmer, that the 
average temperature rose by about 0.7°C (± 0.2°C) in the hundred years between 1905 and 2005, 
and that the rise in temperature in the twenty-first century will be greater. From 2004 to 2013 
there was no significant change in the (alreocly high) global average temperature, but the time 
scale is too short to draw any firm conclusions from these data. 

r 
' r 



Almost all scientists now agree that the cause 
of the rises in global temperatures is an enhanced 
greenhouse effect due to the increasing concentration 
of greenhouse gases (especially carlxm dioxide) 
caused by human activities. This reduces the intensity 
of the radiation emitted from the Earth. The 
Intergovernmental Panel on Climate Change (IPCC) 
concluded that rises in global temperature were 'very 
likely due to the ob.erved increase in anthropogenic 
greenhouse gas concentrations'. ('Anthropogenic' 
means caused by humans.) This means that the 
increased combustion of fossil fuels has released extra 
carlx:m dioxide into the atmosphere and is probably the 
most important cause of the current global warming. 

• Figure8.60TheMaldivesarealow-lyingcountrythreatened The two main consequences of global warming are 
climate change and rising sea lei,els, but there are many 
other interconnected factors as well, including: 

by rising sea-levels 

• Figure8.61 

(typhoons)getting 

global warming? 

• Snow and ice have a high albedo; global warming will result in less snow and ice co\'ering 
the Earth's surface, therefore lowering the Earth's average albedo and increasing the 
absorption of solar radiation in those places. 

• If the temperatures of the oceans increase, less carbon dioxide will be dissolved in the water 
(the solubility of carbon dioxide reduces as the temperature rises) meaning that more gas is 
released into the atmosphere to further increase the greenhouse effect. 

• Changing land-use has an effect on the concentration of greenhouse gases, especially 
carbon dioxide. Trees and other plants remove carbon dioxide from the air in the 
process of photosynthesis. This is an example of carbon fixa1ion - the removal of 
carbon dioxide from the air and the formation of solid carbon compounds. Any 
widespread changes of land-use (particularly deforestation) may lead to an increase in 
the atmospheric concentration of carbon dioxide. Changes of land use may also lead to 
changes in albedo and, if the land is cleared by burning, more carbon dioxide will be 
released in the process 

Evidence linking global warming to the levels of greenhouse gases 
Ice extracted from deep below the Antarctic surface, at the Russian base at Vostok, has 
been studied in great detail (isotopic analysis) for evidence of atmospheric carbon dioxide 
concentrations. These concentrations have been linked to global temperatures going back 
hundreds of thousands of years 



• FigureS.62 
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The results are presented in Figure 8.62 and it seems clear that there is a definite correlation 
between average global temperatures and the amount of carbon dioxide in the atmosphere 
This, in itself, does not prove that changing levels of carbon dioxide caus.!d the changes in 
temperature. 
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More recently, and o\·er a much shorter time scale, significant increases in the concentrations 
of greenhouse gases in the atmosphere have occurred at a time of global warming, as indicated 
approximatelyinFigure8.63. 
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• Figure 8.63Theincreasingconcentrationsofgreenhousegasesoverrecentyears(ppb=partsperbillion) 

ToKUnk 
Camilalloaandl:Ml!l8 
Thecorrelation (link}betweenincreasingconcentrationsofgreenhousegasesandrisingglobal 
tl'!T1peratures is well established and accepted by {almost) everybody. Howl",ler, that does not mean that we 
canbesurethatglobalwarmingiscausedbythereleaseofmoregreenhousegases.Obviously,rnntroHed 
experiments to test such a theory cannot be carried out and we must rely oo limited statistical evidence, 
computer mod~ling and sc:ieotifK reasoning. In ruch G1ses, 100 per cent certainty is never possible and 
individuals and societies must make informed judgements based on the best poss ible scientific evidence 
Of course, some people will always choose to disag!l'e with, or ignol{', the opinions of the majority 



374 8 Ene y production 

pmmmma Simple and complex modelling of the behaviour of gaseous systems 
The kinetic theory of gases is a relatively simple mathematical model that accurately predicts 
the behaviour of most gases that are confined in limited spaces. The Earth's atmosphere is also a 
gaseous system, but its size and complexity defy detailed mathematical modelling. 

Weather forecasting has always been a difftcult science and accurately predicting next week's 
weather is often impossible, although modem advances in the collection of vast quantities of 
accurate data and the use of powerful computers are making this more reliable. But reliably 
predicting the long-term climate changes that will probably be pro.::luced by global warming (of 
an uncertain amount) is a task that is a much bigger challenge fur the very best scientists and 
computer programmers. 

It should be clear that the world's climate is controlled by a large number of interconnected 
variables, any or all of which are subject to considerable uncertainty. Complex computer 
modelling of the mJrld's future climate has been based on a vast amount of current and past 
data. Such research continues to be carried out around the world, but the predictions are all 
subject to significant uncertainty, and there is no mJrldwide agreement on the results: the 
situation is simply too complex and not fully understood 

Computer simulations of energy exchanges and climate models are available and can be 
useful educational resources although, inevitably, they greatly simplify the situation. 

ToK link 
ThllfuturaQWIIMIIOlrbtipndlttHwtthc.rtalntf 
Thedehilreaboutgloba/Wilffllingi/lustriltesrhedifficuftiesthatarisewflenscien!istscannotalw~agree 
ontheinterpreratiooofthedata. especiill/;'becausethesolutionwou/dinvoJvelatge-scaleilCtion through 
intematiOflil/ government co-0peration. W'hen scientists disagree, how do we decide between competing 
theories? 

Therecanneverbecerta inty,oragreement, inpredictingevent1a1complexa1thefuturedimate,yet 
g0\'ernment1andorganizilliomneedtomakevitallong-termdecis.iomthiltaflectu1all.8utshouldthey 
pklnforthewor1tthatmighthappen,becau1etodoothe<Wi1ewouldbeirre1pons.ible,or1houldtheylook 
for some level of rnosensus among m01t 1def11i1ts? 

pmmmma Using computers to expand human knowledge 
Trying to predict the future, or w answer the question 'what would happen if . .' has always been 
a common and enjoyable human activity, but it seems that our predictions are usually much 
more likely to be wrong than right. This is partly because, in all but the simplest of examples, 
there are just too many variables and unknown factors. Of course, the delightful inconsistencies 
of human nature play an important part when we are dealing with people's behaviour, but 
accurately predicting events gcwemed mostly by the laws of physics, such as next week's weather, 
canalsobeextremelydifficult. 

When a situation can be represented by equations and numbers, mathematical modelling is a 
powerful tool to help understanding. But e\·en in the simplest situations, there are nearly always 
simplifications and assumptions that result in uncertainty in predictions. When dealing with 
complex situations - such as predicting next month's weather, the value of a financial stock next 
year or the climate in 50 years' time - even the most able people in the mJrld will struggle with 
the complexity and amount of data. The rapid increase in computing power in recent years has 
changed this 

Modem computers have computing power and memory far in advance of human beings. 
They are able to handle masses of data and make enormous numbers of calculations that would 
never be possible without them. They are ideal fur making predictions about the future climate, 
but that does not necessarily mean that the predictions will tum out to be correct. Computer 
predictions are limited by the input data provided to them and, more particularly, by the specific 
tasks that human beings have asked them to perfurm. To check the accuracy of predictions, 
computer models can be used to model known complex situations from the past to see if they are 
able to predict what actually happened next. But predicting the past is always much easier than 
predicting the future. 
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75 Use data from F'9ure 8.63 to estimate by what percentage the concentrations in the atmosphere of the 
threegreenhousegaseshasincreasedb{>tweentheyMrs1980and2010 

76 • Estimate the amount of energy needed to raise the il'lerage temperature of the world's oceans by 1°C 
b How long woo kl it take the Sun to rad iate that amount of energy to Earth? 

77 a Thespecificlatentheatofvaporizationofwateris2.26x106Jkg-1.Explainwhatthismeans 
b Use this figure to calculat e the thermal energy that must hil'le been supplied to a 500000kg cloud to 

evaporateitfromwateroothesurfaceolanocean 
t If the cloud is 5 km above the oce.-m, compare your answer in b to the gravitational potential energy 

thathasalsot>eengainedbythewaterinthecloud 
d Assumir.g that the thermal energy for evaporation was supp lied by radiation from the Sun at an average 

rate of 25Wm-1 over an arl'aof 10km1, how long would it have taken for the water in the cloud to 
evaporatefromtheocean(giveyouranswertothenearesthour)? 

78 Use the internet to find out about the West Mtarctk ke She1!1 and why 'iOffie scientists arl' worried about it 

711 Research into the origins and uses of the gas 51'6, which is possibly the most potent of all greenhouse gases 

a theprecisereasonswhyincreasingglobaltemperaturesresultinrisingsealevels 
b howmuchaveragesealev~1havechangedinthelast 

I lOO)'i'ar1 
11 10years 

A great deal has been done in recent years to combat the effects of global warming, but is it 
enough/ Because climate change has been a major issue around the world for many years, it may 
have become too familiar and accepted, with the result that many people are perhaps no longer 
taking the consequences seriously enough. 

However, many scientists are convinced that we need to take greater action now. In April 
2014 a UN report from the Intergovernmental Panel on Climate Change (IPCC) was blunt, 
describing the effects of climate change as 'severe, pervasive and irreversible'. The amount of 
carbon dioxide in the atmosphere was reconfirmed as the dominant factor driving climate 
change, and perhaps the single most important recommendation (in detailed reports) was 
to switch from carOOn based fuels to renewable sources of energy (and maybe nuclear power) 
'sooner rather than later'. The m·erall economic costs of delaying and having to cope with the 
consequences of climate change in the future were predicted to be greater than the economic 
costs of widespread action in the near future. Such dramatic changes will not occur without 
the intervention and leadership of governments, and meaningful international agreements, to a 
much greater extent that has been evident in recent years 

Despite the apparent inevitability of increased global warming and climate change, the 2014 
report offered some encouragement, saying that solving the problems offered challenges that 
could be met and opportunities fur a different kind of future 

Reducing globa l warming 
Reducing global warming has become a major \\Urldwide issue and many people claim that this is 
the biggest problem facing the modem world. It receives an enormous amount of media attention 
and considerable efforts are being made at all levels of society to try to solve the problems. 

I-Ia.•,ever, the increasing demand for energy in the developing nations and a world population that 
is still rising mean that the overall demand fur electrical energy (and the need to bum fussi\ fuels) 
is still rising. Many people would also claim that there is a fundamental conflict between the need 
to reduce energy demands and modem lifestyles in consumer-driven developed countries. 

While it is true that most informed scientists believe firmly in the enhanced greenhouse effect, 
100 per cent proof is impossible, so there is still an element of doubt and there are a significant 
number of people who prefer to believe, for a variety of reasons, that the problem has been 
exaggerated (or even that the scientists are wrong). From the vast amount of information and 
disinformation that is available on this subject, individuals and organizations are able to select 
whatever data they want in order to promote their own views or interests. 
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Possible so lutions 
• Encouraging organizations and individuals to reduce their energy needs. It is never easy to 

make people change their habits and any government that tried to introduce large price rises 
or new laws in order to reduce energy consumption would be very unpopular. Some people 
claim that there should be trends in society (especially in the developed countries) towards 
the use of smaller and fewer cars, and better, more energy-efficient public transpon, travelling 
less (to work and for leisure), reduced use of heating or air-conditioning and generally a life 
of sufficiency rather than consumerism and excess. Reducing a person's or an organization's 
need for the energy transferred from burning fossil fuels has become known as reducing their 
carbon footprint. 

• Developing and greatly increasing the use of renewable energy resources and nuclear power. 
• Setting and enforcing strict limits and controls on greenhouse gas emissions, such as those 

imposed by international agreements (such as the Kyoto Ptotocol). Countries (or large 
organizations) would then have no choice but to stick to the agreed total limits, although 
it may not be fair or sensible to set the same limits on different countries. To encourage 
enterprise and flexibility within these limits, carbon trading (also known as 'cap and trade') 
can be introduced. This is when one country or organization can exceed its limit by buying 
the right to extra emissions from another country or organization. People and organizations 
can be encouraged to become carbon neutral, so that any of their actions that result in 
the emission of greenhOU'le gases are balanced by other actions that are beneficial to the 
environment, for example planting trees. 

• Using the latest technology to ensure that power stations are as efficient as possible. This 
may mean closing older power stations and using natural gas as the fuel wherever possible. 
Using natural gas is more efficient and creates lower emissions than coal or fuel oil. As 
discussed, a brge and unavoidable percentage of the input energy to a power station is 
transferred to thermal energy, which is often just spread into the surroundings. In combined 
heat and power systems (CHP) some of that thermal energy is transferred using hot water 
to keep local homes and offices warm. Helsinh in Finbnd, is a very gcxxl example of the 
widespread use of this idea (Figure 8.64). 

• Encouraging the use of electric and hybrid whicles. Vehicles that are powered by petrol 
(gasoline) are convenient and powerful, but they are very inefficient and emit greenhouse 
gases into the atmosphere. Electric vehicles have considerable advantages: they are quiet, 

efficient and emit no pollution or greenhouse 
gases while they are being driven. Howe\·er, 
there are also disadvantages: 
~ The energy that they use is stored in a 

battery, and even the very best batteries have 
a much lower energy density than petrol/ 
gasoline. This means that, even with a large 
battery, it is nct: possible to store enough 
energy for long journeys, and a large battery 
alsoaddsconsiderablemasstothecar. 

- Electric vehicles are usually less pov.,erful, 
and have less acceleration, than gasoline­
driven vehicles 

- It takes hours to recharge the batteries. 
~ The electrical energy used to charge the 

battery had to be generated in a power 
station (probably burning a fossil fuel), and 

• Figure 8.64 Homes in the local community can be heated by thermal then transferred to the place where the 
energy from this power station in Helsinki vehicle was charged 
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The overall energy efficiency and 
greenhouse emissions of electric vehicles 
may be only slightly better than using 
gasoline engines, especially when the 
manufacture of the vehicles and batteries are 
also considered 

Hybrid vehicles (Figure 8.65) have been 
developed to overcome the disadvantages 
of both electric and gasoline-powered 
vehicles, at the same time as combining 
their advantages. In a hybrid vehicle, an 
electric motor provides the power efficiently 
for driving at slower speeds and an internal 
combustion engine is used, at its greatest 
efficiency, when a higher power is needed 
forfasterspeedsoraccelerations. The use of 

• Figure 8.65 A hybrid vehicle a regenerative braking systems means that 
when brakes are used to reduce the speed of 

a vehicle, kinetic energy is transferred to chemical energy in the battery using a generator 
(rather than thermal energy in the brakes, tyres and road). The whole system is computer­
controlled and the vehicle has a smaller mass than a gasoline-powered vehicle. 

• Carbon capture and swmge. 'Carbon capture' is the term used for the removal of carbon 
dioxide from the gases released when fossil fuels are burned at power stations. Various 
methods are available and effective, but they considerably reduce the efficiency of the power 
station, so that more fuel has to be burned to produce the same output power. This would 
mean a sharp rise in electricity prices. Once the carbon dioxide has been removed it has to 
be permanently stored (also known as sequestering). There are several possibilities, including 
storage as a gas and storage in the form of carbonates. Increasing the area of the Earth 
covered by trees and other plants (and stopping deforestation) captures carbon in the plant 
material and is an appealing way of increasing the amount of carbon dioxide removed from 
the atmosphere by photosynthesis. 

l a Do you think that most of the people you know are happy to change their habits in an 
effurt to reduce global warming? 

b If yes, explain how. If not, explain why not. 

2 Hybrid cars are significantly more expensive to buy than com·entional gasoline-pov.·ered 
cars, so not so many are sold. Explain why some people are still happy to pay the extra 
money fur hybrid vehicles. 

3 Use the internet to research the latest infurmation on carbon sequestering. 

4 Find a suitable site on the internet that will enable )UU to calculate the carbon footprint of 
your own lifestyle. 
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• Examination questions - a selection 
Paper 1 18 questions and 18 style questions 

01 Which of the following does not affect the rate at which electromagnetic radiation is transferred away from 
a hot object kept at a constant temperature? 
A the material from which it is made 
8 surface temperature 
C surface area 
D emissivityofthesurface 

02 Which parts of a nuclear reactor are responsible for ensuring that the rate of the reaction is kept constant? 
A heat exchanger and control rods 
8 fuel rods and heat exchanger 
C fuel rods and moderator 
D moderator and control rods 

03 Two black bodies X and Y are at different temperatures. The temperature of body Y is higher than that of 
body X. Which of the following shows the black-body spectra for the two bodies? 

A ft rs 
-~ 

Wil'l~eogth 

D"~ ~ X 
$ - .. 
E y'· ••• _ 

·--
Wil'l~l'llglh 

e/BOrganization 

Q4 The output power from a wind generator is 64kW when the wind speed is Bms-1. If the wind speed falls to 
4 ms-1, which of the following is the best estimate for the reduced power output? 

A 32kW 

B 16kW 

C 8kW 

D 4kW 

OS Plutonium-239 is produced in nuclear power stations that use uranium as their fuel. Which of the following 
statements about this process is correct? 
A The plutonium is fissi le and can be used as a nuclear fuel. 
B The plutonium is produced by nuclear fission. 
C The plutonium is created in the moderator. 
D Plutonium does not undergo radioactive decay. 
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Q6 A planet with a surface temperature of 30°( radiates power at a rate P per square metre. Another planet 
has a similar surface area and its temperature is 90°(. Which of the following is the best estimate of the 
power radiated per square metre from the second planet? 
A 1.2P 
8 2P 
C 3P 
D gp 

Q7 Which of the following is the correct meaning of the enrichment of uranium? 
A increasing the percentage of uranium-237 in the fuel 
B increasing the percentage of uranium-235 in the fuel 
C increasing the density of the fuel 
D increasing the percentage of plutonium in the fuel 

QS Which of the following is nor considered to be an advantage of using hydroelectric power generated from 
water stored in lakes? 
A The source of energy is renewable. 
B It does not emit significant amounts of greenhouse gases. 
C The power generation is more efficient than in fossil-fuelled power stations. 
D There is a negligible effect on the environment. 

Q9 If global warming results in less snow and ice on the Earth's surface, how will this affect the Earth's albedo 
and energy absorption? 
A The albedo and the rate of energy absorption will both increase. 
B The albedo and the rate of energy absorption will both decrease. 
C The albedo will decrease and the rate of energy absorption will increase. 
D The albedo will increase and the rate of energy absorption w ill decrease. 

Q10 Which of the following is nor a possible way to reduce the rate of global warming? 
A replacing coal-fired power stations with the use of natural gas 
B increasing the use of nuclear power 
C using hybrid vehicles 
D operating power stations at lower temperatures 

Paper 2 IB questions and IB style questions 

Q1 a State two examples of fossil fuels. (2) 
b Explain why fossi l fuels are said to be non-renewable. (2) 
c A Sankey diagram for the generation of electrical energy using fossi l fuel as the primary energy 

source is shown. 

Use the Sankey diagram to estimate the efficiency of production of electrical energy and explain 
your answer. (2) 

d Despite the fact that fossil fuels are non-renewable and contribute to atmospheric pollution 
there is widespread use of such fuels. Suggest three reasons for this widespread use. (3) 

e /BOrgillliZittion 
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02 a The graph shows part of the absorption spectrum of nitrogen oxide (Np) in which the intensity 
of absorbed radiation A is plotted against frequency f. 

3 4 5 
Frequeocy,f/10llHz 

i State the region of the electromagnetic spectrum to which the resonant (peak) frequency 
of nitrogen oxide belongs. (1) 

ii Using your answer to a i, explain why nitrogen oxide is classified as a greenhouse gas. (2) 
b Define emissivity and albedo. (3) 
c The diagram shows a simple energy balance climate model in which the atmosphere and the surface 

of the Earth are two bodies each at a constant temperature. The surface of the Earth receives both 
solar radiation and radiation emitted from the atmosphere. Assume that the Earth's surface behaves 
asa black body. 

J44Wm-< 

atmosphere 

atmospherkrad iatioo 

The following data are available for this model: 
average temperature of the atmosphere of the Earth= 242 K 
emissivity, e of the atmosphere of Earth= 0.720 
average albedo, a of the atmosphere of the Earth = 0.280 
solar intensity at top of atmosphere= 344Wm-2 

average temperature of the surface of the Earth= 288K 

Usethedatatoshowthatthe 
i power radiated per unit area of the atmosphere is 140Wm-2 (2) 

ii solar power absorbed per unit area at the surface of the Earth is 248Wm-2. (1) 
d It is hypothesised that, if the production of greenhouse gases were to stay at its present level, 

then the temperature of the Earth's atmosphere would eventually rise by 6.0 K. Calculate the 
power per unit area that would then be: 
i radiated by the atmosphere (1) 

ii absorbed by the Earth's surface. (1) 
e Estimate, using your answer to d ii, the increase in temperature of the Earth's surface. (3) 

e /BOrganizatkm 



Wave phenomena 

jf}iit1iifiill•]ti\ft 
• The solution of the harmonic oscillator can be framed around the variation of kinetic 

and potentialenergylnthesystem. 
• Single-slit diffraction occurs when a wave is incident on a slit of approximately the same 

size as the wavelength . 
• Interference patterns from multiple slits and thin films produce accurately repeatable 

patterns. 
• Resolution places an absolute limit on the extent to which an optical or other system can 

separate images of objects. 
• The Doppler effect describes the phenomenon of wavelength/frequency shift when 

relative motion occurs. 

9.1 Simple harmonic motion -rheso1uuonottheha,monic 
oscillator can be framed around the variation of kinetic and potential energy in the system 

Simple harmonic motion (SHM) was introduced in Chapter 4. We will now look at this very 
im{X}rtant concept in more mathematical detail, starting by re-examining two basic oscillators, 
and then explaining that SHM and circular motion have many mathematical similarities. 

• Eq uations for t he pe ri ods of two commo n simple harmonic 
oscillato rs 

The period, T, of a simple pendulum depends only its length, I (and the value of the gravitational 
fieldstrength,g) 

This equation is given in the PhyJics dma bookkt 
The period, T, of a mass oscillating on the end of a spring depends on the magnitude of the 

mass, m, and the force constant, k, of the spring 

This equation is given in the PhyJics daia bookkt 
Both equations are idealized and make simplifying assumptions about the oscillating system 

involved. However, careful laboratory investigations, and the drawing of appropriate graphs 
to represent the results, confirm that these equations can make accurate predictions of time 
periods 

It is possible to investigate a wide variety of simple oscillating systems in a laboratory. Many 
of them have some similarities with one of the two systems referred to aOOve. For example, there 
are many different kinds of pendulum, including those that twist (wrsion prndulmm). The results 
can be represented graphically and assessed to see if the period of the system and the variables 
that control it are connected by any simple mathematical relationship. A tuning fork is a simple 
mechanical oscillator, which has one dominant frequency, and the waveform produced can be 
inspected using a microphone connected to an oscilloscope 

There are also many computer simulations of various kinds of SHM that enable quick 
manipulation of the variables in order to observe their effect on the period. 
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1 a Using the results from an investigation of a simple pendulum, what graph would you draw to get a 
straightlinethroughtheolig in? 

b Howcouldavalueforthea«elerationduetogril\lily(gril\litatiooalfieldstrength)bedeterminedfrom 
the graph? 

a r .. 2n-Jf 
T=i,/i 
Comparing this to the equation for a straight line, y = mx + c. a graph of T against ,ff (or l2 against I) 
shouldresultina!ilraightlinethatextendstotheorigin. 

b g can be found from the gradient of the graph(= 2nljj) 

1 • A simpk> pendulum completed 20 = illations in 30.9s. 'Nhat was its k>ngth? 
b Sketchthependulumandck>artylabelthelengthcalcutatedin a 

2 a A200gmasswasfixedontheendofalongspringandilincreaseditslengthby5.4cm.Whatisthe 
lorceconstantolthespring? 

b If the mass is displaced a small distance from its l'QUilibrium position and undergoes SHM, calculate the 
frl'{Juencyof=illatiom 

t Suggest a possible reason why 01CiHations with a larger amplitude may not be simpk> harmonic 

3 a Using the resuits from an investigation of the 01Cillations of a mass- spring system (varying the mass), 
what graph would you draw to get a straight line through the origin/ 

b Howcouldavaluefortheforceconstantofthespringbedeterminedfromthegraph? 

• Oscill atio ns and circ ular mot io n 
There is a close connection between oscillations and circular motion. Indeed, viewed from the 
side, motion in a circle has the same pattern of mo\·ement as a simple oscillation. 

Figure 9.1 shows a particle moving in a circle at 
constant speed. Point P is the projection of the particle's 
position onto the diameter of the circle 

fu the particle mo\·es in a circle, p:>int P oscillates 
backwards and forwards along the diameter with the same 
frequency as the particle's circular motion, and with an 
amplitude equal to the radius, r, of the circle 

One complete oscillation of p:>int P can be considered 
as equivalent to the particle =ing through an angle of211 
radians(orJ60°). 

If a graph of the perpendicular displacement from the 
diameter, x, against time is plotted for p:>int P, it will look 
exactly like an SHM graph (Figure 9.2) with the amplitude, 
Xc,, being equal tor. 

The concept of angular wlocity, ro was introcluced 

• Fig ure9.1 Comparingmotioninacirdetoanoscillation 
in Chapter 6 as a key quantity in the mathematical 
description of motion in a circle. Angular velocity is also 
used widely in the description of SHM. Remember that, 
although the terms perioo, frequency and angular velocity 
are all used to describe oscillations, they are just different 
ways of representing the same information· 

w•¥-•Z11f 
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4 Using a slow-motion video replay of the movement of a bird".1 wings, it was calrnlated that they were 
waving up and down at a ffl'{Juency of 22 Hz. What was the time period of the oscillation and its angular 
ve locity? 

5 A car engine was measured at 4300rpm {rev~utions per minute). What was it s angular velocity? 

, TheEarthspimonceonitsaxisin23hoursand56minutes 
a What isitsangular velocity? 
b Throughwhat totalanglewillitrotatein1day(24hours)3hoursand24minutes? 

7 Anobjectisosdllatingwithanangularvelocityof48.1rads·1.Whatisitsperiod? 

• The defining equation of SHM 
We saw in Chapter 4 that simple harmonic motion (SHM) is defined as an oscillation in which 
the acceleration, a, of a body is proportional to its displacement, x, from its equilibrium position 
and in the opposite direction: 

We can rewrite the equation as: 

The constant must involve frequency because the magnitude of the acceleration is bigger if the 
frequency is higher. The constant can be shown to be oi. So, the defining equation ofSHM can 
be written as 

a• - oix. 

This equation is given in the Physics data booklet. It allows us to calculate the instantaneous 
acceleration of an oscillator of known frequency at any given displacement, as shown in Worked 
example 2. 

2 A mass mdllates between two springs with a frequency of 1.4Hz 
a Whatis itsangularvekxity? 
b Whatisitsaccelerationwhen 

i itsdisplac:ementi.11.0cm 
ii itsdisplacementis4.0cm 
iii itpassesthroughitsequilibriumposition? 

a ro:2nf:2n{1.4):8.8rads· 1 

b i a:-fffx:-(8.8)1x0.010:-0.77ms·l 
ii a:-fffx:-(8.8}1x0.040:-3.1ms· l 
iii a:-fffx:-(8.8)1x0.0:0.0ms· l 

I A pendulum has a period of 2.34.1. How far must it be displaced to make its acceleration 1.00ms-l? 

g During SHM a mass m<1,1es with an acceleration of 3.4ms-l when its displacement is 4.0cm. Calculate 
a itsangular velocity 
b its period 

10 Amassosc:illatingonaspringperlormsexMtly20osc: il!atiomin15.8s 
a What is its acceleration when it is displaced 62.3mm from its equilibrium position? 
b What assumption did you make? 

I 
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• Figure9.2 
Displacement-time 

graphforSHM, 

represented by a 

sinewave;timing 

the particle had zero 

displacement 

• Figure9.3 

Comparing 

displacement, 

velocity and 

accelerationforSHM, 

with timing starting 

atdisplacementx=O 

• Solutions to the SHM equation (a= - ro2x) 
There are still many things about an oscillator that we cannot determine directly from the 
equation defining SHM , a • -oix. For example, what are the values of displacement and 
velocity at any given time? To answer such questions we need either accurate graphs or other 
mathematical 'solutions' to the SHM equation. (Here, 'solutions' means either graphs or 
equations that will present the same information in more useful forms.) 

Graphical solutions 
Figure 9.2 shows the waveform of an SHM starting with zero displacement at time 1 • 0. A 
detailed graph like this could be used to find the displacement at any time. 

Time,t 

The velocity at a particular time, or displacement, can be found from the gradient of the 
displacement-time graph at that point (velocity, v • change in displacement/change in time). 

Similarly, the acceleration at a given time, or displacement, is determined from the gradient 
of the velocity graph (acceleration, a • 1":J.v/1":J.1) 

So, in theory, the data from the displacement- time graph can be processed to calculate 
values for velocity and acceleration, and the corresponding graphs can be drawn, as shown in 
Figure 9.3. Algebraic solutions using trigonometric equations for the lines are usually easier. The 
equations shown in Figure 9.3 are explained in the next section. 

The displacement and acceleration graphs are rr out of phase with each other and IT./2 out of 
phase with the velocity graph 

Iteration 

Graphs like those shown in Figure 9.3 can be produced using the laws of basic mechanics 
(Chapter 2) from first principles, but it can be a lengthy process. Given the mass, its position 
and the force involved at any moment it is possible to calculate what will happen in the next 
interval of time, assuming that the force does nor change. But, of course, as the mass mo\·es 
during the oscillation, the force on it does change. However, if the time interval is chosen to be 
small enough, the calculation can still be accurate. The results from each calculation are then 
used as the input data for the next calculation, and so on. This is called an iterative process. It 
can produce very accurate results if the time intervals are very small and a very large number of 
repeated calculations are perfurmed. Ideal for a computer! 



• Figure9.4 SHM 

with the particle 

displacement at the 
startoftiming,that 

iS,X=XoWhent:0 
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Algebraic solutions 
The displacement- time graph shown in Figure 9.2 has a simple sinll5oidal shape and it can be 
described mathematically by an equation using a sine 

where B is the angular displacement at time 1. 

Because, by definition, B • rot, this equation for displacement can be expressed much more 
usefully in terms oft and ro (or T, or f): 

:,: • Xosinox 

The velocity graph, which starts with maximum velocity, ..,0 at r • 0, can be represented by the 
following cosine equation 

But we know from Chapter 6 that, in general for circular motion/oscillations, speed l' • ror, 
so that: 

Then the equation forv can more usefully (not needing knowledge of l'ol be rewritten as: 

l'• o,;,;_.,cosox 

The two equations for x and l' highlighted above are given in the Physics dma bookkt. They show 
how displacement and velocity vary with time for SHM with zero displacement at the start of 
the timing (x • 0 when t • 0). We can say that they are !olutions w the SHM equation a • -uix. 

We could choose to start timing the SHM when the particle is at its maximum displacement 
from the equilibrium position during the oscillation, that is, x • Xo when t • 0. The graphs 
shown in Figure 9.3 would then appear as shown in Figure 9.4. 

In this case, the solutions to the SHM equation are as follows 

X•\)COSOX 

l'• -u1tosinox 

These equations are given in the Physio data booklet. 
It can also be shown that the velocity at any known displacement can be calculated from the 

following equation: 



386 9 Wave phenomena 

This equation is also listed in the Physics daw booklet. 
This equation confirms that the maximum velocity, l'0, will occur when the particle is 

moving through its equilibrium position (at zero displacement, x • 0), so that: 

This equation is nol given in the Physics da1a booklet 

3 AA 05Cillating mass is set in motion with SHM. It is at its maximum dis.placement of 12cm when a timer is 
started,anditsperiodofoscillationis2.4s.Calculate 
a thedisplacementafter3.3s 
bits maximum speed 
c itsspeedafter5.6s 
d itsspeedwhenitsdis.plac:ementis8.8cm 

a x:x0 cost«andw=lp-.withx0 =0.12m, T:2.4sandt:3.3s 

x:0.12xcos(f!kx3.3)=0.12x-0.704:-0.084m 

b v0 =m>ro=(f!k)x0.12=0.31ms-1 

c v:-v0 sinwtwithv0 :0.31ms-1 andt:5.6s 

v:0.31xsin(~x5A=0.27ms-1 

d V=!tw~withx:0.088m 

V=~x~=0.21ms- 1 

11 A mass is osdl@ling betwel!n two springs with a frequency of 1.SHz and amplitude of 3.7cm. It has 
aspeedof34cms-1 asitpassesthroughitsequilibriumpositionandatimerisstarted.Whatareits 
displacementandvelocityl.Sslater? 

12 AA object of mass 45g undergoes SHM with a ffequency of 12 Hz and an amplitude of 3.1 mm 
a What is its maximum speed and kinetic energy? 
b What is the object's displacement 120ms after it is released from its maximum dis.placement? 

13 Amass isosdllating with SHM and has an amplitude of 3.84cm. ltsdisplacement is 2.76cm at0.0217s 
after it is released from its maximum displacement. Calculate a possible value for its frequency 

14 A simple harmonic osdllatOf has a time period of 0.84s and its speed is O.S3ms-1 as it passes through its 
mean{equil ibfium)position 
ii Whatisitsspeedexactly2.0slater? 
b tf the amplitude of the oscillatioo is 8.9cm, what was the displacement after 2.0s? 

15 The water level in a harbour rises and falls with the tides, with 12h 32min for a complete ~le. The high 
tide level is 8.20m above the low tide level, which occurred at 4.10am. If the tides rise and fall with SHM, 

16 Whatdoestheareaunderavelocity- timegraphofanosdllationrepresentl 

• Energy changes during SHM 
All mechanical oscillations involve a continual interchange between kinetic energy and some 
form of potential energy. For example, the potential energy involved in a pendulum swinging is 
gravitational, whereas for a mass oscillating horizontally between springs the potential energy is 
stored in the form of elastic strain energy in the spring: 

total energy, Er • kinetic energy, EK + potential energy, Ep 
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We know that kinetic energy, EK • 1,W-wl. Combining this with the equation for v given 
earlier leads to the following equation, which shows how KE varies with displacement 
duringSHM· 

EK • \.1mrol(x.i1 - .t1) 

This equation is given in the Physics data booklet. 
This relationship is represented graphically 

in Figure 9.5. Also included on the same grnph 
are the lines for total energy and for potential 
energy(• total energy - kinetic energy). 

The total energy is equal to the maximum 
value of KE, which is the value of KE with zero 
displacement and :ero potential energy. That is: 

This equation is given in the Phyiics data bookkt 
The potential energy can be determined from 

totalenergylessthekineticenergy: 
• Figure 9.5 Variationofenergiesofasimple 

harmonic oscillator with displacement 

This equation (which is not in the Physks data book.lei) confirms what we saw in Chapter 4 
(page 161): the energy of an oscillation is proportional to its amplitude squared. For example, if 
pendulum A swings with three times the amplitude of an identical pendulum B, then pendulum 
A has nine (Y) times the potential energy of pendulum B 

In this chapter we have been concerned with the interchange between kinetic energy and 
some form of potential energy for mechanical oscillators, but the usefulness of SHM theory 
reaches fun her. For example, an understanding of oscillations in electric circuits is an essential 
aspect of learning aOOut radio and phone communication 

4 Amassof12S0goscillateswitha!)('riodol0.S6sandanamplitudeof32cm 
a Whatisitstotalenergy? 
b What i1 its potential energy when its dis~acement is 12cm) 
c What i1 its kinetic energy when displaced 12cm) 
d 'Nhatisitskineticenergywhenithasadisplacementof4.3cm? 

a f T=Y,mlffxi 

:O.Sx1.25x~)1xo.32i 

:8.1J 

b fp=Y,mwlxl 

:O.Sx1.25x~Jxo.12i 

:1.13J 

C fT: fp + f( 

8.1:1.13+f( 

f~ = 7.0J 

d f(:Y,mwl-(xi-x1} 

:O.Sx1.2Sx~lx(0.32l-0.0431} 

:7.9J 
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17 Alargependulumofmass2.6kghasalength, /, ol4.63m 

a Di!termineitsperiod,T. 
b Explain why a per.dulum of twice the mass hill the same period (if it has the same length) 
c The motion of a pendulum is a close approximation to SHM. Explain why the equation for the time 

periodofanoscillator{likethependulum)doesnotincludetheamplitude 
d Whatistheangularvelocityofthispemlulum? 
• Whatistheoscillator'stotalenergyifithasanamplitudeof1.2m? 
f Whatisitsspeedi!SilpassesthroughtheequilitJriumpositioni 

18 A435gmassismcillatinghorizonta llybetweentwospringswithafrequencyof0.849Hz.lfitstotal 
ene<gy is 4.28J, what are its amplitude and its maximum speed? 

19 Anmcillatorofmass786ghi1Satotalenergyol2.4J 
11 Calrnlate its period if it is mDYingwith an amplitude of 23cm 
b Whatisitsspeedwhen ithas adis~acementol 10cm? 

20 Real05Ci llatorsspreadenergyintothesurroundings.Sketchagraphtoshowhowthepotentialandkinetk 
ene<gK'smightchangewithtimeO'lerseveralmcillatiomofarealmcillator. 

Jlli!ll!IIIIII Analysis of more complicated oscillations 
The analysis of oscillations, of many and various kinds, plays a \·ery important part in physics 
and technology. This chapter has been mainly concerned with an understanding of the basic 
SHM of oscillators moving with constant frequency and amplitude: oscillations that can be 
represented by single sine and cosine functions. SHM is the starting point for the study of all 
oscillations, but most real-life oscillators are not so simple and their waveforms are much more 
complex 

• Figure 9.6 

Diffraction of light 

through a single slit 

However, mathematics has a solution: any complicated, but pericxlic, waveform can 
be reproduced by the addition (superposition) of an appropriate number of simple trigonometric 
wa\·e functions (sine and cosine waves). This is known as Fourier analysis . We have already met 
this concept briefly in Chapter 4: sounds played on musical instruments are the addition of a 
series of mathematically related harmonics. Computer programs can be used to add trigonometric 
wave functions together and show the results graphically or, conversely, a complicated waveform 
can be analysed into component mathematical functions. Combining simple trigonometric 
functions to make a more complicated waveform is called Fou rier synthesis. 

9.2 Single-slit diffraction - sin91e-slitdittractionoccurswhena 
wave is incident on a slit of approximately the same size as the wavelength 

Single-slit diffraction was discussed briefly in Chapter 4. Figure 9.6 shows how a laser can be 
used to produce a single-slit diffraction pattern on a &:reen. 

,m,actoo "'~" 

'"''' ':""" 
'" 

r ~ b''h<'"' 
darklnnges 



Figure 9.7a shows a diffraction pattern for a 
beam of monochromatic light passing through a 
narrow vertical slit. This is the type of aperture 
(opening) usually used to produce simple 
diffraction patterns. The diffraction pattern 
consists of a series of bands (fringes) of light 
and dark. The cmtml band is brighter and about 
twice the width of the 01hen. If an adjustable slit 
is used, the pattern can be observed getting 
broader as the slit width is reduced 

Figure 9.8 shows the diffraction pattern 
produced when monochromatic light passes 
through a small circular aperture. 

By comparing Rgures 9.7a and 9.8, we can 
see that the shape of the pattern depends on the 
shape of the aperture. The light used to produce 
these patterns was monochromatic, which means 
that it has only one wa\·elength (and frequency), 
or a very narrow range of wavelengths. Light 
from most sources is not monochromatic and 
will consist of different wavelengths. These 
will not produce such a simple pattern because 
different wavelengths are sent to different places 
on the screen. The diffraction pattern produced 
by white light passing through a vertical narrow 
slit will have a mostly white central band, but 
the other bands will show various coloured 
effects. The lower image in Figure 9.7b shows 
the pattern produced by white light passing 
through a slit of the same width as used to 

produceFigure9.7a 

• Figure 9.7 Diffraction of a monochromatic light 
andbwhitelightbyanarrowverticalslit 

• Flgure9.8Monochromaticlightdiffractedbya 
verysmallcircu/araperture 

• The natu re of sing le-s lit d iffract io n 
In order to produce these diffraction patterns for light, the waves must travel away from the 
aperture in some directions, but not in others. The simple diffraction theory covered in Chapter 4 
does not explain this. Figure 9.9a shows the diffracted waves coming away from a gap of about the 
same width as the wavelength (as discussed in Chapter 4). The gap acts effectively like a point 
source, spreading waves forward equally in all directions. This cannot be used to help to explain the 
diffraction of light because the wa\·elengths of light are so much smaller than the width of even a 
very small hole. For example, a hole of diameter 
0.5 mm is 1000 times wider than the wavelength 
of green light (approximately 5 x 10-1 m) 

To produce a diffraction pattern for light, 
such as that shown in Figure 9.7a, we must 
develop a theory that explains why waves spread 
away from a gap, as shown in Figure 9.9b when 
the gap is much bigger than the wavelength. 

Diffraction patterns can be explained 
by assuming that each point on a wa\·efront 
passing through the slit acts as a point source 
of secondar y wa\•es. (This idea was first 
suggested in 1678 by the Dutch physicist 
Christian Huygens, when he proposed that agap - l bgap >l 

light waves propagate forwards because all • Figu re 9.9 Diffraction of waves by different 
the points on any wavefront act as sources of sized apertures 
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secondary wa\·es.) What happens after the wave has pas.sed through the slit depends 
on how these secondary waves in1erfere with each other. 

Figure 9.10 shows a direction, B, in which secondary waves travel away from a slit of 
width, b. If B is zero, all the secondary waves will interfere constnx:tively in this direction 
(straight through the slit) because there is no path difference between them. (Of course, 
in theory, waves travelling parallel to each other in the same direction cannot meet and 
interfere, so we will assume that the wavei directions are l'e1)' nearly parallel) 

Consider what happens for angles increasingly larger than zero. The path 
difference, as shown in Figure 9.10, equals bsinB and this increases as the angle B 
increases. There will be an angle at which the waves from the two edges of the slit 
interfere constructively because the path difference has increased to become one 
wavelength,A. 

• Figure9.1 0Pathdifferences 

But if secondary waves from the edges of the slit interfere constructively, what 
aOOUt interference between all the other secondary waves? Consider Figure 9.11 in 
which the slit has been divided into a number of point sources of secondary waves 
(Ten points have been chosen, but it could be many more.) 

If the angle, B, is such that secondary waves from points 

~ ~~

p. aioofw~""~. • llmg 
J ~ '"'IHhesed,,eruoo, 
~ ·A 1nterferedestructive!y 

; - _8 ---

1 and 10 woukl interfere constnx:tively because the path 
difference is one wavelength, then secondary waves from 1 and 
6 must have a path difference of half a wavelength and interfere 
destructively. Simihrly, waves from points 2 and 7, points 3 
and 8, points 4 and 9 and points 5 and 10 must all interfere 
destructively. In this way waves from ail points can be 'paired 
off with others, so that the fir.;1: minimum of the diffraction 
pattern occurs at such an angle that waves from the edges of the 
slit would otherwise interfere constructively. 

The first minimum of the diffraction pattern occurs when 
the path difference between secondary waves from the edge of 
the slit is equal to one wavelength. That is, if bsinB • A. 

~ 
• Figure 9.11 Secondarywavesthatwillinterfere 

For the diffraction of light through a narrow slit, the angle 
B is usually small and approximately equal to sin B if the angle 
is expres.sed in radians (valid for angles less than aOOUt 10°) 

destructivelycanbe'pairedoff' 

1 
The angle fur the first minimum of a single slit diffraction pattern is B • ------r,-. 

This equation is given in the Physics data bookie! 

ToK Unk 
(ornparing alanai with other--,; ef Ulowladga 
Areexplillloti()fl5inscienc:edifferenrfromexplanati()fl5inotherareasofknowledgesuchashistory? 

F0< exampk>, would it be possible in principle to dl"l~op a mathematical mod~ to describe the political 
and/or economic situatkm in Europe bef0<e the start of World War 1? And coold Mich a model be used 
to predict what happened? 11 there o;omething fundamentally diffetent between knowledge in physics 
andhi1tory.0<i1anyhi510firnlsit\Jiltionjusttoo(omplicated,0<dependentonh11manpersonalities. for 
mathematical analysis? 

Relative intensity-angle graph for single-slit diffraction 
Similar reasoning to that discussed above can be used to show that further diffraction minima 
occur at angles V,/b, 3)./b, 4)./b etc. Figure 9.12 shows a graphical interpretation of these figures 
and approximately how it corresponds to a drawing of a single-slit diffrnction pattern. 



• Figure 9.12 

Variation of intensity 
with angle for single-

9.2 Single-slit diffraction 391 

5 Monochromatk lfght of Wil\lelength 663nm is shone through a gap of width 0.0730mm 
a At what angle is the first minimum of the diffraction pattern formed) 
b If the pattern is observed on a screen that is 2.83m from the slit. what is the width of the central 

maximum) 

' a 6:b 
663x10· g 

(J:7.30x10-s 

:9.08x10·1 radians 

b SeeFigure9.13 

\ I f 
1~71 

• Figure9.13 

half widt h of a!nlral maximum 

slit to screen distance 

\° / 

(not to scale) 

half width of central maximum: (9.08 >< 10-1} >< 2.83 : 0.02S7m 

widt h of central maximum= 0.02S7 x 2: 0.0514m 
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21 Electroma,gf)l'licradiationofwi!Velength2.37x10-7mpas,;esthroughanarrowslitofwidth4.70 x 10-Sm 
• In what part of the electromagnetic spectrum is this radiation? 
b Suggesthowitcouldbedetectl.'d 
c Calculatetheangleofthefirstminimumofthediflractionpattem 

22 What is the waveler,gth of light that has a fif51: diffraction minimum at an ang~ of 0.0038 radians when ii 
passesthroughaslitofwidth0.1Smm7 

23 When light of wavell'flgth 6.2 x 10-7 m was diffroctl.'d throogh a narrow slit, the central maximum had a 
width of 2.8cm on a screeo that was 1.92mfromtheslit. What was the width of the slit? 

24 a Sketchandlabela relative intensitya,gainstanglegraphforthediffractionofft'dlightofwavelength 
6.4x10-1mthfOIJghaslitofwidth0.082mm.lncludeatleastfivepeak1ofintemity 

b Add to your graph a sketch to show how mooochromatic blue light would be affected by the ~me slit 

• The impo rtance of diffractio n 
The diffraction of light is evidence confirming the wave nature of light, and when it was 
discovered tha t electrons could be diffracted, their wave nature was also understcxxl for the first 
time (Chapter 12). Other electromagnetic radiations will be diffracted significantly by objects 
and gaps that have a size comparable to their wa\·elengths. For example, the diffraction of X-rays 
by atoms, ions and molecules can be used to provide detailed information about solids with 
regular structure. The diffraction of radio waves used in communication is also of considerable 
imix,rtance when choosing which wavelength to ll'le in order to get information efficiently from 
the transmitter to the receiver. 

Waves travelling from place to place can have their direction changed by diffraction, 
but diffraction can also be important when waves are emitted or received. They can then 
be considered to be passing through an aperture, and the ratio }.Jb will be important when 
considering how the waves spread away from a source, or what direction they appear to come 
from when they are received 

The fundamental difference between diffraction and interference can be confusing. Diffraction 
is the spreading of waves around obstacles and comers, and though gaps, but when we refer to a 
diffraction pattern, it is the result of interference between wavefronts caused by diffraction. 

r 
Changing theories of diffraction 

The first detailed observations of the diffraction patterns produced in the shadows by light 
passing through apertures were made more than 350 years ago. At that time the phenomenon 
defied any simple explanation in terms of light 'particles', and the wa\·e nature of light was not 
understcxxl. After the wave theory of light became established, a theory of diffraction could 
be developed that involved the adding together of waveforms arriving at the same point from 
different places within the aperture. (Depending on the context of the discussion, the addition 
of waveforms can be variously described as superposition, imerference or Fourier synthesiJ.) The 
more recent photon theory of light (Chapt. er 7) returns to a 'particle' explanation, but particles 
involving 'probability waves' (Chapter 12) 

9.3 Interference - interterencepatterns trom mutup1esuts and thin mms 
produce accurately repeatable patterns 

The interference of wa\·es was introduced in Chapter 4, where it was explained that the 
necessary condition for interference is that the sources are coherent. The important principles 
will be repeated here quickly. Students are recommended to make use of some of the many 
computer simulations available on interference. 

Consider Figure 9.14, which shows nm coherent sources, S1 and Si, and the waves they 
have emitted 

The solid blue lines represent the crests of waves and the troughs of the waves will be midway 
between them. At a ix,int like P, nm crests are coming together, but at the same point a short time 
later, two troughs will come together. The waves arriving at ix,ints like P will always arrive in phase 
and, using the principle of superix,sition, we can determine that constructive interference occurs 



- rnmtructiveinterference 
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At points like Q, the two sets of waves will always be exactly out of 
phase and destructive interference occurs at all times. At other places, 
the interference will not be perfectly constructive or perfectly destructive. 
In this way travelling waves of any kind from coherent sources can set up 
stationary interference patterns 

• Predicting w here constructive interference occurs 
To derive an equation that predicts exactly where the interference will be 
constructive (or destructive) we need to consider path differences 

In Figure 9.15, rays are used to represent the directions of wave travel 
and it is clear that the waves arriving at a point P from S2 have travelled 
further than the waves arriving from S1. We say that there is a paih differmce 
between the waves (SzP - SiP). 

Constructive interference occurs if the path difference between the waves 
is :ero, or one wavelength, or t\<-0 wavelengths, or three wavelengths etc. 

The condition for constTuctive interference is that the path difference• llA 
(wheren is an integer: I, 2, 3, 4, 5 etc.). 

The condition for destTuctfrc interference is that the path difference 
equals an odd number of half wavelengths. Path difference • (n + \.1)A. 

• Figure 9.14 Two sets of coherent These equations for path difference are given in the Physici data booklet 
wavescrossingeachothertoproducean (forChapter4) 
interference pattern 

s,~ ' 

s, / 
• Figure9.15Pathdifference 

• Figure9.16 Using 
twoslitstoproducean 
interference pattern 

• Interference of light waves 
Light waves are not usually coherent, so the interference of light is not 
a phenomenon of which we are usually aware. Light from a laser (which 
is both monochromatic and coherent) is the ideal source for producing 
interference patterns, but interference can also be produced without lasers. 

Rather than use two separate sources, light from a single source is split 
into two parts using two narrow slits, which must be close together. The 
waves passing through each slit then act like separate coherent sources as 
the wa\·es spread away from the slits because of diffraction (Figure 9.16) 
In general, we know that for diffraction to be significant, the si:e of the gap 
needs to be comparable to the si:e of the wavelength, so the gaps must be 
\·ery narrow (because the wavelength of light is so small) 
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The original source of light should be as bright as possible and as small as possible (that is 
why a slit is also placed in front of the source). Ideally the light should be monochromatic, but 
a white light source can also be used, perhaps with a filter across the slit to reduce the range of 
wavelengths 

Young's double-slit experiment 
With an arrangement such as that shown in Figure 4.86 (page 187) interference patterns like 
those shown in Figure 9.17a can be seen. This experiment is similar in principle to that first 
perfurmed by Thomas Young in the early nineteenth century. Measurements taken from the 
experiment can be used to determine a value fur the wavelength of light used 

If we want to predict the exact locations of constructive and destructive interference we must 
link path differences to the dimensions of the apparatus. Consider Figure 9.18, which shows two 
identical, very narrow slits separated by a distanced (between the centres of the slits). 

11111 
1111111 · 

~ 
f:\ V I pathdifference:ds.ioO 

• Figure9.1 7Double-sl itinterferencepatternsofa 
monochromaticlightand b whitelight 

• Figure9.18 Explainingpath 

Note that dis significantly greater than the individual widths of the two slits. The arrowed lines 
represent rays showing the direction of waves leaving 00th slits at an angle 6 to the normal 
Suppose that these waves meet and interfere constructively at a distant point. Of course, if the 
rays are perfectly parallel they cannot meet, so we must assume that because the point is a long 
way away (compared with the slit separation) the rays are very nearly parallel 

From the triangle in Figure 9.18 we can see that the path difference between the rays is dsin 6 
and we know that this must equal 11A because the interference is constructive: 

nA•dsinB 

This equation is given in the Phy:;ics data booklet. Note that the angle 6 is usually small in 
double-slit experiments, so that sin B ,. 6 in radians. 

Destructive interference will occur at angles such that (n +lh)A • d sin 6. 

Figure 9.19 links these equations to a sketch of how the intensity varies across the centre of 
a fringe pattern. For small angles, the horizontal axis could also represent the distance along 
the screen (as an alternative to sin 6 or 6 in radians). (This equation and graph can be easily 
confused with similar m:>rk on single-slit diffraction, covered earlier in this chapter.) 

In an actual experiment we cannot usually measure angles directly, so measurements are 
taken from the screen on which the interference pattern is observed. In Figure 9.20 s represents 
the distance between the centres of adjacent interference maxima (or minima). s can be 



ll ). ). ll sinO(orO) 
d d d d 

• Figure9.1 9Variationofintensitywith 
angle for double-slit interference 

slittoscreendistance.O 
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n=l 
(almo51)l'qually 

spaced fringes 
n=2 

(not to scale) 

• Figure9.20Separationandnumberingoffringesseenonascreen 

considered to have a constant value along the screen, assuming that the angle 6 is small enough 
for sin B to be approximately equal to 6 and tanB 

etc. 

From nA=dsinB, we see that 

U•dsin61 

2A • dsin 6! 

3A•dsin61 

For small angles: 

sin61 • tan61 • 61 • I5 
So that I). • d (""fj) can be rewritten in the form used in Chapter 4: 

)J) ,., 

6 Whl!fl monochromatic light of wavelength 5.9 x 10-1 m was directed throogh two nan-ow slits at a screen 
2.4m away, a serfes of light and dark fringes was ll'l'fl. tf the distance between the centres of adjacent 
brightltinge1(andadjacentdarl<fring1.>1)was1 .1cm,whatwasseparationoftheslits? 

)J) 

::;:, " 10. i,,{5.9>< 1~·7)x2.4 

d:1.3x 10-'m 

Modulation of two-slit interference pattern by one-slit diffraction effect 

The analysis of a nm-slit interference pattern presented above has, for the purpose of 
simplification, ignored one important factor - the light emerging from each slit is itself diffracted 
into a pattern, as described earlier in this chapter. If the diffraction of light emerging from each 
of nm identical slits has a minimum intensity at a certain angle, then there will be a minimum 
at that angle in the interference pattern, even if the two-slit equation predicts a maximum 
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• Figure 9.21 
Modulated double-

pattern 

The overall effect can be summarized by saying that the single-slit diffraction pattern 
modula~s the t\\-0-"slit interference pattern. This is shown in Figure 9.21, in which the double-slit 
intensity graph is drawn underneath an enwlope shape of the single-slit pattern. Remember that 
the angles at v.hich minima occur for a single slit are predicted by n}./b, whereas the maxima of 
a two-slit pattern are predicted by n)./d. Note also that the separation of the centres of slits, d, 
must always be less than the width of each slit, b. 

-~ 

' i single-slitdiffractiooenveiope 

oosueen " " 1 ' fllltlltlllll •11 • " 
sintl(ortl} 

TaK Urtk 

M05t two-slit interference descriptions Cil!l be made without reference to the one-slit modulao·on effect. To 
what level can scientists ignore parts of a model for simplicity illld clan"ty? 

When introducingthetheo,-ylortwo-slitinterferenceina t>ook likethis. itismucheasiertodiscuss 
interference between light from the separate slits and to ~nore the effects of the diffrilCtion pattern from 
eilChslit. Afterttiebasictheo,-yisexplainedandunderstood,anyfurthercomplicationscanbediscussed 
This is typical of the educational process in science. in which it is commoo to be told that "knowledge' 
gainedlromearlierlessonshasbeensimpliliedandisnotthewholetruth 

25 • L~ht of waveleogth 450nm p;isses through two slits that are 0.10mm apart. Calculate the angle to the 
firnmaximum 

b Sketchagraphoftheintensityvariatiooacrosstheinterfl'l"encepattem 
c How far apart will the fringes be oo a mem placed 3.0m from the slits? 

26 Give reasons why it is difficult to observe the interference of light from a household l~hl bulb using 
double slits 

27 Theangularseparationbetweenthecentresofthefirstandthefourthbr~htlringesinaninterterence 
pattern is 1.23 " 10-lrnd. tf the wav~ength used was 633 nm. calculate the separatioo of ttie two slits 
thatproducedthepattem 

28 A Young"1 double-slit experiment was set up to determine the wavelength of the light used. The slits were 
0.14mm apart and the brightfringl'S oo a screen 1.8m aw,r;were measured to be 6.15mm apart 
a Whatwastheresultoftheexperiment? 
b Explain what would happen to the separation of the fringes if the experiment was repeated in water 

{refractiveindex:1.3) 

29 In a school experiment to demoostrilte interference, two slits each of width 3cm are plilCed in front of a 
sourceofmicrowaves.Thedistancebetweeritheslit1is12cm 
• Suggest why the slit widths were chosen to be 3 cm 
b Some distance aw,r;, a microwave detector is moved along a line ttiat is para llel to a line joining the 

slits. The detector mO\'es 24cm between two adjacent maxima. Estimate the approximate distance 
betweenttiedetectorandtheslits 

30 The interference pattern produced by double 1lit1 with monochromatic light i1 observed on a scll'en. What 
will happen to the pattern if eilCh of the following changes is made (separate'Y}? 
• L~htofalongerwav~engthisused. 
b Theslittoscreeridistanceisincreased 
c Theslit1aremadeclosertogether. 
d Whitelightisused 



• Figure9.22Howan 
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31 A plane is flying at altitude di!Klly between two r<ldio towers emittir.g coherent electromagnetic waves of 
frequency 6.0MHz. If the strength of the signal detected on the plane rises to a maximum ~ery 0.096s, 
whatisthespeedoftheplane? 

32 Monochromatic light of wavelength 5.8 x 10-7 m passes through two parallel slits of width 0.032 mm, the 
centres of which are 0.27mm apart. Show. with appropriate calculations. why the eighth and ninth fringes 
eithersideofthecentreofthepatternwillnotbecleartyvisible 

• Mu lt ip le-s lit a nd diffract io n grating interfe re nce patterns 

Mu ltiple slits 
fu we have seen, a pattern of interference fringes can be formed using a beam of light 
incident on just nm slit.'l. If the number of slits (of the same width and separation) 
is increased, the observed diffraction/interference pattern will have an increasing 
intensity, but the maxima will still occur at the same angles because the wavelength 
and slit separation have not changed. However, the most important feature to note is 
that, if more slits are involved, the maxima become much sharper and more accurately 
located at those panicular angles. This is shown in Figure 9.22, which compares the 
patterns seen using monochromatic light for two, five and ten slit.'l. 

Diffraction gratings 

interference pattern changes 

If the light incident normally on slits is not monochromatic but contains a range of 
different wavelengths, the maxima of the different wavelengths will occur at slightly 
different angles, so that the light will be diipened. The different maxima will overlap if a 
small number of slits is used, but the maxima can be separated (resolved) by using a large 
number of slits. A very large number of slits dose together, which is used for dispersing 
light into different wavelengths, is called a diffraction grating (see Figure 9.23). The 
resolution provided by diffraction gratings is called its resolvance, and this is discussed in 
Section9.4. 

• Figure9.23Diffraction 

grating 

The slits on a diffraction grating are usually called 'lines'. A typical grating may have 
6CXl lines in every millimetre, which gives a spacing, d, of about 1.7 x IQ---<1 m. This is 

approximately three average wavelengths of visible light and it is therefore much smaller 
than the double-slit separations that were discussed earlier. This means that diffraction 
gratings typically deviate light through much larger angles than a pair of slits 

Diffraction gratings are widely used for analysing light and offer an alternative 
to glass prisms, which use the refraction (rather than diffraction) of light to produce 
dispersion. A typical application would be the investigation of emission and absorption 
spectra, as discussed in Chapter 7 

.Ji..-. A simple spect roscope for observing spectra can be made from a lightproof tube with a 
~ diffraction grating at one end and a narrow slit at the other (Figure 9.24). 

• Figure9.24 

Observing spectra with 

a spectroscope 
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• Figure 9.25 Action 

grating to produce 

Using a diffraction grating to measure wavelength 

The equation used for predicting the angles of constructive interference with two slits of 
separation d can also be applied to multiple slits and gratings with separation of lines equal to d: 

11A•dsin B 

Figure 9.25 shows how a diffraction grating is used to produce an interference pattern (of 
monochromatic light). In many practical arrangements, a converging lens is used to focus the 
light on the screen, but that is not shown here. The first maximum out from the middle of the 
pattern is called the first diffraction order, the second is called the second diffraction order and 

parallel beam of 
monochromatkl~ht 

• Figure 9.27 Measurements needed to determine wavelength 

Figure 9.26 shows sets of adjacent rays emerging in 
different directions. All waves transmitted along the 
normal will interfere constructively because there is no 
path difference between them. This is called the zeroth 
order,11 •0. 

• Figure 9.26 Different orders in different directions At angle 8
1
, the rnys again interfere constructively 

because there is a path difference of one wavelength 
between adjacent rays (n • 1). This is called the first order 

The second order occurs at an angle 82 when there is a path difference of tv.u wavelengths 
between rays from adjacent rays (n • 2). Gratings are usually designed using small slit separations 
to spread the light out as much as possible, and our attention is normally concentrated on the 
lowerorders. Higherordersarenotusuallyneeded 

To determine a wavelength using a diffraction grating, measurements are taken from a 
screen placed a known distance away so that sinB can be calculated (Figure 9.27). Because 
diffraction gratings are usually used to produce large angular separations we cannot make the 
approximation sin B "' B without introducing a significant error 



• Figure 9.28 
Comparing the 
maxima produced 
by double slits and 
a diffraction grating 
using monochromat ic 
light 
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7 Momx:hromatic light passes throogh a diffraction grating with 400 lines mm-1 and forms an interference 
pattemonameen2.25mawifi 
a If the distance between the central maximum and the first order is 57.2cm, what is the wavelength of 

thelighfl 
b If a second beam of monochromatic light of wavelength 6.87 x 10-7 m also p;1sses throogh the grating. 

hawlarapartarethefirstordersontheM:reen7 

a ConsideringFigure9.27,tan9i:O.S72/2.25:0.254.sothat0,:14.3andlin9i:0.246 

lxl:dsinll, 

A:1.0xlO-lx0.246 
400 

A:6.16x10-7m 

(Using the sinll ~ tanll apprrndmation produces an amwer of 6.36 x 10-7m.) 

b 1 xl:dsinll1 
6.87x1Q-1,.{l.O:o6Q-l)xsinll1 

1inll1:0.27S 

tanll "'distance betwl'{'n the central maximum and the first order divided by the slit to screen 
distaJ){e 

separationoftheordersonthe1ul'{'n:(64.3-S7.2):7.1cm 

Using a diffraction grating to analyse spectra containing different wavelengths 

The main reason why diffraction gratings are so useful is because they produce very sharp 
and intense maxima. Figure 9.28 compares the relative intensities produced by double slits 
(using monochromat ic light) with a diffraction grating of the same spacing. Compare this with 
Figure 9.22, which showed the visual effect of increasing the number of slits 

intensity 

pattemdue 
to diffraction 

grating 

pattemdue 
to two slits 

If light is incident on a larger number of slits, more waves from different slits will arri\·e at any 
panicular point on the screen. But , unless the angle is perfect for constructive interference (as 
represented by the equation nA • dsin(JJ, there will be enough waves arriving at that point out 
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• Figure9.29High 

resolution produced 

by diffraction 
gratings 

• Figure9.30 White 

light passing through 

a diffraction grating 

of phase to result in overall destructi\·e interference. In practice, light striking a grating will 
usually be incident on well over 1000 slits, so that the peaks become very much sharper and 
more intense than those shown in Figure 9.28. 

intensity 

1/drubleslits 

---tttt-'-= 

Diffraction gratings analyse spectra by separating (resolving) the maxima of different 
wavelengths. This is shown in Figure 9.29, which compares the intensities of the first-order 
spectra from double slits and a diffraction grating (fur a spectrum containing only red and 
blue light) 

If white light is incident on a grating, a series of continuous spectra is produced, as shown in 
Figure 9.30. Because the wavelength of red light is less than twice the wavelength of violet light, 
the first-order and the second-order visible spectra cannot overlap, although higher orders do. 

If the emission or absorption spectrum of a substance is being observed, a good-quality grating 
will be able to resolve the wavelengths into the different 'lines' of a line spectrum, like those 
shownin Figure7.2 (page283). 

The diffraction gratings discussed so far have all been transmission gratings, but similar 
principles can be applied to light reflected off a series of very close lines. Reflection gratings 
can be useful when examining radiation that would otherwise be absorbed in the material of 
a transmission grating, fur example ultraviolet. The manufacture of optical data storage discs 
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(for example, DVDs) pro.::luces a regularity of structure that results in them acting as reflection 
gratings. The colours seen in reflections from their surfaces are a result of this 'diffraction 
grating effect'. 

B Light of Wil'lelength 460nm is incident mxmal!y on a d Fffraction grating with 200 lines per mill imetre 
Calculate the angle to the normal of the third-order maximum 

34 A diffraction gratir,g is used with monochromatic light of wavelength 6.3 x 10-1 m and a sue{'n a 
perpendicular distance of 3.75 m away. How many lines per millimetre are there on the dFffraction grating 
if it produces a second-order maximum 38cm from the cent re of the p.,t tem/ 

35 Monochromatic light of wavelength 530nm is incident normally on a grating with 7S0 lines mm· 1. The 
interterence pattern is Se{'n on a sc:=n that is 1.8m from the grating. 'Nhat is the dist ance betwe{'n the 
lirstandsecondordersse{'nonthesuem? 

36 • A teacher is using a diffraction grating of 300 lines mm· 1 to show a dass a white light spectrum. She 
wants the first-order spectrum to tie 10cm wide. Estimate the distance that she will need betwel.'fl the 
gratingandthesue{'n 

b Apri'imcanalsobeusedtoproduceaspectrum.Expla inwhyredlightisrefractedlessthanbluelightin 
aprism,butdiffractedmorebyadiflractiongrating 

37 Light of wil'lell'flgth 5.9 x 10-7m is incident on a grating with 6.0 x 101 lines per metre. How many orders 
will be produced? 

38 When using white light. explain why red light in the second-order spectrum overlaps with blue light in the 
third-order spectrum 

39 A second-order maximum of blue light of wavelength 460nm is sent to a certain point on a suem using a 
diffraction grating. At the same point the third-order fl'\3Ximum of a different wavelength is detected 
• 'Nhat isthewavelengthofthesecoodrad@lion? 
b In what o;ection of the electromagnetic spectrum is this radiat ion? 
c Suggesthow itcouldbedetected 

40 Thetheoryde~~opedinthissectionhasall bemforlightincidentnormallyonadiffractiongrating 
Suggest what the effect would be on an observed pattern ii the grating was twisted so that the light was 
incident obliquely 

41 Suggest two reasons why an optical diffraction grating would not be of much use with X-rays 

42 Sketch a relative intensity against sinll graph for monochromat ic light of wavelength 680nm incident 
normally oo a diflractioo grating with 400 lines per mm 

43 A diffraction grating produced two first-order maxima for different wavelengths at angles of 7.46° aod 
7.59°tothenormalthroughthegrating. Thisangularseparationwasnoteooughtose{'thetwolines 
separat e!y. Whatistheangularseparationofthesamel inesinthesecondorder? 

44 a Makeasketcholthevariationolrelat iveiotensitywithsinllforredlightas itpassesthrougha 
dilfractiongratingthatproducestwoorders 

b Addtoyoursketchthevariationinintensityofbluelightp.,ssingthrooghthesamegrating 
c Make a separate sketch showing the relative intensities of the same red and ~ue light after it pas..es 

throoghtenslits{withthesamespadngasthegrating) 
d Useyoursketchestohelpexplainwhydiffractioogratingsaresou..efulforanalysinglight 

• Figure9.31 Wavesreflectedofftwosurfaces 

• Thin-film inte rfe re nce 
We know that cohere111 light waves are needed to pro.::luce any 
interference pattern, and another way of providing these is by the 
use of thin films. (The word 'film' is used here to mean a thin layer.) 
Figure 9.31 shows waves represented by the simplification of light rays 
being reflected off the top and bottom surfaces of a thin film of a 
transparent material, which, for example, might be water or oil. 

If the film is thin enough, the rays A aOO B will be coherent (because 
they came from the same wavefront) and they will pro.::luce interference 
effects, depending on their path difference. If the film is not very thin the 
waves will lose their coherence aOO no interference pattern will be seen 



phase change of it 
fOfrellectedwiNe 

Equations for interference for normal incidence on a 

parallel film 
Figure 9.32 shows the reflection of waves (represented by rays), initially in 
air, which are reflected normally from both surfaces of a parallel-sided film of 
thickness d. The rays are drawn at a slight angle to the perpendicular only 
to show them clearly. We know that the usual condition for constructive 
interference is that the path difference is a whole number of wavelengths, but 
whenever reflections are invoked, we also need to consider if there are any 

• Figure9.32Thereisaphasechange phasechanges 
whenpassingfromairintothefilm There will be a phase change of )./2 (rr radians) at Q, when the light 

travelling in air reflects off a medium with a higher refractive index, n. This 
was discussed briefly in Chapter 4. We will assume that the medium on the other side of the 
thin film has a lower refractive index than the film, so that there will no! be a phase change at 
P, at the second boundary. This assumption is valid for the nm most common examples of thin 
film interference - air/water/air and air/oil/water. 

Because of the introduction of a path difference of )./2 (because of the phase change), the 
condition for constructive interference changes from path difference • mA to path difference • 
(m + l1)A. (The symOOI m is used here to represent an integer so as to avoid confusion with n, 
which is used for refracti\·e index.) 

Light will have a shorter wavelength in the film. For example, water has a refractive index 
of 1.33, which means that the speed of light in water is c/1.33 and the wavelength is reduced to 

)./1.33. Therefore, the wavelength used in the equation must be divided by the refractive index 
and the conditions for interference become as follows· 

Constructive interference 

Zdn • (m+ \1)). 

Destructive interference: 

Zdn • mJ. 

These equations, which apply only to normal incidence on certain parallel films, are given in 
the Physics dara bookle1. 

Examples of thin-film interference 
Determin ing the thickness o f a film 

Oil films and soap bubbles are typically very thin, comparable to the wavelength of light. Their 
thickness may be determined from observation of their interference effects. Because they are so 
thin, we may assume that m in the equations above has a value of one, and hence the thickness, 
d, of the film can be estimated from a knowledge of the wavelength and refractive index 

8 An oil film appeared blue when observed normally. Estimate a possible value for its thickness if the 
refra,c:tiveindexoftheoHwas1.S7. 

2dn=(m+Y,)). 

withm:Oand-1.:4.7x 10-7m 

2xdx1.57:0.Sx{4.7x 10-1) 

d:7.Sx10-8m 
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M•IHi@li HLM Quantifying oil spills 
The energy-intense lifestyles of modern life demand a continuous supply of crude oil (see 
Chapter 8). The extraction of crude oil from the under the ocean floor, its transfer to land 

and its movement around the planet in large oil tankers and through pipes has 
caused a number of serious accidents. These accidents cause considerable pollution 
to the seas, and the pbnts and animals that live in and around them. Figure 9.33 
,hows a penguin covered with oil from a spill off the coast ofTauranga in New 
Zealand in 2011. 

Oil is less dense than water and therefore it floats on the surface of the sea. An oil 
spill can be difficult to contain because the oil tends to spread out very thinly on the 
surface of water (to an extent that varies with the type of oil). The phrase oil !lick is 
sometimes used for a smooth layer of oil that has spread over a large area and has not 
been broken up by the action of the waves. 

An oil spill of about 1000 litres that has spread to cover a square kilometre 
would be about 10-J mm thick and be noticeable by the coloured interference 
patterns it produced. An oil film about one tenth of this thickness would have a 
shiny appearance. A thicker spill would appear much darker, without colours. It is 
often possible to estimate the volume of an oil spill from its area and appearance. 

• Figure 9.33 Effects of an oi l Obviously the severity of the possible pollution following an oil spill depends on the 
spill on marine life quantity of oil released into the environment and its location, but there are many 

other factors involved, including the type of oil and the prevailing weather, currents 
and waves. The temperature of the water may also be an important factor. 

• Figure 9.34 

coating 

l Research the various methods that can be used to contain and clean up a large oil spill on 
thesurfaceofthesea 

A nti-reflection coatings 

Consider a glass surface with a thin film of transparent material ('coated') on top of it, as 
shown in Figure 9.34. The material of the film has a refractive index lower than glass. The 
incident light is monochromatic, with a wavelength A, and it is incident normally, although 
in the diagram it has been shown at a slight angle in order for the separate rays to be 
distinguished. 

lightinddenlflOITTlil lly 

theserirfsinterferedestructively 

coating __ ~'-·_t_ ~ -------
glass 
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Because both reflections occur when the light is entering a medium with a higher refractive 
index, we do not need to consider the effect of any phase changes involved. The minimum 
condition for tkirruc1iw interference is: 

path difference• 2d • M.A, 

where Ac is the wavelength in the coating (not air), or: 

d-~ 

An anti-reflection coating needs to have a thickness of one quarter of a wavelength (measured 
inthecoating,notair) 

Alternatively, because A,• }./n, where A is the wavelength in air: 

d-~ 

'" If light is not reflected, then more useful light energy will be transmitted through the glass 
Coating lenses is a way of ensuring that the maximum possible light intensity is transmitted 
through all kinds of optical instruments (including eye glasses), as well as solar cells and solar 
panels. The process of putting a non-reflective coating on lenses is called blooming. 

The thickness of a single layer will result in 
perfectly destructive interference for only one particular 
wavelength, but other wavelengths will also undergo 
destructive interference to some extent. By using multiple 
coatings of different thickness or refractive index, it is 
possible to effectively reduce reflections over all visible 
wavelengths. These effects also depend on the angle of 
incidence, but most of the time lenses are used with light 
that is incident approximately normally. 

• Figure9.35 Stealthaircraft 

Non-reflecting coatings are also used on military 
aircraft to help them avoid detection by radar. Radar 
uses a range of possible wavelengths, typically a few 
centimetres. Figure 9.35 ohows a Stealth aircraft, which 
uses a wide variety of techniques to amid detection. 

• Figure9.36 

Observing a thin film 

at different angles 

Interference at oblique angles 

We will now broaden our discussion to include the possibility of observing thin-films from 
different angles. Figure 9.36 could represent, for example, reflections off an oil film floating 

If the thin film is of constant thickness, the pairs of reflections from each of the three incident 
rays in the diagram will not have the same path differences and this means that constructive 
interference occurs for different wavelengths at different angles. The eye will see different 
colours depending on which part of the oil film it is looking at. 

Figure 9.37 shows the typical appearance of an oil film on water. There is usually no regularity 
in the patterns observed because the thickness of the oil film is not constant. Similar effects 
are seen in soap bubbles (Rgure 9.38), but their appearances change rapidly as the water moves 
towards the bottom of the bubble because of gravity and because the water evaporates quickly. 



• Figure 9.37 Very thin oil film on water • Figure 9.38 Interference effects in soap bubbles 

• Figure9.39 

peacock feathers 

The coloured effects seen in some bird feathers and insect wings, called iridescence (Rgure 9.39), 
puzzled early scientists. We now know that this is an interference effect caused by the structures 
of the surfaces 

r 
cu.;o,ity and mend;plty 

The beauty of iridescence is easily appreciated by everyone, and it is th.erefore perhaps 
not surprising that it stimulated the search for an explanation and the subsequent 
development of thin-film theory. The natural curiosity of human beings is a significant 
driving force in science, and many scientists see beauty and inspiration in unexplained 
phenomena of all kinds. But there are many examples of scientific investigations that led 
to surprising results. 

Serendipity is the term used to describe something fortunate happening when you are not 
expecting it. The first laboratory production of thin films was serendipitous when Joseph 
Fraunhofer observed the effect of treating a glass surface with nitric acid 
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• Figure9.40 Aneye 

receiving light from 

two separate objects 

45 An oil film is observed using normal incidence of light of wavek>ngth 624nm. If the oil has a refractive 
index of 1.42, what is the minimum thickness that will produce constructive interference? 

46 A transparent plastic film of refractive index 1.S1 is o~rved using monochromatic visible light at normal 
inddeoce. If destroctive interference occurs when the film is 4.58 " 10-7m thick, calculate possi~e values 
forthewav~ength 

47 The blooming ona lens is 8.3 " 10-1mmthick. What is its approximate refrilCtive index ii it is designed to 
benon-reflectiveforbluelight? 

48 Find out the various means by which a military aim aft might avoid detection 

41 The equation 2dn = m.l. can be used to determine thkknesses of a thin film that will result in destructM! 
interference. Give two separate examples of thin-films observation for which it would not be appropriate 
to use this equation 

9 .4 Reso I ution - resolution places an absolute limit on the extent to which 
an optical or other system can separate images of objects 

• The importance of the size of a diffracting aperture 
If )UU stand on a beach and look down at the sand, you probably will not be able to see the 
separate grains of sand. Similarly, if you look at a tree that is a long way away, you will not be 
able to see the separate leaves. In scientific terms, we say that you cannot resok e the detail 

If you assume that a person has goo.::I eyesight, the ability of their eyes to resolve detail 
depends hrgely on the amount of diffraction of light as it enters the eye through the pupil 
(aperture) and the separation of the light receptors on the re1ina of the eye. The larger the 
aperture, the less the diffraction and, therefore, the better the resolution. You can check this by 
looking at the v.urld through a l'el"Y small hole made in a piece of paper held in from of )')Ur eye 
(increasing the diffraction of light as it enters your eye) 

When discussing resolution, in order to improve understanding, we usually simplify the 
situation by only considering waves of a single wavelength coming from tv.u identical point 
sources of light 

• The resolution of simple monochromatic t wo-source systems 
Figure 9.40 shows an eye looking at two distant identical point objects, 0 1 and Ol; 6 is called the 
angular sep.iration of the objects. (This is sometimes called the angle subtended at the eye.) 

~ 
o ol!Jects 

1, o, 
1, () 8 

0 ~ 

When the light from each of the object s enters the eye it will be diffracted and two single-slit 
diffraction patterns (similar to that shown in Figure 9.12) will be received by the light receptors 
on the retina at the back of the eye. So, point objects do not form point images. (Note that the 
light rays are not shown being refracted by the eye in this example because they are passing 
through the optical centre of the lens.) 

The ability of this eye to resolve two separate images depends on how much the two 
diffraction patterns overlap (assuming that the receptors in the retina are close enough 
together). Similar comments apply to any equipment designed to form images, such as telescopes, 
microscopes and cameras. 

Consider Figure 9.41, which shows intensities from two identical sources that might be 
received by the eye or other image-forming system. In Figure 9.41a the two sources can easily be 



• Figure9.41 

bytheeyeasaresult 

patterns 
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resolved because their diffraction patterns do not overlap. In Figure 9.41c the sources are so close 
together that their diffraction patterns merge together and the eye cannot detect any fall in the 
resultant intensity between them; the images are not resolved. The resultant waveform is not 
shown, but can be determined using the principle of superposition 

Figure 9.41b represents the situation in which the sources can just be resolved because, 
although the images are close, there is a detectable fall in resultant intensity between them. 

Angle 

The Rayleigh criterion 
Figure 9.42a shows tv,.o point sources viewed through circular apertures 

R ayleigh 's c rite rion (similar to the DaW{'J limi1) states that tv,.o point sources can jusi be 
resolved if the first minimum of the diffraction pattern of one occurs at the same angle as the 

central maximum of the other (Figures 9.41b and 9.42b) 
Rayleigh's criterion is a useful guide, but not a law of physics, and 

there may be factors other than diffraction that can affect resolution, so 
it can be regarded as a limit to resolution. The criterion can be expressed 
mathematically as follows 

• Figure 9.42 Images of two point The images of two sources may just be resolved through a narrow slit, of 
sources observed through circular width b, if they have an angular separation of B • )./b 
apertures that are a easily resolvable If they subtend a larger angle they will be resolvable, but if they subtend a 
and b just resolvable smaller angle then they cannot be resolved. 
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When we consider eyes, telescopes and microscopes it is clear that light waves are usually 
received and detected through circular apertures, rather than slits. The resolution of a circular 
aperture of diameter b will not be as gocd as with a slit of constant width b, so the criterion is 
adjusted,asfollows: 

The images of two sources canj1m be resolved through a circulaT aperture if they have an 
angular separation of B • 1.2V.Jb. 

This equation is given in the Physics data booklet. Although this equation relates to t'MJ identical 
sources and a single wavelength, A.Jb can be taken as a goo.::! guide to the resolution of all 
images through any aperture of width b. The lower the value of A.Jb, the better the resolution. 

This equation shows clearly that the resolution of images provided by a certain kind of 
equipment - a telescope for example - can be improved by using a wider aperture or shoner 
wavelengths (if that is possible) 

r lmprovedtechnology 
Redesigning equipment and/or using higher-quality components can improve resolution (if it 
is not already as goo.::! as suggested by the criterion) and it may also improve other aspects of 
images. Technological advances such as these are characteristic of scientific de\·elopment and 
they pro\'ide opportunities for further discoveries. Astronomy and microscopy are obvious 
examples of areas of study that are greatly influenced by the current state of technology. 

Tok Link 
TIMi lllllib af tKhnalogy .. const.!Uy ectv.icing 
There5-0/utionh'mitssetbyDawes-illldRayleigharecapab/eofbeingsurpassedbythew,1H11JC~·onof 
high-qU3h'ty telescopes. Are we capable of breaking other Hmits of scientific knowledge with OU!" iJdViJ[)(ing 
technology? 

Thesel imit1toresolutionarehasedoncertain1implifyingassumptionsaboutthe1ource1,theradiationand 
therece!ver. Tlleyareveryusefulguidelines,butnotperfect 

9 Two small point sources of ligllt separated by 1.1 cm arepklced 3.6m away from an observer who has a 
pupil diameter of 1.9mm. Can they be seen as separate when the average wavelengtll of tile light used 
wasS.Oxl0·1m? 

Theywillbereso!vabH!iftheirangulilrseparationi1gre<1terthanorequalto1.22).Jb 

1.22%= l.2~.;~·~;_lo-J :3.2x10--4radians 

anguiar separation of sources= 1.1 3.~o-< = 3.1 x 10-i radians 

Theangularseparationismuchlargerthanl.22).Jb,mtheyareeasityresotvable 

• Other examples of resolution 

Rad io te lescopes 
Stars emit many other kinds of electromagnetic 
radiation apart from light and infrared. 
Radio telescopes, like the one shown in Figure 
9.43, detect wavelengths much longer than 
visible light and, therefore, would have very 
poor resolution if they were not made with 
wide diameters 

• Figure9.43 TheJodrellBankradio 

telescopeinEngland,UK 
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10 a The Jod~II Bank radiotelesrn?(' in the UK has adiamete< of 76m. 'Nhen used with radio waves of 
Wil'lelength21cm.isitcapableofresolvingtwostarsthatare 2.7x1011 mapartiftheyareboth 
1.23 x1016mfrnmEarth? 

b Compare the ability of this radio tele1CO?(' to resoWe with that of a typical human eye 

1.22i=~=3.4x10-1 rad~ns 

angularseparationofmurces= 1~J3xx \0~
1

6 :2.2 x 10-sradians 

Theangularseparationismuchsmallerthan 1.2ll/b.sotheycannotberesoWed theywillapp&11 
likeasinglestar 

b Using the data from Worked example 9 as an example. a human eye can resolve two objects if 
theirangu!arseparationisabout3 x 10-~rad~nsormore. buttheradiotelemipein this question 
requiresthe objectstobeatieast3.4x10-1 radiamapart.Thi1angleisabouttentimesbigger.The 
eyehasamuchbetterresolutionthanaradiotelesc:opemainfybecauseituseswavesofamlJ{h 
smaller wavelength. The resolution of radio tele1CO?('I can be imprOYed t,; making them even 
larger,buttherearernnstructionallimitstohowbigtheycanbemade 

@imj@jj.j,LM More abo ut rad io telescopes 
Despite their poor resolution (compared with the human eye), radio telescopes collect a lot 
of information about the universe that is not available from visible light radiation. Light 
waves from distant stars are affected when they pass through the Eanh's atmosphere and this 
will decrease the possible resolution. This is why optical telescopes are often constructed on 
mountain tops or put on orbiting satellites. Radio telescopes do not have this problem. 

H ydrogen is the most common element in the universe and its atoms emit electromagnetic 
waves with wavelength 21 cm, in the part of the electromagnetic spectrum known as radio 
waves. Many other similar wavelengths (from a few centimetres to many metres) are received 
on Earth from space, and radio telescopes are designed to detect these waves. 

In a dish telescope, such as that shown in Figure 9.43, the radio waves reflect off a parabolic 
reflector and are focused on a central receiver (like a reflecting optical telescope). fu we have 
seen, the resolution of a radio telescope will be disappointing unless its dish has a wide 
apenure. Of course, having a wide aperture also means that the telescope is able to detect 
fainter and more distant objects because more energy is received from them when using a 
larger dish 

There are many different designs of radio telescope, but the largest with a single dish is that 
built at AreciOO in Puerto Rico (diameter JOSm), v,hich uses a natural hollow in the ground 

• Figure9.44 Anarrayoflinkedradiotelescopes 

to help provide suppon. However, a radio telescope is being built 
in China with a diameter of 500 m, which is due to be operational 
in2016 

In radio interferometry, signals received from individual telescopes 
grouped together in a regular pattern (an array, as in Figure 9.44) 
are combined to produce a superposition (interference) pattern 
that has a much narrower spacing than the diffraction pattern of 
each individual telescope. This greatly improves the resolution of 
the system. 

1 Find out what you can about China's FAST telescope. 
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Electronic displays 
Digital pictures are composed of a very large number of tiny picture elements (pixels) and 
information about the display is usually given in a form such as 1366 x 768, meaning that there 
are 1366 pixels in each horizontal row and 768 in each vertical raw, making a total of 1049088 
pixels, or approximately one megapixel (I MPx) 

If the screen size is 41 cm by 23cm, then the centres of pixels are an average distance of 
0.03 cm apart in their rows and columns. The spaces between the pixels are much smallest. 
(Confusingly, the number of pixels is often also called the 'resolution' of the display.) 

When we look at a screen, we do not want to see individual pixels, so the angular separation 
as seen by a viewer must be smaller than 1.22)./b. Using 4.0 x 10-1 mas a value for the shortest 
wavelength produced by the screen, we can calculate a rough guide to the minimum distance at 
which a viewer (with a pupil of size of 2 mm) would need to be positioned so that they could not 
resolve individual pixels: 

U2x4.0x 10-1 pixelseparation 
~ - minimum distance between viewer and screen 

Using a pixel separation of 0.03 mm gives a minimum viewing distance of about 10cm from the 
screen. Television screens designed to be viewed from longer distance can have their picture 
elements further apart 

Digital cameras 
The quality of the lens and the sizes of the lens and aperture are the most important factors 
in determining the quality of the images produced by a camera. But for a digital camera the 
distance between the receptors (CCDs) on the image sensor must be small enough to resolve 
the detail provided by the lens. The 'resolutions' of digital cameras are also described in terms 
of the numbers of (light-receiving) pixels. The settings used on the camera, the way in which 
the data are processed and the 'resolution' of the display used will all affect the amount of detail 
resolvable in the final image. 

Optical storage of data 
Information is stored using tiny bumps (called 'lands') on a plastic disc (CD or DVD). The 
information is 'read' by light from a laser that reflects off the reflective coating on the lands and/ 
or the 'pits' between them 

The closer the lands (and pits) are located to each other, the greater the amount of 
information that can be stored on the disc. But, if the lands are too close together, the 
diffracting laser beam will not be able to resolve the difference between them. A laser with a 
shorter wavelength will diffract less and enable more data to be stored on the same sized disc. 

On a typical CD (which stores 700 MB of information), the pits are about 8 x 10-6 m 
in length and they are read by light from a laser of wavelength 7.8 x 10-1 m. DVDs store 
information in the same way, but they have an improved data capacity: the pits and lands can 
be closer together because a laser light of shorter wavelength (6.5 x 10-1 m) is used. A single-layer 
DVD can store about seven times as much information as a CD. 

The development of blue lasers, with their smal1er wavelengths (4.05 x 10-1 m), has led to 
Blu-ray technology and greatly increased data storage capacity on discs of the same size. This 
enables the storage and playback of high-definition (HO) video 

Satellites 
Satellites have an ever-increasing range of uses including communications, television, mapping, 
navigation, spying, observing the climate, weather and land use, and astronomical research. In 
earlier years the launch and use of satellites was controlled by the military and governments, but 
the use of satellites for commercial interests is becoming much more important and widespread 
This requires international consultation and agreements about satellite launches, locations of 
satellite orbits and the selective use of microwave frequencies. 
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Communication between satellites and Earth stations requires waves that are unaffected 
by passing through the atmosphere. Typically, microwaves are used with a wavelength of a 
few centimetres. ParaOOlic dish reflectors behind the tmn.smi11ing aerials can pn:x:luce highly 
directional beams if diffraction can be limited by having a large enough dish aperture. 

Receit'ing aerials are similarly designed with reflectors that are used to focus the incoming 
microwaves onto an aerial. They need to be large enough to collect a signal of sufficient power 

Currently there are more than 1000 operational satellites in orbit around the Earth and it is 
estimated that in the coming years over 100 new satellites will be launched every year. With so 
many transmissions taking place, it is very important that receiving aerials are able to resolve 
the signal that they wish to detect from others nearby. 

11 A transmitting aer~I has a d~meterof S.Om and transmits a microwave be.lm offfequency 4.8GHz 
What is the approximate cross-sectional area of the central diffraction beam at a distance of 300km 
fromthea.erial(typicaldistancebelwe{'flEarttiandaloworbitsatellite)? 

wavelenglh="7=~=6.3x10-1m 

Aogle betwe{'n first diffraction mioimum and centre of the diffraction pattern 

11=%= 6·3 ;_6°-l :0.0126 

Radiusofbeamatadistanceof300km 

r:0.0125x3x10S:3780m 

areaofbeam:Tlr':4.5x107m1(44km1) 

• Reso lutio n of diffractio n g ratings 
The use of diffraction gratings was discussed earlier in this chapter as a methOO of analysing 
light. This can be considered as another form of resolution - separating wavelengths, rather 
than separating sources. 

The ability of a grating to separate wavelengths is called its resolvance (or rernlving power), R. 
It is defined as; 

Where t;J,. is the smallest difference between nm resolvable wavelengths, A (either value can be 
taken). This equation is given in the Physics data booklet. Because it is a ratio, resolvance has no unit. 

12 Whatisthereso/vanceofadiffractioogratingthatcanjustseparatewavelengthsof589.00nmand 
589.S9nm7 

However, we are more likely to determine the resolvance of a diffraction grating from the 
number of lines mm- 1 and the width of the light beam that is incident on it, as follows 

R•mN 

Where N is the total number of slits illuminated and m is the diffraction order (the resolution is 
better for higher orders). This equation is also given in the Phyiics da1a book/er. Note that, for a 
given gra ting, increasing the width of the incident beam increases the resolvance (improves the 
resolution) 
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13 A parallel light beam of width Smmfalls on a diffraction grating with 80 lines mm-1. What is the 
resotvanceinthesecond-orderspectruml 

R:2 x (S x 80):800 

50 11 Why might you expect a camera that has a lem with a wider dtameter to produce better picturel7 
b Suggestareasonwhybiggerlemesmightproducepooll'rimages 

51 Why do astronomers sometimes prefer to take photographs with blue filters I 

52 The pupils in our eyes dilate (get bigger) when the light intensity decreases. Discuss if this means that 
peoplecano;eebetteratnight 

53 A car is driving towards an obseM>r from a long way ilWiJY at night. If the headlights are 1.8m apart, 
estimate the maximum distance away at which the observer will ,;ee two distinct headlights. (Assume that 
the average wavelength of light is 5.2 x 10 -7 m and the pupil diameter is 4.2 mm.) 

54 AcameraonasateHiteorbitingataheightof230kmabovetheEarthisrequiredtotakephotographsthat 
resolve objects that all' 1.0m apart. Assuming a wavelength of 5.5 x 10-7m, what minimum diameter lens 
would be needed? 

55 a Aradioteiescopewithadishofdiameter64misusedtodetectradiationofwavelength 1.4m. How far 
away from the Earth are two stars separated by a distance of 3.8 x 1011m that can just be resolved? 

b Whatassumption(s)didyoumake? 

56 Couldanopticalteiescopewilha(objective)lensofdtameter12cmbeusedtoreadthewritingonan 
iKM'rti1ingsignthatis5.4kmawayifthelettersareanaverageof8.Scmapart?Explainyouranswer 

57 TheMoonis 3.8 x lOSmfromtheEarth. E!itimatethe'ifTlilllestdistance 
between two features on the Moon's surface that can just be observed 
fromtheEarthbythehumaneye 

51 Use Figure 9.45 to me;isure the res~ution of your own eyes 

59a Whatistheo;econd-orderresotvanceofadiffrac:tiongratingthathas 
lines separated by 3.3 x 10-6 m for an incident beam of width 1 mm7 

b Wouldthisgratingbeabletoresolvewavelengthsof6.22 x 10-lmand 
6.23 x 10-7m7 

c Howcouldtheresolutionbe improvedusingthesamegrating7 • Figure9.45 

9. 5 DO pp I er effect - the Doppler effect describes the phenomenon of 
wavelength/frequency shift when relative motion occurs 

• The Doppler effect for sound waves 
When we hear a sound we can usually assume that the frequency (pitch) that is heard by our 
ears is the same as the frequency that was emitted by the source. But if the source of the sound 
is moving towards us (or away from us) we will hear a sound with a different frequency. This is 
usually only noticeable if the movement is fast; the most common example is the sound heard 
from a car or train that moves quickly past us. 

This change of freque ncy that is detected when there is relative motion between a source and 
a receiver of waves is called the Doppler effect , named after the Austrian physicist Christian 
Doppler, who first proposed it in 1842 . The Doppler effect can occur with any kind of wave. 

Figure 9.46 shows a way in which the Doppler effect can be demonstrated with sound 
A small source of sound (of a single frequency) is spun around in a circle. When the source 
is moving towards the listener a higher frequency is heard; when it is moving away, a lower 
frequency is heard 



• Figure9.46 

Demonstrating the 
Doppler effect with 

9.5 Doppler effect 413 

ToK Unk 
.t,ppf~"II our.-.. firtct ,.,,r1 .. " h M'lpertant In und,manllll\l ,.~, we «-1Mit 
ebHMl!,-lly 
How import,mt is sense perception in explaining sciemific ideas such as the Doppler effect? 

The Doppler effect can ocrnr with any kind of WiWe. but ii seems so much easier to understand after we 
hiWe heard the effect with sound waves. In a similar way, the interferl.'nce and diffraction of, for examp~. 
radio Wil'les. is much easier to understand if we have ob~ed similar effects with light and o;ound 

The easiest way to explain the Doppler effect is by considering wavefroms (Figure 9.47) 
Figure 9.47a shows the common situation in which a stationary source, S, emits waves that travel 
towards a stationary detector, D. Figure 9.47b shows a detector moving towards a stationary 
source and Figure 9.47c shows a source moving directly towards a stationary detector. Simibr 
diagrams can be drawn to represent the situations where the source and detector are moving 
apan. The Doppler effect can be better understood by observing computer simulations of 
moving sources and observers 

The detector in Figure 9.47b will meet more wavefroms in a given time than if it 
remained in the same place, so that the received frequency, f ', is higher than the emitted 
frequency, f In Figure 9.47c the distance between the wavefroms between the source and 
the observer (the received wavelength) is reduced, which again means that the received 
frequency will be higher than the emitted frequency. (Frequency • v/A and the wave speed, 
l', is constant. The speed of sound through air does not vary with the motion of the source 
or detector.) 

• Figure9.47 a Sourreanddetector b ~teeter moving tow aids 
stationarysourre 

c Source moving towards 
stationary detector Wavefrontdiagrams both stationary 

to demonstrate the 

Doppler effect 
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@imj@jj ietM Shock waves: breaking the sound barrier 

• Figure 9.48 
Creating a shock 

As an object, like a plane, flies faster and faster, the sound waves that it makes get closer and 
closer together in front of it. When a plane reaches the speed of sound, at about 1200kmh-1, 

the waves superpose to create a 'shock wave'. This is shown in Figure 9.48 

When a plane reaches the speed of sound it is said to be travelling at 'Mach 1' (named after 
the Austrian physicist, Ernst Mach). Faster speeds are described as 'supersonic' and twice the 
speed of sound is called Mach 2 etc. As Figure 9.49 shows, the shock wave travels away from 
the side of the plane and can be heard on the ground as a 'sonic boom'. Similarly, 'OOwwaves' 
can often be seen spreading from the front (bow) of a OOat because boats usually travel faster 
than the water waves they create. The energy transferred by such waves can cause a lot of 
damage to the land at the edges of ri\·ers (river lxmks). 

For many years some engineers doubted if the sound barrier 
could ever be broken. The first confirmed supersonic flight 
(with a pilot) was in 1947. Now it is common for military 
aircraft to travel faster than Mach 1, but Concorde and 
Tupolev 144 were the only supersonic passenger aircraft in 
regular service 

It is po&,ible to U'le a whip to break the sound barrier. If the whip 
gets thinner towards its end then the speed of a wave along it can 
increase until the tip is travelling faster than sound (in air). The 
sound it produces is often described as a whip 'cracking'. 

• Figure9.49 Plane breakingthesoundbarrier 

1 In a world in which time is so important for so many people, 
suggest reasons why there are no longer supersonic aircraft in 
commercial operation. 

Equations for the Doppler effect with sound 
Figure 9.50a shows waves of frequency f and wavelength A travelling at a speed v between a 
stationary source S and a stationary observer 0. (The term obsert'er can be used with any kind 
of waves, not just light.) In the time, 1, that it takes the first wavefront emitted from the source 
to reach the observer, the wave has travelled a distance l'I. The number of waves between the 
source and observer isf1. The wavelength, A, equals the total distance divided by the number of 
waves•vt/ft• l'/f,aswe\\-Ouldexpect. 



• Figure9.50 

a Waves between a 

stationary source and 
a stationary observer 

b W<Nesbetweena 

moving source and a 

stationary observer 

Figure 9.50b represents exactly the same wa\·es emitted in the same time from a source moving 
towards a stationary observer with a speed u,. In time, t, the source has moved from S1 to S2 
The number of waves is the same as in Figure 9.50a, but because the source has moved furwards 
a distance, u,1, the waves between the source and the observer are now compressed within the 
lengthl'1-u,1 

This means that the observed (received) wavelength, X, equals the total distance divided by 
the number of waves 

The observed (received) frequency, f', is given by: 

r-+·,\ 
If the source is moving away from the observer, the equation becomes· 

I·___'[_ 
l!+u, 

In general, we can write· 

r -1(,:") 

This is the equation for the Doppler effect from a mol'ing source detected by a stationary observer 
and it is given in the Physici daia boolde1 

In a similar situation, the equation for the frequency detected by a mooing obserWT from a 
stationary source is: 

This equation is also given in the Physics data bookle1. 

If the source of the sound and the observer are getting closer together, along a line 
directly between them, a higher-frequency sound (than that emitted) will be detected by the 
observer and that frequency will be constant, although it will increase in intensity. Similarly, 
if the source and the observer are moving apart, the observed sound will have a lower, 



416 9 Wave phenomena 

constant frequency (than that emitted) and it will decrease in intensity. The frequency must 
change quickly at the moment the source and detector move past each other. (If the motion 
is not diucrly between the source and the observer, or both the source and the observer are 
moving, the principles are the same, but the mathematics is more complicated and it is not 
included in this course.) 

14 a A source of sound emitting a frequency of 480Hz is moving directly towards a stationary observer at 
SOms-1. tf it is a hot day and the speed of sound is 3S0ms-1, what frequency is received? 

b What trequeocy would be hea!d oo a cokldaywhen the speed of sound was 330ms-1;t 
c Expklin whythespeedofsoundislessooacolderday 

r- .,, 
-lv=u,) 

r .. (~~/_4.;80~> =S60Hz 

b r .. (~i~o"- 4:)=S66Hz 

c Sound is transferred though air by moving air molecules. On a colder day the molecules will have a 
lower average speed 

15 Whatfrequeocywill be received by an observer moving at 24ms-1 directly away from a statiooary source 
ofsoundwavesoffrequeocy980Hz?(Takethespeedofsoundtobe342ms-1.) 

r,r(' -,"•) 
r:980x( (

34i
4
-;

24
l)=910Hz 

60 AA observer receives sound of frequency 436 Hz from a train moYing at 18ms-1 directly towards him 
Whatwastheemittedffequency?{Takethespeedolsoondtobe342ms-1.) 

61 AA observer is moving directly towards a source of sound emitted at 256.0Hz, with a speed of 26.0ms-1 

lfthereceNedsoundhasafrequencyof27S.7Hz,whatwasthespeedolsound? 

62 A car emitting a soond of 190Hz is moving directly away from an observer who detects a sound of 
frequeocy174Hz.Whatwasthespeedofthecar?(Takethespeedofsoundtobe342ms-1.) 

63 A train is moving atcoo'ilant speed akmg a track, as shown in Figure9.S1, and is emitting a soondof 
constant frequency 

• Flgure9.51 

a Sugge'il how the sou rid heard by an obo;erver at point P will change as the train moves from A to B 
b Describe the sound heard by someone sitting oo the train during the same time 

64 ThesourceofsoundlhowninRgure9.46isrotatingat4.2revolutionspersecondiriadrcleofradius 
1.3m. lftheemittedsoundhasafrequeocyof287Hz,whatisthediflerencebetweenthehighestand 
lowestfrequef1Ciesthatareheard?(Takethespeedofsoundtobe340ms-1.) 
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• The Doppler effect with electromagnetic waves 
The Doppler effect also occurs with electromagnetic waves, but the situation is made more 
complicated because the received speed of electromagnetic waves is unaffected by the speed of the 
observer. The equations given earlier cannot be used with electromagnetic waves 

However, the following equation for the change (shift) in frequency, /1,.f, or wavelength, i'IA, 
can be used if the relative speed between source and observer, l', is very much slower than the 
speed of the electromagnetic waves, c (l' << c). 

This equation is given in the Phyiics daia booklet 

Because the speed of electromagnetic waves is so high (c • 3.00 x !OSms-1 in vacuum or air) 
this equation can nearly always be used with accuracy. 

16 A plane travell ing at a speed of 250ms-1 transmits a radio signal at a lrequencyol 130MHz. What 
changeolfrequencywillbedetectedbytheairportitistril'lellingdi!Kllytowards? 

ll.f=ff=~x1.3x108 :108Hz 

Theairportwillreceivealrequency108Hzhigherthan 1.3>< 108Hz.Thisisaverysmallincll!ase. 
requ iringgood-qualityelectronic:circuit1tobedetected 

Clearly the shift in frequencies of lfght is not something we will observe in everyday life. It becomes 
more1ignilicantforverylast-movingobject1 likestars 

• Using the Doppler effect to determine speed 

r Using the Doppler effect requires a high level of technology 

The Doppler effect may not seem to be so important when first stix::lied, but it has a surprising 
number of interesting and useful applications, mostly in the determination of speeds, as outlined 
below. The mathematical link between speed and change of frequency is straightforward 
enough, but its use to determine speeds accurately depends on a high level of technology and 
sophisticated measuring instruments. 

ln ordertomeasurethe(average) 
velocity of a moving object we can observe 
the position of the object on rn.u separate 
occasions over a known time interval. One 
way of doing this, especially if the object 
is inaccessible, likeaplaneforexample, is 
to send waves towards it and then detect 
the waves when they are reflected back 
to the transmitter. From these data, the 
direction from the transmitter to the 
plane can be determined and the distance 

:t:a~:~l:~:t;:n;~r:e;i::dd~7:/t;::e: • Flgure 9.52 Air traffic control uses the Doppler effect 

the sent and the recei\·ed signals. If this process is repeated, the velocity of the phne can be 
determined. Microwaves are used in this example of a simple primary radar system. 
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• Figure9.54 
Measuring blood 
flowrateusingthe 
Doppler effect 

The Doppler effect, however, provides a better way of 
determining the speed of a moving object, like a plane, using the 
same kind of waves. This is used in air traffic control at airports 
around the world (see Figure 9.52). Some animals, like bats (see 
Figure 953) and dolphins, use the same principles but with sound 
or ultrasonic waves. 

If waves of a known speed, v, and frequency,/, are directed 
towards a moving object and reflected back, the object will 
effectively be acting like a moving source of waves. The Doppler 
equations can be used to determine the speed of the object if the 
received frequency, f ', can be measured. 

The measurement of the speeds of cars, as well as planes and 
other \·ehicles, is a common example of the use of the Doppler 
effect. In many countries the police reflect electromagnetic • Figure 9.53 These bats in 
radiation off cars in order to determine their speeds. Microwaves Malaysia use the Doppler 
and infrared radiation are commonly used for this purpose. The effect to navigate 
speed of athletes or balls in sp:ms can also be determined using the 
Doppler effect. The measurement of the rate of bloo.::l flow in an artery is another interesting 
example, which is shown in Rgure 9.54 

artery 

Pulses of ultrasonic waves are sent into the body from the transducer and are reflected back 
from bloo.::l cells flowing in an artery. The received waves have a different frequency because of 
the Doppler effect and the change of frequency can be used to calculate the speed of the bloo.::l 
This information can be used by doctors to diagnose many medical problems. Because the 
waves usually cannot be directed along the line of bkxxl flow, the calculated speed will be the 
component (vcosB). 

There are also some very important applications of the Doppler effect used in astronomy. 
The decrease in frequency of radiation received from distant galaxies is known as the 'red shift', 
and it provides very important information about the nature and age of the universe. This is 
discussed in more detail in the astronomy option. See also question 68 

Weather forecasting is another interesting application (weather radar). The location 
and velocity of, for example, rain can be determined using the Doppler effect with waves of 
wa\·elength in the order of 10cm. 

65 ii Whatchilngeofliequencywillbereceivedback fmmac<1rmovingd irectlyawifial 13Skmh-1 if the 
radiationusedinthe"speedgun'hasafrequencyol24GHz7 

b Suggestreasonswhyultra'>Onicwavesarenotu~allyusedinspeedguns 

66 AA airport radar system using mkrowaves of frequency 98.2 MHz sends out a p<.Jlse of waves that is 
reflectedoflaplanellyingdirectlyawifi.llthereftectedsignalisreceivedbackaltheairport8.43x10-Ss 
later, at a frequency 85.2 Hz lower than was emitted. what was the speed of the plane and how far 
iJWifo/Wasit? 

67 1nthetelevisionbroadcastof50mesports,forexampJe,baseball,tennisandcricket,viewerscansee 
areplayofthetrajectory(path)ofamovingball. Usetheintemettofindouthowthisisdone.(lsthe 
Doppler effect used?) 

68 A star emits radiation of fiequency 1.42 x 109Hz. When received on Earth the fiequency is 1.38 x lO~Hz 
What is the speed of the star7 ls it moving towards the Earth. or away Imm the Earth? 
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• Examination questions - a selection 
Paper 1 IB questions and IB style questions 

01 A moving source of sound passes a stationary observer with a speed v. If the speed of sound in air is c, what 
will the speed of the wrNes be as they pass the observer? 
A C B c-v C c+v D v-c 

02 The equation 8 = J../b is used to describe diffraction at a single slit. In this equation: 
A b is the width of the fringes seen on the screen 
B bis the path difference between waves arriving at adjacent fringes 
C 8 is the angular width of the central maximum 
D 8 is half the angular width of the central maximum. 

03 A source S, moving at constant speed, emits a sound of constant frequency. The source passes by a 
stationary observer 0, as shown below. 

Which of the following shows the variation with time r of the frequency f observed at O as the source S 
approaches and passes by the observer? 

·:~ ·:~ 
:~ ':~ 

04 Which of the following is not (on its own) a possible way to increase the resolution of an 
optical telescope? 
A Increase the diameter of the lenses. 
B Use a blue filter. 
C Use more powerful lenses to produce a bigger magnification. 
D Use better quality lenses. 

e /BOrgilfliz;i~·on 

OS A particle performs simple harmonic oscillations. Which of the following quantities will be unaffected by a 
reduction in the amplitude of oscillations? 
A the total energy 
B the maximum speed 
C the maximum acceleration 
D the period. e /BOrgilfliz;i~·on 
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Q6 A simple pendulum is preforming SHM. Which of the following statements about its period is correct? 
A If it was taken to the moon it would have the same period. 
B If its length was doubled, its period would increase by a factor of ,/2. 
C If its mass was doubled, its period would be halved. 
D Its period will gradually increase as energy is dissipated. 

Q7 The spectrum of light received from distant galaxies is observed to have a red-shift. This is explained by the 
fact that: 
A galaxies are moving away from each other 
B galaxies are rotating 
C the Earth is spinning 
D the galaxies have very high temperatures. 

Q8 Sound waves from two separate loudspeakers meet at a point. Which of the following is necessary for any 
kind of interference effect to be heard? 
A The waves must arrive at the point in phase. 
B The waves must have equal amplitude. 
C The waves must have travelled the same distance from their sources. 
D The waves must have a constant phase difference. 

Q9 A 0.5 kg mass is oscillating with a frequency of 2Hz and amplitude of 5cm. 

a Assuming the motion is simple harmonic, its total energy is approximately: 

A 10-2J B 10-1J C 101J D 103J 
b The maximum velocity of the oscillator is approximately: 

B 10°ms-1 C 101ms-1 D 1D2ms-1 

Q10 Monochromatic, coherent light is incident normally on a double slit. The width of each slit is small compared 
with their separation. After passing through the slits the light is brought to a focus on a screen. Which of 
the following diagrams best shows the variation with distance x along the screen of the intensity I of the 
light? 

e/BOrg,rnization 

Q11 The diagram below shows an arrangement for a two-slit interference experiment. Coherent light of 
frequency f is incident on two narrow parallel slits S

1 
and 5

2 
and an interference pattern is observed on a 

screen a large distance away. The speed of light is c. The centre bright fringe is at M and the next bright 
fringe isat N. 

The distance S2N-S1N is equal to: 

B ,: 
f c-fc 

e/BOrganization 
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012 Which one of the following changes would result in an increase of the fringe separation in the previous 
question? 
A Decrease the frequency of the incident light. 
B Decrease the distance between the slits and the screen. 
C Increase the separation of the slits. 
D Increase the intensity of the incident light on the sl its. e 18 Orgilfliz;ition 

Paper 2 IB questions and IB style questions 

01 The diagram shows a source of sound, S, which is moving in the direction shown with a constant velocity. 
The sound emitted by S is received at stationary points P and Q. 

s 

a Make a copy of the diagram and show a series of wavefronts that have been emitted by S. (2) 
b Use your drawing to explain the differences in the sounds that are heard at points P and Q. (3) 
c i Whatisthenameofthiseffect? 

ii Give one example of this effect in everyday life. (2) 
e /BOrgilfliz;i~·on 

02 Radio telescopes can be used to locate distant galaxies. The ability of such telescopes to resolve the images 
of galaxies is increased by using two telescopes separated by a large distance D. The telescopes behave as a 
single radio telescope with a dish diameter equal to D. 

The images of two distant galaxies G1 and G2 are just resolved by the two telescopes. 

a State the phenomenon that limits the ability of radio telescopes to resolve images. 
b State the Rayleigh criterion for the images of G

1 
and G

2 
to be just resolved. 

c Determine, using the following data, the separation d of G1 and G2. 

effective distance of G1 and G2 from Earth= 2.2 >< 1025 m 
separation D = 4.0 >< 103 m 

11) 
111 
11) 

wavelength of radio waves received from G1 and G2 = 0.14m 0 /BOrgillliZntion 

03 a Plane wavefronts of monochromatic light of wavelength A are incident on a narrow slit. After passing 
through the slit they are incident on a screen placed a large distance from the slit. 

The width of the slit is b and the point X is at the centre of the slit. The point M on the screen is the 
position of the first minimum of the diffraction pattern formed on the screen. The path difference 
between light from the top edge of the slit and light from the bottom edge of the slit is I. 

Use the diagram to explain why the distance I is equal to A. 13) 
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The wavefronts in a are from monochromatic p:,int source 51. Diagram 1 is a sketch of how the intensity 
of the diffraction pattern formed by the single slit varies with the angle B. The units on the vertical axis are 
arbitrary. 

r+-+-++-++++j'.; 

I/ 1~ 
0 5 10 

///degrees 

Diagram 1 

Another identical point source 52 is placed close to 51, as shown in diagram 2. 

Diagram 2 

b The diffraction patterns formed by each source are just resolved. Make a copy of diagram 1 and 
sketch the intensity distribution of the light from source 52. (2) 
Outline how the Rayleigh criterion affects the design of radio telescopes. (2) 
The dish of the Arecibo radio telescope has a diameter of 300m. Two distant radio sources 
are 2.0 x 1012 m apart. The sources are 3.0 x 1016 m from Earth and they emit radio waves of 
wavelength 21 cm. Determine whether the radio telescope can resolve these sources. (3) 

e/BOrganization 

Q4 a A particle of mass m that is attached to a light spring is executing simple harmonic motion in 
a horizontal direction. State the condition relating to the net force acting on the particle that is 
necessary for it to execute simple harmonic motion. (2) 

b The graph shO'V'IS how the kinetic energy EK of the particle in a varies with the displacement x of 
the particle from equilibrium. 
i Make a copy of the diagram and add a sketch graph 

to show how the potential energy of the 
particle varies with the displacement x. (2) 

ii The mass of the particle is 0.30kg. Use data from 
the graph to show that the frequency f of oscillation 
of the particle is 2.0Hz. (2) 

e/BOrganiurioo 
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• Electricchargesandmasseseachinfluencethespacearoundthemandthatinfluencecan 
berepresentedthroughtheconceptoffields. 

• Similar approaches can be taken in analysing electrical and gravitational potential 
problems. 

10.1 Describing fields -e1ectriccha,9esandmasseseachint1uencethe 
space around them and that influence can be represented through the concept of fields 

We have met the concept of fields before in this course, particularly in Chapters 5 and 6. In this 
chapter we will quickly review ideas about furces in gravitational and electric fields, as well as 
the concept of field strength. Then we will develop those ideas to include more aOOut energy in 
fields, and introduce the important idea of pou111ial. Section 10.2 contains more details about 
the mathematical modelling of fields, especially radial fields 

Physicists use field theory to help explain forces that act 'at a distance' across a space. In 
this chapter we will deal only with gravitational and electric fields. As explained in Chapters 
5 and 6, the forces between point masses and the forces between point charges have many 
mathematical similarities, so that a goo.::I understanding of gravitational fields should be of 
benefit when studying electric fields 

r A paradigm shift in the understanding of forces 

Although we are all used to the force of gravity, the fact that some kinds of forces (like gravity) 
can act across empty space is conceprually very difficult once we start to think in depth about it 
That difficulty is made VrDrse when it seems that the forces act instantaneously, regardless of the 
distance. Classical physics could not offer an explanation and a completely new mcx:lel (a paradigm 
shift) was needed to explain 'at a distance' interactions between charges or between masses. 

The concept of exchange particles was intro.::luced in Chapter 7, but here we are [lK}re 
concerned with describing and using fields, rather than explaining the true nature of the 
interactions. We will begin with a revision of ideas covered in earlier chapters. 

• Grav itat ional f ie lds 
• A gravitational field exists where a mass experiences a gravitational force 

• Gravitational forces between two masses, M and m, separated by a distance rare described 
by Newton's law of gravitat ion: F • GMm/r1 (an inverse square law). G is the universal 
gravitation constant 

• Gravitational forces can only be attractive 

• Gravitational field strength• gravitational force/mass: g • F Jm (unit Nkg-1) 

• Gravitational field is a vector quantity, pointing in the direction of the force 

• Gravitational fields can be represented on paper by the use of field lines 

• Gravitational fields tend to dominate in the macroscopic world. 

• Electrostat ic fie lds 
• An electric field exists where a charge experiences an electric force. If the force is constant, 

then we can describe the field as electrostatic. 

• Electric forces between two charges, q1 and q2, separated by a distance rare described by 
Coulomb's law: F • kq1qzlrl (an inverse square law). k is Coulomb's constant. 

• Electric forces can be attractive (between opposite charges), or repulsive (between like charges). 

• An electric fiekl is a vector quantity, pointing in the direction of the force on a positive charge 
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• Magnitude of electric field strength• electric force/charge. E • FJq. (UnitNC-1) 

• Electric fields can be represented on paper by the use of field lines 

• Electric fields tend to dominate in the microscopic world 

· ·- !:: :~:e~~h~~::

1

~:::~ t~ f~e!~~i:~t~~~ethe Sun. As the Moon orbits the Earth 
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is facing the Earth. When we can see a complete circular moon, or 'full moon', the whole of 
the side that is facing the Earth is illuminated; this occurs every 29.53 days. In fact, the Mcxm 
orbits the Earth every 27.32 days, but the repeating lunar cycle is longer because it depends on 

• Figure 10.1 Boats stranded at low tide in Vietnam 

the relative positions of the Sun, Earth and Moon, and 
not just the rotation of the Moon. 

The regular phases of the Moon have long been the basis 
for calendars and the timing of annual events, festivals 
and holidays. 

Gravitational attraction keeps the Moon in orbit around 
the Earth and this same force (of the order of IOZON) 
also affects the Earth. The most noticeable effect is the 
tides in the Earth's oceans. As the Earth spins on its axis, 
water in the oceans is pulled closer to the Moon causing 
a high tide. At the same time, a high tide also occurs 
on the opposite side of the Earth, resulting in high tides 
(and low tides) about twice every day in any particular 
location. Boats that are in the water at high tide can 
become stranded when the water level goes down at low 
tide(Figure!0.1). 

The Sun also affects the tides. When the Earth, Sun and Moon are in an approximate straight 
line (at a new moon or full moon), the gravitational effects are greatest and the tides highest. 

l Draw a diagram to illustrate the different phases of the Moon. 

2 Name three different events in three different cultures or religions that occur at a particular 
time depending on the phase of the Moon. Explain how the exact date of one of these 
eventsisdecidedeachyear. 

J Do you believe that a full moon can have an effect on human or animal behaviour/ Give a 
scientificreasonforyouranswer. 

4 Calculate the gravitational attraction between the Moon and the Earth. 

• Pot entia l energy in fi e lds 
When masses (or charges) move with, or against, forces in fields there must be changes in 
potential energy because work has to be done. The work done (change in potential energy) 
can be calculated using W • Fscos 8 if Fis constant, or from the area under an F- s graph, for a 
variable force, if the way in which the force varies with distance is known (Chapter 2) 

Alternatively, we can determine a change in potential energy by subtracting the value of 
potential energy at one point from the potential energy at another point. Obviously, this requires 
that we must know how to calculate the potential energy of a mass (or charge) at a poi111. And that 
requires that we must first choose a reference place v.here we consider that potential energy is zero 
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In elementary physics courses the gravitational potential energy of a mass at a point close 
to the Earth's surface is often calculated from Ep • mgh. However, such calculations assume 
that the mass has zero potential energy on the Earth's surface, which may be com·enient but is 

not the best choice if we want our calculations to be valid for everywhere in the universe 
(which, should be an important aim of any physics theory) . In Chapter 2 we stressed the use of 
i'IEp • mgi'lh to calculate a difference in gravitational potential energy between two places (rather 
than potential energy at a point) 

Logically, physicists consider potential energy to be zero when masses (or charges) are so 
far apart that there are no forces between them. The variation of forces with distance in both 
gravitational and electric fields is described by inverse square laws and so, in theory, the forces 
will never reduce to zero. However, in practice forces become very, very small (negligible) when 
the distances are large 

Infinity is chosen to be the place where gravit ational and electric potent ial energies are zero 

r ::;~~:;~snot an actual place, but an abstract concept that appears regularly in physics and 
mathematics 

The idea of an infmiie quantity (field, distance, time, number etc.) is used in physics to 
suggest a quantity that is limitless (without end) and therefore greater.than any real, measura. bi, 
quantity. The opposite of infinite is fin ite, which means within limits 

The idea of an infinite series of numbers, an infinite time, or even a field that extends for 
ever (b.it becomes vanishingly small) may all seem somehow acceptable to the human mind 
However, the concept of an infinite universe gives most of us problems! 

• Figure10.2Moving 
amassfrominfinity 

We say that there is gravitational (or electric) potential energy stored in any system of masses (or 
charges) because, at some time in the past, 'Mlrk was done when the masses (or charges) moved 
to their present positions 

The tota l gravitational (or electric) potential energy of a system, Ep, is defined as the work 
done when bringing all the masses (or charges) of the system to their present positions, 
assuming that they were originally at infinity (an infinite distance apart). 

The work that would be done in moving a mass (or charge) to or from infinity (Figure 10.2) 
would not be infinite, because the forces invoked become very, very small (negligible) when the 
distances become large 

The work done in moving between two p:>ints in a field does not depend on the path taken. 

It should be clear that potential energy is otored in a system of masses (or charges) rather than in a 
single mass (or charge). However, it is common to refer to the potential energy of a single smaller 
mass (or charge) if the other mass (or charge) is very much greater, so that it is almost unaffected 
by any changes to the smaller mass (or charge). For example, we can refer to the gravitational 
potential energy of a book on the Earth's surface, without considering the Earth, or we can refer 
to the electric p:>tential energy of an electron in an atom without considering the nucleus. 

/ · -,., theWOO(dooedoesnot 
,>'" -\. dependoothepathtak.eo 

m "-.... , __ ,,- -... . . ... . ) 

' ' ' ' ' l ' : ..... / 
~(originally at infinity) 
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k>sesKE l 
gaimGPE : 

minimumGPE 
(largest negative 

Vi!lue) 

Examples 
G ravitational potential energy 

The gravitational potential energy of, for example, a 5 kg mass on the Earth's surface is 
approximately -3.13 x 108 J (this is explained on page 436). This statement means that a 
minimum energy of3.13 x 108J would have to be supplied to mo,,.e the mass to where it would 
ha,,.e zero gravitational potential energy (at infinity). Gravitational potential energy of a mass on 
Earth + energy transferred to move the mass to infinity • gravitational potential energy of mass 
at infinity(zero) 

(-3.J3 X 108) + (3.JJ X 108) • Q 

The fact that gravitational potential energies are always negative is because gravitational forces 
are always attractive, so that energy must always be supplied to mo,,.e masses further apart. 

The fact that gravitational potential energies are large is because they usually in,,.olve one 
or more large masses (like the Earth) and they relate to mo\·ement to or from infinity. Changes 
in gravitational potential energy are, of course, typically much smaller and can be positive 

infinity 

l
: losesGPE 
, garmKE 

or negati,,.e; moving a 5 kg mass up or down 2 m close to the Earth's 

surface involves about i:lOOJ (i'.Ep • mgM). 
If any mass - a ball, for example - is projected upwards from the 

Earth's surface, it loses kinetic energy (KE) and gains gravitational 
potential energy (GPE). This is also true for an unpowered spacecraft 
and is e,,.en true for the theoretical extreme in which a mass travels all 
the way 'up' to infinity. For the same reasons, a theoretical mass 'falling' 

from infinity would gain kinetic energy and lose gravitational potential 
energy (as shown in Figure 10.3), so that its minimum gravitational 
energy (on the Earth's surface) corresponds to its largest negative value. 

Electric potential energy 

The electric potential energy of an electron in a hydrogen atom at 

(Of another planet) 

a distance of 5.3 x 10- u m from a proton is -4.3 x 10- 18 J (this is 

explained on page 436). This means that a moving electron would 
have to have a minimum kinetic energy of 4.3 x 10-18 J in order to 
move an infinite distance away from the proton, where it 'Mmld then 
have zero electric potential energy. (The electron within the atom 
already has some kinetic energy.) 

• Figure 10.3Changesofenergywhenmoving 

betweenaplanetandinf inity 

electric potential energy + kinetic ene~y o~ e~e~tron • c:/:~::~::::Jia~t::~yn 
of hydrogen atom to move tt to mfm1ty infinite distan~e apart 

(-4.3xlQ-l8)+(4.3x10- l8)•0 

Electric potential energy can be negative or positive, depending on the signs of the charges 
If they are two similar charges, the potential energy is positi,,.e, which shows that there is a 
repulsive force between them, so that if they are moved apart they lose potential energy. 

• Elect ric pot e ntial and g ravitatio nal potential 
When calculating gravitational potential energies we refer to a particular mass (or charge) in a 
particular place, but if we want to ansv.1er questions like 'how much energy would be needed to 
put a mass in a certain location!' it is better to use the important concept of potential. (Potential 
energy and potential are not the same thing, although they are closely connected.) 

The gravitational potential at a point is defined as the work done pcr uni! man in bringing a 
small test mass from infinity to that position 

The concept of a tesl maii, or WJI charge, was introduced in Chapters 5 and 6, when defining 
field strengths. It means a mass so small that it will not affect the field or potential that it is 
measuring 
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The definition of electric potential is similar, except that it needs to include reference to 
the sign of the charge. As before, in the definition of electric field strength, we chose to refer to 
poii1il,e charge, so that 

The electric potential at a point is defined as the work done pcr unit charge in bringing a 
small positfre test charge from infinity to that position 

In practice, the Earth is considered to be capable of absorbing any amount of charge without 
affecting its potential, so that conneciing to earth (grounding) is considered to be effectively 
connecting to zero potential. The negative terminal of a battery is often considered to be at zero 
volts, but it needs to be connected to earth (grounded) to be sure 

Potential is potential energy per unit mass (or charge). 

Potential is given the symOOl Vgor v. and has the units of J kg-l or J c-i (commonly known as 
volts, V).Potential is a scalar quantity. 

vQ-~ 
,rul 

V .~ 
• q 

These two equations are given in the Physici darn booklet in the form 

Returning to the previous examples: 

• If the gravitationalporemial energy of a 5kg mass on the Earth's surface is -3.13 x !O"J, then 
the gravitational potential on the Earth's surface is (-3.13 x 108)/5 • -6.26 x J07 J kg-1. Using 
this value for gravitational potential we can easily calculate the gravitational potential 
energy of any other mass on the Eanh's surface. For example, the gravitational potential 
energyofa52 .0kggirl is· 

52.Q X (-6.26 X JQ7) • -3.26 X J(fj 

• If the electric potential energy of an electron in a hydrogen atom -4.3 x 10-1~ J, then the 
electric potential at that point is: 

-4.3 X 10- I~ 
~ ·-27JC-1 •-27volts 

To understand the difference between potential energy and potential, it can be helpful to 
compare them to the total cost of a commo.::lity and its price per kilogram. It might be true to 
say that the price of some meat is $6, but it is generally more informative to quote a price per 
kg: $14 kg-1, for example. Similarly, it might be true that the potential energy of a 5 kg mass in a 
panicular location is -3.13 x !08J, but saying that the potential at that point is -6.26 x J07Jkg-1 

is generally much more informative. 

• Potential difference, p.d. 
Although it is important to understand the concept of potential, we are usually much more 
concerned with the difference in potential (potential differen ce) between two places, than the 
actual potential at any location 

The potential difference, f:J.V, between tv.u points is the work done, W, when moving a unit 
mass (or unit positive charge) between those two points. 
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tN, •-'f 
We have met the concept of electrical potential difference before, when dealing with electric 
circuits (Chapter 5). Then it was expressed simply as V • \Y!/q, but in this chapter we are using 
the t,. sign to stress that we are referring to potential difference and not potential. 

These equations are given in the Physics daw booklet in the form 

1 Two points in an electricfiekl have potentials of 12.7Vand 15.3V. How much ene<gy will be transferrl'd 
wheo an electron moves between these points 

a inJ 
b ineV? 

a W:qi'IV,=(1.6xl0-19}x(15.3-12.7):4.2 x 10-1gJ 
b 15.3-12.7:2.6eV 

1 If 4.9 x 10-1 J of energy we<e transferrl'dwhen a charge ol 5.1 µC was mo>.ed from a certain point to 
earth (ground), what was the magnitude of the potential of the point? 

2 Thegravitationalpotential onthesurfaceofaplanetis-4.SMJkg-1. Calrnlatethegravitational potential 
ene<gyofan86kgmassontheplanet 

3 Thegravitat ionalpotent ialatahelghtofSOOkmabo>.etheEarth'ssurtaceis-58.0MJkg-1.Howmuch 
potential energymu1tbetransferredtoama11ofSOOOkgtoraiseittoanorbitatthi1heightfromthe 
Earth's surface? 

4 A1atelliteofma113760kgi1inacirrular0ffiitwhe<ethepotentiali1-5.74 x 107Jkg-1 

• What woukl be the change in gravitational potential energy if it were to mO','e to an ortJit whell' the 
potentialis-6.00 x 107Jkg-l ? 

b Would the satellite have to move towards or away from the Earth? 

5 Howmuchenergyisgainl'dbyanoverallchargeof2Cwhenitpassesthroughabat terythathasa 
terminal p.d. of12V? 

Ii Whatisthegravitationalpotentialdiffell'ncebetweenthetopandbottomofa24.Smtallbuilding? 

7 Expia in why ' inf inity seems a moll' sensible choice for a zero of gravitational potent ial than for a zero of 
electric potential' 

8 A charge of +4.SC is moved from a place where the potential is +0.23Vtoa place where the potential 
is-1.44V 
• Howmuchenergyistransferred? 
b lsworkdoneonthechargeorbythecharge? 

I ExpiainwhythereisnochangeingravitationalpotentialenergyforamassthatismO','edhorizontallyon 
theEarth'ssurtace,orforasatelliteinacirru la1orbitaroundtheEarth 

• Field lines and equipotential surfaces 

A field line represents the direction of force on a mass (or positive charge). If the field lines 
get closer together it means that the field strength is increasing. 
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When drawing field lines remember that they cannot cross each o ther because it \muld mean 
that a force could act in two directions at the same place. 

An equipot ential surface (or line) connects places with the same potential 

Gravitational equipotentials 
We would not normally expect the gravitational potential (or field) around a large mass, like a 
planet or star, to change and that is another reason why the concept of potential is useful: we 
can draw 'energy maps' to represent how the gravitational potential varies around planets and 

similar bcxlies. Figure 10.4 shows equipotential lines around a spherical 
planet, which acts like a point mass 

For example, the same amount of energy would be needed to take 
a certain mass located at any point on the red equipotential line to 
infinity, and none! energy would be needed to move the mass from any 
place on the red line to any other place on the same equipotential line 
Because potential is a scalar quantity, there are no arrows on the lines 

The numerical difference in gravitational potential between successive 
equip:nential lines is always kept the same, which means that the lines 
get further apart as the distance from the mass increases (because the 
gravitational fiekl strength is getting weaker). Figure 10.4 represents a 
three-dimensional situation on a flat piece of paper; in three dimensions 
the equipotential surfaces in this example would be spherical 

In Chapter 6 we briefly discussed the use of field lines to 
represent gravitational fields (and magnetic field lines were used 

• Figure 10.4 Equipotential lines around a in Chapter 5). Drawings of equipotential lines do not provide any 
spherical mass different information from field lines, but they do provide another 

way of visualizing the same field. 
The force on any small mass placed near to the big mass, M, in Figure 10.4 will act radially in 

towards M, perpendicular to the equipotential lines 

Gravitational field lines are always perpendicular to equipotential surfaces, pointing from 
higher potential to lower potential. 

Figure JO.Sa shows a radial gravitational field and Figure JO.Sb shows an (almost) uniform 
gravitational field, such as in a room. The field is always strongest where the field lines and the 
equipotential lines are closest together 

• Figure 10.S Equipotentiallinesandfieldlinesareperpendiculartoeachother 



• Figure 10.6Equipotentiallines 

around two equal masses 

The shape of the equip:>tential lines around two equal masses is shown in 
Figurel0.6 

C ontour lines drawn on a geographical map, such as those shown in Figure 
10.7, are useful in the same way that equipotential lines are useful. In fact 
contour lines are a type of equipotential line. Contour lines join up places at 
the same height, so that, by looking at the map, we know in which direction to 

move to go up (to gain gravitational energy), to go down or to stay at the same 
level. We also know that the ground is steepest where the lines are closest 
together and that anything able to move freely, like a river, will go downwards 
perpendicular to the contour (equipotential) lines 

• Figure 10.7 Contourlinesonamap 

10 • MakeacOfY)'ofFK}ure 10.6andaddtoitgravitatiooalfieldlines 
b Mark.wherethegravitatiooallieldstrengthiszero 

11 Draw a sketch of the equipotential lines around two masses that are not equal for exampk>. the Earth 
and the Moon 

12 Findoutwhatismeantt,,,thegeoid. 

Electric equipotentials 
Variations of electric potential around any particular arrangement of charges are also best shown 
on drawings of equipotential lines or surfaces. The principles are the same as for gravitational 
equipotentials, but they are repeated below for clarity 

Electric field lines are always perpendicular to equipotential lines and point from higher to 

lower potential (the direction of force on a positive charge). 

Figure 10.8 shows the equipotential lines and field lines around individual point charges 
and Figure 10.9 represents the uniform field between charged parallel plates. The numerical 
difference between adjacent equipotential lines is always kept the same. Where the lines 
are getting further apart the po1en1ial gradient is decreasing, which shows that the field is 
getting weaker. Field lines and equipotential lines drawn on a flat surface are a simplified way 
of representing a three-dimensional situation and more generally we should be referring to 

equipotential surfaces 
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• Figure 10.1 0 
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• Figure 10.11 
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By definition, no net energy is transferred when a charge is moved between different places on 
the same equipotential line. 

Figure 10.10 shows the equipotential lines around two equally si:ed positive charges. Some 
field lines have al.'lO been included. 

Figure 10.11 shows the equipotential lines around two equally si:ed charges of opposite sign. 
(A pair of equal and opposite charges separnted by a small distance is called a dipole.) 
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Electric equipotentials can be investigated in two dimensions easily if resistance paper is available. 
See Figure 10.12. The t\rn copper electrodes must be in gocxl contact with the paper. The probe 
is moved so that the reading on the voltmeter remains constant. This means that the potential 
difference between one electrode and the probe is constant, so that the movement of the probe 
is along an equipotential line. A range of different electric fields can be investigated by using 
electrodesofdifferentshape,sizeandseparation 

Reid lines representing a sra1ic electric field must meet any conducting surface 
perpendicularly, otherwise there \rnuld be a component of force acting on free electrons making 
them move through the conductor (it would then not be in a static field in equilibrium). 

On a flat charged conductor electrons will distribute themselves evenly, but on a curved 
surface they will tend to be more concentrated where the surface is most curved. This means 
that electric field strength is highest near curved and pointed objects. See Figure 10.13 

• Figure 10.121nvestigating 

equipotentials 

--- eq,J i?<Jlentiallines 

• Figure 10.1 3Electricfieldlinesandequipotentials 

nearanegativelychargedwrvedconductor 

13 Sketchtheequipoteotialandlieldl inesaroundtwopointchargesofdifferentmagnitudeif 
a theyhil'lesimilarsigns 
b theyhil'leopposites.igns 

14 Sketchthe'iflapesoftheequipotent ial linesthatyouwouklexpecttoobtainwiththearrangementas 
showninFigure10.12 

15 Consider Figure 10.9.Makea1ketchofthefiekllinesandequipotentiall ine1thatwouldrepresentthe 
situation if the p.d. across the ~ates were changed from +Vto -V/2 

16 Figure 10.14'if1owsakindofcoaxiillcab/ethatiswidelyusedfortramferringdata,suchass.ignalsto 
televisions. The outer copper mesh is maintained at OV and the signal is serit a1 an electromagnetic WiNe 
intheinsulatorbelwe{'nthecentralcopperwireandthesurroundingmesh.Thisdes.ign.withitsearthed 
outer mesh. helps !rouce interference to and from other electromagnetic waves. Make a sketch of a 
crosViectionofthecableanditddelectricfieldlinesandequipotentiallines 

• Figure10.14 



• Figure 10.16 
The Eiffel tower must 

~::i~::c:~dby, uctor 

• Flgure10.15 

18 Ornwasl:etchtore res 
with a smgle tall tr! be~:~~~etectrk field li11e1 between a 

po-;itivelycharged 

Electric fie lds and Ii h . ,kmdaoos=efla<gmood 

:,;:;hmiogcoodocrn<isa~o;n1ng conductors 
posed structure, such as a t:1~ti~li\:~ject fixed pointing u g, idge or statue (Figure :~:i.s ;~te top of a tall 

c~nnects the light . ick copper cable 
t e side of the st nmg conductor down 
ground. The sim r~ctur_e and into the 
are just single m!::~htning conductors 
patterns are in use So s, ~t many other 

~~::p~:::t1 to. be ::~::v:h:~ just 
~~t:;!~:!~ strike the conductor 

high electric c::r~:;r~re and the very 

~~~:; ground rather sth~: dharml~ly 

The;::,: people insC, 0:::;~~ ,h, 

conductor in:ture of the lightning 
around it and h:tes th~ electric field 
to provide a con/s t~ 10nize the air 

~ht~ing, but it i;:/17~ path for the 
I wR,mpomm ,his ,=:~:'..'' ,od,mood 

li;~:~:~ :~~t5ks to aircraft from 

effects are min~~~z:j.how these 
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• Figure10.17 
Equations relating 
the magnitudes of 

field quantities 

10.2 Fields at work -simi1arapproachescanbetakeninana1ysing 
electrical and gravitational potential problems 

In this section we will use our understanding of field concepts to consider radial fields and uniform 
fields in more mathematical detail, and then apply that knowledge to specific examples. To begin 
with it may be helpful to summarize the four principal concepts and their interconnections 

• All masses exert gmt'i1a1ional force! on other masses. Similarly, all charges exert ekctTic forceo; 
on other charges. 

• This means that there must be pow11tial rn.ergy stored in all such arrangements 

• Any calculations of the forces and energy will be specific to the particular masses (or 
charges) involved. 

• The concepts of fie/a J!rength and potemial describe the properties of points in space, rather 
than the properties of particular masses (or charges). 

• The interconnections between these four related concepts are shown in Figure 10.17 

particular 
arrangements 

points in 

•P= 

Force,F 

Field strength 

poll.'f1tiall.'f1ergy 
:average force 

xdistance:area 
unde<Ngraph 

~-~-~ 

r 
Communication with non-scientists 

Gravitational fields extend throughout the universe to unimaginably large distances. Conversely, 
applications of electric fields include sub-atomic distances much smaller than can be seen with 
any microscope (see Table 1.5 on page 5). Of course, the scientists involved in these areas have 
specialist knowledge and are very familiar with the scale of their subject, but most of the general 
public will have very little understanding of these topics, which are difficult to visualize. Added 
to which, the concepts used in this chapter have a reputation for being difficult! 

Scientists and scientific organizations cannot v..urk in isolation; they have a responsibility to 
communicate the essence of their v..urk, not only to other scientists but also to the general public. 
This requires communication skills that are very different from those skills used in the normal 
work of a scientist. 

• Forces and inve rse-square law behaviour: radial fields 
The radial fwlo.s around point masses (or charges) are the most basic of types field and should be 
well understood. All other fields can be understood as the combination of many radial fields 
Remember also that spherical masses and spherical charged conductors behave as if all their mass 
(or charge) is concentrated at the centres of the spheres (as observed from outside the spheres) 



• Figure 10.1 8 

strength above the 

(radiusr.) 
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Forces 
We already know that the gravitational and electrical forces between points are described by the 
following equations, which are given in the Physici data booklet; 

Fa• G~ (Newton's law of gravitation, sometimes written as Fa• G~) 

FE• k~ (Coulomb's law) 

Multiplying together electric charges of the same sign will result in a positive force, which means 
a repulsion. The force acts in the same direction as increasing separation. Multiplying a positive 
charge by a negative charge will result in a negative force, which means an attraction 

For consistency, it might be considered that the equation for gravitational forces should also have 
a negative sign. However, this is usually considered unnecessary and omitted because gravitational 
forces are always attractive and we are only concerned with the magnitOOe of the force 

Figure 10.19 shows a graphical representation of an inverse square law of (gravitational) attraction 

ToK Link 

Although gravitatioral and eiec1To5tatic forces decrease with the square of the distiJfJce il1ld will oo/y 
become zero at infinite separation, from a pmctkal stand point they become negligible at much smaller 
distances. How do scientists decide when ilfl effect ri so miitl/ !hat it can be ignored? 

Neglig ible means too small to be of significance, although in this context negligible also implies too small 
tobemeasuredusingrnrll'nltechnology.Foranyparticularapplicationofatheoryitmaybereasonableto 
a11umethataneffecti1negligible,butthebasictheorywillnotchange 

Field strength 
We know that in general g • F Jm and E • FE/q, so the equations for field strengths in the radial 
fields around points are simply: 

g•~•G7 

E • ~ • k.1rl£ 
q q 

q1 and 'hare interchangeable here, and when discussing the field around a single point charge 
wecanjustuseq. 

Cancelling.we get: 

The equation for gravitational field strength is given in the Physics data booklet (for Chapter 6). 
The equation for electric field strength is nm given in the Physics data booklet. 

Figure 10.18 shows the variation of gravitational field strength around the Earth. The field 
inside the Earth gets less as the distance below the surface increases 
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19 If the electricfieki strength J4cmfrom thecerrtrnof a charged sphere of radius 10cm is -6.0NC- I, what 
isthechargeonthesphere? 

20 Draw a graph of the ell!Clric field strength around an isolated meta Ilk sphere of radius 10cm if there is a 
chargeof+2.6nConitssurlace 

21 a Thegravitationalfieldstrengthonthel(lrfaceoftheplanetVenusis8.9Nkg-1.Cakulatethemassof 
Venus if it has a diameterol 12100km 

b What woo kl be the weight of a 5000kg spacecraft 6050km aOO\'e the surface of Venul7 

22 Theareaunderafieklstrength---Oistancegraphbetween inlinityandaparticula1distanceisequaltothe 
potentialatthatpoint.UseFigure 10.18toestimatethegravitationalpotentialontheEarth'srurface 
(r

0
:6.4x106m) 

23 Suggestreasonswhy 
a thegravitatioralfieldstrengthinsidetheEarthislessthan9.8Nkg-1 

b thefieldstrengthatthecentreoftheEarthiszero 

Potential and potential energy 
Potential energy, Er 

Figure 10.19 represents a variation of an attractive force between nm points that is proportional 
to 1/r1. The shaded area, between r • r0 and r • infinity, is equal to the 'M:lrk done in bringing a 
mass (or charge) from infinity to a distance r0 from the point mass, or point charge (or from the 
centre of a sphere). (The work is done by the field because the force is attractive.) 

- ·- - -· infinity 
Distanceapart,r 

24 Thegravitationalforce(weight}actingona20kg 
massonthe1UrfaceoftheptanetMarsis74N.Theradiusol 
Marsis3400km 

b Drawaforce- dist.-mcegraphforthismassuptoadistance 
ofatleast2 >< 10' kmfromthecentreo1Mars 

c Useyourg,-aphtoestimatethegril'litationalpoterrtialenergy 
ofthemas1wheniti1onthesurfaceofMar1 

25 Figure10.20showshowtheforceactingona-73pCpoint 
chargevarie1a1itmovedawayfromachargedsphere 
a Determinethechargeonthesphere 
b Usethegraphtoestimatethepotentialenergyofthepoint 

chargewhenitis5cmfromthecentreofthesphere 

0 5 10 15 20 

JT 
• Figure 10.20 

Of course, using equations is much easier than measuring areas under graphs. It can be shown 
that gravitational ix:,tential energy and electric ix:,tential energy can be calculated from the 
following equations: 

E • -G Mm 
' ' 

E • k--9.&_ 
' ' 

Both equations are given in the PhyJics daw booklet 



• Figure10.21 Graph 

of potential energy 

against distance in an 

inverse-square force 

f ield 
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Reminder: the nega tive sign in the gravitational equation represents the facts that the :ero of 
potential energy is at infinity and that gravitational forces are always attractive. The sign of the 
electric potential energy depends on the signs of the nm charges 

Figure 10.21 shows the variation in gravitational p:>tential energy (proportional to 1/r) of a 
(test) mass, around a point mass. The gradient at any point equals the magnitude of the force at 
that distance. The potential energy graph for two point charges of opposite sign will be similar 
For two simibr charges, the potential energy will be positive because there will be a repulsive 
force between them 

Oistance,r 

2 a Cak:u!ateavalueforthegravitationalpotentialeoergyofa2000kgspa.cecrafl100kmabovethe 
surfa.ceoftheMoon.{massofMoon :7.35 x 10'1 kg;radiuso1Moon: 1740km) 

b Explainwhyitsactualpotentialenergywillbebigger. 

a f,,.-G~m,.{-6.67x10-,1:.:1:3
1
So"10'1}x2000,. 5_30 ,. 1Q'lJ 

b TheeffectoftheEarth"sgravitationalfieldha1beenignored 

26 Figure 10.22showsthevariationofgravitational potentialeoergyofas.pacecraftcloo;etoaplanet 

Oistancefromcentreolp!anet.d101km 

0 2 4 6 8 10 

J7 
• Figure10.22 

• Usethegradientofthegraphtodeterminethemagnitudeoftheforceoo thespa,cecraflwheniti1 
4000km from the centre of the p!anet 

b Estimatethepotentialenergyolthespacecraf t if itis 1.0 >< 105kmfromthecentreoftheplanet 

27 Thesurfa,cesoftwoidenticaltychargedspheresaresep.-iratedby12cm. tftheradiu1ofea.ch1pherei12 .8cm 
and the e,ectric potential eoergy in the arrangement is +3.6 x 10- sJ. what is the charge on eadi sphere7 

28 E1timatethegravitationalpotentialenergy1toredintheSun- Earth1ystem {re1&11chanydataneeded) 
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/ 
I/ 

P otential, V 
In general, we have defined potentials as Vg • ErJm and V

0 
• Ep/q. In particular, for radial fields 

Vg• -(G~m/r) 

and 

V .ll<s&/cl . ,, 
q1 and q

1 
are interchangeable here, and when discussing the potential around a single point 

charge,wecanjustuseq· 

Both equations are in the PhyJic:s daw booklet. 
A potential- distance graph will have the same inverse proportion shape as a potential 

energy-distance graph. Figure 10.23 shows the variations in potential around both positive and 
negative charges. (Grnvitational potentials will always be negative). 

2!1 a Expla in exact,Y what we mean when we Sil/ 
thatthegril'litatiooalpotentiillontheEarth's 
surtac:eis-6.25 x 107Jkg-1(atadistan{e 
rfrnmils{entre) 

b Cakuliltethegravitationalpotentiillatthe 
pointsP.QandRinFigurel0.24 

< Hawmu{hgrill'itationalpotentiillenergy 
wouldhavetobegiventoa24.20kg 
1p<1cecrafttomoveitfromQtoR? 

30 Useaspreadsheettocalcu!atethegril'litational 
potentialatdifferentdist,rncesfromthe{entre 
oftheEarth{evl'fYlOOOOkmfromzernto 
100000km). Use the computer program to 
generateagraphoftheresults 

31 loisoneofthemoonsoftheplanetJupiter.ll 
hasaradimof1820km andamassof 
8.9 x 1011kg 
a Whatisthegri!'litiltional potentialonthe 

rurtilCeoflo7 (1gnoretheeffectsofJupiter.) 
b Whatwouldbethepotentiillonanother 

moon if it had the same density, but twice 
the rad ius? 

• Figure 10.23 Variationofpotential 
around charges 

c Usethesedatatodeterminehawmuch 
energywouldbeneededtotransfera8.Skgmas1 
toinfinityfromthesurfa{eoflo 

• Figure1 0.24 

d Whyisyouranswerlo < like,Ytobeanunderestimate 



• Figure 10.25 

Equations for radial 

gravitational f ields 
(inblue)andradial 
electric f ields(in red) 
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32 What is the electric poteotial at a distance of 12.6cm from a point charge of 60µ0 

B Whatistheelectricpoteotial 10-10m iYNiJ"ylromaposilivechargeof 1.6 x 10-190 (This is the 
approximatedistanceofthenucleusfromtheelectroninahydrogenatom.) 

34 A conducting sphere of rad ius 2.5cm has a charge of -76nC. How far from its surfi!Ce will the potent~I 
be-1000V? 

Summary of the equations for radial fields 
Figure 10.25 shows the equations for the key concepts in radial fields. Refer to Figure 10.17 for a 
reminder of how the concepts are interconnected. Seven of these eight equations can be found 
in the Physics data booklet, but the equation for electric field otrength is not included 

FG: G~ (or fG:G m;~i) 

fE:t~ 

GM 
g:~ 

kq 
f.,~ 

Potential energy 

fP: _ G~m 

EP:tq:qi 

V9 : - ~ 

kq 
v•"'r 

• Potential gradient and field strength 
The magnitude of the gradient of any potential-distance graph for a radial field, (t;(GM/r)//',.r or 
!',.(k~r)/11r), equals the magnitude of the field strength at that point, but the following equations 
applyequallytoanyfield 
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• Figure10.26 Graph 

showing variation of 
gravitational potential 

around a planet 

These equations are given in the PhyJics daia booklet 
Expressed in this way we can see that an alternative unit for electric field strength is V m- 1 

(equivalenttoNC-l) 

sv 
Tr is known as the potential grad ient. 

Field strength is equal in magnim.::le to the potential gradient. 

fu mentioned in Chapter 5, determining an electric field strength from measurements of force 
and charge (E - F/q) is experimentally difficult, but determining electric field strength from a 
potential gradient (E • -tN,/tJ.r) is much easier, especially if the field is uniform (see below), such 
that only a voltmeter and a ruler are needed. 

Figure 10.26 shows an example of how the gravitational potential varies around a planet. The 
field can be found at any distance (for example at R) by determining the gradient of the graph at 
that distance 

Oistancefromcentreofpklnetn'107m 
0 1 2R 3 4 

o+-+---c--+~+-,_,.""', ~ 

-4 v_ 

35 
~t~d1s~::!u~~ ;_~-~

6
i;~~!e1~:ec;:::~

1
;~~eteogth ~ SO 

36 Figure10.27showshowtheelectricpotentialvarieswith 
distance,r,fromacertainpoint,P. 

• Whereistheelectricfieldstrer.gthaminimum? 
b Oeterminethefieldstreogth 

I 12cmfromP 

c Suggestwhatarrangementofchargesmightproducethi1 
variation in potential 

• Figure10.27 



chargeoo 
outside surface 

• Figure10.28Negatively 

charged hollow metallic sphere 
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Field and potential inside a hollow charged sphere 
If a metallic hollow sphere is charged, there will be forces between the charges 
that make them separate as much as possible. This means that the charge will 
accumulate on the outside surface of the sphere (or any other shaped hollow 
conductor). Because the inside is uncharged, there will be zero electric field inside 
thesphere(Figure 10.28) 

A zero electric field inside a conducting sphere means that the potential gradient 
is also zero, so that the potential is constant inside the sphere and throughout the 
conductor 

If there were a potential difference anywhere, charges m:>uld experience forces and 
move, so that any p.d. would then disappear. 

If a cons1an1 electric field is applied to a metal conductor surrounding a 
space, free electrons will very quickly redistribute themselves on the outer 
surface depending on the strength and direction of the field, and the 
shape of the conductor. For a spherical conductor the charge distribution 
would be the same e\·erywhere on the surface. The conductor does not 
need to be solid, so a mesh or 'cage' will work just as well. The inner 
surface will be unchanged and there will be no electric field or potential 
difference inside the cage. Figure 10.29 shows a dramatic example of a 
'Faraday'cage. 

The safest place to be in a lightning storm is inside a conductor, like a car 
or a building (that has a lightning conductor if it is in an exposed location). 
Electronic equipment can be protected by putting it inside a Faraday cage. 

• Figure10.29 AFaradaycage,showing 

Similar ideas can be applied to the oJCillating electric and magnetic 
fields of electromagnetic waves, but the situation is more complicated 
and the extent to which the space inside the cage remains free of 
electromagnetic radiation depends on a number of factors including 
the wavelength of the radiation, the size of any gaps in the cage and 
the material, thickness, size and shape of the cage. Elec1romagne1ic 
shidding is used widely to protect important equipment from external sparksontheoutside,butwithsomeone 

electromagnetic waves, or to stop the emission of electromagnetic 
signals 

l Investigate the extent to which a signal to, or from, a mobile phone, or the effectiveness of 
a remote control, are reduced by placing them inside metallic conductors, with or without 
holes (e.g. a disconnected microwave oven, mesh, aluminium foil. .. ) 
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• Uniform fields 

Gravitationa l 
Gravitational fields around planets, like the Earth, are radial in nature so a perfectly 
uniform gravitational field is not a realistic situation. However, for most purposes we can 
assume that in our everyday lives on the surface of Earth we move around in a constant 
gravitational field (Figure JO.Sb). So we can use g "' 9.8N kg- 1 anywhere on Earth. Very 
accurate measurements of gravitational field strength will reveal slight variations in g 
because of a variety of factors, including the density of the nearby rocks. 

Electric 
Uniform electric fields are important and are easily created by connecting a potential difference 
across parallel conducting plates (Figure 10.9). The p.d. forces electrons off one plate and onto 

the other. This is discussed in much greater detail in Chapter 11. The charges 

mrr 
spread evenly on the plates and this produces a uniform electric field between the 
plates. Be)Und the limits of the plates the field strength reduces. This is sometimes 
describedastheedgeeffeci. 

Figure 10.30 shows a charge q between parallel plates separated by a distance d. di When a potential difference, V, is applied across the plates, the c.harge experiences 
a force F. The force will be constant anywhere between the plates (because the 
field is uniform) and the charge will accelerate along a field line 

work done (force x distance) to move • potential difference x charge 
the charge from one plate to the other (definition of p.d.) 

Fd• Vq • Figure 10.30Theforceona 

chargeinauniformelectricfield 

Or, F/q • V/d, and because electric field strength is defined as F/q: 

strength of uniform electric field between parallel plates, E • { 

This equation is no! given in the Physics daw booklet because it is a particular example of the 
more general statement field strength • potential gradient (E • -tN jt,.r). 

3 A beta· negatiw particle is moving perperKlirnlar to the uniform electric field created by a p.d. of SOOOV 
acrossparallelmetalplates~paratedhyaverticaldistar.c:eofScm 
a What is the magnitude of the ek>ctrk field between the plate5/ 
b What is the magnitude of the forre oo the beta particle) 
c Describethe motioooftheparticlebetweentheplates 
d Calculatetheaccelerationofthebetaparticlebetweeotheplate1 (ma11ofelectron=9.1 x1Q-l1kg) 

a f=¥=:~~=1.0x105Vm-1 

b F:fq:(1.0x101)x(1.6x 10-1!1j:1.6x10-1'N 
c Thehorizootals.peedoftheelectroowillbeunaffected,butattheo;ametimeitwillbeaccelerated 

verticallybytheforce.Thesewi llmmbinetoproduceaparnboiicpath 

d a= -Ji.= 1
9~i"x 

1 ~~~~N = 1.8 x 1016ms-1 



• Fi gure 10.32 
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H We live in a radial gra\lilational field, o;o explain why= can assume that the gravitational field 51:rength on 
EarthisapproximatelyconHanf 

38 Sugge5tthreereasonswhythegravilationalfieldstrengthvariesslightlybet'Nei!ndille<entlocatiomon 
the Earth's surface 

39 Explain why ii is reasonable to assume that the electric field at the edges of a uniform field between 
para llelplateshilsabouthallthestrengthofthefil'ldatthecentre 

40 • What voN:age is needed across parallel metal plates. separated by 1.Scm. to create an electric field 
51:rength between them of 3.8 x 104Vm-1? 

b What charge placed in thisfieklwill experience a form of 1.0 x 10-lN/ 

41 II a uniform electric field of at lea512.9 x 1ffaVm-1 is needed to cause electrical breakdown of dry air, 
e5timatethevoltageneededtocauseasparl<between 
para llelplatesseparatedby2mm 

42 Considertheequipotentiallinesintheuniformelectric 
field between the two parallel plates shown in Figure 
10.31 
• Determinetheelectrkfieldstrength 
b lfachargeof+7.8x 10-7CwasplacedatpointA, 

whatsizeforcewoulditexperience? 
c Whatisthedirectionofthatlorce? 
d What is the potential difference betwee<1 points A 

andB? 
• How much work is done if the charge mO\'es from A 

toB? 
f 'NhathappenstothechargeasitmovesfromAtoB? • Fig ure 10.31 

• 1 sooov 

• Using e lect ri c fi e lds to produce bea ms of charged part icles 
Electric fields are widely used to accelerate charged particles such as electrons, protons and ions. 
Examples, many of which are included in this course, include· 

• electron beams used in diffraction and scattering experiments 

• oscilloscopes that use 'cathode rays' 

• mass spectrometers 

• high-energy beams used in nuclear physics experiments 

• production of X-rnys (see Option C). 

As an example of controlling particle beams with electric fields, consider Figure 10.32, which 
shows a type of electron beam deflection tube that is commonly used to demonstrate the 
production and properties of electron beams. Electrons are emitted from the cathode when 
it is heated by the hot wire next to it (3 process known as thermionic emission). The electrons 
are accelerated in the electric field created by a high p.d. connected between the cathode and 
the positive anode, and they furm a beam as they travel at high speed across the emcuated 
tube. When the beam of electrons strikes the fliwrescem screen some of their kinetic energy is 
trnnsferred to a spot of visible light. 
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• Figure10.33 

Combining 

gravitat ional fiel ds 

If p.d.s are applied to the X-plates and/or the Y-pla tes the electrons will experiences forces as 
they pass through the two uniform electric fields. By varying the p.d.s the spot can be moved 
anywhere on the screen. 

4 a 2500V is used across ar1 "electron gun· to produce a beam of electrons. What is the kinetic energy of 
eachelectronemerginglrom thegun/ 

b What is the maximum speed of the electrons/ 

2500eV.assumingthatithaszemkineticenergy tobeginwilh,or 

energy:p.d.xcharge:2500x(1.6x10-IIIJ=4.0x10-1 6J 

b kineticeoergy:Y.imvl 

4.0x10-16:0.5x(9.1x10-31)xvl 

v:3.0x107ms-1 

• Combination of fields and potentials 
First consider a gravitational example: Figure 10.33 shows two planets (or a planet and a moon), 
A and B, and the potentials and fields that they individually pnxluce at a point P. 

.ifJJ. 
'P' ·-, .. 

·--- ••••••• Vs 

Field strength is a vector quantity, so vector addition is needed to determine the resultant of 
the two fields. 

In Figure 10.33 this has been done by drawing a parallelogram, with the diagonal representing 
the resultant gravitational field strength in magnim.::le and direction. 

Potential is a scalar quantity so the resultant potential at a point is just the sum of the 
individual potentials. 

Vcombined •VA + V8. For example, if the potential at P due to A was -8MJkg-l and the potential 
at P due to B was -3 MJ kg-1, then the overall potential would be -11 MJ kg-1. To take I kg from 
Pto infinity would need 8MJ if only A waspresent,JMJ if only Bwas present and 11 MJ if they 
were both present 

Exactly the same principles can be applied to electric fields, but remember that electric 
potential can be either positive or negative. Consider Figure 10.34 



• Figure 10.34 

Combining electric 

fields 
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Vcomb!nod •VA+ V8 _ For example, if the potential at P due to A was +SV and the potential at P 
due to Bwas -JV, then the overall potential would be +SV. A charge of +IC moving from P to 
infinitywouldgain SJ if only A was present, butJJ would be needed to move IC to infinity if 
only Bwaspresent. If both A and Bwere present, +!Cwouldgain SJ movingfromPto infinity. 

43 A singly ionized atom of mass 23.0u is <Kcelerated by 4700V in a mass spectrometer. 
• Whatisthechargeootheion? 
b What is its maximum kinetic energy {J)? 
c What is the maximum speed of the ioo? 

44 'NhatarethepotentialsatpointsR,SandlasshowninFigure10.3S?(Assumethat thedrawingisfullsize.) 

--- --- ------------+- --
q, ql 

• Figure10.35 

45 Four equal positivechargeswerelocatedatthernrnersolasquareof 
sides 10cm. If the potential at the centre of the square was 1000V, 
whatwasthesizeoleachofthecharges7 

46 ConsiderFigure10.36 
• tftheelectricfi~dstrengtn.-itPduetoqAis4.72NC-1andthe 

electricfieklstrengthatPduetoq8is 14.6NC-1.determinethe 
magnitude of the combined field strength and its direction 

b II the magnitudes of the two indNidual potent ials at Pare 7V and 
1Vwhatisthecombinedpotential? 

c lsitpositiveOfnegative? • Figure 10.36 
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47 Figure10.371how1howthegril'lilationalpotential, V. 
between a pklnet and its moon ~aries with the separation 
oftheircentres,r. 
a Estimatetheradiusofthepklnet 
b Estimatethemassoftheplanet 
c Atwhatdistancefromthecentreoltheplanetisthe 

gravitational field zero? 
d Detemiinethemagniludeofthegril'lilatiooalfield 

strength 1.0x108mfromthecentreofthemoon 

48 a Useaspreildsheettocalrnlatethecombinedpotentialof 
theEarthandMoonatpointsalongalinejoiningtheir 
centres{researchthenecessarydata) 

b ~otagrnphofyourresults.ltshouldbesimiklrinshape 
to Figure 1037 

c Howmuchenergywouldbeneededtom0\'ea1pacecrafl 
ofmassJ400kgfromthesurfaceoftheEarthtothe 
surlilCeoftheMoon? 

• Spacecraft in gravitatio na l fie lds 

r/lO~m 

0 0.2 0.4 0.6 0.8 1.0 :r - 2 

- 3 

l~ 
• Figure10.37 

In this section we will first consider how much energy needs to be transferred to a spacecraft in 
order for it to travel a very great distance away from the Earth (or the Moon or another planet), 
and then how much energy must be transferred to a satellite to put it into orbit 

@ijftj@mJ,tW Gravitational fie lds: la unch ing sate ll ites 
To send something up into space so that it stays up and does not come down again was a 
dream of scientists for centuries. The first artificial satellite was sent into orbit by Russia on 4 
October 1957 and this truly historic event has rightly been called the start of the 'space age'. 
The satellite had a mass of 84 kg and it o rbited the Earth at an approximate average height of 
570km and speed of 29000kmh-1• It was called 'Sputnik I' (Figure 10.38). Three months after 
launching, Sputnik I burned up as it re-entered the Earth's atmosphere. Soon afterwards, the 
launch of Sputnik 2 carried the first animal into space, a dog called Laib (see Figure 10.39). 
She survived the launch but died in orbit a few hours later. 

• Figure 10.38Sputnik1,thefirstsatelliteinspace 
• Figure 10.39Laika:the 

first animal in space 

In simple terms, the major challenge was to transfer sufficient energy to the Sputnik satellite to get 
it up above the Earth's atmosphere and get it moving in the correct direction at the right speed. 
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l Calculate the gravitational potential energy of the Sputnik satellite on the Earth's surface 
and in orbit. 

2 a Calculate the gravitational potential energy that had to be gained by the satellite for it 
to reach a height of 570km 

b Calculate the satellite's kinetic energy in orbit, and therefore its total increase in energy 
compared with being stationary on the Earth's surface. 

3 Find out what fuel is used for rocket launches and the reasons why it is chosen. 

4 Find out which countries currently have working satellites in orbit. 

Find out if there is any country or organimtion that controls the use of the space around 
the Earth. 

Your answer to question 2b should be about 4 x !09J. Much more energy than this, however, 
needs to be transferred because a large amount of energy will be dissipated due to air resistance 
and because the engines are inefficient. It is not possible to simply project a satellite into space, 
so the bunch has to be powered by rocket engines. One of the requirements of rocket fuel 
is that a large amount of energy can be transferred from a relatively small mass of fuel. For 
example, if 35 MJ is the theoretical maximum amount of energy that can be released in the 
combustion of I kg of fuel and oxidant, then more than 100kg of fuel and oxidant would be 
needed to supply 4 x !09J. Of course, more energy would then be needed to raise the fuel itself. 
These calcubtions totally ignore the mass of the engine and the tanks needed for the fuel aOO 
oxidant. The total mass of the rocket reduces considerably as the fuel and oxidant are burned 
and, when they are empty, the tanks can be discarded 

A typical useful 'lifetime' of a satellite is about 10 years. Currently there are about 3000 satellites 
in use around the Earth. Russia aOO the USA have the most, but many other countries, including 
China (Figure 10.40), have launched their own satellites. Since 1957 about 25000 objects have 
been recorded in orbit. Most have burned up after a few years as their orbits re-entered the Earth's 
upper atmosphere, but many are still in orbit aOO commonly described as 'space junk'. 

• Figure10.40 Thelaunchof asatell iteinChina 
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Escape speed 
In theory an object can be projected (not powered) upwards in such a way that it could continue 
to move away from the Earth forever. For this to be possible the object would need to be given 
a very high speed. To calculate that speed we need to consider energies. In general, the initial 
kinetic energy transferred to an object will be transferred to gravitational energy, and also 
dissipated due to air resistance in the Earth's atmosphere. 

But if we assume that the effects of air resistance are negligible, we can calculate the 
minimum theoretical speed that a projectile of mass m needs in order to 'escape' from a planet of 
mass M. This is called its escape speed, v,K· It can be calculated as follows: 

initial kinetic energy • change in gravitational potential energy between location and infinity 

-}mv;,.. 0-(- G~lm) 

This equation is given in the PhY5ics data lxX>klet. Note that the theoretical value for the escape 
speed does not depend on the mass or the direction of motion. 

5 Calrnlatetheescapespeedofaprojectik>launchedffomtheEarth"ssurface.(lgnoreanyeffectsdueto 
the Moon.) 

Vo,c= ~2 X 66] x
6

.,~
7 

>< ~Q~ 9] X ]{)'
4 

v""':1.12x10' ms-1 

This means that, ignoring the effects of air resistance, any mass projected in any direction from 
the Earth's surface with a speed of 11.Zkms- 1 will ne\·er come back down to Earth. This speed is 
theoretically enough to take it to infinity (also assuming it does not pass near any other masses), 
where its speed would reduce to :ero. If it was launched with a faster speed, the mass would still 
be moving when it reached infinity. 

Of course, it is not sensible to assume that there is no air resistance for an object moving 
at high speed through the Earth's atmosphere, so this calculated value is just a theoretical 
minimum. However, on a planet or a moon that has no atmosphere, or if the starting point was 
already above the Earth's atmosphere, the calculations are valid. Such calculations also ignore 
any possible effects of other gravitational fields from other planets, moons and stars. 

It is possible to give an object an initial speed of IL2kms-1, but it is not possible to project 
any object with the much higher speed and kinetic energy needed to overcome all the resistive 
forces of the atmosphere. Spacecraft put into orbit around the Earth are not projectiles; they are 
transported away from the Earth's surface by continuous furces from rocket engines that act over 
extended perioos of time 

4g a Cak:ulatetheem1pespeedfromtheMooo"ssurface{mass=7.4x 1onkg and radius= 1.7 x 106m) 
b Explainwhytheactualesrnpespeedisalittlehigherthanyouramwer 
c ExplainwhyaspacevehklelaunchedfromtheMooocouldreachtheEarthffitwa1givenasmalk>r 

initial speed 

50 Cakuknetheescapespeedfromanorbit350kmabovetheEarth"ssurface 

51 How far awif'jfrom Earth does thee,;cape speed reduce to 1% of its value on the Earth's surface7 

52 a ThemassoflheSunis2.0 x 1030kg.Calculatehowsmall itsradiuswouldhavetobeiftheescapelpeed 
from its 'surface' was tobel'{Jualtothe speed of light(3 >< 1osms-1}. 'iClthat itmightbec:ome a blad:hole. 

b CompareyouranswertotheactualradiusoftheSun 
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53 Cons.iderthecombinedeffect oftheEarth'sandtheMoon'sgril'litiltionalfieldsontheEarth'ssurface 
• How much higher than 1.12 x 104m s-1istheescapespeedfromtheEarth? 
b Cantheeffectofthe Moonbeignored? 

5-4 Calculate the escape -.peed from a ptanet of radius 2.2 x 101 km if the gravitat ional field strength on its 
surtaceis 3.9Nkg-1 

Atmospheres 
In a gas in a container on the Eanh's surface we would normally assume that the molecules are 
distributed randomly and move with an average speed represented by the absolute temperature 
(Chapter 3). For example, at 300K nitrogen molecules ha\'e an average speed of about SOOms-1 

However, if the container was really large we would also need to consider the effect of gravity, 
which acts on gas molecules in the same way as it acts on everything else 

As the molecules move upwards they slow down and, because of the range of molecular speeds 
in all gases, there will be fewer molecules per unit volume at greater heights. This results in a 
decrease in the macroscopic properties of the gas: pressure, density and temperature. Remember 
that molecules continually collide with each other, resulting in random changes of individual 
kinetic energies and speeds. 

The Earth's atmosphere is not an isolated system and, although the principles described above 
are valid, the situation is actually much more complicated because energy is continually being 

transferred to the atmosphere from the Sun and the 
Earth. Energy is mainly transferred to the air from 
the Earth's surface, so this is where we would expect 
the air to be warmest and is why it gets colder when 
we go up a mountain. Such temperature changes 
cause changes in air pressure and density, setting up 
local and worldwide convection currents. 

A very small percentage of molecules that reach 
the upper atmosphere can gain a speed higher than 
the escape speed, so they leave the atmosphere 
permanently. However, the geological and biological 
processes that created the Eanh's atmosphere are still 
occurring and the gases are replenished 

Because of its lighter mass, the escape speed from 
the Moon is much slower than from the Earth. This 
means that, over a long period of time, almost all 
the gas molecules that were present in the past have 
escaped and there are no processes to replace them. 
As a result, the Moon has no significant atmosphere 
and that is why the sky seen from the Moon is black 
- there are no gas molecules to scatter the light 

• Figure 10.41 TheMoonhasnosignificantatmosphere,sothe (Figure 10.41). 
sky is black 

l a Show that molecules moving vertically upwards at 500m s- 1 would rise to a height of 
aOOUt 12km if they did not collide with other molecules 

b Give reasons why many air molecules are found at much greater heights. 

2 Find out where the Earth's atmosphere came from, and whether there could be an 
atmosphere on the Moon if it was larger. 

3 Do Mercury, Venus and Mars have atmospheres? Are there any other planets or moons in 
the solar system that have atmospheres/ 
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• Orbital motion, orbital speed and orbital energy 

Speed of an orbiting satellite 
We have seen in Chapter 6 that a satellite in a circular o rbit around a planet must have the 
right orbital speed, vOlblt. fur a given height. This speed can be calculated by equating centripetal 
accelera~ion to gravitational acceleration: 

V0rblt GM 
------,------ ·r----;:z-

so that 

vort,1, • ,fg; 

and 

This equation is g iven in the Physics dara booklet. 
Because: 

'" vort>1,•T 

(-';-)'" G;\1 
Rearranging this g ives an equation connecting radius directly to time periOO: 

(This useful equation is a form of Kepler's third law, but it is nol required knowledge in the 1B 
physics course.) 

55 TheradiusoftheMoonis1740kmandthegravitationalfieldstrengthonitssurfiKeis1.61Nkg-1 

a What wookl be the necessary Offlital speed for a satellite afl)()ndthe Moon ata heightol 1740km 
at>ovethesurtace? 

b How many hours would such a satellite take to complete ooe Offlit? 

56 The mass of Jupiter is 1.90 x 1Ql1kg. Ganymede is one of its moons {satellites) at an average distance 
away (centre tocenlll!) of 1.07 x 106km. What is the time period of its orbit in days? 

57 Atwhatheightat>ovetheEarth'ssurfiKewouldasatelliteorbitingtheEarthneedtohaveaspeedof 
exactlySkms- l?(massofEarth:5.97x 10l' kg;radiusofEarth:6.37x 106m) 

58 a Thed'lera,gedistancebetweentheceotresoftheEarthandtheSunisl.SOx 1011 m. TreatingtheEarth 
a1 a satellite of the Sun. estimate its time period in seconds. (mass of Sun= 1.99 x 103°kg) 

b Suggestall!alOl"lwhythe answer is not exactly 1 year. 

S!I UseaspreadsheettocalrnlateorbitalspeedsforsatellitesorbitingtheEarthatdifferentheight1(upto 
40000km).Drawagraphofyourll!sults 

Energy of an orbiting satellite 
We know that when a ball is thrown upwards through the air, it will gain gravitational energy 
and lose kinetic energy as it moves away from the Earth. The process is reversed when it moves 
closer to the Earth. If there were no air resistance, the I.Ola! energy of the ball would remain 
constant. The same principle applies to satellites, moons, planets and comets in their orbits. 

To determine the total energy, ET' of a satellite, we add its kinetic energy, Ei::, to its 
gravitational potential energy, Ef" 

Er• Ei:: + Er 
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Remember that the total energy and the gravitational potential energy must both be 
negative because an orbiting satellite does not have enough energy to escape from the Earth's 
gravitational field. For a satellite of mass m, orbiting a planet of mar,s M with a speed v at a 
distance r from its centre, we know that: 

E •- GMm 

' ' 
So that 

But we also know that: 

So 

I)! • 0:,1 

EK•fmtJi•fm~ 

Which gives· 

EK • +G~m 

This leads to: 

These equations are nor given in the Physics data booklet. 
They show us that the total energy of a satellite in a stable orbit is always equal in magnitude 

to its kinetic energy, but the kinetic energy is positi\·e, while the total energy is negative. The total 
energy is equal to half the gravitational potential energy. This is shown graphically in Figure 10.42. 

In order to 'escape' from its orbit (not from the ground) a satellite needs to 
have kinetic energy equal to its gravitational ix:,tential energy at that height (or 

kinetic energy more). It already has the necessary kinetic energy for its orbital motion, so it 
would need to gain a further equal amount of kinetic energy; its kinetic energy 
needs to be doubled in order to escape from the pbnet 

f------------- If a satellite movinginacircularorbit(atarelativelylowheight) experiences 
roF~ergy Distance anyairresistance,itsspeedatthatheightwil!decreaseandthegravitational 

force on it will then be bigger than the centripetal force needed for that height 
potential energy and speed. If the satellite has no way of controlling its motion, this will cause 

a change of height, moving it closer to Earth, and therefore it will gain speed 
and kinetic energy. The toral energy and the gravitational potential energy will 
decrease as energy is dissipated as thermal energy. fu the satellite moves closer 
to Earth, the air resistance will increase further and its downwards trajectory will 
become steeper, resulting in higher speed and greater energy dissipation. Because 

• Figure 10.42 Energies of a satellite the air resistance will be very small at great heights this process may take a long 

time, but \oy.1,height satellites have occasionally 'crashed' to Earth, although most of them 'bum up' 
in the atmosphere 

,o a Whilthappi'nstothetotalenergyofasatelliteifitenrnuntersmmeairre1i1tante? 
b Usetheequationfortotalenergyofasatellitetoexplainwhatmusthappentoasatellitethatislosing 

energy 
c Explainwhythespeedofthesatellitewillincreaseandwhytheseeffect1inu&1Sea1thesatelliteget1 

lower. 
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• Figure 10.43Polar­

orbitingsatellite 

61 a Expkclinwhatyoothink'burnup'meansintheparagraphabove 
b Re5&lrchanoccas.ionwhenasatelliteactualtyuashedontheEarth"ssurfac:eandfindoutwhat 

happened 

62 A satellite of mass 820kg is Ofbiting at a height of "20km above the Earth's surface. Calrnlate 
a itsgril'litationalpotentialenergy 
b itskineticenergy 
c itstotalenergy{Earth"sradius:6.4x 106 m.Earth"1ma11:6.0x 10''kg) 
d thespeeditwouldneedtohil'leinOfdertoescapefromtheEarth 

• Two d iffere nt types of o rbit 
Satellites can be put into orbit at any desired height aOOve the Earth's surface, assuming that 
they are high enough to avoid air resistance (above approximately 200 km). Orbits that are closer 
to the Earth have obvious advantages, especially if the Earth's surface is being monitored for 
some reason. But, apart from height, the other important fond related) factor is the period. The 
orientation of the orbit compared with the Earth's axis and whether it is circular or elliptical are 
also critical. 

Polar orbits 
Many satellites have orbits that pass approximately over 00th poles of the Earth at heights of up 
to aOOut 2000 km (Figure 10.43). While the orbit remains in the same plane, the Earth rotates 
so that the satellite pas.ses over different parts of the planet on each orbit. These satellites make 
many orbits everyday. 

6 a How many orbits of the Earth does a pokclr-Ofbiting Sillellite at a height of 400km make t"lery day7 
b Suggestauseforruchasatellite 

radiusoforbil:radiusofEarth(6.37x101km)+400:6.77x 101km 

v0 ,..,=~=~{6.67x1~.7f:\5J7><10''} 

v
0
rbit:7670ms·1 

period,7=J;,=~=SS461.or1.S4h 

numberoforbitsinoneday=~=15.6 

b Thell' are many: mapping. monitoring the weather and spying for example 

Geostationary orbits 
A geostationary satellite is one that remains aOOve the same point on the Earth's surface. This is 
only possible if the period of the satellite is the same as the period of rotation of the Earth (23 h 
56min). As we have seen, this requires that a geostationary satellite is at exactly the right height. 
Using: 

, ... . '1'?-
and 

'"' T • - (or Kepler's third law) 
" orb(t 

shows that the required orbital radius is 4.2 x J07 m 
Any satellite at this height will have the same period as the rotation of the Earth and they 

are described as geosynchronous. However, to be geos1a1ionary satellites must be made to orbit in 
the same plane as the equator. Both orbits shown in Figure 10.44 are geosynchronous, but only 
the orbit ina is geostationary. 



• Figure 10.44 

Geostationary orbits 
mustbeintheplane 

of the equator 

M*lhiM\liOULW 
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Geostationary satellites are especially useful because transmitting and receiving aerials on 
Eanh can remain with the same orientations, pointing at the same place in the sky. There is no 
need to 'track' the satellite. This makes them especially useful for communications, TV 
broadcasts etc. 

,3 Di!terminethenl!<:essaryheightabcwetheEarth"ssurfa.c:eforageostationaryorbil.inkilometrestothree 
1ignific:antfigures 

U TheMoonrotatesonc:eonitsaxi1every27.3days 
a Explain why, from Earth, we always ,;ee the same 1Kle of the Moon 
b What woold be the rad ius of a lunar-stationary orbit? (mass of Moon= 7.35 " 102i kg) 

65 ExplainwhytheperiodoftheEarth"srotationisnotexactly24h 

,6 Geo"ilationary satellites are far above the Earth"1 surface 
ii Does this mean that there is a signrficant delay when c:ommunic:ating through them? 
b Oisc:usswhethertheaerlal1needtob{>signific:antlybiggerthanwhenusingc:losersatellites 

67 Makea listolthediflerentusesofsatellites 

Orbits: global positioning systems (GPS) 
About 30 satellites orbiting the Eanh at an approximate height of 20(X)() km are needed for a 
GPS system. The most used system is maintained by the US government, but it is freely available 
to anyone. Russia has its own system and China is also developing its own. Each American GPS 
satellite continually transmits microwave messages of frequency l.6GH: (wavelength 19cm), with 
the exact time at which each is transmitted. Each satellite orbits the Earth about twice a day. 

When a GPS receiver detects a signal it compares the time it was 
received to the time it was transmitted, and then calculates the time 
delay (transit time) and the distance to the satellite (using the speed 
of electromagnetic waves). Obviously, the receiver must contain a very 
accurate clock. If similar calculations are made using the signals from 
another two, or more, satellites, the i:osition of the receiver can be 
determined. Figure 10.45 shows a nm-dimensional representation of 
the three-dimensional intersection of four spheres. All the satellites are 
at similar heights above the Earth's surface but their distances from any 
given receiver are constantly changing. 

With the very best (military) equipment it is possible to locate a 
receiver in terms of latitude, longitude and altitude to within a few 
centimetres. However, international regulations limit the accuracy of 
civilianreceiverstoseveralmetres. 

• Figure 10.451ntenectingspheresaround If a moving receiver re-calculates its i:osition after a known short 
interval of time, it can calculate its speed and direction of motion. All 
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this information is commonly displayed on a two-dimensional electronic map of the area, but 
GPS can also be used to determine altitudes (in planes, for example). 

• Figure10.46 AGPSsysteminacar 

The European Union is in the proce,s of developing its own GPS system. It is called Galileo 
and should be fully operational in the next few years. The intention is that the Galileo system 
will be for civilian use only and that Europe will have its own, independent system. 

l Suggest why using the signals from four or more satellites is better than just using three. 

2 If a system is to be accurate to within 5cm, approximately what level of accuracy is needed 
fortheclockinthereceiver? 

3 Why do you think that governments may want to limit the accuracy of the GPS systems 
thatareavailabletothegeneralpublic? 

4 Why is it important that the signals trawl from the satellite to the receiver in a straight line? 

Weightlessness 
Because weight is the force of gravity on a mass, to be truly weightless a mass would have to be 
in a place where there was no significant gravitational field, such as in deep space - far, far away 
from the gravitational effects of any stars or planets 

Alternatively, a mass could appear weightle,s because it was at a point where the gravitational 
forces from two or more fields cancelled each other out, such as a point somewhere between the 
Earth and the Moon. 

Weareallfamiliarwith 
videos of astronauts moving 
around freely inside, or outside, 
satellites orbiting the Earth 
(Figure 10.47). They are often 
described as being 'weightless', 
but this cannot be true because 
the gravitational field strength 
attheheightofasatellite'sorbit 
is not much lower than it is on 
the Earth's surface. We need 
to understand how and why an 
object can seem to be weightless 
when it is in a gravitational field. 

• Figure10A7 'Weightless'inorbitaroundtheEarth 



• Figure 10.48Losing 
contact with the floor 
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We cannot feel or sense our own weight directly, but we are aware of our weight because of the 
contact force from the surface underneath us pushing upwards. If that contact is removed we feel 
weightless, although we may be more concerned with the fact that we are free falling! In an 
elevator, on a fairground ride or in a vehicle on a bumpy ride, the contact force between us and 
the supporting surface changes during any vertical change of speed. As a consequence we may 
have a sense of increased or decreased weight; we may even feel brief 'weightlessness' if, for a 
short time, there is little or no contact at all between us and the surface. 

A satellite is effectively accelerating towards the centre of the Earth (while moving sideways 
at the same time). Astronauts in the satellite will be accelerating in exactly the same way as the 
satellite and there will be no need for contact between them and the satellite, so they will feel 
'weightless'(Figure 10.48). 

·~ ·~ 
ill~ 
constanll'elocily.zero iKceleration, 

aa:eleratio11 person and container 
(i11dudin91tationaiy) in free-fal l 

No ll.'lutlant force on person Resuttant fora> downwards 

Training for astronauts includes simulating weightlessness aOOard flights in aircraft that are 
following the parabolic trajectory that would be followed by a freely moving projectile (without 
air resistance) 
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• Examination questions - a selection 
Paper 1 18 questions and 18 style questions 

01 A satellite is in a circular orbit around the Earth. When it is moved to an orbit that is closer to the Earth's 
surface, which of the following describes the energy changes that take place? 
A gravitational potential energy increases, kinetic energy increases 
8 gravitational potential energy increases, kinetic energy decreases 
C gravitational potential energy decreases, kinetic energy increases 
D gravitational potent ial energy decreases, kinetic energy decreases 

02 The diagram represents equipotential lines of a gravitational field. 

Which of the following is the direction and strength of the field at point P? 

Direction Strength 

A 5.0Nkg- t 

5.0NKg- 1 

13NKg- 1 

13NKg- 1 

e /BOrg,mization 

03 Which of the following is a correct description of the electric field strength and electric potential around a 
single point charge? 
A Field strength is a vector quantity; potential is a vector quantity. 
8 Field strength is a vector quantity; potential is a scalar quantity. 
C Field strength is a scalar quantity; potential is a vector quantity. 
D Field strength is a scalar quantity; potential is a scalar quantity. 

Q4 Which of the following is the correct expression for the minimum kinetic energy needed by a mass m in 
order to escape from the gravitational attraction of a planet of mass Mand radius R? 

A G~ 

8 G2~ 

C G~m 

D G:: 



OS Four charges are arranged at the four corners of a square, as shown in the diagram. 

-o r------ ·1 .. 0 

+Q ,1. ____ ----! -Q 

At which position is the total electric potential zero? 
A nowhere 
B at the centre of the square 
C midway between the two negative charges 
D midway between the two positive charges 
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06 The gravitational potential on the surface of a planet is II. What is the potential on the surface of another 
planet of the same average density, but with half the radius? 

A* 
Bf 
C 2V 
D 4V 

07 The two graphs below represent the variation with distanced, ford= r to d = 2r, of the electric field and 
the electric potential around an isolated point charge. 

G,aph:k>ctricf,klllh" 
arbitraryullits j "" 

0 ' ' 
O r lr d 

The work done by an external force in moving a test charge +q from d: 2r to d = r is equal to q multiplied 
by: 
A the shaded area under graph 1 
B the shaded area under graph 2 
C the average value of the electric field 
D the average value of the electric potential. 

e /BOrganiz;ition 

08 Two satellites, P and Q, have been placed in circular orbits around the Earth. The time period of satellite P is 
2 hours and the t ime period of satellite Q is 16 hours. Which of the following is the correct ratio of radius of 
orbit of satellite Q to radius of orbit of satellite P? 
A 64 
B 16 
C 4 
D 2 



458 10 Fields 

Paper 2 JB questions and IB style questions 

Q1 a Define gravitational potential at a point in a gravitational field. (3) 
b The graph below shows the variation with distance R from the centre of a planet of gravitational 

potential V. The radius R0 of the planet= 5.0 x 106 m. Values of Vare not shown for R < R0 . 

0.0 

b~:~ 
~ -4.5 
§: _5_0 

R/107m 
1::.,':l,9,':l1,9,. .. ,':i,,_,9,.,,'?~9~':J,,.i9.,':J'c,(;,,'c,':J'l(;,,'\':J1? 

Use the graph to determine the magnitude of the gravitational field strength at the surface of 
the planet. (3) 

c A satellite of mass 3.2 x 103 kg is launched from the surface of the planet. Use the graph to 
determine the minimum launch speed that the satellite must have in order to reach a height 
of 2.0 x 107 m above the surface of the planet. (You may assume that it reaches its maximum 
speed immediately after launch.) (4) 

e/BOrg,mization 

Q2 a Electric fields and magnetic fields may be represented by lines of force. The diagram belO'N shows some 
lines of force. 

i State whether the field strength at A and B is constant, increasing or decreasing when 
measured in the direction from A towards B. (2) 

ii Explain why field lines can never touch or cross. (2) 
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b The diagram below shows two insulated metal spheres. Each sphere has the same magnitude of positive 
charge. 

Copy the diagram and in the shaded area between the spheres draw the electric field pattern due 
to the two spheres. (3) 

0 /BOrganiz;ition 

Q3 a Explain why gravitational potentials (and potential energies) are always given negative values. (2) 
b The electric potential 1.0 m at a point away from the surface of a hollow charged sphere of 

radius 10cm is +250V. Determine the charge on the sphere. (2) 
c What is the potential on the surface of the sphere? (1) 
d What is the potential at the centre of the sphere? (1) 



Ill Electromagnetic induction 

• Fi gure 11.1 

Inducing an emf by 

moving a wire across 

a magnetic field 

• The majority of electricity generated throughout the world is generated by machines 
that were designed to operate using the principles of electromagnetic induction . 

• Generation and transmission of alternating current (ac) electricity has transformed 
the world. 

• Capacitors can beusedtostoreelectricalenergyforlateruse. 

11 .1 Electromagnetic induction -themajo,1tyo1e1ecrn,1tr 
generated throughout the world is generated by machines that were designed to 
operate using the principles of electromagnetic induction 

• Electromot ive force (emf) 
The concept of electromotive force (emO was introduced in Chapter 5 in connection with cells 
and batteries. In this chapter we will explain the origin of the emfs supplied to circuits from 
electric generators 

Inducing an emf by movement 
Whenever a conductor moves across a magnetic field, or a magnetic field moves across a 
conductor, an emf may be induced. This effect is called electromagnetic induction. (Induction 
in this respect means 'the act of making something happen'.) Although these tv.u effects are 
essentially the same, we will begin by describing them separately. 

E lectromagnetic induction by moving a conductor across a magnetic field 

Figure 11.1 shows a simple experiment in which an emf is induced when a conductor (a metal 
wire) is moved acroJJ a magnetic field. The induced emf is detected because it makes a small 
current flow through a circuit containing a sensitive ammeter, called a galvanometer. 

magnet 

The charged pan ides in the conductor experience forces (as discussed in Chapter 5) because 
they are moving with the wire as it crosses the magnetic field. Because it is a conductor, it 
contains free ekctrons that can move along the wire under the action of these forces. Other 
charges (protons and most of the electrons) also experience forces but are not able to move 
along the conductor. Moving the wire, containing free electrons, is equivalent to a conventional 



• Figure11.2 

Magnetic force on 

electrons produces 

charge separation 

• Figure11.4The 

emf depends on the 

direction of motion 
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current of poiitiw charge in the opposite direction. We can use the left-hand rule to predict 
the forces on the electrons, as shown in Figure 11.2. In this case the magnetic force pushes the 
electrons to the left, so the left-hand end of the conductor becomes negatively charged, while the 
other end becomes positively charged (because some electrons ha\·e flo.ved away). This charge 
st-paration pn:x:luces a potential difference (emf) across the ends of the conductor. 

magnetic field int o paper 

i~ 
magnetic force on electron 

fOi'Ceon 
charges 

If the motion or the magnetic field is reversed in direction, then the 
emf is also reversed. (If both the motion and the magnetic field 
are reversed, then the emf is unchanged.) If the conductor and the 
magnetic field are lxnh moving with the same velocity, no emf is 
induced. For electromagnetic induction to occur there must be relative 
motion between the conductor and the magnetic field. This effect is 
imixirtant and it needs to be well understocxl because it has many 
applications. Most imixirtantly, it is the basic principle behind the 
generationoftheworld'selectricalenergy. 

In order to induce an emf, a conductor needs to move acrosi a 
magnetic field. Magnetic fields are represented by fidJ lines and the 
conductor needs to be moving so that it 'cuts' across (through) the 

field lines. There will be no induced emf if the conductor is moving 
in a direction that is parallel to the magnetic field lines. Consider the 
examples shown in Figure 11.3. To induce an emf in a, the conductor 
has to be moved so that its motion has a component into, or out of, 
the plane of the paper. In b the magnetic field is out of the plane 
of the paper and the conductor would have to be mo\·ed so that its 
motion has a component parallel to the paper. 

For similar conductors moving at the same speed, the induced 
emf is highest if the motion is perpendicular to the magnetic field, as 
shown in Figure 11.4 

s=IIN 

"' magnetic 
gr&ill.'Stemf fieldlinl.'S 

induced 

conductor out of 
plane of paper 

no emf induced 

'""ffi' 
(opposite to direction of 
motion of the electrons 
in the conductor) 

• Figure11.3Direction 

of motion that causes 
electromagnetic 

t 
magnetic field lines 

·ri J~ ® ® 

magnetic field out 
of plane of paper 

The induced emf in Figure 11.1 is very small, but there are simple ways by which it can be 
increased greatly: 

• fastermotion 

• using a magnet with a higher magnetic field strength 
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• Figure11.8 

Inducing a current by 

dropping a magnet 

through a coil 

• wrapping a long wire into a coil with many turns fond moving one side of the coil through 
the field) 

• using magnetic fields and coils with larger areas 

1 Explain why no emf is induced across a string made ol plastic when ii is moved through a magnetic field 

2 Figure11.5showsacopperwirebetweenthepole1ofa 
permanentmagnet.lnwhichdirection(1)1houldthewire 
be moved to induce 
• the highest emf 
b zeroemfl 
c Explainwhynorurrenrcanbeinducedinthiswireas 

shown 

3 Draw a diagram to show how to demomtrate the 
inductiooofacurrentusingastatiooarymagnetanda 
moving coil of wire 

• Figure 11.5 

E lect romagnet ic in duction by m oving a m agnet ic field across a conductor 

Figure 11.6 shows electromagnetic induction by moving a magnetic field (around a permanent 
magnet) through a conductor. Again, the induced emf and current will be very small in this 
basic example, but Figure 11.7 shows how the effects can be increased greatly by winding the 
conductor into a coil or solenoid with many turns. The direction of the induced current around 
the coil will be reversed if the magnet is reversed or the motion of the magnet is reversed. 

~ 
galvaoometer 

• Figure11.6 Movingamagnet 

toinduceanemfandacurrent 

• Figure11.71nducinganemfandacurrentinacoil 

Figure 11.8 shows an electromagnetic induction experiment recorded on a data logger and 
computer. The data logger records the emf being induced at regular time intervals when a 
magnet is dropped through a coil, and then the data are used to draw a graph. 

mage~l'l 

G ~-<~ ,o 
data I 0 

_, 

-
2

0 0.1 0.2 0.3 0.4 



• Figure 11 .9 
Derivinge=Bvl 
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4 In a dernomtratkm of electromagnetic induction similar to that shown in Figure 11.6. the induced current 
was~erysmall 
a Suggest two Wa"fS of increasing the induced current while still using the same single loop of wire 
b Give two ways in which the current can be made to flow in the opposite direction around the circuit 

5 Draw a sketch similar to Figure 11.7 to show the current direction when the bar magnet comes out of the 
rnil attheotherend 

6 Sugge1texplanationsforthe1hapeofthegraphshowninFigure11.8 

An equation for the induced emf when a straight conductor moves across a 

uniform magnetic field 
Figure 11.9 represents a conductor of length I moving perpendicularly across a uniform magnetic 
field of strength B, with speed v 

length I 

x magneticliekl 
/strength8 

extra xxxxxxx 

f=N 
electrons 

a~::'s":d--:--:y:xF, F~ X x~ 
X X X X )( X X atthisend 

e~n speedv 

Free electrons in the conductor will each experience a magnetic force, Fe, given by the 
expression, F • qvBsinB (page 250). In this perpendicubr arrangement sin B • I. These forces 
tend to move free electrons towards the left of the conductor. As more electrons move along the 
conductor, the increasing amount of negative charge repels the motion of further electrons to 
that end. The right-hand end of the conductor, which has lost electrons, will become positively 
charged and act as an attractive force on the electrons. 

The charge separation produces an electric field along the conductor, E •f, where e is the 
induced emf across the length of the conductor (Chapter 10). The maximum induced potential 
difference will occur when the force on each free electron due to the magnetic field, Fe, is equal 
and opposite to the force on the electron, FE, due to the electric field (see Figure 11.9) 

electricfield • f 

electricforce,FE•electricfieldxcharge•;1 

e• Bd 

This equation is given in the PhyJics dma bookkt 
This equation shows us that the induced emf is proportional to the speed, the magnetic field 

strength and the length of conductor in the field. This is a useful equation, but it can only be 
used for a straight wire moving perpendicularly across a uniform magnetic field. (If the field was 
not perpendicular to the wire, the component of the field in that direction would have to be 
used in the calculation.) 



464 11 Elecrromagneric induction 

If a conductor is \\Uund into a rectangular coil with N turns, the induced emf when one side 
of the coil moves perpendicularly across a magnetic field is given by: 

e • BiAN 

This equation is given in the Phy:;ics data booklet 

1 What emf is produced iKf055 a 23.0cm long conductor moving at 98.0cms- l perpendicularly across a 
magneticfieldofstreogth120µT? 

e:(120,c 1Q--O),c0.98,c0.23:2.7,c10- IV 

7 When a conductor of length 90cm moved perpendirnlarly across a uniform magnetic field of strength 
4.5 " 10-'T. an emfof0.14mVwas induced. What was the speed of the conductor? 

I What strength of magnetic field is needed for a ~oltage of 0.12V to be induced when a conductor of 
length1.6mmovesperpendicular1yitcrossitataspeedof2.7ms-1? 

9 A plane is flying horizontally at a speed of 280ms-1 at a place whefl! the ~ertical component of the Earth"s 
magnetic field is 12µT.asshowninFigure 11.10. 
a Calcula tetheemfinducedacrossitswingtips if itswings.pani1S8m 
b Suggestwhythisvoltagewouldbe!argeriftheplanewiJSftyingclosetotheNorth.orSouth,Pole 
c Could the inducedemfbeusedtodoanythingusefulonthep!anelExplainyouranswer. 

28~m, ~ 

~ /),,,, 
• Figure 11.1 0 

10 ArectangularcoilofcopperwirehasS00turnsandside<;ofleogthS.2cmand8.7cm.Thecoilrotatesata 
frequencyof24Hzahoutanaxisthatpassescentra llythroughtheshortersides. Auniformmagneticlield 
0IO.S8Tactsonthecoilinadirectionpe1pendiculartotheaxis 
a Draw a labelled sketch of this arrangement 
b Calculatethespeedofthesidesofthecoil 
c Whatemfisinducedacrossoneofthelongersidesattheinstantthatitismovingperpeodicularty 

itcroo;sthefieldl 
d What are the maximum and minimum induced emf5 as the coil rotates/ 

• Mag netic flu x and magnetic flu x linkage 

Magnetic flux 
The size of an induced emf depends not 
only on the otrength of the magnetic field, 
B, but also on the area, A, of the circuit over 
which it is acting, and the angle at which 
it is passing through the circuit. For these 
reasons it isusefultointroduceanddefine 
the important concept of magnetic fl ux 

Magneticflux,cf>,(forauniform 
magnetic field) is defined as the product 
of the area, A, and the component of the 
magnetic field strength perpendicular to 

thatarea,BcosB.Figure II.II illustrates 

area.A 

• Figure 11.11 Magneticfluxdependsonfield 

strength,areaandangle. 



• Figure 11.12 

Magnetic flux 

explained in terms of 

field lines 

11. 1 Electromagnetic induction 465 

an example that shows that the angle 6 is measured between the normal to the area and the 
direction of the field. 

cI> •BAcos B 

This equation is given in the PhyJics daia booklet. 
If the magnetic field is perpendicular to the area, then 6 • 0 and cosB • I. The flux is 

maximized and the equation simplifies to C1> • BA. If the field is parallel to the area, the flux is 
zerobecausecosB•O. 

The unit of magnetic flux is the weber, Wb. One weber is equal to one tesb multiplied by 
one metre squared (I Wb • I Tml). 

We can rearrange the equation to give BcosB • <P/A, and this shows why magnetic field 
strength is widely known as magnetic fl ux density (flux/area). 

Magnetic flux can be a difficult concept to understand and Figure 11.12 may help. It shows 
a non-mathematical interpretation of magnetic flux as the number of magnetic field lines that 
pass through the area. Flux also has mathematical similarities with ideas in Chapter 8, where the 
total power flowing through an area depends on the intensity of the electromagnetic radiation, 
the area and the angle of incidence. 

B 
ttiereismorefluxttiroogh.BthanA 
becausethefleld1t«>ngth11greater 
r:,,erthex1meall!a 

--
0
-- ttierei1 morefluxttirooghC than D -----n----:-- bec:ausetheall!aisgreaterforthe ==::g:::::::::; x1mefteldstm1gth 

__ , __ 
thereismorefluxthrooghEthanF 

=::z.:2:::: because the field is perpendicular to 
--LL--------: thearea 

2 a Cakulate the magnetic flux in a square coilolwireol 1ide1 6.2cmwhen itis placed at45° toa 
magneticfieklofstrength 4.3" 10-4T. 

b What would the magnetic flux become if oo~ half of the coil was in the magnetic: lieldl 

<ll:(4.3x10-4)x(6.2x10-1)lxrns45° 

<ll:1.2x10_,,Wb 

b The magnetic flux would be reduced to hat! because the area used in the cakulatioo is the aiea of 
the coilinthemagneti<:field, not the total all!aofthecoil 

3 Thi1exampleprovide1asolarradlationanak)gy 
tohe lpunderstandingofthernnceptofflux.The 
'so\arfluxdensity"afflvingperpendicular~atthe 
Earth'supperalm05phereis1360Wm-1.(Thiswas 
calledthesolarcorutantinChapter8.) Suppose 
thatn&irtheEarth"11Urfac:ethi1valuehasll'duced 
to 800Wm-<. Calculate the powe1 arriving at a 
horizontalsolarpanelofall!a4.0mliftheradiatioo 
arrive~ at an angH! of 40° to the surface (see 

Figure 11 .13) • Figure11.13 Solarflux 

Byanalogywith<ll:8Ac056.wecanwrite 

fl.'Celvedpower:800x4.0xc0540":2.4x103W 
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Magnetic flux linkage 
Increasing the number of turns, N, in a coil increases the size of an induced emf in proportion 
and, for this reason, the concept of magnetic flux linkage becomes useful Magnetic flux 
linkage is defined as the product of magnetic flux and the number of turns in the circuit. It does 
not have a widely used standard syml:oL The units of flux linkage are the same as flux (Wb), 
although sometimes Wb turns is used 

magnetic flux linkage •NCI> 

This equation is no! in the Physics data bookie!. 
In Worked example la, the flux through the coil was calculated to be 1.2 x I0---6Wb. If the 

coil had 200 turns, the flux linkage would be 200 x (1.2 x !0-6 ) • 2.4 x JO-•Wb. 

11 Calrnlate the magnetic flux in a flat {oil of area 48ml' plac:l'd in a fi~d of magnetic flux density 
S3x10-3Tifthefi~disatanangleof30°totheplaneofthernil 

12 AmagnetKfieldof51:fl'ngth3.4x10-lTpassesperpendirnlartythroughaflatrnilof480turnsandarea 
4.4x10-Sm1.Whatisthefluxlinkage7 

13 A flat rnil of600tums and area 8.7{ml is pla<:l'd in a magnetic field of strength 9.1 x 10-ir. The axis of 
the rnil was Oliginalty parallel to the magneti{ fi~d. but it was then rotated by 2S0

• What was the change 
offluxlinkagethroughthe{oil? 

• All electromagnetic induction is caused by changing 
magnetic flux 

Emfs can also be induced, not by movement, 
but by changes in the current in one 
circuitaffectinganother,separate,circuit. 
Figure 11.14 represents the simplest example, 
which should be understcxxl in detail. First 
consider circuit Bat a time when the switch 
in circuit A is open - there is no power 
source and no magnetic field near it, so there 
is no current shown by the galvanometer. 

When the switch in circuit A is closed, 

-f0J~N ~ =:t~:__J 
however, a current starts to flow around 

drrnitA drrnitB 

circuit A and this sets up a magnetic field • Figure 11.14 When the switch is closed, a magnetic 
around it. This field spreads out and passes field (flux) passes from circuit A to circuit 8 

through circuit B. The sudden change of magnetic flux induces an emf and a current that is 
detected by the galvanometer in circuit B. The changing current produces a changing magnetic 
flux in the same way as moving a magnet does 

This induced emf/current only lasts for a moment, while the switch in A is being turned on, 
because when the current in A is constant there is no longer a changing magnetic flux. When 
the switch is turned off, there is an induced emf/current for a moment in the opposite direction 

As described so far, this is a very small (but 
imrortant) effect. Howe\·er, the induced emf can 
be increased greatly by winding the conducting 
wires in bah circuits into coils of many turns (to 

~~::a~~~:; ~~:a:~do~~=r l~~;~~~ ~= :;~ng :!~:t~ 
through the middle. This is shown in Figure !LIS 
Remember from Chapter 5, that iron has high 
magnetic permeability and greatly increases the 
strength of the magnetic field. 

IfthevoltagesourceincircuitAischanged 
from one that gives a direct current (de) of 
constant value to a source of alternating current 
(ac) then the magnetic flux in both circuits will 

• Figure11.15Makingtheinducedemf 
largerbyusinganironcoreandcoilsofmany 
turns(increasingthefluxlinkage) 
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change cominuouily and an alternating emf will be induced continuously. This effect has a large 
number of important applications which are discussed later in this chapter. 

14 • Figure11.16showsfourloopsofwirewrappedaroundasolenoidandconnectedtoacentre-reading 
galvanometer{as shown on the r~ht). Describe and expla in what will be seen on the meter at the 
moment when 
I theswitrhisdOM'd 

constantrnrrent isflowinginthe 
solenoid? 

15 Figure 11.17 shows two coils wound on cardboard tubes. An 
alternating current flows through coil Panda changing emf 
i1induced incoilSbec<1U1ethereisachangingmagnetic 
flux. Suggest four possible ways of inul'dSing the maximum 
ma,gneticflux linka,ge incoilS 

• Figure11.17 

Summary: three kinds of electromagnetic induction 
In order to induce an emf across a circuit, a changing magnetic field must pass through the 
circuit. There are three different ways in which this can be done: 
l Part of a circuit can be moved through a stationary magnetic field (as shown in Figure 11.1) 
2 A magnetic field, for example around a bar magnet, can be moved through a circuit (as 

shown in Figures 11.6, 11.7 and 11.8) 
3 A changing current in one circuit can produce a changing magnetic field which spreads out 

and passes through another circuit (as shown in Figures 11.14 and II .IS) 

Electromagnetically induced currents have perhaps their most important application in the 
generation and transmission of electrical power (transformers), but there are many other uses 
including radio communication, regenerative braking, metal detectors and geophones (devices 
that induce emfs from mo\·ement of the Earth's surface) 

Milfii@UliU.W Metal detecto rs 
'Treasure hunting' using simple metal detectors is 
a popular hobby. In Figure 11.18 a metal detector is 
being used to hunt for metal objects, like coins and 
rings, among the stones on the sea5hore. Other 
applications include airport security and the search 
for buried land-mines in war zones 

An oscillating electric current is passed through 
a coil in the metal detector and the changing 
magnetic field passes through another coil in the 
instrument and induces a current. If there is any • Figure 11.18 Treasure hunting 
metal close to the coils it will affect the magnetic field passing between the coils and change 
the induced current. Any such change is detected by the circuit and usually an audible signal is 
emitted. When the original oscillating magnetic field passes through the metal it will induce a 
current within the solid metal called an eddy current and this will set up its own magnetic field. 

l Most airport metal detectors are based on a pulse induction (PI) system. Find out the 
principles on which this metal detection system is based. 
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r 
Apparently insignificant experimental observations may have 
enormous consequences 
In 1831 Michael Faraday (Figure 11.19) became the first person 
to demonstrate elect romagnetic induction between coils. The 
equipment available at the time made this a difficult phenomenon 
to observe, and some observers may have doubted its importance at ---~• :,,11!!.\ 
the time, but its far-reaching consequences are row undeniable. In a 
similar way, the first transmission of radio waves more than SO years 
later (by Heinrich Hem) may ha\·e seemed trivial at the time, but 
l:oth discoveries ultimately changed the world for ever. 

• Faraday's law of ind uctio n 
Considering the three kinds of electromagnetic induction, the 
size of an induced emf may variously depend on such factors as • Figure 11.19 Michael 
the strength and size of a magnetic field, the speed and direction Faraday(1791- 1867) is 
of motion, the area of a circuit , the number of turns in a circuit , considered to be one of the 
whether the circuit surrounds air or some other material, and the greatest scientists ever 
rate at which an electric current is changing. 

Faraday was the first scientist to realise that all these examples of electromagnetic induction 
could be summarized by a single law expressing the fact that any induced emf depends on the 
rate of change of magnetic flux linkage 

Faraday's law of electromagnet ic induction states that the magnit ude of an induced emf is 
equal to the rate of change of magnetic flux linkage 

£ = - N t:,.cp 

" 
This equation is given in the Physics data booklet. The negative sign is because of the 
conservation of energy as represented by Lenz's law. This will be explained later. 

Remembering that <P • BA cos 9: 

• e • - NBcos B x (f1A/f1r) can be applied to a situation in which the area of a circuit is 
changing in a constant field 

• £ • - NA cos 9 x (!:,.8/!:,.1) can be applied to a situation in which the magnetic field passing 
through a fixed circuit is changing 

4 The magnetic flux through a rnil of 1200tums increases from zero to 4.8" 10-1Wbin 2.7ms. 'Nhat is 
the magnitude of the indu{ed emf during this time? 

£: -
1200/

7
<:·~

0
"._ 10-

5
)= - 21V{Thenegative1ignisoftenomitted.) 

16 Arnil of all!a4.7 {ml and 480 turns is in a magneticfiek! of slll'ngth 3.9" 10-1 T. 
a Calculate the maximum possible magneti{ flux linkage through the rnil. 
b 'Nhat is the a~erage indu{ed emf when the rnil is moved to a pla{e where the perpendirnlar magnetic 

lield1tll'r,gthis9.3x10-1 Tinatimeof0.22s? 

17 Coosider the circuit shown in Figure 11.15. Whl'fl the input to circuit A is an alternating rnrrent of 
frequency 50 Hz, the indu{edemf in circuit 8 has a maximum valueol 4V. Suggest what would happen 
to the indu{ed emf io cirrnit B if the frequency in circuit A was doubled (with the ~ame maximum 
~oftage). Explain your answer. 
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11 FigtJre 11.20 shows a coil of 2S0 tums moving from position A, outside a strong llniform magnetic fie kl of 
strength0.12T,topositionBatthecentreofthemagneticfield inatimeof1.4s 
a Calculatethechangeofmagnet icfluxinthecoilwhenitismO\'ed 
b 'Nhat assumptiondidyoomake7 
c What is the change of magnetic flux linkage? 
d Cakulatetheil'lerageinducedeml 
• Sketch a graph to show how the induced emf changes as the coil is moved at constant speed from A to 

C(novaluesneeded) 

magnetic field into paper 

4.7an 

82,m~ 

2S0tums 

• Figure11.20 

19 Imagine you are holding a flat coil of wire. You are in the Earth"s magnetic field 
a Draw a sketch to 'ihow how you woukl hokl the coil so that there is no magnetic flux through it 
b At a place where the magnitude of the Earth"s magnetic fie kl strength is 48 µT, what em! would be 

inducedbymO'>'ingacoilofSSOtumsandarea17cm1frombeingparalleltobeingperpendiculartothe 
magneticfieldin0.S0s? 

20 Asmallcoilofarea1.2crnlisplacedinthecentreolalongsolenoidwithalargecross-sectionalarea.A 
steddycurrentof0.5Ainthesolenoidproducesamagneticfieldofstrl'f1glh8.8x 10-'T 
a How many turns woo Id be needed oo the coil if an induced emf of 2.4 mV was required when the 

currentinthesolenoidwas iocreasedto2.0Ainatimeol0.101? 
b lnwhatdirectionwouldthecoilneedtobepositioned? 

21 ReferbacktothegraphshowoinFigurell.8 
a 'Nhat quantityisrepreseotedUj'theareaunderthegra!*l? 
b Compare the areas above and below the time axis 

22 CarryoutsomeresearchintotheworkofMichael Faradi!yandNikolalesla.lnyouropinioo,whichof 
them contributed more to the development of the thl'Ofies of electromagnetism? Explain your answer. 

23 Referbacktoquestioo10 
a What is the maximum magnetic flux through the coil? 
b Oeterminetheaverageemfinduced 
c Compareyouranswertotheanswerforquestion10andexplainthe difference 

• Energy transfers during electromagnetic induction 
If a current is generated from motion by electromagnetic induction, then energy must have 
been transferred from outside the circuit. (We know this from an understanding of the law of 
conservation of energy.) The origin of this energy is the kinetic energy of the moving conductor 
or magnet. The moving object must therefore slo.v down as it loses some of its kinetic energy 
(unless there is a force keeping it moving) 

For example, the magnets shown in Figures 11 .7 and 11 .8 must experience forces trying 
to slow them down (opposing their motion) as they move into the coils. This means that 
work has to be done to move the magnet into the coil and this energy is transferred to the 
electromagnetically induced current. To understand why there is a force opposing motion, we 
need to remember the idea.s about the magnet ic fields produced by currents from Chapter 5. If 
an (induced) current flows around the coil shown in Figure 11.7, then the coil will behave as a 
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magnet. The direct ion of the current makes the end near the permanent magnet a north pole 
(this can be predicted using the right-hand grip rule). The nm north poles repel each other and 
cause a repulsive force opposing motion. If the induced current flowed the other way, then the 
force would be attractive and the magnet would gain kinetic energy, which \\Uuld conflict with 
the law of conservation of energy. 

If the polarity of the magnet moving into the coil was reversed, the induced current would 
flow the other way around the coil and then two south poles would repel each other. If the 
magnet is taken away from the coil, the current flows in the opposite direction and a magnetic 
field is set up that tries to stop the magnet moving away. 

If the switch in Figure 11.7 is opened, there will st ill be an induced emf, but no current can 
flow. This means that there will be no magnetic field and no force from the coil. 

Lenz's law 
Because of the la,v of conservation of energy, we know that in all examples of electromagnetic 
induction, any induced emf and current must set up a magnetic field that tries to stop whatever 
change pnxluced the current in the first place. This is known as Lenz 's law. 

Lem's law states that the direction of an induced emf is such that it will oppos,: the change that 
pnxluced it. This is represented mathematically by the negative sign in the Faraday's bw equation. 

24 Figure11.21show;abarmagnetontheendof aspringplaced 
dosetoarnilofwire 
ii Theffiilgnetispulleddownsothatit sendis insidethecoiland 

thenreleased.Sketchagraphtoshowhowthepositionofthe 
magnet will change with time for a few seconds 

b On the same axes indicate how the 0011 induced across the coil 
changes 

c Suggest what differences will be observed ,t the switch is 
dosedwhHethemagnetisoscil!ating.Explainyouranswer. 

2S Whenastrongmagnetisdroppedverticallydowninsideacopper 
tubeittakessignificantlylongertoreachthegroundthanwhen it 
isdroppedoutsidethetube.Explainthisobservatioo 

26 Theloopofwireshown inFigure11.22istravellingatcoostant 
speedwhenilentersthemagneticfield 
a Explainwhytheloopdecelerates 
b Doesthetopoftheloopactlikeanorthpoleorasouthpole? 
c lnwhichdirectiondoesthecurrentflowinthesideoftheloop 

firstenteringthemagneticfield? 
d Why is there no emf or rnrrent induced while the loop is 

movingthroughthecentreofthemagneticfieldl 
e Discuss what happens astheloopleavestheothersideofthe 

field 
f Whathashappenedtothekineticenergytransferredfromthe 

loopbecauseitreducedinspeedl 

• Figure11.22 

• Figure11.21 
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@i@@Uli,LM Eddy currents and induction cook ing 
In an induction cooker, like that shown in Figure 11 .23a, there are coils of wire below the flat· 
top surface. When a high-frequency current is passed through a coil in the cooker, a strong, 
rapidly oscilbting magnetic field is created that will pass through anything placed on or near 
the cooker's surface, like a cooking pot. If the material of the pot is a conductor, emfs and 
currents will be induced in it. Ulrrents circulating within solid conductors, rather than around 
wire circuits, are known as eddy currents. 

eddyrnrreots ~"',-i~rt:,) =€- ~o 

coil with high 
ffequmcyrnrrent 

• Figure 11.23 a A steel pan on an induction cooker b How an induction cooker works 

cookiogsurfilCe 

The electrical energy in the eddy currents will be transferred to internal energy and the pan 
will get honer. Ju in any circuit, the power generated can be calculated using P • J1R. Thermal 
energy is then transferred by conduction to any food that is in the pan 

The choice of metal for the pan is imponant - for example, copper has a low resistivity and it 
also conducts thermal energy well. (This is not a coincidence; the ability to conduct thermal 
energy and the ability to conduct electricity are related. Both depend on the number of free 
electrons per unit volume in the material.) However, copper would not be a good choice for 
pans to be used with an induction cooker becall'le it does not have good magnetic properties. 
The pans need to be made of material with high magnetic permeability, in other m::,rds a 
ferromagnetic material like iron or steel, so that the strength of the magnetic field in the 
pan is greatly increased. (Some pans made especially for use with induction cookers ll'le a 
combination of different metals.) 

Induction cookers have at least two significant advantages: 

The cooker itself does not get noticeably hot (except for any thermal energy transferred 
from the pan). This means that induction heaters are safe, quick and reasonably efficient 
ways of cooking. 

The heating process can be completely controlled, stopped or started by the tum of a switch 

Induction cookers are more efficient at cooking li:xxl than conventional electric hot plates and 
both are a lot more efficient than natural gas cookers (although this does not allow for the 
inefficiencies of electrical power pnxluction). The reason why they are not used more widely is 
that induction cookers are more expensive than gas or electric cookers (largely because of the 
extra electronics needed) and they also need special cooking vessels. In locations where space 
is limited, safety is an issue and an oven is not needed. Then small induction cookers may be 
the ideal choice 

l Suggest why it is not possible to design and make an efficient induction oven. 

2 Why do the heating coils in an induction cooker use high-frequency currents! 

J Explain why, although induction cookers are much more efficient than gas cookers, they 
00th create roughly the same 'carbon footprint'. 
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TOK Link 
Thol UH of 5dlinl lftt te!Tll'lr,oki!W CWI INlltl 8DITW'l'l'llt'lk.ltton .wt nen-tdilntlst1 dtff!Q,lt 

The terminology used in electromagnetk theory is exremive and can confuse people who are not directly 
involved. What effect can litd: of clitrity in rerminology have on wmmunkating sdentific concepts to the 
pub/kl 

Fari!day's law states that an induced emf is eqllill to the rate of change of magnetic flux linkage. A good 
studentofphyskswillapPfedatethatthisisanek>gantandprecisewifiofexpressingaveryimportant 
concept. However, for non-scientists it mifi seem like a foreign language. Scientists aim to express ideas as 
briefly and as succinctly as possible, especially when communicating with other scientists. This involves the 
use of precise scientific te rmino logy, including the introduction of new WOfds for new ideas, °' perhaps 
theuseofmmmonwordsinprecisescientificways. 

ltiscertainlypossibletowriteanexpli!nationofFaraday'slawwithoutusingthephras.esinducedemf. 
rateofchangearidmagneticfluxlinkage,butitwouldprobab!yrequireseveralpagesimteadoloneline 
(considerthefiffifewpagesofthischapter) 

11.2 Power generation and transmission - 9,n,,.tion 
and transmission of alternating current (ac) electricity has transformed the world 

• A lternating current (ac) generators 
Consider Figure 11.24, which shows a coil of wire 
between the poles of a magnet. (For simplicity, only 
one loop is shown, but in prnctice there will be a 
hrge number of turns on the coil.) If the coil is 
rotating, there will be a changing magnetic flux 
passing through it and a changing emf will be 
induced. As side WX moves upwards, the induced 
emf will make a current flow into the page, if it is 
connected in a circuit. At the same time any 
induced current in YZ will flow out of the page, 
because it is moving in the opposite direction. In 
this way, the current flows continuously around 
the coil 

• Figure 11.24Asimpleacgenerator 
The connection between the coil and the 

external circuit cannot be fixed and 
permanent because the wires would become 
twisted as the coil rotated. Therefore ea rbon 
'brushes' are used to make the electrical 
contact with slip rings which rotate with the 
coil, so that the induced current can flow 
into an external circuit. 

Figure I 1.25 shows three views of the 
rotating coil from the side. In Figure 11.25a 
the plane of the coil is parallel to the 
magnetic field and, at that moment, the 
sides WX and YZ are cutting across the 
magnetic field at the fastest rate, so this 

·~ ''·+@ 

'~ }=$ 
is when the maximum emf is induced. In 
Figure 11.25b the sides WX and YZ are 
moving parallel to the magnetic field, so no 
emf is induced at that moment. In Figure 
11.25c the induced emf is a maximum again, 
but the direction is reversed because the 
sides are moving in the opposite direction 
to Figure 11.25a 

• Figure 11.25Thesidesofthecoilcutthemagnetic 

fieldatdifferentanglesastheyrotate,altemating 

the emf produced 
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The overall result, if the coil rotates at a constant speed in a uniform magnetic field, is to 
indoce an emf that varies sinusoidally. This is shown by the green line in Rgure 11.26. In positions 
Band D the plane of the coil is parallel to the magnetic field. At A, C and E the plane of the coil 
is perpendicular to the field. One complete revolution occurs in time T. Frequency,f, equals l(f. 

If the coil rotates at a slower frequency (fewer rotations every second), then there will be 
a smaller rate of change of magnetic flux through it and a smaller emf will be induced. For 
example, halving the frequency will halve the rate of change of magnetic flux linkage and 
therefore halve the induced emf. The time period is doubled. This is represented by the blue line 
in Figure I 1.26. Students are advised to watch a computer simulation of an ac generator as the 
coil(s) rotates slowly to aid understanding 

Throughout the world electrical energy is 
generated in this way using ac generators. Turbine 
blades can be madetorotatebytheforcesprovided 
by, for example, high-pressure steam produced from 
burning fossil fuels, or nuclear reactions, or from 
falling water (as discussed in Chapter 8). Turbine 
blades are attached to large coils inside an ac 
generator. The coils - with many turns and cores 
with high magnetic permeability - are rotated in 
strong magnetic fields by the action of the turbine 
blades. 

Electricity can also be generated using the same 
principle, but with the magnetic field rotating 
inside the circuit, rather than the other way 
around. Such devices are commonly used in cars 
and they are often called al1ernators. 

frequencyf 

(Note that de generators are similar to ac 
generators in basic design, but the connections to 

the external circuit need to be mcdified.) 

• Figure 11.26Comparinginducedemfsat 

different frequencies 

27 ComiderFigure11.24 
• Explainwhynoemlisinducedacrosstherotatingendofthecoil,X'f. 
b List four ways in which the induced emf could be increased 

28 An ac generator produces a sinusoidal emf of frr-quency 30 Hz and maximum ~alue 9.0 V 
a Sketch an emf- time graph to show how the output of the generator changes during a time of 0.1 s 
b Add a second line to your graph to show the output from the same generator if the ffequency is 

reducedtolOHz 

29 Figurn 11.27 shows the basic details of the construction of a bicycle dynamo. Expklin how it works 

-~, 
• Figure 11.27Asimplebicycledynamo 
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@ijijj@jj[OJ,tM Induced emfs: motors 
Simple electric motors are similar in their basic design to generators ~ both consist of coils 
rotating in magnetic fields. We know from Chapter 5 that when a current is made to flow 
across a magnetic field it experiences a force . In electric motors, like the simplified version 
shown in Figure I 1.28, furces in opposite directions on opposite sides of a current-carrying coil 
result in continuous rotation. Compare the simple ac generator in Figure 11.24 with the simple 
de motor in Figure 11.28 

commutator 
{rotatt.>5wilhcoil) 

• Figure 11.28 Asimpledcmotor 

When the coil in a motor is rotating, electromagnetic induction also takes 
place and an emf is induced across the coil which will tend to oppose its 
motion (Lenz's law). In other words, when a potential difference is applied 
to a coil in a motor to make it rotate, the motion then induces another 
potential difference in the opposite direction, trying to stop the rotation. 
This is often called a 'back emf'. 

In a well-designed, efficient de motor that is spinning freely without doing 
any useful work, the back emf can be almost as high as the applied p.d., so 
that the resultant p.d. is just enough to drive a small current through the 
coil and provide the necessary low power. But when the motor is doing 
useful mechanical v.ork, for example lifting a load, the rate of rotation 
decreases and the back emf is reduced (because of the decreased rate of 
changing magnetic flux linkage). The resultant p.d. and current increase 
to provide the extra power needed 

An :idvantage of a de motor is that the speed of rotation can be controlled easily, but most 
motors operate with alternating currents. There are two main types of motor that use 
alternating currents: 

A synchronous ac motor uses slip rings (as in the ac generator) and usually rotates with the 
samefrequencyastheacsupply. 

An ac induction motor uses electromagnetic induction to transfer the energy to the coil. 

l Explain why a split ring commutator and brushes, as shown in Figure 11.28, are needed for 
a motor to rotate when supplied with a direct current 

2 Find out .'lOme basic information on how induction motors v.ork 

• Alte rnating currents and direct currents 
When a current is described as alternat ing, it means that the dirfftion of the current changes 
(usually in a regular way) and this is shown graphically by both positive and negative values 
We have seen that the output from ac generators is usually sinusoidal, but other waveforms are 
possible, like the square and triangular waves shown in Figure I 1.29. 

• Figure 11.29 Alternating currents shown graphically with different waveforms and the same 

frequency,butdifferentamplitudes 



• Figure 11 .31 

Oscillating voltage, 
current and power 

power supply 
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A direct current always flows in the same direction around a circuit (shown graphically by 
always being positive or always being negative), although its magnitude may vary. 

Electrical energy is mostly generated and transmitted using alternating currents because of 
the need to reduce energy losses. fu we shall see later in this section, high voltages are needed 
for transmission and this requires transformers which can change (transform) voltages to higher 
or lower values. Simple transformers can only \\-Ork using alternating current, although it is also 
possible to transform direct currents. 

Many electrical devices that we use in our homes can be designed to use ac or de directly, but 
some devices can only operate with a de supply. For example, electronic devices need de, so their 
designs need to include ac to de convertors (rectifiers). 

• Average power and root mean square (rms) values of current 
and voltage 

Figure II.JI shows the varying voltage, current and power in a circuit with an ohmic resistor. For 
easy comparison all three are shown on the same axes. The peak (maximum) values of voltage 
and current are labelled V0 and /0. The voltage waveform is easily observed using an oscilloscope 
connected across the resistor 

The current at any moment is determined from I • V/R, and the instantaneous power can be 
determined from P • VI. 

The maximum power is given by: 

This equation is given in the Phyiics daia bookU't 
The power varies but always remains positive because the voltage and current are either both 

positive or both negative at all times. This means that any power always flows from the supply 
to the circuit. (This is only true for circuits that can be considered to be purely resistive.) The 
pml'er transferred in the resistor does not depend on the direction of current flow. 

Both the voltage and current variations are sinusoidal, which means that when they are 
multiplied together, the power variation (P • VI) follows a sine squared relationship. For this kind 
of relationship, the average value of power, P, is exactly half the peak value: 

This equation is given in the Phyiics daia bookk'r. 
The effec1iw values of the current and voltage are the values that give the average power; 

these are not the average values of the voltage and current, which are both zero, but they are less 
than the peak values. The equation below can be used to determine the relationship between 
peak and effecti\·e values for current and voltage 

paverage • [effect!n, X Veffecth,e • tfOVO • -!h X ~ 
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The effective value of an alternating current (or voltage) is therefore its maximum value 
divided by ,/i. The effective value is called its root mean square (rms) value, or its ra1ing. 

Therms value (rating) given to an alternating current (or voltage) is the same as the value 
of a direct current (or voltage) that would dissipate power in an ohmic resistor at the same rate 

This means, for example, that 230 V ac and 230 V de transfer energy in a resistor at the 
same rate, even though the alternating voltage rises to a maximum of 230 x ,/i • 325 V, while 
the de voltage remains constant at 230 V 

These equations are given in the Physics daia booklet. 
The equations R • V/1 and P • VJ • flR • Vl/R can all be used with ac circuits using 

maximum values or rms values (bu t not a mixture), so that: 

This equation is given in the Ph:15ics daia booklet 

- ·- Oscilloscopes ~--· - Oscilloscopes are one of the most useful pieces of equipment found in a physics or electronics 
bboratory. They are effectively voltmeters for observing quickly changing and repeating 
potential differences and they are usually used to plot voltage-time graphs over short intervals 

of time. But it is not just voltages that can be displayed; any physical quantity 
that can be repreu111cd by a voltage can be shown in the same way. A 

Ill 
common example would be using the output from a microphone as the input 
to an oscilloscope to show the pattern of the sound waves. A much simplified 
representation of the front of an oscilloscope is shown in Figure 11.30. 

To begin with, a bright spot is seen on the screen and it can be moved around 
by voltages that make it move up and down, or left and right (y shift and x shift 
respectively). Circuits within the oscilloscope are usually used to make the dot 
move automatically from left to right across the screen at any of a very wide 
variety of speeds. The dot then moves back to the left of the screen and the 
process is repeated very quickly. This is known as using the time base. Unless the 
speed is quite slow, the moving dot will appear as a horizontal line. 

brightness 

• 

O Qyinput 

focus 

• 
o~olt<Jcm 
• yshift 

00~ 
off 

Like any voltmeter, an oscilloscope is connected across the component 

• Figure11.30Asimplifiedoscilloscope 

whose p.d. is to be investigated, using they input. If, for example, a sinusoidal 
voltage was applied to the y input at the same time as a suitable time base 
was moving the spot in the x direction, then a trace such as shown in Figure 
1130 would be seen on the screen, provided they gain (amplification) was 
adjustedtoasuitablevalue. 

l If the squares shown in Figure 11.30 are each I cm x I cm and the settings on the 
oscilloscope are 50 V cm-1 and 4 mscm-1, calculate: 

the peak voltage 

b thermsvoltage 

the time period 

d thefrequency. 
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5 If the res.istorinthecircuitshownin Figure 11.31 is470 and thesupplyl'Oltage hasapeakvalueof 12V. 
whatisthermsrnrrentinthecirrnit? 

10=~=%=0.25SA 

0.255 
lrms=~=0.18A 

6 Consider Figure 11.32. which shows the variation with time of a supply of alternating p.d 
a What isthepeak valueofthevoltage? 
b Whiltistherms\lOltageofthissupply? 
c Whi!tarethetimepeiiodandfrequencyofthesupply? 
d If this vottage were mnnected to a 64 0 resistor. what wou ld be the peak and rms currents? 

b ~:4.2V 
,/2 

c f:8.0x10-1 s 

f=+=12.5Hz 

d l0 =i'-=*=0.094A 

l,,,.,=i= ~:~~: :0.066A 

p.dN 
8 

• Figure11.32 

Time/10-1s 

30i1 tfthepeakvalueofthepciwi!rinaci=itl ikethiltlOOWn inFigure11.31is14W,whatistheave!"ilgepower? 
b lfthermsvalueofvoltageis2SV. whatistheva lueoftheresistance? 

31 a In a coontry where the mains electricity has a rating of 230V. what is its peak value? 
b 'Nhatisthepeakvalueofthernrrentthrooghanelectricheaterrated2.1SkWinthatmuntry? 
c What is therms current through the heater? 
d If the same heater was taken to a coontry where the \IOltage was rated at 110 V. at what average rate 

wooldittransferenergy) 

32 What is the rms \IOltage ilCross a light bulb that has an average power of 60W when an alternat ing rnnent 
ofpeakvalue0.36Aflowsthroughit7 

33 ii What is the iM'fagl' power dissipated in a 24.0 0 resistor when an alternating \IOltage of peak value 
1S0Visappliedacro5sit? 

b If therms va lue of the \IOlt.ige was doubled what would be the new power? 
c What assumptions did you make? 

34 A water heater rated at 2.0 kW is designed to w()fi( with a voltage rated at 2S0 V and frequency 60 Hz 
ii Cakulatethepeakvaluesofpower,\IOltageandrnrrent 
b Sketch three graphs on the same axes to show how \IOltage. current and power vary over 0.03 s. Include 

numerical values 

• Transformers 
The transfer of electrical energy from power stations w communities requires the use of much 
higher voltages than is safe for use in homes (or than is pro.::luced by power stations). This means 
that there is the need to change (transform) voltages between different values, and the devices 
that do this are called transformers.Transformers are also needed in our homes whenever we 
need a voltage that is different from the mains supply. For example, we may wish to charge a 
mobile phone at 4 V in a country where electricity is supplied at 110 V. 

Transformers use the principle of electromagnetic induction and because this requires time­
changing magnetic fluxes, simple transformers can only operate with alternating current, not 
direct current. Figure 11.33 shows the structure of a simple transformer. 
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• Figure 11 .33aThe 

structure of a simple 

the circuit symbol for 

The input voltage that we want to transform is connected to a coil of wire known as the primary 
coil. The output voltage is taken from a separate coil known as the secondary coil. The two coils are 
1101.md on the same ferromagnetic (soft iron) core which usually forms a complete loop, even when 
(as is usual) the coils are wound on top of each other. The ferromagnetic core has a high magnetic 
permeability and this increases the magnitude of the magnetic flux passing between the coils. 

' JI[ 
An alternating current in the primary coil creates an alternating magnetic flux, which then 
passes through the iron core to the secondary coil and induces an emf. 

There are many factors that may affect the induced emf in arrangements such as that shown in 
Figure 11.33a and many interesting investigations are possible. 

The higher the number of turns on the secondary coil, the bigger the output voltage (for a 
given arrangement). 

For an ideal transformer, the input voltage and output voltage, and the numbers of turns are 
linked by the following equation· 

1.~ 
e, N, 

This equation is given in the Physics data booklet 
This equation suggests that by ch<X>sing a suitable turns ratio (N /N,), an ideal transformer could 

in theory transform any alternating voltage into any other voltage. A transformer used to increase 
voltages is called a step-up transformer. In contrast, step.down transformers reduce volt ages. 

An ideal transformer is 1009{, efficient, so that power into primary coil equals power out of 
secondary coil. 

Thiscanalsobeexpressedas· 

--"'- l, 
£ , - ~ 

This equation is given in the Physics data booklet. 
A transformer that steps up the voltage must step down 

the current. A step-down transformer must have an increased 
current in its secondary coil. In real transformers, such as that 
in Figure 11.34, there will be some energy dissipated into the 
environment • Figure 11.34Atransformer 

on a road-side pole 
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7 An idwl tramformer has 800 turns oo its primary coil and 60 turns oo its secondary coil 
a lsthi1astep-uporastep-downtranslormer? 
b If a ~oltage of 110V is appl ied to the primary coil, what is the output voltage) 
c Cakulatethernrrentlhrougha 120resi1torcoonectedtothesecondarycoil 
d Calculatethepowerinthesecondarycircuit 
e What is the current in the primary coil) 

a A 51:ep-down transformer. because there are fewer turns oo the secoodary coil 

b ~:"!..iso....!!Q_x~ande,:8.3V 
e, N." e, 60 

c l,,.;=4}-=0.69A 

d P,:e,xl,:8.3x0.69:5.7W 

e Ip=~= ~i~ :0.052A 

f Becauseitisanidealtraoslomierweknowthattheioputandoutput powersareequal 

-

Note that the ioput power and rnrreot cao ooly be calculated after the power taken from the 
secoodarycirrniti1koowo.lfnocurrentistakenoutfromanideal transformer,thentheinputrn1rent 
andinputpowerwillalsobezero 

Power losses in transformers 

Up to this point, we have assumed that transformers are 'ideal', in other words that they are 
100% efficient with no power losses. In practice, of course, this is not possible. The main reasons 
why some of the input power is dissipated to thermal energy in a transformer are as follows· 

• The wires (windings) of the coils have resistance, so power (P • I1R) is generated when 
currents flow through them. This is sometimes known as joule he3t ing. 

• Currents are induced in the core of the transformer as well as in the coils. These induced 
currents (eddy currenn), swirling around in conductors, will result in joule heating 

• Energy is also transferred in the core as it is repeatedly magnetized and demagnetized. This 
is an example of an effect known as hyst eresis , in which the properties of the system lag 
behind the effect producing the changes. 

• AU of the magnetic flux created in the primary coil will not pass through the secondary coil; 
there will be some 'leakage' of magnetic flux 

To reduce energy losses, thick wires of a metal with low resistivity (copper) should be used 
for the windings. The cores are also usually made with layers (laminariom) of a ferromagnetic 
material separated by thin layers of insulation to greatly reduce eddy currents. 

Larger transformers are usually the most efficient - up to 98% efficient. Even at this 
efficiency, large transformers may need to be cooled to prevent overheating. For example, a 
transformer v..urking at a power of JOO kW and efficiency 95% must dissipate 5000 J of thermal 
energy safely every second. Smaller transformers are less efficient. 

Most of the v..urld uses electrical power with an alternating current frequency of SO or 60 H:. 
There are a number of conflicting factors affecting this choice, including the efficiency of 
transformers 

35 Makeali51ofthefactol'SthatcouldaffecttheioducedemfinFigure11.33a 

36 An id NI transformer has 600 turns oo its primary coil 
• If ittraosforms 240V to 12V, how many turns are oo the 1ecoodary coil? 
b When the secondary coil was coonected to a resistance, the rnrrent was 480mA. What was the value 

of the resistance? 
c Calculatethepowerdevelopedinthesecoodarycircuil 
d What was the rn...-ent in the primary coil? 

37 • Draw a fully labelled diagram of an ideal transformer capable of operating a 10V, 16W lamp from a 
220Vacsupply.lncludetheoutputcircuil 

b What rnrrentflows intheprimarycircuit? 
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38 An ideal transformer with 36 tums on its primary coil is needed to step up a voltage from 110V to S.OkV. 
• How many turns should be wound on the secondary mm 
b If the input rnrrent was measured to be O.SSA, what was the output current and power? 

19 A turns ratio of 10:1 lor a step-downtramlormercouid be chosen from 10: 1 or 100:lOor 1000: 100 
or10000:1000etc.Suggestfacl0f5thatmighlaffectthechoiceoftheactualnumbersofturnsonttie 
transformer coils 

40 Amobilephonechargertransforms110Vto3.8V. 
• If there are 2000 turns on the primary coil, how many turns should there be on the secondary coil? 
b lftheoutputpowerofthecha1gerisO.S8W,whati1thecurrentinthesecondarycoil? 
c lftheprimarycoilrnrrentisS.9x 10-lA,whatistheeffkiencyofthecharger? 
d What power would be dissipated by the transformer? 
• How would you know ii a mobile phone charger was inefficient? 

41 Suggestpossiblereasonswhylargertransformers{andotherelectrnmilgnetkdevices}areusualtymore 
efficient than smaller ones 

• Elect ri ca l power 
d istribut io n 

Larger power stations tend to be more 
efficient than smaller ones, and it is also 
less expensive to build fewer larger power 
stations than many smaller ones. This 
means that most people do not live or 
work near the power station that supplies 
them with electrical energy. Consequently, 
electrical power often has to be tmnsmirud 
significant distances between the place 
where it is generated and the place where it 
is used. Thecablesthattransferelectricity 
around the country are called transmission 
lines (or sometimes power lines). 

Power losses in transmission lines 
We ktlOl\l from Chapter 5 that when a 
current, I, flows through a conductor of 
resistance R, some of the electrical energy is 
transformed w thermal energy. The p:Y>l'er 

bs.,P,canbecakulatedfromP•l2R 
Obviously, every effurt must be made to • Figure 11.lS Transmission lines transfer 

keep the pm1,er loss in transmission lines as low electrical power around countries 

as possible. This can be done by keeping the 
resistance of the cables and the current through 
them as low as possible 

The metal chosen for the conductor needs to 
have a low resistivity. However, resistivity needs 
to be balanced with economy, and using thicker 
cables of a cheaper metal rather than using thinner 
cables of a more expensive metal can cost less 
m•eralL as.suming that they conduct equally well 
(Remember R • ri-)A from Chapter 5.) 

Other properties of the metal will also be 
important, such as its density, tensile strength 
and chemical reactivity. Overall, aluminium 
is usually considered the best choice for • Figure 11.36 Part of a power line with 
transmission lines, often with a steel core separate inner cables 

toincreasestrength(seeFigure 11.36) 
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Why t ransformers are needed for the transm ission of electrica l power 
In order to deliver a certain electrical power, P, to a community, in theory it is possible to use any 
current, I, and any voltage, V, for the transmission lines, as long as P • VI. In other words, if the 
current is to be reduced (to reduce energy dissipation), then the voltage must be increased by the 
same factor in order to deliver the power required 

Transformers are used to step up the voltages across transmission lines to as high a value as 
possible, so that the current can be decreased and the thermal energy wasted (12R) greatly 

""'"ced 

... -~ - - ! 
Step-up transformers are sited as close as possible to power 
stations (see Figure 11.37). Decisions on the maximum value 
of voltages used with transmission lines are based largely ·1 - ..( 1-.r 

~ ,t(=#, ~ -_· ,, '_·' ... 
- - i\ ' . / .... ~ ; ~ 

on a combination of economic and risk factors, and there 
is no ideal value. The cost of the extra precautions needed 
to make extremely high voltages safe has to be balanced 
against the financial and environmental costs of the 

--~~.-;-\,Jf!_ . - _ -~ ; .• , I' I . ... 41)· J 
....., . • i._ .. ·pl 
.. ·,,· ~. ; '. . •· 
11 ' Ii/. · ·~ 

extra power losses that occur at lower voltages. In theory, 
stepping up the voltage by a factor of, for example, 1000 can 
reduce the current by the same factor; at the same time the 
power loss (I2R) is reduced by a factor of 10061 • 106. 

Following transmission, the voltage has to be stepped 
down again to a value that is reasonably safe for use, for 
example, in homes and schools. In most countries this is 
in the range 200--250V, although industries usually use a 

• Fi gure 11.37 Step-up transformers at a power station 

• Figure 11 .38 
A simplified power 
transmission system 

higher voltage. Step-down transformers are situated as close as possible to consumers 
(Note that the equation P • \12/R can be used with transmission lines to calculate the ,ultage 

drop along a cable. For example, if the power dissipated in a cable of resistance 2 f1 is l~W, then 
the voltage drop along the cable is 140 V, which is not really significant if very high voltages are 
being used.) 

The need to transform voltages exphins why alternating currents are used - only ac currents 
induce the changing magnetic flux needed for transformers to Vr'Ork. 

Figure 11.38 shows a block diagram of a simplified transmission system with some typical 
voltages. In reality, the voltages are stepped up and down by a series of transformers. The 
maximum voltage may rise to 750kV or even higher. 

distance di'ilan{e 

-~a~~~~~~n!_ 2S0V 
I k>ogdiea~,~I 

___________ town 

'ilep-uptransformers 'ilep-downtramfomlefs 

Transmission lines in different parts of a country are usually all connected together in what 
is known as a tran smission grid. The computer-controlled grid (Figure I 1.39) helps balance 
supply and demand for electrical energy in different parts of a country, and sometimes also 
across international borders. Most people have become dependent on a continuous and reliable 
supply of electrical power and it is a high priority for electricity companies and governments to 
maintain that supply . 



• Figu re 11 .39 

The Transmission 

Control Center of 

transmission network 

operatorSOHertz, 

Neuenhagen, 

Germany 

r Computermodetling 

Computer mcx:lelling (of pm1,er transmission, for example) must make simplifying assumptions, 
and it will not be able to take every inefficiency and variation into consideration. If the modelling 
of power transmission is based on an idealized system, then reality will involve lower powers 
because of inefficiencies that will never be 1009b predictable. It is a major function of the system 
operators to appreciate the limitations of any computer model used and recognize any anomalies. 

8 a What is the total cum>nt wppliedto 2000 homes each using an il'leri!Qe of 2.4kW of electrical energy. 
if itiswppliedusingavoltageof230Vl 

b Calculate the resistarxe of a transmission cable made of pure aluminium (p"' 2.8 x 10-80m) that has 
arild iusof3.0cmandalengthof1Skm 

c At what rate would electrical energy be transferred to thermal energy if the current in a flowed 
throughtheresistancein bl 

d Comment oo your answer to c 

b R:pUA 

R-{2.8x10-8)x(1.Sx11l4) 
- (nx0.030') 

R:0.150 

(Thisvaluecertainlydoesnotseem likemuchres.i!.lanceforacablelSkmlongl) 

P:l1R 

P:210001x0.15:6.6x107W 

d This power loss is far too high. It would be much more than the useful power delivered to the 
homes, making the process very inefficient. The cable would get very hot and melt 

42 Suggestreasonswhycopperisusedforthewiringinhousesbutnotfortransmissionlines 

43 A small town requires an avern91' of 635kW of electrical power and is supplied by a transmission line of 
totalresistance0.760.Calculatethepowerlos1inthecablesifthe110lti!Qeusedis 
• 1000V 
b 250000V 

44 Suggest why industries may prefer to be wpplied with electrical energy at a higher IIOltage than homes 

45 Explain why transformers shoold be situated as close as possible to power stations and to homes. 

46 a Suggest why it is desirable for the metal used in transmission lines to have a low density. 
b Whatchemicalpropertiesmaybeneededofthemetall 
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47 • If the primary windings {of a coil) in a step-up tramformer have 120 turns. how many turns are needed 
onthesecoodarycoil if itistotramform20.0kVinto380kV? 

b What vcitage is the output from a step-down transformer at the other end of the trammissioo line if it 
has 6800 turns oo its primary coil and 80 turns oo its secondary coil? 

c What assumptions did you make? 

48 • Suggestareasonwhyatransformermightworklessefficientlyathighfrl'{Juencies 
b Suggest a reason why a transformer might work 11.>ss 1.>fficiently at low frequ1.>ncies . 

4!1 A 111.>p-up transformer is u'ied as part of a trammissioo system. It has 160 turns in its primary coil and 1920 
turnsinitssecoodilrycoil 
• If the input voltage is 1200V, what is the ma)(jmum theoretical output voltag1.>? 
b If a currrot of 160A flows in the primary coil, what i1 the input power? 
t The st1.>p-up transformer is 96% efficient. US!.' your answer to I to calculate thl' current that flows 

throoghth1.>secondilrycoil 
d How much power is dissip;ited to thermal energy in the tramform1.>r? 
• If the ootput transmission linl' has a r1.>sistance of 0. 180, what is thl' power loss in the cabl1.>1l 

111!1111!1111111 Competition and bias 
We have explained the advantages of using alternating currents for the transmission of electrical 
power, which is now by far the most common system used in the world, but in the early years of 
electrical power production (the 1880s), direct current systems were also considered 

George Westinghouse and Thomas Edison were two famous American businessmen/ 
inventors/engineers and their companies took opposing views on which was the best system 
for power transmission. This has since become known as the 'battle of the currents'. Edison 
favoured a de system in which many (smaller) power stations were to be much closer to homes, 
so that there would be no need for high voltages and transformers. (At that time there was no 
easy way to transform de.) The whole system was intended to operate at approximately the same 
voltage, although a small drop \\Qllld be expected between supplier and user. Because there was 
no need for high voltages, it was claimed that a de system would be safer. 

For the reasons already stated in this chapter, the ac systems proposed by Westinghouse 
have become normal practice around the world. But although such systems have predominated 
since those times, there have been some de systems in operation in various countries around the 
world, especially in small areas of high population density. 

There can be problems with the use of ac power transmissions when different systems are 
connected together (for example between countries operating at different frequencies). There 
are also significant pml'er losses when ac is used to transfer energy under water. For these 
reasons, high mltage direct cumml (HVOC) tmrumissions are becoming more popular, although 
the conversion of ,ultages for de is a more complicated and expensive process than for ac. 

-·· ~~:l~~eri:~;ctromagnetic fields around power lines and in our homes a 

Absorption of electromagnetic energy by the human body 
Any oscillating current in any circuit will create changing electric and magnetic fields, "hich will 
spread away from the conductor. Mobile phones, wi-fi, TVs and radios, for example, all use this 
effect to great advantage with circuits and aerials designed to transmit and receive high-frequency 
oscillating electromagnetic fields efficiently (a typical mobile phone frequency is 900 MHz) 

Human (and animal) bo:lies are conductors of electricity. So, if any changing electromagnetic 
fields produced by circuits that use alternating currents pass into a bo:ly, it is scientifically 
reasonable to expect that very small currents may be electromagnetically induced, much like 
eddy currents in a piece of metal, like a transformer core 

Some electronic equipment used in our homes (for example, computers) involves the use of high 
frequencies, but most of the electrical appliances in our homes use only the mains frequency of 
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50 or 60 Hz; the electromagnetic radiation from these can be described as extra-low{requency 
(ELF). Because the oscillating electromagnetic fields from mains electricity are ELF, the rate of 
change of magnetic flux is relatively small so that any induced currents will also tend to be very 
small. The corresponding wavelength is \·ery long (confirmed by using c • fA) and this also means 
that relatively little electromagnetic energy actually spreads away from the law-frequency circuits 

Possible health risks 
Much research has gone on around the world into the effects of ELF radiation on the human 
body. Most scientists believe that the effects are negligible and that there is no evidence of 
any significant health risk, such as damage to genetic material. Typically, the strength of the 
magnetic fields a person might experience from electrical devices in their home is much smaller 
than the Earth's magnetic field strength. 

Understandably, people tend to be more worried about the health risks of being close to 
transmission lines. Concerns about living near high-voltage po\l'er lines include leukaemia 
(especially in children), other cancers, depression and heart disease. However, there is currently 
no conclusive evidence making a link between these illnesses and living close to power lines. 

Of course, it is certainly possible that, despite the current lack of definitive evidence, there iJ a 
health risk associated with living close to a power line (which could be confirmed by scientific 
research in the future). However, the fact that extensive research over many years has failed to 
make any significant connection suggests that any link, as yet unknown, may not be a great 
cause for concern. 

Despite the lack of convincing evidence, a significant number of people still believe that 
there is a real risk to health, mostly because of reports they have read on the internet or in 
newspapers, or seen on the television. Such reports often tend to exaggerate any possibility of 
risks to make an interesting story, or fail to discuss any alternative scientific opinions. Of course, 
once the possibility of a risk is placed in their minds, many people believe that it is sensible 
to take precautions, even if that risk is very small or negligible. There are risks associated 
with everything we do as individuals or as a society, and before we \\-Urry too much about any 
particular activity it would be sensible to compare any possible risk with the ri5Ks of our other 
activities like crossing the road, taking a plane trip, smoking or eating a lot of fast-food 

Research is continuing into the possible effects of tiny induced currents in the human body. 
If there are any such effects, it mJuld be reasonable to assume that they would be more 
pronounced with higher currents, higher frequencies or a longer time in the field. However, 
at present, there are no known biophysical processes in the human body that would make 
scientists expect that exposure to such ELF electromagnetic fields could affect genetic material 
(DNA) or o therwise be a danger to health. 

If we consider that the electromagnetic energy is transferred by photons, the energy carried by 
the photons is believed to be too small to cause harmful reactions. Similar comments may be 
applied to the electromagnetic radiation from mobile phones. 

l a Cakulate the wavelength of electromagnetic radiation of frequency 50 Hz 

b Suggest a reason why electromagnetic wavelengths of this size do not spread away 
efficiently from household appliances (see Chapter 4). 

2 a What amount of energy is carried by a single photon of frequency 50Hz? 

b Suggest a reason why electromagnetic radiation of this frequency could be considered to be 
unlikely to affect the human body, regardless of the intensity or duration of the radiation. 

The previous two questions use two different and conflicting theories about 
electromagnetic radiation which are linked by the concept of frequency. What name is 
given to this dilemma? 
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3 Use the website of the World Health Organization (WHO) to find out what their opinion 
isontheeffectsof: 

a living close to sources of ELF radiation 

b using mobile phones for long periods of time 

4 Explain why it \\U\Jld be reasonable to as.sume that if there were any health risks associated 
with exposure to ELF rOOiation then they would be worse with higher currents, higher 
frequencies or a longer length of time in the electromagnetic radiation 

TOK link 

There is continued debate of the effect of eledromagnetk W.tve5 Ofl the health of hum,ms, e,;pecia//y 
chi/dren . lsitjustifiitbletomakeuseofscientifkadv.tnces-evenifwedonotknowwhilttheirlong-term 
consequences maybe? 

'Long-termconsequences ' maybeverydifficultto.tssess. Suppose.forexample.afterextensiveresearch. 
it was shown in a report on transmission lines that IOI childrl!fl between the ages of 5 and 1S who 
livedwilhin200mofahigh-voltagea.erheadlineforlongerthanfiveyears.therewas.onaverage,a 
10%-greater-than..;m,rage chance of developing a certain kind of cancer. Such information would be 
understandab!yveryalarminglorotherpeopleinsimi!arsituationsanditwouldcertain!yreceivealotof 
publicity,withheadlinessuchas'Cancer rilkconfirmed'. Thescientistsandstatisticians whoproducedthe 
reportmayhavestatedcleartythatpeopleshouklnotreachtheconclusionthatthetransmissionlineswere 
definitelyaheatthrilk - butthatrnmmentwouldhaveundoubted!yreceivedlessattention 

C~lectingstatisticaldatal ikethisis, byitsnature.selective. Res&1rchershavetochoosewhatinf01mation 
theyare lookingforandrtisnoteasytobernmpletely unbiased,especial!y iftheystartwiththedefinite 
intentionoflookingloracertainrnnnection. Other. relevant.inf0f!T1ationmayhavebeenoverlooked,or 
perhaps the same data could be interpreted in a different way. For example. maybe over a period of 10years 
the inu&!Sed risk was much less than 10%, or maybe thell! was a decreased risk tor people over the age 
of 15 - but such information will rece i\<e much less attention. Most scientists try to act with integrity and 
all! we ll aware of the sometimes misll'ilding nature of statistical evidence; !hell! i1 rarely any intention to 
mislead 

Evenifaconnectionbetweentwosetsofdataisfirm!yestablished(thati1, ifthereisadefinitecorre/ation). 
,;dentists may still be a long way from proving that one thing (for example. living near to a high-voltage 
power line) causes another (for example, an increased cancer risk). There is always uncertainty in the 
acrnracyofanydataand ,;tatisticaldata likethi,;is subjecttounpredictable~ariations and limltations 
So. anyrorrelatkm maybe purely coincidental. although good research and analysis should reduce this 
possibi lity 

Even if statistical evidence is convincing, it may stil l be misieading. For example. ii is a confirme-0 fact that. 
onaverage,tallerchildrentendtobebetteratleamingphysicsthanshorterchildren. (Explanalionatthe 
end of this section.•) 

Therecouldbeotherexplanationsofapossiblecorfl'lation. lt mightarisebecausethepeopleliving 
near the power lines are not typical of the general popul.ttion in some way, or perhaps there is something 
else about the efl'lironment of the power lines that causes an inuNSed cancer risk, or maybe there is a 
completely unknown factor having an influence. Such uncertainty means that confirming a definite cause 
andeffectcanbeverydiffirnlt. andsocietyandindividllillshavetomakejudgementsbil:ledonthebest 
evidenc.eavailable.lnChapter8,theinueasinglevelsofcarbondioxidewerecorreiatedagainstincrna1ing 
averageglobaltemperatures,leadingmostscientiststobelievethatglobalwarmingismainlycause-0 
by gases rel&!Sed when fossil fueis are burned, but thell! all! still some people who have doubts about 
the link 

(• Explanation: in this case. being ta ller is not the cause ofthiscorrelation. Growingtallerand achie~inga 
better understanding of physics all! both consequences of getting ~der {in children) . It is common for a 
correlation to exist betwem two facts because they are both caused by something else. which may not 
be known.) 
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@ijijj@\j[O],tM Overhead or undergrou nd cables? 
Almost all long-distance, high-voltage transmission lines are overhead - held well above the 
ground on pylons for safety reasons (see Figure 11.35). The cables themselves may be bare 
wires, without any insulation between them and the air, but very good insulators, like glass or 
ceramics, are needed where the cables are supponed by the pylons (see Figure 11.40) 

The breakdown electric field strength for dry air is usually quoted to be 
about 3000V mm-1. This suggests that a potential difference of 3 x 10" V 
would be needed fur a dangerous spark to jump across from a high-voltage 
transmission cable toa person or object Im away, and6 x !O"Vat 2m 
apart, and so on. However, you are misled if you think that it might be safe 
to be within a few metres of an overhead cable. This is because the spark 
risk is unpredictable, depending very much on the shape and nature of the 
object close to the cable and the humidity of the air. 

Many people think that pylons and transmission lines are ugly and spoil 
the beauty of the countryside, but the cost of burying cables underground 
is many times more expensive, panly because of the considerable extra 
insulation needed. When faults occur, the repair of underground cables is 
also slower and more expensive. 

Similar considerations apply to the 
power cables used in towns and cities 
but because the voltages are lower, and 
because people are more concerned about 
safety and the appearance of their local 
surroundings, many communities prefer 

• Figure 11.40 Ceramic insulation on to pay the extra cost of burying cables 
a pylon underground. Alternatively, cables can be 

supported on poles at the side of the road 
Although they may not be pretty to look at, they are quickly 
and easily repaired and extra cables can be added swiftly. 

I Look at Figure 11.41. Make a list of the advantages and 
disadvantages of delivering electrical power like this, 
compared with putting the cables underground 

• Rectifying a lte rnating cur re nts 

• Figure 11.41 Delivering 
electrical power to homes 

Alternating currents are not suitable for use in electronic devices, like computers and televisions. 
This means that the ac power delivered to a home must be converted into de for such uses. 
Converting ac to de is called rect ifica tion and many electronic devices contain rect ifiers inside 
them. Typically, electronic devices use voltages much lower than the mains supply to the home, 
so a transformer is also needed to step-down the voltage. The simplest kind of rectification is 
achievedwithasinglediode. 

A diode is a semi-conducting component that allows current to pass through it in only 
one direction. 

The circuit symbol for adiOOe is used in Figure 11.42, which shows a diOOe connected in 
series with the output of a transformer and a load resistor. Note that the direction of flow of 
conventional current through the diOOe is represented by the arrow in the symbol. We will 
assume that the resistance of a diOOe is very small for currents flowing forward (the p.d. at 
that moment is providing a fo rwa rd bias) and very large for currents attempting to flow in the 
opposite direction (re\•erse bias) 



• Figure 11.42 

A single diode used 

• Figure 11.43 

Atypical semi-

(conventional current 

flows out of the 

marked end) 

• Figure11.44 

Voltage waveforms 

for simple 
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Figure 11.43 shows a typical diode, but diode designs and sizes vary considerably, depending on 
their intended use 

An oscilloscope connected across the load resistor will display voltage waveforms such as those 
shown in Figure 11.44. (The current waveforms will be proponional to the voltage for ohmic 
resistances.) 

;tlfHWJ 
:nHHnJJ, 
:1 w1r1rtr I · , 
• Half-wave and full-wave rectification 
The lower waveforms in Figure 11.44 represent rectification, but the voltage is continuously 
changing and it is zero for half of the time! This is known as half-wave rectification. An 
effecti\·e numerical value for the voltage could be used to describe this output and it might 
be satisfactory for the operation of devices like simple lights and heaters, but for many other 
purposes this limited rectiftcation is unacceptable. Full-wa\·e rectification can be achieved easily 
with four diodes in a bridge circuit . 

Diode bridges 
Figure 11.45 shows a circuit for full-wave rectification. If the output from the transformer at any 
one moment is such that point A is positive (compared to F), the current will follow the route 
ABCDEF. A short time later the output of the transformer will make point F become positive, 
but the current will still flow through the load resistor in the same direction. Figure 11.46 shows 
the variation in voltage (proportional to the current) that v.uuld be observed by connecting an 
oscilloscope across the ohmic load resistor 
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• Figure11.45 Four 

diodes connected ina 

bridge circuit 

• Figure11.46 
Full-wave rectificat ion 
(alternatively,the 

waveform maybe 
inverted) 

• Figure11.47 

Smoothing a voltage 

with a capacitor 

• Figure11.48 

Capacitor smoothing 
of full-wave 

Smoothing the output 

Full-wave rectification is an improvement on half-wave rectification, but the output volt3ge 
is still variable and will be unsatisfactory for many uses. The output can be smoothed by 
connecting a suitable capacitor in parallel across the resistor as shown in Figure 11.47. 

t-~ 
Capacitors are explained in detail in Section 11.3 and a better understanding of capacitor 
smoothing may have to wait until then. In essence: when the output voltage from the rectifier 
circuit is rising, the capacitor becomes charged and the voltage across it rises. When the output 
from the rectifier is falling, the voltage across the charged capacitor falls much more slowly and 
this helps to maintain the voltage acro;;.s R (see Figure 11.48). ThevaluesofC and R will affect 
the rate at which the voltage across the capacitor rises and falls 

50 Skel{h a full V- 1 charactenstk graph to show the behaviour of an ideal diode. induding forward and 
reverse biasing 

51 UsetheletteringooFigure11.4StoindicatetheflowofrnrrentwhenthereisapositivevoltageonpcintF 
({omparedwithA) 

52 ii Draw a cirrnil that will prodl)(e a smoothed low-voltage half-wave rectffied output Iran a mains trarisformef. 
b Makeasketchofhowtheoutputvoltagevarieswith time 

53 Figure 11.49 shows a typical multi-purpose. low-voltage power rupply used in Khool sden{e experiments 
Theoutputis"stepped'ratherthanrnntinuouslyvariableandithasfull-waverectification, but theoutput 
is not smoothed 
ii What is the principle electrical component in this power supply? 
b Suggest how different output voltages are made available 
c Shouldanelectricheaterbe{oonectedtothedcoracoutput? 



-·· 
• Figure 11.50 

bridge circuit 

d Suggest other experiments for which this power supply may be 
I ruitable 

11.3 Capacitance 489 

• The power supply has a d~ital display for the ootput ~oltage. Why is it unlikely that the display will 
indicate 12V wheri the switch is set to 12V and an electric h&iter is cormected to the output? 

f The power rupply will tum off automat ically if the current becomes too large. Suggest how this might 
beilChie'led(thecormectioocanbe'll'set') 

el·: \: ·" ~ 
~ ·.:.:.,. .. 

• Figure11.49 

Other bridge circu its 
Other bridge circui1s can make interesting investigations, but they are nm pan of the 1B 
syllabus. The full-wave rectification circuit that we have discussed is a typical bridge circuit. 
Bridge circuits consists of tm:> pairs of components (for example dicx:les for the rectification 
bridge) which are connected in parallel with each other and a voltage supply. They are called 
'bridge' circuits because another component is connected between the four components, as in 
the further example shown in Figure 11.50. This is an historically important circuit used for 
measuring an unknown resistance, Rx. Its importance lies in the fact that no current is flowing 
through the galvanometer when the final measurement is made. This circuit is known as a 
Wheamone bridge. A similar circuit involving capacitors is called a \Vien bridge. 

11 .3 Capacita nee - capacitors can be used to store e1ectrica1 ener9r tor 
later use 

The ability of any object to 'store' electric charge is described as its capacitance. An electrical 
component that is designed to store electric potential energy using charge separation is called 
a capacitor. 

The simplest kind of capacitor comprises two parallel metal plates with an insulator between 
them. 

• Parallel plate capacito r 
Consider Figure 11.51. When the switch is connected to A, electrons will be attracted to 
the positive terminal of the battery and repelled away from the negative terminal, so that 
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• Figu re 11 .51 
Parallel metal plates 

battery 

+ 
• Figu re 11 .52The 
circuit symbol fora 

capacitor 

one of the two parallel plates becomes positively charged while the other becomes equally 
negatively charged (as shown). This process is called charging the capacitor. As the charge on 
each plate increases, the addition or removal of more electrons becomes increasingly difficult 
because the charged plates will oppose their movement. A steady charge is reached when 
the potential difference across the plates due to the charges becomes equal to the terminal 
potential difference across the battery. The capacitor can be d ischarged by connecting the 
switch to B, so that the electrons reverse their movements. In this simple arrangement, 
charging and discharging are very quick processes because there is no resistance in the circuit 
Note that charge never flows through the insulator between the plates (unless there is a fault, 
called a 'breakdown'). 

The amount of charge, q, on plates like these will be \·ery small (typically picocoulombs), but 
how that charge depends on the size of the potential difference across the plates, \I, or their area, 
A, or their separation, d, can be investigated with a high-voltage supply and a sensitive coulomb 
meter. The effect of putting different insulators between the plates can also be tested. 

The circuit symbol for a capacitor is based on the parallel-plate arrangement (see 
Figure 11.52). (Some capacitors are electrolytic in design, so they must be connected correctly. 
For this reason a + sign is included in the symbol for these capacitors.) 

Experimental results show that· 

It can also be shown that q <>< electric permi11itii1y, £, of the insulator between the plates. 
Electric perm ittivity was introduced in Chapter 5 as a constant representing the electrical 

properties of an insulator. Relative permittivity, e, • e/e0, where loo is the permittivity of free 
space(avacuum). lnsummary: 

This equation is nol given in the Physics daia booklet 
If the insulator between the plates is air or a vacuum, we can write· 

VA 
q•£oa 

This equation is nol given in the Physics daui booklet 



• Figure 11.53 

Polarized molecules in 

a dielectric between 
two charged plates 
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• Capacitance 
The capacitance, C, of a parallel-plate arrangement is defined as follows: 

C • the charge on the plates 
the potential difference between the plates 

· f 
This equation is given in the Physics data booklet 

The unit of capacitance is the fa rad, F (IF • I C/1 V). Because this is a large unit, the 
smaller units millifarad (mF), microfarad (µF), nanofarad (nF) and picofarad (pF) are in common 
use. Note that the magnitude of the charge, q, is the same on bo1h plates, because effectively the 
charge has been moved from one plate to the other. 

(The symbol C , in italics, for capacitance should not be confused with C for coulomb.) 

Comparing C • f with q • ~ gives: 

This equation is given in the Phyiics data booklet. A 
If a vacuum (or air) is between the plates we can use C • G, 7 

Dielectric materials 
Capacitance can be increased by putting an insulator with the right electrical properties 
between the plates. Such materials contain polar molecules and are called dielect rics (or 
d ielect ric mater ials). Dielectrics are insulators with molecules that can be polarized in electric 
fields(seeFigure ll.53). 

I 
negatj,,,e{harge 
oo~rface 

pmitj,,,e{harge 
oosurface 

The overall effect of a dielectric is to increase the amount of charge on the plates of a capacitor 
(for a given potential difference). The polarized molecules create their own electric field which 
opposes the electric field between the plates, so that the net field between the plates tends to be 
reduced because of the dielectric. However, to maintain the capacitor at the potential difference 

provided by the source, V, more charge, q, must flow onto the plates. Because C • q}V, the 
capacitance,C, increases. 

Relative permittivity is also sometimes called the d ielect ric constant. 
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9 a Calculate the capacitance of two parallel metal plates, each of area 15cm1, when they are separated 
by2.0mmofaif. 

b What charge w ill flow onto each of the plates when a potential difference of 12V is connected across 
them? 

a Cae£if',/dae(8.8Sx 10-11)x(1.Sx 10-1)/(2.0x10-1)ae6.6x 10-11 F(or6.6pF) 

b Caeq/V 

6.6x10-11 aeq/12 

q:8.0xl0-11 C{or80pC) 

54 A standard value for a capacitor used in electronic circuits is rated at 470µF, 15V. What w ill be the charge 
onthiscapacitorifitisconnectedtoa12Vsupply? 

55 Calculatethep.d.neededbetweenparnllelplatesofarea47.6rn/inorderthiltachargeof1.00nCwill 
acrnmulateoneachplatewhentheseparat ionoftheplatesis2.46 mminair 

56 Dete1minethecap.1Citanceofparnllelplatesofarea4.9rn/whenpotylheneof relativepermittivity2.25 
and thickness 0.18mm is sandwiched between them 

57 When a pair of parallel plates with an insulator sandwiched between them had a p.d. of 1550Vapplied 
across them, a charge of 3.7 µC accumulated on each of the plates. Determine the permittivity of the 
in'illlator if ithildathicknessof0.074mmandthe areaoftheplat eswas15.8cm1 

58 Findoutwhichdielectricmaterials arethebestchoicesforincreasingthecapacitanceofcapacitors 

59 A layer of aluminium oxide used to make a capacitor is 2.3 x 10-1mthick. lfthe plates of a 1.0µF capacitor 
hil'leanareaof24cm1,whati1thedielectricconstantofthealuminiumoxide? 

60 A flow of chai ge around a circuit is sometimes compared to the flow of w ater around pipes producOO by 
the action of a pump. Suggest how a piece of flexible rubber used to block the flow of water through a 
pipe can beconsideredanalogoustotheactionolacapacitor. 

61 Figure 11.54 shows a variable capacitor. Suggest what causes the capacitance to change when the knob 
is rotated 

•

e<l•a~s . m.~iog plates 

. . 
capaotance 

• Figure 11. 54 

• Pract ica l capacitors and t he ir uses 
Capacitors have a very wide rnnge of uses, including 

• smoothing voltages (as discussed in Sect ion 11.2) 

• storing relat i\·ely small amounts of energy, often followed by rnpid release 

• tuning circuits (for example, in radios) 

• timingcircuit s 



• Figure11.55 

A range of different 

capacitors 

• Figure 11.56 

The charge-voltage 

relationship fora 
capacitor 
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• filtering out direct currents in an ac circuit 

• maintaining voltages in the event of power failures (such as to laptop computers) 

Capacitors are available in many different designs (see Figure 11.55), but the ability to store more 
charge fur a gi\·en voltage can only be achieved by a larger physical size (consider C • frl',Jd). 
Designing capacitors with significant capacitance requires that the dielectric layers are very thin 
(which can sometimes result in breakdown faults occurring), and imaginative ways of increasing 
the areas of the pbtes are needed. This is most commonly achieved by rolling very thin plates 
and dielectric into the shape of a cylinder 

62 Explainwhylarge-value1l'sistanc:1.>1canbeverysmallin1ize,butlarge-valuecapacitor1mu1tbelarge 

63 Sugg1.>5twhyacapacitorisuSl.'dasth1.>energysourceforthellashinacamera 

U What problems may arise in a capacitor that uses a very thin layer of dielectric? 

• Energy sto red in a charged capacito r 
As we have seen, the charge on a capacitor is proponional to the p.d. across it. This relationship 
is represented in the graph shown in Figure I 1.56. The grndient of this grnph is equal to the 
capacitance,C•ti.q/t:N. 

1:tZU 
p.dN 

Work has to be done to move electrons to or from the plates because the forces from the charges 
already on the pbtes have to be overcome. We know that, in general, work done • p.d. x charge 
(from the definition of p.d.), but neither the p.d. nor the charge are constant. Because the p.d 
and charge are proponional to each other we can use the following: 

energy transferred to average p.d. charge on capacitor 

a capacitor (between O and V) when p.d. is V 
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E • }Vxq 

but note also that: 

Energy stored in a capacitor equals the area under a q-V graph 

Note that ifV is doubled, q is also doubled, so that the energy stored is x22. This is shown more 
clearly in the following equation, which is obtained using C • q/V. 

This equation is given in the Phyic:s data booklet. 

10 Cakulate the energy stOfed in a 6800µF, 1.SV capi!Citor and {ompare ii to the energy stored in an AA 
batteryofthesamevortage 

Capac:itor:f:fCV1:fx(6800x10--0)x1.9:7.7x10-lJ 

Battery: f"' VII: 1.5 x 1.0 x 7200 (an estimate made assuming that the battery{an pmYide 1.0A for 
2hoors) 

f - 10"J 

As~ming that the volume of the battery is about ten times greater than the {apa{itor, the energy 
densityintheb.ltteryisabout101timesgreaterthantheenergydensityinthecapi1Citor.Clearly, 
{apac:itorsarenotsuitableforstoringlargeamoontsofenergy.Howeo,oer,capac:itorscanreleasetheir 
stored energy very quickly (un like batteries whi{h have signifi{ant internal resistan{e and involve more 
time-rnmumingchemkalpfO{esses) 

The 'flash' used in a camera, or mobile phone, requires a p.d. of a few hundred volts (so the 
camera must include a small 'transformer') and the light emitted needs to have a high intensity. 
This means that the electrical power and current need to be relatively large. A capacitor is 
capable of providing this power because the duration of the flash is small, so the overall energy 
is not large. The charging of capacitors in cameras takes a few seconds because the current 
flows through a resistance in the circuit. Capacitors that are charged by large voltages can be 
dangerous because of the large initial currents they can deliver. 

The energy stored in a large capacitor can be used to light a small bulb or turn a motor for a 
short time. If a joulemeter is available, it can be used to measure directly the energy that flows 
off a capacitor. 

lightning strikes every year on or above the Earth. Of 
these about 25% in\'Olve strikes to the ground. Apart 
from being a risk to human life, lightning can start fires 
and cause considerable damage to buildings and electrical 
systems of any kind. Tall buildings and important electrical 
installations are designed to be protected against lightning. 

• Figure 11. 57Alightningflash 



• Figure 11.58 
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Lightning, like that shown in Figure I 1.57, will strike from a cloud to the ground (or another 
cloud) when the strength of the electric field between them becomes large enough to make 
the air conduct. The charged cloud and the Earth below it may be considered as a very large 
capacitor. The air between acts as the dielectric material, but when the p.d. gets too large it 
breaks down and conducts in dramatic style. 

Clouds contain droplets of water and ice particles, all of various sizes. These are continuously 
moving around and colliding with each other. During this process, charge (electrons) can be 
transferred between particles. This can result in a large-scale charge separation, with the top 
of a cloud becoming positively charged and the lxmom of the same cloud becoming negatively 
charged as shown in Figure 11.58. This is just a simplification of what actually happens becaU'le 
the exact details are still not fully understood. 

L 
The large negative charge at the bottom of the cloud will repel electrons on the Earth's surface 
and objects on it, leaving them positively charged. A very large electric field is created between 
the ground and the bottom of the cloud. When the charge separation and the resulting field 
become large enough, a conducting path is created and lightning will strike along the path of 
least resistance. This is a complicated process, with charge flowing from both the Earth and 
the cloud. Because of the high current involved in lightning, this is a very powerful process and 
a lot of energy is transferred to radiation (including light) and internal energy. The extremely 
rapid heating of the air by thousands of degrees causes rapid expansion and big pressure 
changes, resulting in the emission of sound (thunder) 

Electric fields are stronger near pointed objects, so anything that 'sticks out' from its 
surroundings generally has a greater risk of being struck by lightning. But, the electric field 
inside a conducting surface is always iero, so people inside cars and houses, for example, should 
be safe from direct lightning strikes. 

Apart from the large electric fields created by charged clouds, there is a permanent, but weak, 
electric field of about ISON C-1 above the surface of the Earth, directed downwards. This is 
because of a layer of positive particles surrounding the Earth (the ionosphere), which is caused 
by radiation from the Sun. 

I What safety advice would you give to someone caught outside in a thunder storm/ 

2 Research the damage that can be done to buildings that are struck by lightning. How can 
such damage be prevented/ 

3 Research stories of people who have survived lightning strikes. 

4 Find out which parts of the world have the most lightning strikes every year. 
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65 How much energy Gin be s!Ofed on two parallel plates of area 130ml' and l{'parated by 1.5mm of air 
when a p.d. of 24V is connected across them? 

66 • Whatvolti19ewooldberequiredacrosstheterminalsofaO.lSFG1pacitorinordertostOfe100Jof 
energy? 

b What problems may occur if a v~tage of 40V is applied across the capacitor when it is rKommended 
foruseoolyforvoltagesuptolOV? 

67 ThecapacitorusedinaG1merahasavalueof100µF.ltdeliversenergytotheflashatap.d.of280Vfora 
timeof0.0017s.Determine 
a thetotalenergystoredonthecapacitor 
b thepoweroftheflash{assuming itisconstantdufingthellashandalltheenergyinthecapacitoris 

osed) 

61 Sketchaq-Vg1aphfora470µF,20Vcapacitor. 

69 DeterminetheamoontofenergyslOfedona2.7mFcapacitorwhenithasachargeofS.9 x 10-l(ooit 

70 US{' the internet to learn about ultra-capacitOfs. Write a brief summary of your findings 

Jlll!ml!IIIIIII Relationships and mathematical analogies 
The mathematics of the energy stored on a capacitor is very similar to the mathematics of the 
energy stored in a stretched spring (Chapter 2), even though there is no physical similarity. 

• Figu re 11 .S9 

Capacitors connected 

in parallel 

• A p.d. applied to a capacitor stores electric potential energy as charges are moved onto the 
plates. The gradient of a q- V graph represents the capacitance (C • fo,qjt:N). The area under 
a q-V graph represents the magnitude of the stored energy, leading to E • Y.iCV2 

• A furce applied to a spring stores elastic potential energy as the spring is otretched. The 
gradient of an extension- furce (x- F) graph represents I/force constant (k • t,.F/6.x). 
The area under an x- F graph represents the magnitude of the stored energy, leading to 
E• Y.ikx2. 

There are many mathematical analogies in physics and we will soon meet another in this 
chapter - the mathematics of exponential changes has many applications, including the theories 
of capacitors and radioactivity. 

• Capacit o rs in se ri es a nd pa ra ll e l 
There are times when we may need to work out the total capacitance of two or more capacitors 
connected together in a circuit. For example, we may want to know how to connect capacitors of 
standard values to achieve a required overall capacitance 

Capacitors in parallel 
Consider three (or more) capacitors connected in parallel, as shown in Figure 11.59. The single 
capacitor, C pa:r,llel• which has the same capacitance as the combined capacitance of the others, 
will have a total charge of q1 + qi + q3 on its plates. That is: 

qparallel • q1 +ql+q1,butq • VC,sothat: 

vcp ... ue1 • vc 1 + vci + vc1 

Dividing by V, "hich is the same for all: 

This equation is given in the Physics dara booklet. 

l 
~ v 

1 



• Figure 11 .60 

Capacitors connected 
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Capacitors in series 

Figure 11.60 shows three capacitors connected in series. We know that the same amount of 
charge, q, flows onto each capacitor and V • V1 + V2 + VJ, but V • q/C, so that the single 
capacitor, C ,.ne,• which has the same capacitance as the combined capacitance of the others, 
can be fuundfrom: 

___!!_ .___g_ .. ___g_ .. ___g_ 
c .. ,1es c 1 ci cJ 

Cancellingqgives· 

This equation is given in the Physics daia txJoklet. 
The value of an unknown, uncharged capacitor (or combination of capacitors) can be 

determined by connecting it in parallel with a charged, known capacitance, as shown in Worked 
example 11. 

Alternatively, an unknown capacitance may be determined from the rate at which the 
discharge current (or p.d. across the capacitor) decreases with time. This will be covered in 
greater depth next. 

11 A capac:itor of O.lOF was charged by coonecting it to a 5.9V supply. When it was disconnected from the 
supplyandther1conr1ectedinp;1rallelwithar1otherunchargedcapacitorofunknowncap;1citance. the 
\IOlti!Qeacrossthemfellto0.71V 
a Calculatethechargeonthefirstcapacitorbeforethesecondcapacitorwasconnected 
b ~temiinethecombinedcapacitanceofthetwocapacitorsinparallel 
c Whatwastheunknowncapac:itance? 

a Q:CV:010xS.9:0.S9C 

b C:QIV:O.S9I0.71 :0.83F 

c c.,,,. .. ~=c, + c1 

0.83:0.1 +C1 

Ci=0.73F 

l 
71 Calculate the combined capacitance of three capacitors of values lOOOµF. 2000µF and 3000µF conriected 

• para llel 
b l{>fieS 

72 If only 470µF capacitors are available, suggest how you could comti.r.e four of them to make an overall 
cap;1citancewithavaluewithin 1%of28SµF 

73 Two &80µF capacitors were connected in p;irallel with each other and this combination was connected to 
athi!Ucapacitorofthesamevalueinserles.'Nhatwasthecombinedcapacitance? 
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• Figure11.61 

Circuit to investigate 

capacitor discharge 

• Figure11.62 

Typical variation of 

capacitor discharge 

74 A470µFrnpacitorwasfully chaiged by connecting ittoa 15.1 Vsupply. When ii was removed ffomthe 
110ltagerupplyandconnectedinparallelacrossanunchilrgedrnpd{ilor,thevoltagefelltol1.7V. 
a Whatwasthecapacitanceofthesecondcapadtori 
b Calrnlatetheenergystoredonthecapacitorsbeforeandaflertheywereconnected 
c Accountforthedifference 

• Discharging a capacitor through a resistance 
The rate at which a capacitor discharges (or charges) depends on the size of the resistance 
in the circuit. (Up to now we have assumed that there is no resistance, so that charging and 
discharging occur very quickly.) As we will explain, the size of the discharge current and the rate 
at which the capacitor discharges can be controlled easily, and this is one reason why capacitors 
are such important circuit components. The currents and voltages associated with capacitors 
change with time, so that capacitors are essential components for circuits that have time-varying 
out puts, like timers and signal generators 

Resistor-capacitor (RC) series circuits 

Consider the circuit shown in Figure 11 .61. The capacitor can be very quickly charged by 
connecting the switch to A because there is no resistor invoked. When the switch is then 
connected to B, the capacitor will di5Chargc at a much slower rate, depending on the values of 
C and R. If the discharge rate is not too fast, measurements of current can be taken at regular 
intervals to enable a graph to be drawn (see Figure 11.62 for an example). Alternatively, an 
oscilloscope connected across the resistance can display how V R (proportional to current) varies 
with time 

.rf J 
<100111 ~ '80 § 

t: 
0 

20 

0 
0 10 20 30 40 50 60 70 

Time/1 

The current drops most quickly to begin with, but then the rate of change of current (which 
could be determined from the instantaneous gradient of the line) becomes less and less. This 
is because, as the amount of charge remaining on the capacitor decreases, the forces on the 
electrons decrease in proportion. 

This kind of change, in which a rate of decrease in a quantity is proportional to the amount 
remaining, is called an exponential change (in this case, an exponent ial decrease or 'decay'). 
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One consequence of an exponential change is that the ratio of the quantities at the beginning 
and end of any specified time interval is always the same. This can be used to check data quickly 
to see if they represent an exponential relationship. 

From Figure 11.62, the successive currents (mA) every ten seconds are 97, 66, 44, JO, 20, ... If 
this is an exponential relationship 97/66 • 66/44 • 44/30 • 30/20 ... These are all approximately 
the same (1.5), so an exponential decrease is confirmed 

Graphs representing how the charge on the capacitor, and the p.d. across the capacitor 
(V • q/C), vary with time will 00th have the same exponential shape as that shown in 
Figure 11.62. 

All exponential decreases can be represented by equations of the form: 

where: 
x0 is the value of a quantity at the start of time 1 

x is the value at the end of time 1 

e is a number which occurs naturally when dealing with exponential changes; it has the 
value2.718 

k is the constant that characterizes the particular exponential decrease being considered. 
Larger values of k mean quicker changes. 

Time constant 

The value of a quantity that is decreasing exponentially with time will (in theory) never become 
zero. This means that it is impossible to quote a time for the capacitor to discharge completely. 
Instead, we quote the time interval that is needed for the quantity to decrease to a certain 
fraction (or percentage) of its value at the start of that time interval. For example, we might 
choose to characterize a particular exponential decrease by saying that it always takes 17s for the 
quantity to fall to half of its value. The concept of half-life was introduced in Chapter 7 in order 
to characterize the rate of a radioactive decay, which is also exponential in nature. However, the 
concept of half-life is nm usually used to describe capacitor circuits 

For mathematical convenience, the time chosen to characterize an exponential decrease is 
the time taken to fall to 1/e (• 1/2.718) or approximately 37% of its earlier value. (There is 
no need to be able to explain this.) This is called the time constant, T, of an exponential 
decrease. 

The time constant of the decrease shown in Figure 11.62 is approximately 26s 
As we have said, the rate at which a capacitor discharges depends on the capacitance, C, and 

resistance, R, in the circuit, and it can be shown that: 

time constant, r • RC 

This equation is given in the Physics daia booklet. 

The unit of a time constant is s. 
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The meaning of time constant is shown on the charge- time graphs given in Figures 11.63 and 
11.64. Graphs of I- tor V-t \\Ullld show the same characteristics. 

l", 
i~ 
~ Time/t 

~ 

• Figure 11.63 Capacitordischargegraph 
showingthemeaningoftimeconstant 

• Figure 11.64 Howdifferenttime 
constants affect the discharge 

If the time constant can be determined from a graph of a capacitor discharge through a known 
resistor, then a value for an unknown capacitance can be calculated. 

12 Thernrrentatthebeginningofacapacitordischarge(asF'9ure 11 .6:0)is4S.6mA.tfthecapi1Cililnceis 
470µFanditisdischarg ingthrougha2.0k0resistor 
a Whatisthetimernmtant? 

ii twotimernnstants? 
c Whatwastheinitialvoltageocrosstheresistor(andcapac:itor)? 

a r:RC:(470x 10--0)x{2.0x 11>1):0.94s 

b Becausethernrrentfallsto37%1orfNf!rytimeconstantperiod 
i 037x45.6:17mA 
ii 0.372 x45.6:6.2mA 

c V:/R:{45.6x 10-l)x(2.0x10l):91V 

75 Thevolt il(JeilCross adischargingcapadtorfa llsfrom 10Vto 3.7V in a timeof76s. lfthe resistance of the 
cin:uitwils 2.8 x 1030. what was the value of the capacitor? 

76 Thechargeooilcapacitorfallsfrom4.2x 10-5 Cto2.Bx 10-l(in 10sasitdischargesthroughi168k0 
resi<;tor. 
a Sketchacharge- timegraphforthedischilrgemerthecoorseof40s 
b Usethegraphtoestimateavaluelorttiecapac:itor. 

77 The discharge curll'nt of ii 470µF capacitor through an unknown resistance fa lls from 87 mA to 12 mA in 
exactly two minutes. htimate the value of the unknown resistance 

78 ShowthattheSlunitlorthetimernnstantiss 

7!1 a UseF'9ure11.62todeterminetherateofchar.geofrnrrentwithtimeat10s,30s,S0sand70s 
b Check whether the ratios of successive rates are constant. which would be ii further confirmation of the 

exponentialnatureofthegrilph 

80 A leiKherwants to use a O.OS F capacitor and a 0- 10mA ammeter to demonstrate capildtordischarge in a 
timeolnomorethanSminutes.Suggestsuitablevaluesforthechargingvoltil(Jeandtheresistance 

81 Suggestarea1oowhyhatf-lifeisrnnsideredwitableforrildioactivechilngesbutnotforcapacitors 



• Figure 11 .65Graph 

of natural logarithm 

of current against 
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Equations for capacitor discharge 
The equations describing the exponential decrease of charge on a capacitor and the discharge 
current and the p.d. across the capacitor are as follows. All three are listed in the Physio data book1e1. 

q•qoe---1/r 

I• loe---1/r 

V•V
0

e- rl• 

These equations enable us to calculate a value for a quantity at any time if we know a previous 
value and the time constant (RC) 

Taking natural logarithms of the current equation, we get the following (which is nor in the 
PhyJicsdaiabookkt) 

(Orin le/I• r/r. Similarly, lnQclQ • t/rand lnVc/V • t/r.) 
If agraphoflnl (or lnQor lnV) is drawn against tit will appear as shown in Figure 11.65 

Comparing the equation of the line, ln l • --t/r + ln 1
0

, to the general equation for a straight line 
(y • mx + c), we see that the magnitude of the gradient of the line is equal to 1/r. This is the 
most accurate way of determining the time constant when using the results from an experiment 
investigatingadischargecurrentorrnltage(seequestion8). 

13 The voltage across a 2000µF capacitor is 12.4V when it 1tarts discharging through a 32500 resistance 
Howlongwil l itbebeforethevoltagehasfa llentoexilCllylV? 

I 
r:RC:(2000x10-i;)x3250:6.500 

V:Vtf'---11, 

1.00:12.4e---116 500 

ln(*°)"'6.:oo 

14 In an experiment to determine the value of an unknown capacitor. a discharge rnrrent through it was 
foundtolallto10o/oolapreviousvalueinatimeof39s. lfthedischargewasthrooghare1istorofvalue 
57.6k0, what was the unknown capacitance? 

I 39 
ln10:--C 

57.6x HP 
C:2.9 x 10-4F 
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12 The volt age acr~s a discharging capi!citor was measured every 10 secoods for 1 minute. The recorded 
values(V)were:9.7,8.S, 7.S,6.6,S.8,S.1 and4.S 
a ~otagrnpholthenaturallogarithmofthevoltageagainsttime 
b Useyourgraphtofindavaluelorthetimecon5tant 
c Confirmyourresulthycalrnlationlromthe orig inaldata 
d Whyisthegraphical methodusual!yconsideredbetter? 
e tf the circuit resistance was 1.0kO, what was the capacitance in the cirruit? 

83 When a capacitor of 0.01 F discharges through a 10k0 resi5tor, how much of the orig inal charge of 
S.7 x lO-lCremainsontheplate1after541? 

84 Thep.d.ac:rossa1000µFcapac:itorwa1observedandafter80sithadlallento2.3V.tftheresi1tanceof 
the cirruit was 0.1 MO, what was the initial value of the p.d.? 

85 When a 680µF capacitor discharged through an unknown resistance, the rnrrent fell from 3.3 mA to 
1.9mAin30s.Oeterminethevalueoftheresistance 

r 
Exponential changes are common 

The mathematics of exponential changes is used for two major topics in the Higher level core of 
this course (capacitor discharge and radioactive decay), but there are many other places where 
it could be applied. For example, the rate of cooling of a hot object (like a cup of coffee) may be 
considered to be proportional to the temperature difference from its surroundings. This could be 
investigated by checking if the temperature decreases (approximately) exponentially with time 
It is unlikely that the relationship would be perfectly exponential because the mathematical 
model is a simplified representation of reality. 

Exponential relationships (both growths and decreases) are found in most other branches of 
science, and they are also useful for modelling processes in many numerate areas of knowledge 
like business, geography and economics. 

• Figure 11.66 

Charging and 

discharging circuit 

and graphs 

• Charging a ca pacitor through a resistance 
When an uncharged capacitor is connected in series with a resistance and p.d., the current 
is high to begin with, but then falls exponentially, for the same reasons as with discharging 
(although the current will flow in the opposite direction). The charge on the capacitor and the 
voltage across it will increase to limits at decreasing rates, as shown in Figure 11.66, which compares 
charging and discharging graphs. 

Charging Discharging 

I ~ 1 ~ <m=li"<>pp<>Sil' 1° 1' d1recbonto 
charg ing current 

Vv,}--~ o •ra"ha~i"g Vv,( I 
~ '""~') B \ '"'""' ~ 

0 °·~ c 0 °·~ 

The rate of the charging process is represented by the same time constant ('f • RC) as for discharging: 

• After one time constant, V and Q rise to (I - 0.37) • 0.63 (or 63%) of their maximum values 

• After two time constants, V and Q rise to (I - 0.372) • 0.86 (or&,%) of their maximum values. 

• After three time constants, VandQ rise to (1 - 0.J7J) • 0.95 (or95%) of their maximum 
values 



••• 
• Figure 11.67Using 

measure capacitance 
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86 A lOOµF cap.-idtor is charged through a 100k0 resis!Ofusing a battery with a terminal p.d. of 1.SV. 
Determine 
a thep.d. and 
b thechargeonthecap.,dtoratter20s. 
c What is the rnrrent through the resistor at this time? 

87 Sketchacharge-timegraph(lor60s)lora50mFcap;1citorbeingchargedthrougha 12000resistorbya 
12Vbattery. 

81 Sketcharnrrent- timegraph(lorlOs)lora360µFcapadtorlwingchargedthrougha8.2k0re1i1torbya 
6Vb.lttery 

Measuring capacitance with a reed switch 
In this experiment an electromagnetic reed swi1ch controlled by a high-frequency alternating 
current is used to repeatedly charge and discharge a capacitor (see Figure 11.67). Because the 
frequency is high, the microammeter will show a steady current and the total charge flowing 
through it every second is equal to the current. Dividing the current by the frequency will 
give the average charge flowing off the capacitor in each discharge. The capacitance can then 
be determined from C • o)V. The capacitor is assumed to discharge (almost) completely every 
cycle. 

ThesequestionsallrefertoFigure 11.67. 

Suggest why a diode is necessary in the circuit 

protective 
resistance 

With a 3.1 V battery a current of 48QµA was measured when using 400 Hz to control the 
reed switch. Determine the value of the capacitance. 

3 Explain why the protective resistance is necessary and discuss whether its value should be 
large or small 

• Smoothing the output of a rectifier 
With a greater knowledge about the behaviour of capacitors, we can now review the action of a 
capacitor in smoothing the output of a rectifier. Consider again Figures 11.47 ard 11.48. When 
the voltage from the rectifier is higher than the voltage across the capacitor, the capacitor will 
charge. When the voltage from the rectifier quickly falls below the voltage across the capacitor, 
the capacitor will maintain a voltage across the load as it discharges 

The time constant (RC) of the circuit needs to be compared to the frequency of the supply. 
For full-wave rectification of a SO Hz mains supply voltage, successive peaks will occur every 
0.01 s. A typical smoothing capacitor may have a value of aOOut lOOOOµF. For a load of 1000, 
the time constant v.uuld be 1 s, so that the fall in voltage in 0.01 s would be minimal 
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• Examination questions - a selection 
Paper 1 18 questions and JB style questions 

Q1 Power losses in transmission lines can be reduced by the use of step-up and/or step-down transformers. 
Which of the following describes the correct positions for the transformers? 
A step-up transformer near the power station; step-down transformer near the consumers 
B step-up transformer near the power station; step-up transformer near the consumers 

C step-down transformer near the power station; step-down transformer near the consumers 
D step-down transformer near the power station; step-up transformer near the consumers 

Q2 Which of the following is nor a possible reason for power losses in a transformer? 
A eddy currents in the core 
B resistive heating of the windings of the coils 

C friction between the coil and the core 
D 'leakage' of magnetic flux from the core 

Q3 An increasing magnetic flux passes through a metal ring of cross-sectional area A. If the magnetic flux 
increases in value by Fin a time r, the emf induced in the ring is: 
A F 

B F_ 
r 

C Ft 

D FAt 

Q4 A permanent bar magnet is moved towards a coil of conducting wire wrapped around a non-conducting 
cylinder. The ends of the coil P and Qare joined by straight piece of wire. 

The induced current in the straight piece of wire is 
A alternating 
B zero 
C fromPtoQ 
D fromQtoP. 

QS The equation e = Bvl describes electromagnetic induction. Which of the following is not true? 
A vis the speed of a conductor moving perpendicularly across a magnetic field. 

B Bis the magnetic flux. 
C I is the length of the conductor. 

D e is the magnitude of the induced emf. 

Q6 If a current is described as alternating (ac), which of the following must be changing? 
A frequencyofthecurrent 
B magnitude of the maximum current 

C effective value of the current 
D direction of the current 

0 /BOrg<tnizittioo 
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07 The frequency of rotation of the coil in an ac generator is doubled. Therms voltage output: 
A remains the same C is multiplied by ../2 

B is multiplied by 2 D is divided by ../2. 

08 The amount of charge that can be stored on a capacitor can be increased by: 
A increasing the separation of the parallel plates 

B increasing the electric permittivity of the dielectric medium between the plates 
C decreasing the area of the plates 

D decreasing the potential difference across the plates. 

09 In order to achieve half-wave rectification of an alternating current it is necessary to use: 
A a diode 
B a capacitor 

C atransformer 
D all of the above. 

010 Which of the following is the best description of magnetic flux? 
A magnetic field strength per unit area 
B magnetic field strength per unit length of conductor 

C magnetic field strength normal to an area multiplied by the area 
D magnetic field strength multiplied by the number of turns 

Q11 High voltages are used for the transmission of electric power over long distances because: 
A high voltages can be stepped down to any required value 

B larger currents can be used 
C power losses during transmission are minimised 

D transformers have a high efficiency. 

e/BOrgillliz;io·on 

012 A loop of metal wire encloses an area A. If there are N turns of wire on the loop and the magnetic flux in 
the loop rises from a value of <D to 3<D in 4s, the induced emf across the loop is: 
A N<J> C ViNA<D 

B 2NA<D D ViN<D 

013 Three similar capacitors, each with a capacitance Care available. Which of the following values of overall 
capacitance cannot be achieved by combining two or three of the capacitors? 
A O.SC 

B C 
C 1.SC 
D 2C 

Paper 2 IB questions and IB style questions 

01 a In order to measure the rms value of an alternating current in a cable, a small coil of wire is placed close 
to the cable. 

n-""' u~'°'' p \°°" 
smallrnH 

TopvK'w 

The plane of the small coi l is parallel to the direction of the cable. The ends of the small coil are 
connected to a high-resistance ac voltmeter. 
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Use Faraday's law to expla in why an emf is induced in the small coil. (3) 

b The graph below shows the variation with time r of the current in the cable. lcJ b ~K-7 :'C._7 , 
' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' 

Copy the axes below. On your copy, draw the variation with time of the emf induced in the small coil. (2) 

' 

c Explain how readings on the high-resistance ac voltmeter can be used to compare the rms values 
of alternating current in different cables. (3) 

e /BOrg,mization 

02 This question is about induced electromotive force (emf). 
a A rod of conducting material is in a region of uniform magnetic field. It is moved horizontally along two 

parallel conducting rails X and Y. The other ends of the rails are connected by a thin conducting wire. 

The speed of the rod is constant and is also at right angles to the direction of the uniform magnetic field. 

i Describe, with reference to the forces act ing on the conduction electrons in the rod, how an 
emf is induced in the rod. (3) 

ii An induced emf is produced by a rate of change of flux. State what is meant by a rate of 
change of flux in this situation. (1) 

b The length of the rod in a is 1.2 m and its speed is 6.2 m s-1. The induced emf is 15 mV. 
i Determine the magnitude of the magnetic field strength through which the rod is moving. (2) 

ii Explain how Lenz's law relates to the situation described in a. (2) 

e /BOrganization 

03 A 200µF capacitor was fully charged by connecting it to a potential difference of 12V. A student 
then placed the capacitor in a circuit with a SOO kO resistor, a voltmeter and ammeter in order to 
observe the behaviour of the capacitor aver a period of time. 
a Draw a diagram to represent a suitable circuit. (2) 
b Calculate the time constant of this circuit. (2) 

c Sketch a voltage-time graph for the discharge for a total time of 4 minutes. (3) 
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jf}iit1iifiill•]ti\ft 
• The microscopic quantum world offers a range of phenomena, the interpretation and 

explanation of which require new ideas and concepts not found in the classical world . 
• The idea of discreteness that we met in the atomic world continues to exist in the 

nuclear world as well. 

12.1 The interaction of matter with radiation -
the microscopic quantum world offers a range of phenomena, the interpretation and 
explanation of which require new ideas and concepts not found in the classical world 

In 1900 it was believed that physics was almost fully understood, although there were a few 
knowledge 'gaps', such as the nature of atoms and molecules, and the ways in which radiation 
interacted with matter. Many physicists believed that filling in these gaps was unlikely to involve 
any new theories. HOlllever, within a few years the 'small gaps' were seen to be fundamental and 
radically new theories were required. One important discovery was that energy only comes in 
certain discrete (separate) amounts known as quanta (singular: quantum). The implications of 
this discovery were enormous and collectively they are known as quantum physics 

As quantum physics developed, some classical concepts had to be abandoned. There was no 
longer a clear distinction between particles and waves. The most fundamental change was the 
discovery that systems change in ways that cannot be predicted precisely; only the probability of 
events can be predicted 

• Photons 
The German physicist Max Planck was the first to propose (in 1900) that the energy transferred 
by electromagnetic radiation was in the form of a very large number of separate, individual 
amounts of energy (rather than continuous waves). These discrete 'packets' of energy are called 
quanta. Quanta are also commonly called photons. The concept of photons was introduced in 
Chapter 7 as a way of explaining why atoms emit or absorb radiation in quantized amounts, and 
why this produces characteristic line spectra 

This very important theory, developed further by Albert Einstein in the following years, 
essentially describes the nature of electromagnetic radiation as being particle!, rather than w,uies. 
('Wave- particle duality' is discussed on page 516.) 

The energy, E, carried by each photon (quantum) depends on its frequency, f, and is given by 
the relationship: 

h is Planck's constant. Its value (6.63 x 10-J• J s) and the equation are given in the Phyiics data 
bookie! 

The following questions revise these ideas. We will then consider the experimental evidence 
that supports the photon model of electromagnetic radiation (the photoelectric effect) 

1 Calcu late the number of photons emitted every ,;ernnd from a mobile phone operating at a frequency of 
850MHz and at a radiated power of 780mW 

2 What is the approximate ratio of the energy of a photon of ~ue light to the energy of a photon of red 
light? 

3 A detector of very low intensity light receives a total of :l .32 " 10-17 J from light of wavelength 600nm 
Calcu latethenumberofphotonsreceivedbythedetector. 

-1 a Cakulate an approximate value for the energy of an X-ray photon in joules and in electrorwolts 
b Suggest a reason why exposure to X-rays of low intensity for a short time is dangerous, but ~atM'ly 

highcontinuousintensitiesofvisiblelightcau,;esusnoharm 
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• The photoelectric effect 
When electromagnetic radiation is directed on to a clean surface of some metals, electrons may 
be ejected. This is called the photoelect ric effect (Figure 12.1) and the ejected electrons are 
known as photoelectrons. Under suitable circumstances the photoelectric effect can occur with 
visible light, X-rays and gamma rays, but it is most often demonstrated with ultraviolet radiation 
and zinc. Figure 12.2 shows a typical arrangement 

metal~ate 

• Figure12.1Thephotoelectriceffect-astreamof 
photoelectrons is emitted from a metal surface illuminated • Flgure12 .2Demonstrationofthephotoelectric 

Ultraviolet radiation is shone on to a zinc plate attached to a coulombmeter (which measures 
very small quantities of charge). The ultraviolet radiation causes the zinc plate to become 
positively charged because some negatively charged electrons on the (previously neutral) zinc 
plate have gained enough kinetic energy to escape from the surface 

Simple investigations of the photoelectric effect show a number of key features. 

• If the intensity of the radiation is increased, the charge on the plate increases more quickly 
(because more photoelectrons are being released every second). 

• There is no time delay between the radiation reaching the metal surface and the emission of 
photoelectrons. The release of photoelectrons from the surface is inst.:mtaneous 

• The photoelectric effect can only occur if the frequency of the radiation is above a certain 
minimum value. The lowest frequency for emission is called the threshold freq uency, f0 
(Alternatively, we could say that there is maximum wavelength above which the effect will 
not occur.) If the frequency used is lower than the threshold frequency, the effect will not 
occur e11rn if the imemity of the radiation is greatly i11creased. The threshold frequency of zinc, 
for example, is 1.04 x J()l5 Hz, which is in the ultraviolet part of the spectrum. Visible light 
will not release photoelectrons from zinc (or most other common metals) 

• For a given incident frequency the photoelectric effect occurs with some metals but not with 
others. This is because different metals have different threshold frequencies. 

Explaining the photoelectric effect: the Einstein model 
If we tried to use the wave theory of radiation to make predictions about the photoelectric effect, 
we would expect the following. (1) Radiation of any frequency will cause the photoelectric effect 
if the intensity is made high enough. (2) There may be a delay before the effect begins because it 
needs time for enough energy to be provided (like heating water until it boils). 

These predictions are wrong, so an alternative theory is needed. Enstein realized that we cannot 
explain the photoelectric effect without first understanding the quantum nature of radiation 

The Einstein mcxlel explains the photoelectric effect using the concept of photons. When a 
photon in the incident radiation interacts with an electron in the metal surface, it transfers all 
of its energy to that electron. It should be stressed that a single photon can only interact with 
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a single electron and that this transfer of energy is initamaneom; there is no need to wait for a 
build-up of energy. If a photoelectric effect is occurring, increasing the intensity of the radiation 
only increases the number of photoelectrons, not their energies 

Einstein realized that some of the energy carried by the photon (and then given to the 
electron) was used to overcome the attractive forces that normally keep an electron within the 
metal surface. The remaining energy is transferred to the kinetic energy of the newly released 
(photo) electron. Using the principle of conservation of energy, we can write: 

energy carried work done in removing the kinetic energy of 
by photon • electron from the surface + photoelectron 

But the energy required to remove different electrons is not always the same. It will vary with the 
position of the electron with respect to the surface. Electrons closer to the surface will require 
ler.s energy to remove them. However, there is a well-defined minimum amount of energy needed 
to remove an electron, and this is called the work function, cJ>, of the metal surface. Different 
metals have different values for their work functions. For example, the work function of a clean 
zinc surface is4.JeV. This means that a! leas! 4.3eV (• 6.9 x 10-191) of work has to be done to 
remove an electron from zinc. 

To understand the photoelectric effect we need to compare the photon's energy, hf, to the 
work function, cJ>, of the metal: 

• hf< cp 

If an incident photon has ler.s energy than the work function of the metal, the photoelectric 
effect cannot occur. Radiation that may cause the photoelectric effect with one metal may 
not have the same effect with another (which has a different work function) 

At the threshold frequency, f0, the incident photon has exactly the same energy as the work 
function of the metal. We may ar.sume that the photoelectric effect occurs but the released 
photoelectron will have zero kinetic energy . 

• hf>cJ> 

If an incident photon has more energy than the work function of the metal, the photoelectric 
effect occurs and a photoelectron will be released. Photoelectrons produced by different 
photons (of the same frequency) will have a range of different kinetic energies because 
different amounts of work will have been done to release them. 

It is im{X}rtant to consider the situation in which the minimum amount of work is done to 
remove an electron (equal to the work function) 

energy carried by photon • work function + maximum kinetic energy of photoelectron 

Or in symbols: 

This equation is often called Einstein's photoelectric 
equation and it is given in the Physics data booklet. 
Because hf0 • cJ>, we can also write this as: 

hf • hfo + Emax 

Figure 12.3 shows a graphical representation of how 
the maximum kinetic energy of the emitted photons 
varies with the frequency of the incident photons. The 
equation of the line is Emox • hf - cJ>, as above. 

producesthe _ 
samegradlent / 

\ / 
_./ 

• Figure12.3Theoreticalvariation 

ofmaximumkineticenergyof 

photoelectrons with incident 
frequency(fortwodifferentmetals) 
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We can take the following measurements from this graph· 

• The gradient of the line is equal to Planck's constant, h. (Compare the equation of the line 
toy • mx -+ c.) Clearly the gradient is the same for all circumstances because it does not 
depend on photon frequencies or the metal used 

• The intercept on the frequency axis gives us the value of the threshold frequency, f0. 

• A value for the work function can be determined from· 
i when Emax • 0, Cl> • hf0 ; or 
ii whenf • 0, Cl> • -Enm 

1 Radiation of wavelength 5.59 x 10-8m was incident on a metal surface that had a work function of 
2.71eV. 
a Whatwasthelrequencyoftherildiation7 
b Howmuchenergyiscarriedbyonephotoooftherildiation? 
c Whatisthevalueoftheworkfunctionexp1essedinjoules? 
d Didthephotoelectriceffectoccurunderthesedrcumstances7 
e What was the maximum Kinetic energy of the photoelectrons? 
f Whatisthethresholdfrequencyforthismetal? 
g Sketch a fully klbelled graph to show how the maximum kinetic energy of the photoelectrons would 

changeifthefrequencyoftheincidentradiationwasvaried 

f=.5_= 3.00xl0
8

:S.37x101SHz 
,l S.59x1Q-.'! 

b f:hf 

f:{6.63x10 -l')x(S.37x1Q1S) 

f:3.S6x10 -18J 

2.71x(1.60x10-19}:4.34x10-19J 

d Yes.becausetheenergyofeac:hphotonisgreaterthanthewor'.:.function 

Em,,,=hf-<t> 

fm,,, =(3.56x10-18)-{4.34x1Q-1 11):3.13x10-18J 
<t> 4.34 x 10-1~ 

f <t>:hf0 sof0 =h=
6

.
63

xlQ-l,=6.54xl0-14 Hz 

g Thegraph<JiouldbesimiklrtoFigure 12.3,withnumerical valuesprovidedfortheintercepts 

5 Repe;it the worked example above but for radiation of wavelength 6.11 x 10-7m incident on a metal with 
aworkfunctionof2.21eV.Omit e 

6 • ExpklinhowEinsteinusedthernnceptofphotonstoexptainthephotoelectriceffect 
b Explain why a Wil'le model of electromagnetic radiation is unabJe to expklin the photoelectric: effect 

7 The threlh~d frequency of a metal is 7.0 x 1014 Hz. Calculate the maximum kinetic energy of the electrons 
emitted when the frequency of the radiation incident on the metal is 1.0 x 1015 Hz 

8 a The longest Wil'lelength that emits photoelectrons Imm potassium is 550nm. Calculate the work 
function{injoules) 

b What is the threshold Wil'lelerigth for potassium? What is the name for this kind of radiation? 
c Nameonernlourofvisiblelightthatwillnotproducethephotoelectric:effectwithpotassium 

!I When electromagnetic: radiation of frequency 2.90 x 1011 Hz is incident on a metal surface. the emitted 
photoelectrom hil'le a maximum kinetic energy of 9.70" 10-1~ J. Cakuklte the threlhcld frequency of the 
metal 
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Experiments to test the Einstein model 

Investigating st opping pot entia ls 

To test Einstein's equation (model) for the photoelectric effect, it is necessary to measure the 

maximum kinetic energy of the photoelectrons emitted under a variety of different 
circumstances. In order to do this the kinetic energy must be transferred to another (measurable) 

form of energy. 

photOOectmnsemittedfrom 
the metal cathode 

variable-ero;e 
pd 

The kinetic energy of the photoelectrons can be 
transferred to electric potential energy if they are repelled 
by a negative voltage (potential). This experiment was first 
performed by the American physicist Robert Millikan and a 
simplified version is shown in Figure 12.4. 

Ideally monochromatic radiation should used, but it is also 
possible to use a narrow range of frequencies such as those 
obtained by using coloured filters with white light 

When radiation is incident on a suitable emitting 
surface, photoelectrons will be released with a range of 
different energies, as explained previously. Because it is 
emitting negative charge, this surface can be described 
as a cathode (the direction of conventional current flow 

will be out of the cathode and around the circuit). Any 
photoelectrons that have enough kinetic energy will be able 
to move across the tube and reach the other electrode, the 
anode. The tube isel!acuated (the air is remm·ed to create 

• Figure 12.4 ExperimenttotestEinstein'smodelof a vacuum) so that the electrons do not collide with air 
photoelectricity 

- V, p.d.acrossanode 
andc.athode 

molecules during their movement across the tube 
The most important thing to note about this circuit is 

that the (variable) source of p.d. is connected the 'wrong 

way around'. We say that it is supplying a reverse potential 
difference across the tube. This means that there is a 
negative ,ultage (potential) on the anode that will repel the 
photoelectrons. Photoelectrons moving towards the anode 
will have their kinetic energy reduced as it is transferred 
to electrical potential energy. (Measurements for positive 
potential differences can be made by reconnecting the 
batterythe'correct'way.) 

Any flow of charge across the tube and around the circuit 

• Figure12.51ncreasingthereversep.d. 

can be measured by a sensitive ammeter (microammeter or 
picoammeter). When the reverse potential on the anode is 
increased from zero, more and more photoelectrons will be 
prevented from reaching the anode and this will decrease the 
current. (Remember that the photoelectrons have a range 

decreases the photoelectric current 

of different energies.) Eventually the potential will be big 
enough to stop e,·en the most energetic of photoelectrons, 
and the current will fall to zero (Figure 125) 

The potential on the anode needed to just stop all photoelectrons reaching it is called the 
stopping potent ial, V,. 

Because, by definition, potential difference • energy transferred/charge, after measuring 
V, we can use the following equation to calculate values for the maximum kinetic energy of 
photoelectrons under a range of different circumstances: 

For convenience, it is common to quote all energies associated with the photoelectric effect 
in electronvolts (eV). In which case, the maximum kinetic energy of the photoelectrons is 
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~ 3.0 

i 
numerically equal to the stopping potential That is, if the stopping 
potential is, say, 3 V, then Emn • 3 eV. 

Einstein's equation (Emu • hf - <P) can be rewritten as: 

eV,• hf- <P 

By experimentally determining the stopping potential for a range of 
different frequencies, the theoretical grnph shown previously in 
Figure 12.3 can now be confirmed by plotting a grnph from actual 
data, as shown in Figure 12.6 

• The threshold frequency, f0, can be determined from the intercept 
on the frequency axis (4.8 x lQHHz) 

• The work function, <I>, can be calculated from <I> • h{o, or from the 
intercept on the eV, axis (1.9eV) 

• Figure 12.6Experimentalresultsshowing 
variationofmaximumpotentialenergy(eVJof 
photoelectrons with incident frequency 

• A value for Planck's constant, h, can be determined from the 
gradient(6.SxI0-3'1Js). 

10 UseFigure12.6toconfirmthevaluesgivenaboveforfr,-<Pandh. 

11 Cakulate the maximum kinetic energy of photoelectrons emitted from a metal if the stopping potential 
was2.4eV.Giveyooranswerinjoulesandinelectronvolts 

12 Make a rnpy of Figure 12.5 and add lines to show the results that would be obtained with 
• thesameradiation,butwithametalofhigherworkfunction 
b theoriginalmetalandthesamefrequencyofradiation.butusingradiationwithagreaterintensity 

13 1nanexpefimentusingmonoc:hromaticradiationoffrequency7.93x10l4Hzwithametalthathilda 
thresholdfrequencyof6.11 x 1014 Hz.itwa1foundthatthe1topP4ngpotentialwas0.77SV.Calculatea 
valueforPlanck"sconstantfromtheseresults 

Investigating photoelectric currents 

Using apparatus similar to that shown in Figure 12.4, it is also possible to im·estigate 
quantitatively the effects on the photoelectric current of changing the intensity, the frequency, 
and the metal used in the cathode 

• Intensity - Figure 12.7 shows the photoelectric currents produced by monochromatic 
radiation of the same frequency at three different intensities 

For positive potentials, each of the 
photoelectric currents remain constant 
because the photoelectrons are reaching 
the anode at the same rate as they are being 
produced at the cathode, and this does not 
depend on the size of the positive potential 
on the anode 

Greaterintensities(ofthesamefrequerx:y) 
produce higher photoelectric currents because 
there are more phoi:ons releasing more 
photoelectrons (of the same range of energies) 

Because the maximum kinetic energy of 
photoelectrons depends only on frequency 
and not intensity, all these graphs have the 
same value for stopping potential, V,. 

Ph ""' 

g 

"' 
- V, 0 p.d.ac:rossanode 

and cathode 

• Figure 12.7Variationofphotoelectric 
currentwithp.d.forradiationofthree 
differentintensities(samefrequency) 

• Frequency - Figure 12.8 shows the photoelectric currents produced by radiation from two 
monochromatic sources of different frequencies, A and B, incident on the same metal. 
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The individual photons in radiation A must have more energy (than B) and produce 
photoelectrons with a higher maximum kinetic energy. We know this because a bigger 
reverse potential is needed to stop the more energetic photoelectrons produced by A 

No conclusion can be drawn from the fact that the current for A has been drawn higher 
than for B, because the intensities of the two radiations are not known. In the unlikely 
circumstances that the mu intensities 
were equal, the maximum current for 
B would have to be higher than for A 
because the radiation from B must have 
more photons, because each photon 
has less energy than in A 

• Metal used in the cathode -
Experiments confirm that when 
different metals are tested using the 
same frequency, the photoelectric effect 
is observed with some metals but not 
with others (for which the metal's work 
function is higher than the energy of 
the photons) 

_E 
- VA - Vs O p.d. across 

aoorn>andu1thode 

• Figure 12.8Variationofphotoelectriccurrentwith 
p.d.forradiationoftwodifferentfrequencies 

Light-emitting diodes (LEDs) can also be used to investigate the photoelectric effect (in 
're\·erse'). Electrons in an electric current passing through an LED undergo precise and identical 
energy transitions resulting in the emission of photons of the same single wavelength. If the 
potential difference across the LED is measured when it just begins to emit light, it can be used 
to determine a value for Planck's constant. 

14 Makeacopyo1Figure12.Sandilddthere1ult1thatwouldbeobtainedusingradiationolahigher 
intensity (of the same frequency) incident on a metal that has a smaller WOfk function 

15 Make a copy of Figure 12.8. line A only. Add toita line showing the results thatwoukl be obtained with 
radiation of a higher frequency but with same number of photons every second incident on the metal 

16 • Selectfivedifferentmetallic elementsandthenusetheinternettoresearchtheirwofXlunctions 
b Cakulatethethres.h~dfrequencie1ofthefivemetal1 

17 The voltage across an LED was increased until it just began to emit gret>n light of wavelength 5.6 " 10-7 m 
Di!termineavaluef04"Planck'sconstantifthevoltagewas2.2V 

The photon nature of electromagnetic radiation: the Compton effect 
This effect, discovered in the USA in 1923 by Arthur Compton, provided further evidence for 
the photon nature of electromagnetic radiation 

recoi linge~ron 

// 
It was shown that X-rays could be scattered by electrons 

resulting in a reduced frequency because some of the photons' 
energy was passed to the scattered electron. See Figure 12.9. 

~ · 

Momentum (as always) is conserved in this interaction 
This experiment shows that an X-ray behaves as a particle 
carrying momentum, p • h/A, although it has no mass. This 
is explained by more advanced theory and it is only possible 
because photons travel at the speed of light. Similar comments 
apply to all other photons (light for example) 

I Use the Compton equation iU • (li/m.c)(l - cos B) to predict 
the change in wavelength associated with a scattering angle 
of30° 

scattered X-ray 
olloWi!rfrequeocy 

• Figure 12.9ComptonscatteringofX-rays 

2 Use the equation to explain why Compton scattering of light is 

not significant 
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• Matter waves 
The fact that light and other electromagnetic radiations could behave as particles (photons) 
raises an obvious question: can particles behave like waves? 

In 1924 the French physicist Louis de Broglie proixised that electrons, which were thought of 
as particles, might also have a wave-like character. He bter generalized his hypothesis to suggest 
that all moving particles have a wave-like nature 

According to de Broglie, the wavelength, A, of a moving particle is related to its momentum, 
p,bytheequation; 

This important equation, called the de Broglie hypothesis, is no! in the Physics daw booklet 
his Planck's constant. Once again, we can see the importance of this constant in predicting 

the size of quantum phenomena. The very small value of Planck's constant shows us that 
wave properties of particles are only significant for those with tiny momenta, as the following 
examples illustrate. 

2 Calrnlate the momentum of a mD'>'ing particle that has a de Broglie wavelength of 200pm 
(1pm:1x10-11 m) 

h P=;: 

p: ~:~~: :~: : : 3.32 X 1Q-1'kgms-1 

l 

This shows us that, if there are de Broglie wavelengths for everyday objects (which are clearly 
not single particles), they would be immeasurably small. However, some sub-atomic particles, 
such as electrons, have such small masses and momenta that their wave-like properties can be 
detected experimentally. 

In order to demonstrate that particles have wa\·e properties it is necessary to show that they 
exhibit typical wave behaviour and, in particular, that they can diffract. In the 1920s electron 
beams were easily pro.::luced, so they were the obvious choice for an investigation into possible 
particle diffraction. 

De Broglie's hypothesis predicts that an electron travelling in a beam with a typical speed 
ofS x 106 ms- 1 (and therefore momentumofabout9 x 10-Bkgms-1) will have a wa\·elengthof 
aOOut 1 x 10-io m. We know from Chapter 4 that diffraction effects are greatest if the diffracting 
apertures are aOOut the same size as the wavelength, so electrons should diffract well from 
structures with a spacing of about I x 10-10 m. This is equal to the typical regular separation of 
ions in a crystalline material. 

The Davisson- Germer experiment 
Experimental confirmation of de Broglie's hypothesis and the wave nature of electrons was first 
obtained in 1927 when Clinton Davisson and Lester Germer showed that an electron beam 
could be diffracted by a metal crystal (Figure 12.10). They used a beam of electrons fired at a 
nickel crystal target and recorded the electrons scattered at different angles. This was similar to 
the action of a reflection diffraction grating (Chapter 9). They found that the intensity of the 
scattered electrons varied with the angle and it also depended on their speed (which could be 
altered by changing the accelerating potential difference). 

Many im·estigations had previously been made on the diffraction of X-rays (which also 
have wavelengths of about 10- 10 m) by metal crystals, so the spacing between layers of 
atoms in the nickel crystal was already known. The angle at which the maximum scattered 
electron intensity was recorded agreed with the angle predicted by constructive interference 
of waves by layers of atoms in the surface of the metal crystal and was used to confirm the 
de Broglie hypothesis. 
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The diffraction of electrons can be demonstrated in school laboratories using a high-voltage 
evacuated tube. A beam of electrons is accelerated in an electron gun by a high potential 
difference, and then directed on to a very thin sheet of graphite (carbon atoms) (Figure 12.11). 
The electrons are diffracted by the regular structure of carbon atoms and form a pattern on the 
screen of a series of concentric rings 

lowp.d 

diffraction rings 
seeoonflu()(l'sc:ent 

• Figure12 .11 Anelectrondiffractionapparatus 

• Figure 12.10TheprinciplebehindtheDavisson 

andGermerexperiment.Theresultsofthis 
experimentcanonlybeexplainedbythefact 

thattheelectronshavewavepropertiesand, 

therefore,diffractandinterfere 

If the accelerating p.d. used in Rgure 12.11 is increased, the electrons gain higher kinetic energy 
and momentum, and de Broglie's hypothesis correctly predicts that the electrons will then have 
a shorter wavelength and will therefore be diffracted through smaller angles. The rings seen on 
the screen in Figure 12.11 would get closer together (and brighter). 

Apart from electrons, the diffraction of protons, neutrons and ions of small mass has been 
observed 

3 CakulatethedeBroglie wavelengthofanelectrontravelli r,gwithaspeedof1.0 x10lms-1 

h 6.63x10-l 4 
A= p= {9.110x10-l)x(1.0x101)" 7·3 x10-l

1
m 

4 Estimate a poss ible de Brogl iewil\lelengthof a ball of mass 0.058kg mO\'ing with a l'{'locity of llYms-1 

p:mv;p:0.058x 101:5.Skgms- l 

.a.,,!!_,,6.63x10-l' .. 10_3,m 
p 5.8 

Toexhibitwave-likepropertiestheballwouldneedtointernc:tthathasanobjectthathasdimemions 
of the order of 1Q-l4m (over one million. million. million times 'imi!ller than the nucleus of an atom) 
Henc:e,theball doe1notexhibitanymeasurableordetectablewiM'-likepropertie1 

5 CakulatethedeBroglie wavelengthofanelectronwhic:hhasbeenac:c:e\eratedthroughapotential 
differenc:eof 
a SOOV 
b 1000V. 
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a Thespeedoftheelectronscanbeulrnlatedusingthelawofrnnservatiooofeoergy:lossof 
electficalpotrotialenergy:gaininkinetkenergy 

Ve:--!-mvl 

v=~=~-,-,-sg~~
1
~~;~.~~~;~10~" = 1.32 x 10,ms-1 

p:mv:1.2x10-llkgma1 

).,,.!:._,,5.sx10-11 m 
p 

b Doubling the p.d. will rerult in speed x ,/2, momentum x ,/2 and wavelength x 1/,/2, that is, 
3.9x10-11 m. 

6 Calculate the de Broglie wavelerigth of a lithium nucleus {\Li) that has been ilCC~erated through a 
potential differenc:e of S.OOMV. {The mass of a lilhium-7 nucleus is 1.165 x 10-16 kg.) 

-}nvl:3exV 

v/: 6 X {1.60 ;.ll:;I; l~~~~QO X 10
6
): 4.12 X 1014 

v:2.03x10lm1-I 

6.63x10-14 
).:{1.16Sxl0 16)x{2.03x107)" 2·BOxl0-

15
m 

18 Calculate the wavelength of an electfOfl moving with avekx:ity of 2.05 x lOlms-1 

1!1 A neutron has a de Broglie wavelength of 800pm. Calculate the velocity of the neutron. The mass of the 
neutroois1.67Sx10-11 kg 

20 Themassofanelectronis9.1 x 10-31 kg. lf itskinetkenergyis3.0 x 10-11 J,cakulate it1de81og lie 
wavelength in metres 

21 Over what potential difference do you have to accelerate electrons from rest for them to have a 
wavelengthof1.2 x 10-10 m7 

22 a Whkhisa1sociatedwithadeBrogliewavelengthoflongerwaveleogth - aprotoooranelectron 
trav~ling at the same ve locity? Explain yom answer. 

b The following (noo-relativistic particles) all have the same kinetic energy. Rank them in order of their de 
Brog liewavelengths,loogestfirst:electroo,alphaparticle,neutronandgoldnucleus 

23 Explain why a moving aeroplane has no detectable wave properties 

24 Constructa spreadsheetforelectrons,protoo1andalphap;1rtide1thatrnnvertsvalues ofmas1and 
velocity into momentum and wav~ength (using the de Broglie equation) 

25 Cakulatethewavelengthofaprntooac:celerated(fromrest)byapotentialdifferenceof1BSOV{massof 
proton:1.673x10-11 kg} 

Jli!llll!IIIIII Wave-partideduali ty 
The discovery that radiation can behave like particles, and that particles can beha\·e like wa\·es, 
inevirnbly caused physicists to completely rethink their understanding of many basic ideas. This 
was a dramatic paradigm shift in scientists' perception of the basic ingredients of the universe 
It became clea.r that simply labelling something as a wave or a particle, in accordance with our 
perception of the large-scale world around us, was not an adequate description. There is no 
confusion or ambiguity here; simple mcxlels and visualizations are not able to fully describe the 
nature of the microscopic (quantum-scale) properties of matter and radiation. Why should they/ 

At this level in physics sometimes we need a wave explanation and sometimes we need 
a particle explanation. Sometimes we need 00th: as when using the concept of frequency to 
determine the energy carried by a particle (photon). With increasing mathematical knowledge 
(be)Und 1B level), it becomes possible to develop more sophisticated mcxlels, but these do not 
offer more help in providing mental images to aid understanding. 



12. 1 The interaction of matter with radiation 517 

• Antimatter 
The concept of matter and antimatter was briefly introduced in Chapter 7. We will now take 
a closer look at how antiparticles can be created, and what happens when a particle meets its 
antiparticle. 

Pair production and pair annihilation 

For every elementary particle there is an antiparticle that has same mass as the part icle, but 
with t he opposite charge (if it is charged), and opposite quantum numbers 

(A few uncharged particles (e.g. photons) are considered to be their own antiparticles.) 
Some examples· 

• An amiekc:rrnn, e• (known as a positron), has the same mass as an electron, e- and a charge 
of equal magnitude, but of opposite sign (positive instead of negative). The i:ositron has a 
lepton number of -1 and an electron has a lepton number of +I. 

• An amineutmn, n, has the same mass as a neutTon, n, and is also not charged. The 
antineutron has a baryon number of -1 and the neutron has a bar)')n number of +I. 

• A negarfre pi meson (pion), rr, contains an anti-up quark and a down quark, and has a 
charge of -1. It is the antiparticle of the posi1iw pion, rf, which has a charge of +1 because it 
contains an anti-down quark and an up quark. The neutral pion, rfl, contains a down quark 
and an anti-down quark, or an up quark and an anti-up quark, and it is considered to be its 
own antiparticle 

• An aniineutTino is uncharged and has a very small mass. A ne1mino is also uncharged and 
has the same mass, but has the opposite lepton number (+ I) 

Pair p roduction 

Antiparticles can be produced in a process called pair prod uction , in which a gamma ray 
photon is convened into a particle and its antiparticle. Figure IZ.12 represents the pair 
production of an electron and a positron close to a nucleus. A Feynman diagram of this process 
was also shown in Chapter 7, Figure 7.48 

In order for this process to be possible, the energy carried by the photon must be greater than 
the sum of the rest mass-energies of the electron and positron· 

2m, • 2 x 0.511 MeVc:-z • L022MeVc:-i 

Using energy of photon, E • hf: 

(J.022 X 106) X (J.60 X J0- 19) • (6.63 X JO-J~)f 

f•2.47x lOZO Hz 

This is the minimum frequency required for a photon to be able to instigate pair production of 
a positron and an electron. It corresponds to a gamma ray of wavelength of 1.21 x 10-11 m. If a 
photon carries greater energy, it can be transferred to the kinetic energy of the particles created. 

Gamma ray photons of considerably greater energy may create pairs of more massive 
particles, for example muons and antimuons 

~.~ ·· 
-------;;,~ 

• Figure12.12 Pairproduction 

The calculation abm·e used the principle of conservation of energy-mass, 
but momentum must also be conserved in the interaction. It is for this reason 
that there is a need for some other mass to be involved (in Figure 12.12 the 
pair production occurs in the electromagnetic field near a nucleus): without 
another mass gaining momentum, momentum could not be conserved 
Suppose that the created particles had zero velocity, how could we exphin 
the loss of the momentum carried by the photon (p • h/A) if there was no 
other particle involved? The probability of pair production increases with 
higher photon energy and larger nuclei 
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Pair annihilation 

If a panicle and its antiparticle combine, the sum of their charge and quantum numbers must be 
zero (by definition). So, if the bws of conservation of mass-energy and momentum are obeyed, 
there is no physics principle that states that the reaction between two such particles cannot 
result in the transfer of all their masses to energy. This may be considered as the opposite of pair 
pn:x:luction. The pair annihilation of an electron and a positron is the most common example 

1"'~ 
positron ? electron 7 ~ 

• Figure 12.13Electron-positron 

annihilation.Eachgammarayphotonwill 

carryaminimumenergyequaltotherest 

massofoneoftheparticles(0.511MeV) 

If we assume that the particles have no significant kinetic energy, or 
momentum, then the simplest result is a pair of gamma ray photons 
moving in exactly opposite directions, which is necessary if momentum 
is to be conserved (Figure 12.13). The situation is more complicated if the 
particles have higher kinetic energy. 

If more massive particles (than electrons and positrons) annihilate, a 
variety of outcomes are possible. 

We live in a universe that is predominantly made of matter, rather 
than antimatter, although some antimatter is created by natural processes 
(for example by cosmic rays interacting with the upper atmosphere, or 
beta-positive decay). Antimatter is also created in high-energy physics 
experiments. Although matter and antimatter cannot co-exist, the reasons 
why the universe is made of matter, rather than antimatter (or vice versa), 
is not fully understood. 

26 lfthelrequencyofthephoto11i11Figufl'12.12was3.47x 101°Hz.cakulatethekinetice11ergy{MeV)of 
eacholthepartidesproduced{assumetheyareequal) 

27 lfaprotonanda11antiprotonannihilate,whatisthemaximumposs.iblewavelengthofthephoto11scfl'aled? 

28 Cons.iderFigure12.13.Explai11whytwophotonsei1Chofenergy0.511MeVarecrwted,rathertha11oneof 
energy1.022MeV 

29 Explaininwhatwayanantiprotondiflersfromaproton 

30 Use the internet to research the latest theories concerning the balance of a11timatte1/matter in the early 

31 Draw a ~nman dia,gram of an electro11- pos.it100 annihilation 

• Quantization of angular momentum in the Bohr model 
for hydrogen 

The discovery of the wave properties of particles, and in particubr electrons, had enormoll'l 
consequences fur physicists' mcdels of the atom. Before we look at this in more detaiL we will 
review the prevailing nKXlel of the atom at that time (early 1920s). 

In Chapter 7 the concept of quantized, discrete atomic energy levels was intn:x:luced as 
a means of explaining the spectra emitted or absorbed by atoms, but that discll'lsiondid not 
include much reference to the internal structure of atoms. Figure 12.14 is simibr to Figure 7.6 but 
shows some transitions between electron energy levels in h~·drogen atoms. The transitions have 
been arranged into three series. These three series of transitions pn:x:luce sets of spectral lines 
that are distinct and do not overlap because smallest transition in one series is bigger than the 
biggest transition in the next series. 

The ground state is labelled n • I, and then successive higher energy levels n • 2, n • 3 and 

It was easily demonstrated that the electron energy levels themselves furmed a comuging 
series described by the fullowing equation, although at the time the reason for this was not 
known· 

E• -13.6eV n• 



• Figure 12.14 

Thelyman,Balmerand 
Paschenseriesofthe 

hydrogen atom 

I 

11 

11 

1 

abso!ptiooofaphotonwhenan 
electronjumpstoahighereoergylev~ 

producesanabSO<ptionspectrum 

I 11111 I 11 
darklinesonabright(coioured)background 

This equation is given in the Phyiics daia bookkt 

• forn • 1, E • -13.6/1 1 • -13.60eV 
• forn • 2, E • -13.6/22 • -J.40eV 
• forn•3,E•-13.6/:31•-1.5leV 
• forn • 4, E • -13.6/41 • -0.85eV 

and so on - an infinite series of energy levels. 
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Lyman 

I 

II 
lll 

emissionofaphotoowhenan 
e~oofallstoalowereoergylev~ 

produces an emission spectrum 

111111•1 
br~htlinesonadarkbackground 

After Rutherford's new model of the atom with a central nucleus in 1911, a visuali:ation 
of the atom was proposed by the Danish physicist Niels Bohr that attempted to exphin the 
quantization of energy levels and the series seen on the hydrogen spectrum. 

I 
Observations:the importance of spectra 
The patterns observed in the spectral lines of hydrogen may seem of no great importance, but 

~::yn~~v::i ;h~i:::~:!!t~;;;:~t ~:~:~~:s~t~~:;:::~~=:~tot;~.;~:~~~n°~~~: 

decades of the twentieth century, a time of great advances in atomic science 

• Figure 12.15NielsBohr 

The Bohr model of the atom, first proposed in 1913, has electrons 
orbiting around the nucleus due to the centripetal force provided by electric 
attraction between opposite charges. But the Bohr mcxlel restricted the 
orbits to only certain distances from the nucleus and, most importantly, 
because they remained in that orbit, they did not emit electromagnetic 
radiation and lose energy. Each orbit had a definite and precise energy, and 
intermediate energies were not allowed. Photons were emitted or absorbed 
when electrons mo\·ed between these energy levels. See Figure 12.16, in 
which the distances are indicative of the radii of the orbits and not the 
energy levels (the distances are not drawn to scale) 
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• Figure 12.1 6 

explains the spectrum 
ofhydrogenusing 
possible orbits of 
different radius for 

Using this model Bohr was able to predict that the radii, r, of possible orbits of an electron of 
mass, m, moving with speed, v, 11-0uld be given by the equation; 

mvr • ~ 

This equation is given in the PhY5ics data lxX>klet 
The product of linear momentum and radius, mvr, is known as the angular momentum, of 

the electron (explained fully in Option B: Engineering physics). In this quantum model n is an 
integer known as the principal quantum number 

As the following mathematics shows, the Bohr model combined the classical physics of 
circular motion and force of electric attraction with quantum concepts in order to predict radii 
of orbits and energy levels in hydrogen atoms. 

Equating the centripetal force on the electron to the electric attraction between it and the 
proton in a hydrogen atom, we get: 

mvl kee 
r·7 

(k is Coulomb's constant), which leads to: 

,.Jg 
Putting this expression for v in the equation for angular momentum (highlighted above), we get: 

~-~ 
and rearranging enables us to obtain an expression for r· 

r•~ 

Putting n • I enabled Bohr to predict the radius of the electron's orbit when the hydrogen atom 
isinitsgroundstate: 

r•5.Jx 10- llm 

Then, using equations for electric potential energy and kinetic energy, the total energy 
associated with the ground state could be calculated, and this confirmed the value of -IJ.6eV 
already known. The other energy levels of the hrdrogen atom were also predicted by Bohr's 
model 

Although Bohr's quantized mo.::lel of the atom was a big step forward in undemanding the 
structure of the atom, and it was very accurate in predicting the energy levels of one-electron 
atoms such as a hydrogen atom or a helium ion, it was less successful with atoms containing 



12. 1 The interaction of matter with radiation 52 1 

more electrons. Furthermore, the reasons for the existence of energy levels were still not 
understcxxl. The Bohr model still remains an important initial step for students learning aOOut 
quanti:ation in atoms, but the discovery of the wave properties of electrons quickly led to 
dramatic changes in physicists' understanding of the atom 

Quantum mechanics is the name given to the important branch of physics that deals with 
events on the atomic and sub-atomic scales that involve quantities that can only have discrete 
(quantized) values. In the quantum \\Urld the laws of classical physics are often of little use; 
trying to apply knowledge and intuition gained from observing the macroscopic world around us 
often only leads to confusion 

l2 Di>termine the angular momentum of an electron in the fifth orbit of the hydrogen atom a in terms of hhl, 
and b in SI units 

B a Cakulatetheradiu1ofthethirdorbitabo\oethegroundstateinthehyd1ogenatom 
b Whi!tri!diusi1predictedfortheli!rge5torbit? 

34 a Cakulatethekineticenergy(J)ofanelectroninthegroondstateofthehydrogenatom 
b Cakulatetheelectricpotent~l (J)oftheatominit1ground5tate 
c Oeterminetheoverall energyoftheatom(J) 
d Convertyooranswertoelectronvolts 
• &plainwhytheamwerisnegative 

35 a Use data from Figure 12.14 to oelennirie the lowe51 frequency of the Balmer series 
b lnwhatpartoftheelectromagnetic1pectrumi1thisfrequency? 
c Cakulate the smal le51 energy (eV) tarried by any of the photons involved with the five transitions shown 

inthef>aschenseries 

• Fitting electron waves into atoms 
After the discovery of the wave properties of electrons, the model of the structure of the atom 
needed to be changed significantly. However, we have already met similar ideas: in Chapter 4 we 
discussed waves that are 'trapped' in confined spaces and the formation of mechanical standing 
waws, such as those seen on stretched strings 

If we consider that an electron exists as a whole number of standing waves confined to 

@n,8) ~\~:~~\~~~:,~~~::~~:·::::·,,l~~~::)~~~~~ible s<aooingwavele~h,,re 
mvr•~ 

· " asbefore 

• Figure 12.17 In other \\Urds, the concept of an electron existing as a standing wave in a hydrogen atom 
Electron standing successfully confirms Bohr's energy levels 
waves in the Figure 12.17 represents two of the possible standing wave patterns for an electron in the 
fourth and eighth hydrogen atom 
energy levels of the However, this is a much simplified model, but before it can be taken any further we need to 
hydrogen atom develop a deeper understanding of matter waves 

36 Show how the equation mvr ,,!}!!_ arises as a consequence of littir.g electron standing w.wes into the 

'" drcumferencesoftheirorbitsaroundthenudeus 

l7 Calculate the angular momentum of an electron in its ground 51:ate in the hydrogen atom 

38 Makeasketchtorepresentanelectroninthen=3energylevelofthehydrogenatom 



• The wave fun ction 
The idea that light and sound travel as waves required that we explain the nature of those waves 
(Chapter 4). Similarly we now need to explain the wave nature of electrons and other particle 
waves. Hcw.1ever, this is not something for which we can draw a simple picture or describe in a few 
words. A full explanation requires a high level of mathematics, u,hich is nol required in this cour~. 

In 1926 the Austrian physicist Erwin Schrodinger proposed a quantum mechanical model 
describing the behaviour of the electron within a hydrogen atom. In Schrodinger's theory, the 
electron in the atom is described by a mathematical wa,·e function, '¥(x, t) as a function of 
position, x, and time, 1. The wave function is a description of the (quantum) state of an electron; 
it represents everything there is to know about the particle. The wave function of a particle 

- --• --' cannot be obsen·ed directly. It is important to understand that when the condition of the 
• Figure 12.1 8 Erwin electron changes, so too does its wave function. So that, fur example, the wave function of a free 
SchrOdinger electron is different from the wave function of an electron bound in a hydrogen atom. 

In classical physics the position of a particle at any moment can be known precisely, but on 
the microscopic (quantum physics) scale a particle's wave properties become important and we 

path of ~ectroo can then only refer to the probability of a particle being in a given position at any given time. 
According to quantum mechanics, a particle cannot have a precise path; instead, there is 

;:~~t::n:~::
1
:1::;;~i~:)?bebev~:.:: :: : {::!:1

::!::~eo~\:n;;~~~:.: t~;~9r~:~:~er 

the area of shading, the higher the probability of finding an electron there 
The wave function of the electron provides a means of representing this probability, but not 

directly: 

l\jl(x, 1)1 2 is the square of the absolute value of the amplitude of the wave function. It is a 
measure of the probability that an electron will be found near a point x at time 1. 

The probability of finding a particle at a distance r from a reference point, in unit ,ulume, V, is 
known as its probabilit y density, P(r). It is related to l\l'I! as follows (this equation is given in 

wavefunctioo the Physics data booklet); tN is the small volume being considered: 
• Figure 12.19 

quantum mechanical 
descriptions of a 
moving electron 

As an example, consider 
Figure 12.20, which shows how 
theprobabilitydensityforan 
electron varies with distance r 
from the centre of a hydrogen 
atominitsgroundstate(n • i). 
The peak indicates the most 
probable distance of the electron 
from the nucleus, which is about 
0.50 x 10- 10 m. This is where the 
probability density is highest. But 
the essential point to understand is 
that the electron is 1101 located in a 

r110-1om 

precise orbit and could be fuund at • Figure 12.20 Probability density for an electron in a 
any other distances (except in the hydrogen atom 
nucleus) 

In more advanced work, the wave function is applied to three dimensions and often the 
electron is pictured as an 'electron cloud' (Figure 12.21) of varying probability density. The 
electron density distribution may be considered to be like a photograph of the atom with a long 
exposure time. The electron is more likely to be in the positions where the probability density 
(represented by dots) is highest. For the first main energy level (n • I) the orbital takes the form 
of a fuzzy sphere 
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Interpreting diffraction and interference patterns 
Earlier in this book we have described light and electron interference patterns and explained 
them in terms of wave superposition. Now we should consider how such patterns can be 
interpreted in terms of matter waves. 

When a single electron wave (or photon) passes through slits its exact path is unknown 
(we know only its probability distribution), and it is only when significant numbers are detected 
on a screen that a pattern emerges. Figure 12.22 uses individual dots to represent the arrival of 
individual electrons that have been detected on a screen 

The (X)Sitions of an individual electron (or photon) between its source, through the slits, to 
where it is detected may be described as 'everywhere' - although it is certainly more likely to 
be found in some places than others fos described by its wave function). When it arrives on the 
screen, its wave function changes ('collapses') and it can then be detected. Quantum behaviour 
is sometimes summarized in the quote 'nothing is real unless it is observed' 

• Figure12.21 Electroncloudforthefirstorbitalinthe 

hydrogen atom 

• Figure12.22Distributionofelectronsarrivingona 

screeninaninterferencepattern(thiswouldhavetobea 
vel}'low-intensitybeam!) 

Einstein is famously quoted as saying: 'GOO does not play dice', but the nature of probability involved 
in quantum theory is much more profound than tossing a die or a coin. The way a die lands COllld, r Thenatureofprobability 

:; !:~~~.7r isr:!~c~;: ::7n ::a~u::i~~;::::~:u;:~::::~~~y:i::::.si:t:~ 

conditions can lead to many different outcomes, so the future is not determined by the past 

• The Heisenberg uncertainty principle 
Because, on the quantum scale, particles have wave properties such that their (X)Sitions are 
described in terms of probabilities, it is impossible to fully observe all the properties of a particle at 
one instant. This concept is clarified by the Heisenberg uncertainty principle, which links pairs 
of variables (such as position and momentum): the more precisely one is known, the less precisely 
the other is known. We cannot simultaneously measure both properties to unlimited precision 

For example, in e\·eryday life we may commonly observe that a car is moving with a certain 
momentum when it is located at a certain position, but no such certainty is possible in the 
quantum world. 

It should be stressed that uncertainty in atomic physics is not caused by poor experimentation 
skills or apparatus.It isafundamentalfeatureofquantumphysics 

The uncertainty principle for energy and time, and position and momentum 
Uncertainty in position, f;x, and uncertainty in momentum, ~p, of a particle are linked by the 
equat ion: 

This equation is given in the Phyiics data bookkt 
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This shows us that the more accurately we know the momentum of a particle (smaller i'¥>), 
the less we know about where it is (larger i'lx). The more accurately we know the position of a 
particle, the less we know about its momentum. Because of this, momentum and position are 
described as linked tJariables and they are called conjugat t" quant ities. If one is made zero, the 

other must be infinite, which means that if we wanted to specify an exact 
location for a particle, then its momentum would have to be infinite. 

Returning to the diffraction of a narrow beam of photons, or electrons, 
through small gaps may help to explain the principle: we can interpret 
diffraction in terms of the uncertainty of position of particles as they pass 
through the gap. Observation shows us that if a gap is much larger than the 
wavelength, then diffraction is insignificant (Chapters 4 and 9). Under these 
circumstances the uncertainty in the position is large (because the gap is 
relatively large), so that the uncertainty in momentum (speed and direction) 
is small and that the particles' paths pnxluce a small dot on the screen. If the 
gap is much smaller, tht" position of the particles is more precisely known and 
so their momentum becomes less well defined and the diffraction pattern 
detected on a screen spreads out (Figure 12.23) 

• Figure 12.23Ditfractionand We can make an approximate mathematical link to uncertainty as follows. 
uncertainty We know from Chapter 9 that the first diffraction minimum occurs at an 

angle B such that B = )./b, and in this example b • i'lx, so that B • )./i'l..'C. A vector diagram for 
momentum would show that B • i'lp/p, which suggests that· 

This is in broad agreement with the IOClre precise uocertainty priociple given in the equation above 
The uncertainty principle can be linked to Schrodinger's waw function; the more accurately 

the wavt"length of an electron is known, the more precisely its momentum (p • h/A.) is 
determined and the greater tht" uncertainty in its position. For example, if the wave function 
of a free electron was a perfect sine wave, its wavelength and momentum would be known with 
certainty, so there would be infinite uncertainty in its position. 

7 AA electron moves in a straight line with a constant s.pee-d (1.30 x 106ms-1). The s.peed can be measured 
to a precision of 0.10%. What is the maximum possible precision (minimum uncertainty) in its position if 
itismeasurl.'dsimultaneous!y7 

p:\'9.110x 1Q-l1)x{1.30x 106):1.lBx 1Q-1'kgm s-1 

/J.p:0.0010p:1.18x10-11kgms-1 

h 6.63x,O-l4 

/J.x';;.4nx!J.p"4xnx1 .18x10-ll 

M,m=4.45x1Q-8m 

Maximum possible precision of positioo (minimum uncertainty), !J.x = 44.5nm 

8 The position of an electron is measured to the nearest 0.50 x 10-10m. Cakulate its minimum uncerta inty 
in momentum 

h 6.63x1Q-l4 
/J.p';;.4nx!J.x"4,.nx0.50x10 O 

!J.p,..;,,=1.1x10-1'kgms-1 

9 Assume that an electron was rnnfinl.'d within a nucleus of diameter 1 x 10-1sm. Use the uncerta inty 
principle to estimate the minimum uncertainties a its momentum and b its kinetic eneigy. c Suppose 
theelectronwasinahydrogennucleus.Compareyouranswerin b totheelectricpotentialenergyofa 
proton-electronsystemseparate-dbyl x10-1s m 



12. 1 The interaction of matter with radiation 525 

t.f)=~=4:·;:1~
01;'_, 

t.f} ~ 5.3 >< 1Q-10 kgms-l 

b M,=~= i5
~

3
9~~

0
;~~ :1.SxlO-~J 

t fp=lf-= (1!.99x 1
1
0:):~6>< 10-

1
9)' ,, 2 >< 1Q-1lJ 

Thiscakulirtionshomusthatifanelectronwasconfinedwilhinanucle1.1sitwouldh<M1tohave 
a kinetic energy many times higher than the minimum enagy needed to overcome the electrical 
attractionandesupe(=polentialenergyofthesy,tem).lnotherwords,theur,certaintyprinciple 
coofirm1thatanelectroocaflflOtexi'il:withinthenucleu1.lnbetapartKJeradiOilctil'l1decay.when 
electronsarecreatedwilhinthenucleus.theyareimmediatelyejected 

Measurements of time and energy are also linked variables and are described by the energy- time 
uncertainty principle: 

i'lEtu;,,~ 
4rr 

This equation is in the PhyJics daia bookkt. 
t,,E represents the uncertainty in the measurement of energy, while t',,r represents the 

uncertainty in the measurement of time when the measurement was made. 
This equation tells us that the shorter the time taken for a measurement, the greater the 

uncertainty in energy. This has some very important consequences - see Worked example 12 

10 Anelectronrisesfromtheground'il:ateof<1natomtoahigherlevel,butlhenretum1after5x10-8 s. 
Whiltistheminimumuncertaintyintheenergyoftheexcitedelectron? 

MM,:~ h 

Mx{SxlO- ll),:4n=5.28xl0-11 

M:.,1x10-17J{:7x10-6eV) 

whichisatinypacentageoftheenagylevelsofatoms 

11 An electroo has a tota l energy of 2eV but woold require SeV to 'escape" from the nucleus that attracts 
it.Oassicalphysicstell1usthattheelectroncannotescapebecauseitdoesnothaveenooghenagy,but 
theuncertaintyprincipletellsu1thatitcouldacquiretheextraenagy(3eV)iflhetimeintervalwasshort 
enough. The uncertainty in energy can be large ii the uncertainty in time is small. Calcu late the maximum 
timefortheelectrontoescape 

h ::1,~/: 1Q-111j >< M:-£,: 5.28 x lQ-ll 

M:lxl0- 16 1 

ltispossibleforanelectrontoescapefromtheatomilthetimeinterval is 1 x 10- 16 sorshorter. This means 
that.becauseofuncertainty,theclassicallawofcooservaticmofenergycanbebrokenifthetimeisshort 
enough. Thereareotherimportantexamplesofthis.includirigsomeaspectsofradioactivedecay.nudear 
fusionandtheexistenceofexchangeparticles(sei!thenextsectioo) 

39 Calcu late the minimum uncertainty invekxityforanelectroo in a 1.0 x 10-10 m radius orbit in which the 
positionalminimumuncertaintyis1 %oftheradius 

40 Amassof40.00gismcwingatawlocityof45.00m~-1.1fthevelocitycanbecakulatedwithanaccuriK}' 
of2%,cak:ukltetheminimumuncertaintyintheposition 

41 The lifetime of a free neutroo is 15 minutes. How uncertain is its energy (in eV)? 
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42 Use the principle of uncertainty to estimate values for the momentum and kinetic energy (eV) of an 
electron confined somewhere within an atom of radius 1 x 10- 10 m 

43 Figure12.24showstheexchangeofaWboson(mass 
80.4GeVc -1}betWi!enlwoquarks.Rrepresentsthedistance 
between the quarks at the time of the exchange 
a Whatistheenergyequivalent(J)ofthema11oftheboson? 
b The time for the interildion may be assumed to be Rlc 

{distance/speed),assumingthattheparticlemOYesataspeed 
dosetothespeedoflight,cUsetheuncertaintyequationto 
estimate a maximum ~alue for R 

c Expkl inwhytheweaknudearforcehassuchashortrange 

• Figure 12.24 

44 One energy ~el of hydrogen is 12.SeV above the ground state. Use the uncertainty principle to estimate 
an order of magnitude for how long an electron could remain in this excited state 

45 FindoutaboutSchrOdir,ger'shypothetical 'catinthebox'experimentandexplainit1rnrmectionwith 
quantum theory. 

• Tunn elling, potential ba rri e r and facto rs affecting 
tunnelling probability 

One of the most significant and interesting implications of quantum mechanics is that particles 
can do things that are considered to be impossible using the principles of classical physics 
Consider Rgure 12.25, which shows a particle of energy, E, trapped between nm rectangular (fur 
simplicity) barriers of energy, E8 . The particle seems to be trapped because E < E8 . A gravitational 
analogy could be a ball trnpped with insufficient kinetic energy to convert to potential energy to 
get over the top of the hills. The simplest example from atomic physics would be an electron in a 
hydrogen atom with insufficient energy to 'escape' the electrical attraction of the proton 

• Figure 12.25 Aparticletrappedbetween 

bullet 
=, -

football 

(!)-
• Figure12.26 Abulletandafootball 

striking wooden barrier horizontally 

Let us consider what might happen when an object meets a barrier. Figure 12.26shows the 
classical physics situations of a bullet and a football striking a wooden barrier horizontally. In 
classical physics, the bullet and the football will not be able to pass through the thick barrier, 
although if the bullet is travelling fast enough, there is a possibility it may penetrate through the 
barrier, but only by making a physical and permanent hole in it 

Potential barriers 
Now consider a particle constrained by one of the fundamental furces. As mentioned before, 
the simplest example from atomic physics would be an electron in an atom with insufficient 
kinetic energy to overcome the attraction of the nucleus in order to 'escape'. The 'barrier' in 
this case is one of electric potential energy because the electron needs to gain enough potential 
energy to escape. In order to generalize the discussion, it is usual to refer to potential barriers 
(in this example, electric potential • energy/charge) rather than barriers of potential energy. 
Gravitational analogies are useful in this kind of discussion and it is common to also refer to 
potential 'hills' and potential 'wells' in descriptions of potential barriers. 



12. 1 The interaction of matter with radiation 527 

Quantum tunnelling 
Figure 12.27 (top) shows an electron approaching a 
potential barrier. Once again the situation has been 
simplified by the use of a rectangular representation 
for the barrier (which offers no indication of how 
the potential varies with distance). The lower part 
of the figure represents the electron's probability 
density, which appears on both sides of the barrier. 
Because of the wave nature of the electron there is 
a clear probability that an electron can be detected 
on the other side of the barrier. In other words, some 
electrons will tunnel through the barrier. 

• When electrons strike the barrier, most will be 
reflected. The incident and reflected matter waves 

• Figure12.27Continuityofwave 
functionacrossabarrier(waveformis 

only approximate) 

interfere and a stationary wave pattern is obtained (giving rise to specific energy levels) 

• The wave function and probability density are continuous at the interfaces of the potential 
barrier 

• The probability density decreases exponentially in the rectangular barrier 

• There is small probability of detecting an electron outside the rectangular barrier. 

Tunnelling probability 

The number of particles that will tunnel through any given potential barrier depends on the 
probability with which an approaching particle will penetrate to the other side of a barrier. It 
depends on the following factors: 

• themassoftheparticle 

• the thickness of the barrier 

• the 'height' of the potential barrier 

• the energy carried by the particle. 

Atomic and nuclear physics deals with enormously large numbers of particles and interactions 
This means that, even when the probability of a certain interaction (such as quantum 
tunnelling) happening is very, very low, it may still occur in significant numbers. For 
comparison, is said that the worldwide chances of being killed by lightning are very small (an 
average of about one in JOO OOO in anyone year), but this still suggests that about 25 000 people 
in the world are victims of lightning every year 

Examples of quantum tunnelling 

• Ionization - some electrons can escape from the attraction of a nucleus without having to 
acquire the full ionization energy. 

• Alpha decay - after alpha particles are created by nuclear decays in the nuclei of unstable 
atoms, calculations predict that they do not have enough energy to overcome the strong 
nuclear forces. But some do escape to become nuclear radiation. 

• Fusion in the Sun - some hydrogen nuclei can fuse together with less than the kinetic energies 
that calculations suggest. This means that some nuclear fusion can occur at lower temperatures 
than woukl o therwise be predicted. For example, the absolute temperature in the core of the 
Sun is about 1000 times lower than calculations suggest is necessary for nuclear fusion. 

• Scanning tWlnelling microscope (STM) - see Figure 12.28. A very sharp tip is brought very close 
to the surface that is to be examined and a voltage is applied between the t\\'O to provide a 
'barrier' for electrons moving from the surface to the tip. Some electrons tunnel across this 
barrier and a small current can be measured. The size of the current is very sensitive to the 
nature of the electron distribution in and around the surface, so it can be used to pnxl.uce an 
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• Figure 12.28Thetip 

scans across the surface 

and may move up 

anddowntokeepthe 

im3ge of the surface if the tip is mm·ed (scanned) across it. This type of microscope is capable 
of resolving individual atoms. Figure 12.29 shows an image from an STh1 

• Figure12.29 1mageofacoppersurfaceproducedbyascanning 
lip 

tunnell ing microscope 

The resolutions of various kinds of microscope are limited by the wavelengths of the radiation 
they use (remember Rayleigh's criterion from Chapter 9). Because electrons have a much shorter 
wa\·elength than light, they are capable of providing much higher resolution. 

46 RedrawFigufl! 12.27torepresentathkkerbarrier. 

47 Use Heiseoberg"s uncertainty principle to estimate an order of magnitude for the maximum time for an 
electrontotunneloutofahydrogenatom 

48 Use the internet to find more STM images 

49 RedrawFigufl! 12.2Stomoren!ali1tKal!yrepresentthepotential(orpotentialenergy)weOfo1anelectron 
in a hydrogen atom 

TOK Link 

The duitlity of marrer and tunnelling are case5 where the lalVS of classkal physks are violated. To what 
exrenthaveadv.incesin technologyenabledparadigmshiftsin'iCience? 

A1anotherexample,theinveotionandu1eofthetelescopi!wasamajorfactorintheint1oductionofa 
sun.centred model of the universe and o;ubsequent developments. Significant discoveries arising from new 
inventkmsortechnoklgirnlildvancesoftenprecedenewtheories 

12.2 Nuclear physics -the idea otdiscreteness that we met in the 
atomic world continues to exist in the nuclear world as well 

In this section we will consider nuclear si:e and structure in more detail, beginning with a 
closer look at the results of Rutherford's nuclear scattering experiments, previously discussed in 
Chapter 7 (Geiger and Marsden's experiments) 

• Rutherford scattering and nuclear radius 
The graph shown in Figure 12.30 represents the typical results obtained from this experiment. 
The most unexpected observation was that some alpha particles were scattered through large 
angles. In fact, al:out one in every 10000 alpha particles incident on the gold foil was deflected 
by an angle larger than 90°. 

In order for an alpha particle to be scattered straight back (with very little loss of kinetic energy), 
it must have 'collided' with a rmx:h larger mass (see discuSllion of elastic collisions in Chapter 2) 
Because m;::,st ci the alpha particles are not deflected, the maSll of each atom must be concentrated in 
a very small centre (the nucleus), such that most particles do not collide with it. Rutherford further 
realized that the p,mem into which the alpha particles were scattered could only be explained by the 
action ofbrge electrCal repulsions 00:ween the positive alpha particles and tiny positively charged 



• Figure 12.30The 

rate of scattering 
ofalphaparticlesat 

different angles 
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nuclei. He proposed that each nucleus has a 
charge much higher than that of an alpha 
panicle, and that this is effuctive\y concentrated 
at a poim at the centre of the atom. The size of 
the forces, F, between two charges, q1 and q2, is 
described by lli.tlomb's law (Chapter 5), where r 
is the distance between them: 

This equation is given in the Physics data 
boo/Jo,. 

Rutherford was able to estimate the radius 
of a gold nucleus by calculating how close an 

Ang~ of defk>ction• alpha particle got to the nucleus during its 

interaction. At its nearest distance, an alpha 
panicle moving directly towards the nucleus stops moving, so all its original kinetic energy is 
then in the form of electric potential energy. It is as if an 'invisible spring' is being squeezed 
between the alpha particle and gold nucleus as they come closer and closer. See Figure 12.31. 

~z,=..;;;;,,;;;:;;";:;"'_:"~ergy:~: +79e 

a-p<ntKle electric potential energy gokl 

d nudeus 

a-particle 
51:atiooary 
(fp = f,:) 

• Figure 12.31 Atclosestapproachinahead-oncollision,theelectricpotentialenergy 

storedintheelectricfieldisequaltotheinitialkineticenergyofthealphaparticle,fp=EK 

The equation for electric potential energy (EP) depends on the separation, r, of the t\1-U charges 
(see Chapter 10; it is also given in the Physics daia bookkr) 

E • kqiqi 

' ' 
In the case of the alpha particle, at the distance of closest approach to the nucleus, all its kinetic 
energy, EK> will have been transferred to electric potential energy, Ep • EK, so: 

Ep •EK • kq;qi 

The charge of the alpha particle is +2e and the charge of the nucleus is +Ze, (Z • 79 for gold), 
so if the kinetic energy of the alpha particles is known (they are all the same), then r can be 
calculated as follows: 

1 
• kq1q1 • k(Ze x Ze) 

EK EK 
If the target nucleus is gold and the incident alpha particles have a kinetic energy of 4.0MeV 
(which is typical for alpha panicles), the distance of closest approach is· 

(8.99 X J09) X (2 X 79) X (1.6 X 10-19)2 

(4.0x!Q6)x(l.6x10- l9) 

r • S.7 x 10-Hm 



530 12 Quantum and nuclear physics 

This is the separation of the alpha particle and gold nuclei at doses! approach and gives an 
upper limit for the sum of their radii. Because alpha particles carry so much energy, from this 
calculation it may be assumed that the radius of a gold nucleus is of the order of 10- ti m 

The experiments can be repeated with different elements providing the target nuclei and by 
using alpha particles of different energies. However, much more energetic alpha particles may 
enter the nucleus, where strong nuclear forces will also interact with the alpha particle, such 
that the assumptions made above are no longer valid. The results of the Geiger and Marsden 
experiments were used to confirm if, for a particular nucleus and alpha particle energy, the 
scattering of the particles was dominated by an inverse square law of repulsion. If so, then the 
nuclear radius could be estimated by the theoretical calculations shown above. (No experimental 
data are involved apart from the energies of the alpha particles.) 

50 Expla in how results Imm Geiger and Marsden's experiments, such as those represented in Figure 1231, 
indicatethatanatomhasasmall,posilivenucleus 

51 Determinetheclosestdistancethatanalphaparticleolenergy 1.37MeVrnuldapproachto: 
a agoldnucleus 
b arnppernucleus 

Copperhasaprotonnumbero/29 

52 Calculate the velocity at which an alPfla particle (mass ol 6.64 " 10-17 kg) should travel towards the 
nucleus of a gold atom{charge +79e) in order to get within 2.7 x 10-1~m of it. Assume the gold nucleus 
remainsstatiorary 

53 Explain why alpha p.1rticles were used in the Geiger and Marsden experiment 

r Theoretical advances and inspiration often precede discovery in particle physic., 
Rutherford's proposal of the existence of nuclei at the centre of atoms soon expanded to include 
the concepts of the proton and the neutron, but these were not actually discovered until years 
later. There are many examples in particle physics in which theories have been proposed long 
before the experimental expertise has developed enough for evidence to be found in support 
of the theory. Further examples include the proposals for the existence of antiparticles and the 
H iggs Boson, 00th of which were confirmed only many years after they were first proposed 

• Electro n scattering by nucle i 
We have used Coulomb's law to ei1imate nuclear radii from alpha particle scattering experiments, 
but direct evidence is needed. Detecting what happens to beams of high-energy particles (of 
known properties, such as alpha particles) when they are directed at atoms and nuclei in targets 
is an obvious strategy. However, if the particles contain hadrons (as do alpha particles) their 
interactions with nuclei will become complicated if they experience nuclear strong forces when 
they are very close to, or entering, a nucleus (Figure 12.32) 

Electrons are leptons and do not experience nuclear strong forces 
(although they will still experience electromagnetic forces inside a nucleus) 
High-energy electron beams are also easily prcduced and controlled; this 
means that they are a gocxl choice for investigating nucleL Earlier in this 
chapter we saw that the wave properties of electrons can result in them being 
diffracted by atoms and the spacing between atoms, which are typically 
about 10-10 m in size. (Worked example 5 showed that an accelerating voltage 

separatioo of IOOOV prcduces electrons of wavelength 0.55 x 10- 10 m.) Remember that 
diffraction effects are greatest if the wavelength and the object causing 
diffraction are about the same size. Much higher accelerating voltages can 
prcduce electrons with shorter wavelengths, as low as 10- 15 m, which makes 
them suitable for diffraction by objects of that size, such as nucleL It should 
be mentioned that, at very high speeds approaching the speed of light, 
relativity effects become important (Option A: Relativity) and the masses of 
accelerated electrons will increase, as well as their speeds. 

• Figure 12.32ComparingCoulomb 
repulsiontothenuclearstrongforce 
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We can use the equation E • hf • he/). to determine the energy of electrons that will produce 
a required de Broglie wavelength of, for example, 5 x 10- 11 m: 

J.CXJ X J(}'! 
£ • (6.63 X 10-H) X S X IO- l.'i .. 4 X IO- llJ 

oraOOut 2 x !o'!eV (200MeV) 
That is, an accelerating voltage of the order of 200MV is needed. (Electrons in beams 

produced by even higher accelerating voltages can penetrate deep into nuclei and provide 
information about the structure of nucleons.) 

" Figure 12.33 shows a simplified version of the experimental 
target '. arrangement, excluding the apparatus designed to accelerate the electrons 

high-energy _ f \ by aOOut 200 MV or more. 
ek>ct~ "--~&- r - The diffraction of electrons by a nucleus is similar in principle to the 

'S, diffraction of light photons by a narrow slit . 
. i deiectOf fllO'Jed In Chapter9 we saw that the first diffraction minimum for light of 

wavelength). passing through a narrow slit of width b occurred at an 
angle such that sin B • )./b. (Because the angles concerned with light 

• Figure 12.33 Using the scattering of high- were \·ery small, the approximation sin (J • (J could be used, so that the 
energy electrons to investigate nuclei equation became (J • )./b.) Similarly, for electron diffraction, the first 

diffraction minimum occurs at an angle such that 

".Iv . 
0 0 Angle 

• Figure 12.34 Variationof 
electronintensitywithangle 

where D is the width of the object causing the diffraction, the nuclear 
diameter. This equation is given in the Physics data booklet. 

As the detector shown in Figure 12.33 is rotated from a central 
position, the intensity of the electron beam decreases. It reaches a 
diffraction minimum, then rises again. See Figure 12.34. 

54 The nuclear diameter of carbon is 2.75 x 10-15 m. When carbon diffracts electrons of de Broglie 
wav~ength 1.2 x 10-1sm, at what angle will the first diffraction minimum be detected? 

55 Assuming that the maximum possible value of sin o is 1. what is the minimum electron energy (MeV) 
required to observe a diffraction minimum by a copper oucleus of diameter 4.8 x 10-15 m? 

56 Coosider Figure 1232. Explain why the l'QUilibrium ~paratioo occurs at ~nt P. 

Nuclear density 
If we assume that, for a given separation, the strong nuclear force acts equally between all 
nucleons, so that the nucleons in a nucleus are packed close together, then it reasonable to 

suggest that the volume of a nucleus, V, is proportional to the number of nucleons, A 

Assuming that the nucleus is approximately spherical, its volume, V • fnR\ so that its volume 
will be proportional to its radius, R, cubed 

R1 ecA 

So that: 

R ocA'~ 

This is confirmed by electron scattering experiments. 
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Putting in a constant of proix,rtionality: 

This equation for nuclear radius is given in the Physics data bookie!. The constant Ro is 
called the Fermi radius, which is equivalent to the radius of a nucleus with only one proton 
(A • 1). From electron diffraction experiments it is found to have a value 
of 1.2 x 10-11 m (• 1.2fm). This value is given in the Physics daw booklet. 

We can use p • m/V to estimate nuclear density. The mass of a nucleus will be approximately 
equal to Au, where u is the unified atomic mass unit, giving 

Au 3u 
p-~ - ~ 

p • !rrx :1(~lxxl~~~:;1 ,. z x 1017kgm-l 

All nuclear densities are approximately the same, but it should be noted that it is an extremely 
brgedensity! 

If the electrons in an atom are considered to have negligible mass compared to the 
nucleons, and the radius of an atom is typically 105 times brger than a nucleus, then an order of 
magnitude density for atoms would be (1017)/(IQ'i)l .. HYkgm-1, which is comparable to everyday 
observations of the density of matter. The only macroscopic objects with densities comparable to 
nuclear densities are collapsed massive stars, known as neu!T<m stars and black holes (Option D: 
Astrophysics) 

57 Estimatetherndiusof: 
a agoldnuclrus{A:197) 
b anoxygennuclrus(A:16) 
c The measured radius of a gold-197 nucleus is 6.87fm. How does this rompare with the value c<1k:ulated 

in 17 

51 Estimate a value for the following ratio: rildius of largest possible nudern to radius of smal lest possible 
nucleus 

59 Gold is considered to be a dense element. Estimate what fraction of the volume of a gold ring is actually 
occupiedhyparticles.(Demityofgold:19300kgm· 3) 

60 The mass of the EMlh is 6.0 x 10l ' kg. Estimate the radius ol a neutmo star that had the same mass as the 
E<1rth 

61 Explain why the mass of <1 oudeus will be 'approximately equal to Au' 

• Nuclear energy levels 

Like the atom, the nucleus is a quantum system and has discrete (individual and separate) 
energy levels 

The observation that the energies of alpha particles and gamma rays are discrete provides strong 
experimental evidence for the existence of nuclear energy levels. (This is in contrast to beta 
decays, in which the emitted electrons or positrons have a continuous range of energies.) 

Alpha particle energies are discrete 
During each alpha decay a single alpha particle is ejected from an unstable and brger nucleus. 
The smaller alpha particle has the higher speed and the nucleus moves backwards (recoils) at a 
lower speed, conserving momentum. Energy is released in alpha decay in the form of the kinetic 
energies of the alpha particle and the recoiling nucleus. Most of the energy is carried away by the 
alpha particle 



• Figure 12.35 
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• Figure 12.36 

The gamma rays 
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The alpha decays of any particuhr radionuclide will always produce the same daughter 
product, and the discrete energies of the emitted alpha particles will usually all be identical from 
nuclei of the same radionuclide. However, some radionuclides emit alpha particles with se\·eral 
different energies. This is because it is possible for the daughter product to be in one of several 
discrete excited staies. Figure 12.35 shows the emission of alpha particles of five different energies 
from americium-241 to various nuclear energy levels of neptunium-239. 

{notloSCi!le) 

The alpha decay of the same radionuclide always produces alpha particle(s) of the same discrete 
energies. This is predicted by the law of conservation of momentum because the !uo particles 
involved must always move in opposite directions 

Gamma ray energies are discrete 
Evidence for the existence of nuclear energy levels also comes from studying gamma ray emissions 
from radioactive nuclei. These emissions do not change the numbers of protons and neutrons in 
the nucleus, but remove energy from the nucleus in the form of gamma rays (photons). 

The gamma rays have energies that are discrete and unique for a particular nuclide. This 
suggests that the gamma rays are emitted as a result of nuclear transitions from an uciud 
state with a higher energy level to a lower energy level, similar to electron transitions in the 
atom (Chapter 7). Nuclei are often left in excited states following the emission of alpha or beta 
particles, as was shown in Figure 12.35. 

Another, simpler, example is shown in Figure 12.36. After carbon-IS has decayed by beta 
emission, some of the nitrogen-IS daughter nuclei are left in an excited state. These excited 
nuclei release gamma rays of a particular frequency, and hence energy, to reach the lo.•.1est energy 
level(the groundstate). 

The photons emitted by radioactive nuclei carry more energy, and therefore have higher 
frequencies, than photons emitted as a result of transitions involving electrons. This means 
that the energy changes involved in nuclear processes are much larger than those involved in 
transitions of electrons. 

·r ! ':cbeforedecily 

' 
' ,s } Ninexcitedstate.P 
0 _, ------ f* 

~ y--ril"fphoton 
released with 

E, -----------~,-. --- J;;,IE'-E,) 
7
N1ngrourKlstate,Eo 
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• Fig ure 12.38Typical 

energy spectrum for 

beta decay 

62 Explain why me;isurements made of alpha particle and 
gammarayenergiessuggeststhattherearediscrete 
efll'(gylwelsinnuclei 

63 Figure12.37showsthelowesttwoenergylevelsfor 
thenucleusofaheavyatom 
• HowdoesthesizeofnuclearenergH!scomparewith 

thesizeofelectroneJlergies? 
b Calrnlatethewil'lelengthoftheelectromagnetic 

radiationemittedinanuclearchangeirwolviflga 
tram.itionfromthefirstexcitedstatetotheground 
state 

I
"'"'"""'""'' 

V 

ground state 

• Fig ure 12.37 

c To what p;irt of the electromagflelic spectrum does this photoo belong7 

64 • Use Figure 12.35 to make a copy of live eJlergy levels of a neptunium-237 nucleus. Draw arrows to 
rePfesentthetenpossibleenergyll"lleltransitioJls 

b What are the wavelerigths of the largest and smallest gamma ray photons that could be emitted from 
thesetransitionQ 

65 Suppose that it is Known that a particular nuclide emits gamma ray photom of energH!s O.S!!MeV, 
0.39MeV and 0.31 MeV. Oi!termine the energies of another thiee different photons that might be emitted 
from the same nucleus 

Beta particle energ ies are not discrete 
If beta particle emission involved only the nuclei and the beta particles, the particles emitted 
from a particular radionuclide should all have the same kinetic energy, in a similar way to alpha 
particle emission. However, measurements show that although the maximum kinetic energy of 
the beta particles is characteristic of the beta source, the particles are emitted with a coniinuoui 
rangeofkineticenergies(Figure 12.38). 

This unexpected observation was first recorded in 1928 and at first may have suggested that 
energy and momentum might not be conserved. However, in 1933 the Austrian physicist 
Wolfgang Pauli proposed that another undetected particle was also involved in beta decay. This 
particle was hypothesized to be neutral (otherwise the electric charge would not conserved) and 
have little or no mass (otherwise the energy cuf\"e of the beta particles v.uuld have a different 
shape). This new particle was named the neutrino (and its antiparticle the antineutrino) 
Because the neutrino has such a small mass and interacts very weakly with matter, it was not 
until the 1950s that evidence for its existence was obtained 

Reviewing information about beta decay (Chapter 7): there are two kinds: (a) bew-negmiw 
decay, in which a neutron changes into a proton with the emission of an electron and an 
(electron) antineutrino; and (b) l,.,rn-poii1iw decay, in which a proton changes into a neutron 
with the emission of a positron (positive electron) and a (electron) neutrino. The full beta decay 
equations then become: 

Bew-negative decay Bew-positiwdecay 
n~p+~+~ p~n+e• +~ 

Because each of the three particles may move away in any direction, applying the conservation 
of momentum, we see that the energy can be shared in any ratio, exphining the continuous 
spectrum of beta particle energies. 



• Figure12.39 
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• The neutrino 
As we saw in Chapter 7, neutrinos (and their antiparticles) are elementary particles. There 
are three kinds of neutrino, each associated with either an electron, a muon or a tao particle. 
Neutrinos are uncharged and have very small masses. They travel at speeds close to the speed 
of light. It is now believed that they may be the second most common type of particle in the 
universe (after photons). It is estimated that over 1012 neutrinos pass through a finger nail every 
second, most of which were emitted in nuclear fusion reactions in the Sun. They usually pass 
through the entire Earth almost without being affected. 

The detection and properties of neutrinos is becoming an increasingly important area 
of research in physics. It is hoped that deeper knowledge of neutrinos will increase our 
understanding of such matters as the origin of the universe, the ratio of matter/antimatter and 
the properties of'dark matter' in the universe. 

It is surprising that so little is known about such a common particle, but their properties and 
associated penetrating power make neutrinos very difficult to detect. The probability of them 
interacting with matter (in the form of sub-atomic particles) is very, very small, but finite. The 
probability is increased by having large detection chambers containing a lot of dense matter. 
Experiments are best located underground and/or in remote locations that are free from outside 
influences or the pass3ge of less penetrating particles. See Figure 12.39. 

Jli!llll!lm:11;1 Modern computing power: analysing vast quantities of data 

\j} :~~;::~~c~::~::i:i:;:r~~~~:~ci::!:i1;,x::~m]~t~c::~~:i:~~~=~~ :e:::;: ,~:;::s 
kinematic properties of each particle, such as its energy, momentum, the spatial location of 
its track and its time of arrival at the detector. Neutrinos are not detected directly but by the 
radiation emitted from the products of their interactions. 

Scientific progress often emerges from advances in detector technology. Such advances 
include: enhanced precision in kinematic properties; the rate at which particles may be detected, 
leading to impro~·ed statistical precision; and in reduced costs, resulting in brger systems with 
greatersensitivitytorareprocesses 

All particle detectors ultimately produce information in the form of electric signals that 
must be processed by electronic circuits, digitized to produce numerical data, which in tum 
may be further processed in real time and then recorded for further analysis. All this data 
would be of less use without the internet and the data-handling abilities of computers around 
the world 



536 12 Quantum and nuclear physics 

··- ~~i~ ~~~~t~~=:t~~~~~ p:~~ri~ni~ t: nx:;~~~:~:~~l~t~:!Y 2022. An artificial, high­
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• Figure 12.40 
Intended paths of the 

surface at Fermilab, near Chicago, and travel through rock (at a depth of up to 35 km) to a 
detector in South Dakota. Because neutrinos are so penetrating no tunnel is required 

SilnfOfdlob, 
Sooth Dakota 

- - - ~Skm 

·;3ooim·--

l Findout: 

Fermilab.ll linois 

in what way this intended project will be able to provide information that is different 
from other neutrino detectors 

b why these particular locations, and length of path, were chosen for the project. 

2 If neutrinos are so difficult to detect/control, how is it possible to refer to a 'beam' of 
neutrinos/ 

TOK Link 
W1.,.. -11 lnfluenc-«1 and'--dby our-, previous •l(,perielKII• 1nd bloclv'oWtlb 
Much of our knowledge about sub-atomk particles i5 based on the models Olle uses- to interpret data from 
experiments. How can we be sure that we are dffovering illl 'independent troth' nor influenced by our 
models?lstheresuchathingasa5inglerruth? 

Ofmurse.scienti'ilsinvolvedinresearchintosub-atomicparticles(suchastheneutrino)willclaimtot>e 
open-mindedandieceptivetonewideas.Undoubtedly,thisisaprimaryaimofallscientists,buttowme 
extentweareallinevitablyinfluencedandrestrictedbyoorpn!l'iousexperiences.Expens.iveprojectsneed 
to have specific aims (or gO\'emments would not provide funding). and these will focus the thinking of the 
scientists involved. However. it is clear from the development of scierice O\'er the centuries that ii is in the 
natureof1cie11ceandscienti51:stouselheirimaginationtoformulatenewand0figinalidea1 

It is poss.ible that no 'single truth" about neutrinos (in the M>nse of certain Knowledge /Of all time) wi ll 
emergelromthelate1tll!search.althoughilistobehopedthatoorunder1tandingofthewelus.ive 
fundamentalparticleswillexpand 

• The law of radioactive decay and the decay co nsta nt 
Radioactive decay was discussed in Chapter 7 but the mathematics was restricted to 

examples involving only whole numbers of half-lives. In this chapter we will develop a deeper 
understanding of radioactive decay and, in particular, expand the theory to include calculations 
for any length of time. 

In the dice experiment described on page JOO, increasing the number of dice thrown 
increases the number of sixes that appear (this experiment provides a simple analogy for 
radioactive decay). Similarly, if the decay of a radioactive material is investigated, then it is found 
that the higher the number of radioactive nuclei in the sample, the greater the rate of decay, as 
measured by the count rate 

This can be described mathematically by the expression: 

~.xN 

where delta, t,., represents 'change in' and N represents the number of undecayed nuclei in the 
sample at that time. 



12.2 Nuclear physics 537 

This relationship defines an exponential decay; that is, a change in which the rate of change 
(decrease) at any time is proportional to the value of the quantity at that moment 

(In Chapter 11 we met the idea of the exponential decrease of charge on a capacitor.) 
!J.N//"J.r; represents the rate at which the number of nuclei in the sample is changing, and 

-!J.N//"J.trepresentsthemteofdecay 
Introducing a constant of proportionality, A, we get: 

The constant A is known as the decay constant. It has the units of reciprocal of time (for example 
s-1). As we shall see later, the decay constant is closely linked to the half-life of the source. The 
higher the value of A, the quicker the radionuclide decays and the shorter the half-life. 

The decay constant is defined as the probability per unit time that any particular nucleus will 
undergo decay. 

The activity, A, of a radioactive source is the number of nuclei decaying per second. Activity is 

thesameastherateofdecay: 

Activity,A,• t,.t,.~ 

and so: 

It should be noted that none of these equations are given in the Phyiics daw booklet. 
Activity is measured in becquerels, Bq, where one becquerel is defined as one decay per 

second. The becquerel is named after Henri Becquerel, who shared a Nobel Prize for Physics 
with Pierre and Marie Curie for their pioneering work on radioactivity. 

12 Theactivityofaradioactivesampleis2.Sx105Bq.Th1.>samplehasadl>uryconstantofl.8xl0-16s-1. 
Determinethenumbl.'l"olundecayednock>ill!maining inthesampk>atthattiml' 

2.Sx 10- l:(1.8xl0-16)xN 

N: 
1
~8Sxxl6~

1
6 : 1.4x 1011 undecayednuck>i 

66 A radio.lctM' sampk> emits alpha particles at the rate of 2.1 x 1011 per second at the time when there are 
S.Oxl~undecayednuck>ileftinthesample.Determine thedecayconstantof theradio.-ictivesampk> 

,1 A sample ol a radioactive nudidl.' initially contains 2.0 x 105 nuclei. Its decay constant is 0.40,1. What is 
the initial activity? 

,s Explain why thl' rn1mt rate detectl.'d from a rad ioactive sampl1.> reduc1.>s with time 

Solutions to the decay equation 
Although the equation A • -f..N/f..t • ').N defines the mathematics of radioactive decay, it does 
not directly provide us with what we are most likely to want to know - the value of A, or N, at 
any time, r. For that we can use the following equations, which may be described as solutioru 

I 
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to the original equation. These equations are similar to those used in Chapter 11 for the 
exponential decrease in current (or p.d. or charge) for a discharging capacitor. 

N•N
0
e_,., 

This equation is given in the Physics dara booklet. 
In this equation N0 represents the number of undecayed nuclei in a sample at the beginning 

of a time r, and N represents the number of undecayed nuclei at the end of time 1. Similarly: 

A•,\ie_,., 

where ,\i represents the activity from a sample at the beginning of a time 1, and A represents the 
activityattheendoftimel 

Since ,\i • ).No, the equation can also be expressed as: 

A•lli
0

e - h 

This equation is given in the Physics dara bookle1. 
The cou111 rate, C (a non-standard symbol), measured by a radiation 

-, 
detector in a laboratory is nor directly measuring the activity of the source, but 
it will usually be proportional to the activity, so that we can also write: 

' \ """'~ 
"'"™cti,e ~ 

'i()Uf(l! '\ 

--~/ areaA 

• Figure 12.41 A radiation detector 

receivesonlyafractionofthe 

radiationemittedfromasource 

Figure 12.41 shows that a detector can only receive some of the total radiation 
from a source. We could use the ratio A/4rrr 2 to determine the fraction 
arriving at the detector, but that would need to assume that no radiation was 
absorbed between the source and the detector, and also that the radiation was 
emitted equally in all directions. Determining the activity of the source would 
also be difficult because not all of the radiation passing into the detector will 
be counted 

13 Thenumt>erofradioactiveatomsinasampledecaysbyfin 12days.Calculatethelrildionofradioildive 
atomsremammgafter24days 

Th;.;cant>edoneinastraightlorwardwaywithoutusingexponentials:thesamplep<15sesthroughthree 

haH'-livesto;ectucetoi.mthehalf-lileisfourdays.ln24daystherearesixhaH'-lives,sothefraction 

reduces tob4. We can get the same ansW{'r usmg the exponentkll equatmn N = N0e--U. 

Afler12days 

!!___,,_!_,,e-.1(111 
N0 B 
8:elll 

A:~:0.173 

Afler24days· 

!Y_: e-0\/Jll~I"' 0.0157: _!_ 
N0 64 

14 Thedecayconstantf01aradioisotopei10.054y-1.lftheactivilyatthestartoftheyear2014was 
4.7xH>26q,calculatetheactivityatthestartof2018 

A=A0e·"" 

Azo 18 :470xe--0.0'>4, 4 

ln{A1018)=1n470-(0.054x4) 

A1018 =3796q 

I 

I 
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69 A sample of radium contaim 6.64 x 1Qll radioactive atoms. It emits alpha particles and has a dKay 
con5tantof 136 x 10-11 s-1• How many atoms of radium arl' left after lOOyearQ 

70 A radioactive nuclide has a dKay constant of 0.0126s-1• Initially a sample of the nuclide rnntaim 
10000nuclei 
ii Whatistheinilial activityofthesample? 
b How many nuclei remain undecayed after 200s7 

71 ii ThecountratefromaradioactivesoorceismeilSUredtobe673s-1.lfexacttythreehourslaterthecount 
ratehasreducedto668s-1,determineavalueforthedKayron5tant 

b Explainwhythevaluemaybeunreliable 

72 A source has an activity of 4.7 x 104Bq. lfthe backg101Jndrnunt averil!Je isO.SSs-1, what is the maximum 
poss iblecoontratethatcouldberecOfdedbyadetectorthathasaneffectivereceivingareaof0.85cm'if 
itwaspliKed 
ii SOcmfromthesoorce 
b Scmfromthesoorce? 
c Why are your answers maximum values? 

73 The activity from a radioactive soorce is 8.7 x 10s Bq. tt its decay romtant is 6.3 x 10-31-1, how many 
minuteswillpassbef04"etheactivityfal!sto1.0x104 Sq? 

74 A radioactive source of gamma rays. rnbalt-60, Is commonly used in school demonstrations. If the 
maximum allowable activity is 200kBq, cakulate the maximum mass of cobalt-60 in a school source 
(Decayrnn5tantforrnbi!lt-60is0.131y-l.) 

Decay constant and half-life 
The concept of the half-life of a radioactive nuclide was introduced in Chapter 7. Using the 
equation N • N0e-Af, we can easily derive an equation that relates the half-life, Tw to the decay 
constam,A 

For any radioactive nuclide, the number of undecayed nuclei after one half-life is, by the 
definition of half-life, equal to NJl, where N 0 represents the original number of undecayed 
nuclei. Substituting this value for Nin the radioactive decay equation at timer• T\1 we have: 

~·Noe-Ar,,,, 

Dividing each side of the equation by N 0: 

t • e-A1\;or2 • eATll 

Taking natural logarithms (to the base e) 

ln2 • AT11 

So that: 

This useful equation is no! in the Physics da1a booklet. Alternatively, insening a value for In 1 

T11 • o.~3 

15 AradioiKtivesamplegivesacountrateof 100s-1 atacertaininstantoftime.AfterlOOsthecountrate 
dropsto20s-1.Thebackgroondcoontrateismeasuredtobe10s-1.Cakulatethehalf-lifeofthesample 
As~ume that the count rate is a measure of the activity 

initialcountrateduetosample:100-10:90s-1 

rount rate due to ~ample after 100s = 20 - 10 = 10~-1 

' 
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C=(i,e-" 

10:90e-100A 

- In: 
l=------roo=0.022 

T11 = ~:~~~ d2s 

16 TherndiO<KtiveejementAhas6.4>< 1011 atomsandahatt-lifeol2.00hours.Radioactiveelement8 
has 8.0 x 1010 atoms and a hall-life ol 3.00 hours. Cakuklte how much time will pass bef0<e the two 
elements hil'le the same number of radioactr<e atoms 

F<><A 

AA:~~o"=0.347h-1 

Fo<B 

~=
0
3~o"=0.231h-l 

NA:(6.4,c 10l1)e- Ol47t,N6:(8.0x 1Q10je-On1t 

ForN,.=N1 
{6.4x10IT)e -om,,,(8.0,c101°}{!-0lll, 

8:~ 
8:eo.1 16, 

ln8 = ln{e0116~; 2.079 :0.116t 

75 RadioiK1:il'i!carbon-14inaJeathersampledecayswithahalf-lifeof5730ye;irs 
ii Whatisthedecayrnostant? 
b Cakulatethepe<centageolradiO<Ktivecarbonremainingafter10000years 

76 At a certain time a pure source contained 3.8 x 1011 radio<Ktive atoms. ExiKtly one week tater the number 
ofradioactiveatomshadreducedto2.Sx1014.Whatisthehalf-lifeofthissoorce? 

77 The hatt-life of strontium-90 is 28.8 years. How long will ii take for the count rate from a sample to fall by 
a 1% 
b 99%1 

78 Arnbait-60sourceusedinradiotherapyinahospitalneedstobereplac:edwhenitsactivityhas 
reduced to 70% of its value when purchased. If it was purchased in mid-February 2011 and replaced in 
mid-November 2013, what was its hatf-life? 

79 The rntmt rate from a radioactive source is 472s-1. tf its hatt-lile is 13.71 minutes, what will be the count 
rateexac:tly1hourlaterl 

80 Uranium-238 is the most common isotope of uranium. It ha> a half-life of 4.47 billion years. The age of the 
Earthis4.54billionyears 
ii What percentage (to one decimal place) of the 0<iginal uranium-238 is still present in the Earth's crust? 
b Suggest,inprincipJe,howthe'age'ofrochmaybedeterminedbyanalysisoftheradioisotopesthey 

conta in 
c WhyareSU{hmethodsunlih>lytobeveryacrnrate? 

Measurement of half-life 
The method used to measure the half-life of a radioactive element depends on whether the half­
life is relatively long or short. If the activity of the sample stays approximately constant o\·er a 
few hours then we can say that it has a relatively long half-life. However, if its activity decreases 
significantly during a few hours, then the radioactive element has a relatively short half-life. 



Isotopes w ith long half-lives 

SN 
A•&•-).N 
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If the activity, A, of a source can be determined, then the decay constant fond therefore the 
half-life) can be calculated if the number of undecayed atoms at the time of the measurement, 
N, is known. Theoretically this is straightforward, but experimentally determining the number 
of atoms in a source is not easy, especially when the isotope in question is usually in a sample 
containing a mixture of other isotopes. This requires sophisticated equipment such as a ma,s 
spectrometer. 

For a pure sample of mass m, the number of atoms of the isotope can be determined from the 
relative atomic ma,s, A,.. and Avogadro's constant, NA' as follows: 

N•~A 

Therefore, if the activity (A• 1',.N/f:J.r) is measured, we can calculate the half-life, Tll, from the 
equation: 

Isotopes with short half-lives 

If an isotope's half-life is a few hours or le,s, then it can be determined by recording the count 
rate (minus the background count) at regular time intervals. A radioisotope with a short half-life 
can used in a school laboratory by extracting it from the other radioisotopes in its decay chain 
just before the experiment is due to begin. The extraction process can be based on any chemical 
or physical property that is unique to the required isotope. 

The adjusted COllnt rate is assumed to be prop:>rtional to activity. If a graph of c0lll1t rate, C, 
against time, 1, is plotted, the half-life can be obtained directly from the graph as discussed on page 301. 

Alternatively, a graph can be plotted 
of natural logarithm of the count rate, C, 
against time, t. This will give a straight line 
with a gradient of-). (Figure 12.42). Since 
Tll• OSJ3/A, the half-life can be calculated. 
This is a better methcd because the 
reliability of the data can be more readily 
assessed by seeing how close to the straight 
line of best-fit the data points lie. 

This methcd relies on transforming the 
equation C • C

0
e--,.,, which describes the 

count rate in radioactive decay. 
Taking natural logarithms: 

lnC•lnC
0

-Af 

lnC0 

•------------------
gradient:---l 

o +-~~~~~~~~~ 

0 

• Figure 12.42 A logarithmic-linear graph to show 

exponentialdecayofaradioactivenuclide 

The equation can be compared to the equation for a straight line (y • mx + c), so the gradient is 
equal to-A 

When the half-life of the isotope is very short, less than a second, then 00th of these 
methcds are unsuitable. (Such half-lives may be found from tracks in a cloud or bubble chamber.) 
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@ijijj@\j[O],tM Mass spectrometers 

uniform 
magnetic field 

intopapef 

gaseous 

The first direct investigation of the ma,s of atoms (and molecules) was made possible by 
the development of the mass spectrnmeier. The first mass spectrometer was built in 1918 

unifotm 
magnetk: 
fN'ldinto 

"'"'' 

by William Aston, a student of 
J. J. Thomson. It provided direct evidence 
for the existence of isotopes. A more 
accurate mass spectrometer was developed 
by William Bainbridge in 1932. 

;:i=~~ - --:>::-1"=E--< 

This device uses the interaction of charged 
ions with electric and magnetic fields to 
measure the relative ma,ses of atoms and 
to find their relative abundances.Figure 
12.43 shows how a simple Bainbridge ma,s 
spectrometer works. There is a vacuum 
inside the machine; no air is allowed to 
enter. This is to avoid collisions with 
particlesintheairthat\1-0ulddisrupt 

iKceleratir,g 
pkltes 

the flight of the ions produced inside the 
instrument. 

• Figure12.43EssentialfeaturesofaBainbridgemassspectrometer 

Positive ions are produced in the mass 
spectrometer by bombarding gaseous atoms 
or molecules (M in the following equation) 
with a stream of high-speed electrons· 

• Figure12.44 
Amass spectrum 
obtained by amass 
spectrograph 

The ions are accelerated (by a pair of positive plates) and then pass through a velocity 
selector. Here electric and magnetic fields are applied to the ions so that only a narrow beam 
of ions travelling at the same velocity continue in a straight line to enter the next chamber 
These ions then travel through a uniform magnetic field. This causes the ions to move in a 
circular path with radius, r, which depends on the ion's mass to charge ratio. For ions with 
mass, m, and charge, q, travelling with velocity, v, through the magnetic field, B: 

centripetal force •forceduetomagneticfield 

mif 
-----;:- •Bqv 

The radius of the circle for the ion is therefore: 

If the ions have the same charge, q (usually unipositive, i.e. with a single positive charge), and 
they are all selected to be travelling at the same velocity, v, then the radius of the circle of each 
ion's path will depend only on the mass of the ion. An ion with a large relative mass will travel 
in a wider circle (for the same magnetic field strength). 

A number of vertical lines will be obtained on the detector plate, each line corresponding to a 
different isotope of the same element. The position of a line on the plate will allow the radius, r, 
to be determined. Because the magnetic field strength, B, the charge on the ion, e, and velocity 

of the ion, l', are all known, the mass of the ion, m, can be 
determined. The older type of Bainbridge mass spectrometer 

66 67 6S 70 shown is actually a mass spectrograph, since the beam of 

I I I I ionsisdirectedontoaphotographicplate(Figure 12.44) 
The relative intensities of the lines allowed an estimate to be 
made of the relative amounts of isotopes 



Massofpositiveioodetected 

• Figure 12.45Themassspectrumofnaturally 

occurring magnesium atoms, showing the 

percentageabundancesofthreeisotopeswith 
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Modem mass spectrometers neutrali:e the positive ions with 
electrons and count the number of ions directly, before amplifying 
the signal. The results are displayed on a computer screen in the 
formofa'barchart'( Figure 12.45). 

Mass spectrometers are sensitive detectors of isotopes based on 
their masses. Some satellites and spacecraft are equipped with 
mass spectrometers to allow them to identify the small numbers 
of particles intercepted in space. For example, the SOHO satellite 
uses a mass spectrometer to analyse the solar wind. They are also 
used in carbon dating (page 305) 

1 Find out how mass spectrometers on missions to Mars have 
been used to study the planet. What information have they 
provided toscientists1 

2 Unii:ositive neon-21 ions, l 1Ne+, travelling with a vekx:ity of 
2.50 x !D5ms-1, enter a magnetic field ci value 0.80T, which 
deflects them into a circular path. Calculate the radius of the 
circular path. 

• Nuclea r medicin e 
The use of radionuclides in hospitals fur the diagnosis and treatment of disease is increasing 
rapidly worldwide. Any particular source of radiation has to be carefully selected for its puri:ose. 
This includes consideration of (interrelated) factors such as: 

• types of radiation emitted 
• energies of individual particles and rays 
• length of time patients can be exi:osed to radiation 
• activityofsources 
• half-li\·esofsources. 

11 The experimentally dete<mined activity from 1.0g of rad ium-226 was 1.14" 1018 alpha particles per year. 
Calculate its half- life 

12 Radium-226 has a loog half-life (>1000 years); rad ium-227 has a half-life of 42 minutes. Outline how the 
twohalf-livesoftheseradiumisotopesrnnbedeterminedexperimentally 

13 The following data were obtairll!d from the decay of caesium-130. Plot a graph of In A again'il rto determine 
thedecayrnmtant,andhen01thehalf-life.{Thefigureshaveberoadjustedforbad(gmundcount.) 

Time/s Act ivityts 1 

0 200 

U A sample contains atoms of radioactive element A wh ile anothe< sample contains atoms of a radiOilCtfve 

element B. After a fixed length of time, it is found that Vs of atoms A and 'Ji of atoms B hiwe decayed 

Calculate the value of the ratio: ~:rn:gl:~::~: t 
15 Researrhthep1opertiesandapplication1ofanyonepartkularradionudidethatisusedinhospitals 
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• Examination questions - a selection 
Paper 1 18 questions and 18 style questions 

Q1 In the photoelectric effect, light incident on a clean metal surface causes electrons to be ejected from the 
surface. Which statement is correct? 
A The de Broglie wavelength of the ejected electrons is the same as the wavelength of the incident light. 
B Electrons are ejected only if the wavelength of the incident light is greater than some minimum value. 
C The maximum energy of the electrons is independent of the type of metal. 
D The maximum energy of the electrons is independent of the intensity of the incident light. 

Q2 Ultraviolet light is shone on a zinc surface and photoelectrons are emitted. The sketch graph shows how the 
stopping potential V, varies with frequency f. 

Planck's constant may be determined from the charge of an electron e multiplied by: 
A they-intercept 
B thex-intercept 
C the gradient 
D the area under the graph. 

Q3 In the SchrOdinger model of the hydrogen atom, the probability of finding an electron in a small region of 
space is calculated from the: 
A Heisenberg uncertainty principle (time-energy) 
B de Broglie hypothesis 
C (amplitude of the wavefunction)2 

D square root value of the wavefunction 

Q4 A nucleus of potassium-40 undergoes p+ decay to an excited state of a nucleus of argon-39. The argon-39 
then reaches its ground state by the emission of a y-ray photon. The diagram represents the p+ and y energy 
level diagram for this decay process. 

The particle represented by the letter X is 
A an antineutrino 
B a neutrino 
C an electron 
D a photon. 

,. groundstateeoergy 
lev~ofpotassium-40 

excited energy level 
ofargoo-39 

groundstateeoergy 
lev~ofargoo-39 

e/BOrg.-tniza~·on 
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OS If an alpha particle and a proton have the same de Broglie wavelength, the ratio speed of alpha particle! 
speed of proton is approximately equal to: 
A Y4 . " C 1 
D 2 

06 The diagrams show the variation with distance x of the wave function l/1 of four different electrons. The 
scale on the horizontal axis in all four diagrams is the same. For which electron is the uncertainty in the ~o:-~ B : - C 

e /BOrgillliZittion 

07 Which of the following provides evidence for the existence of discrete energy levels within the nucleus? 
A Alpha particles are emitted with discrete energies 
B Beta particles are emitted with discrete energies 
C Neutrinos are emitted with discrete energies 
D Light is emitted with discrete energies. 

08 The equation tiNIM = -J..N can be used to represent radioactive decay. In this equation: 
A A represents the half-life of the nuclide 
B the negative sign represents a decay 
C N is knovvn as the activity of the source 
D the magnitude of A decreases with time. 

09 Nuclear diameters can be determined from: 
A mass spectrometer measurements 
B gamma rcff spectra 
C decay constants 
D the diffraction of high-energy electron beams. 

010 The quantisation of angular momentum was used in the Bohr model of the atom to explain the 
emission of: 
A line spectra 
B alpha particles 
C beta particles 
D gamma rays. 

011 The probability of a particle quantum tunnelling through a potential barrier does nor depend on: 
A the charge of the particle 
B the mass of the particle 
C the energy of the particle 
D the width of the barrier. 

012 A photon may be converted into a particle and its antiparticle. In order for this to be possible: 
A the frequency of the photon must be below a certain threshold value 
B another particle must be involved with the process 
C the two created particles must move in the same direction 
D momentum cannot be conserved in the interaction. 
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Q13 An electron is accelerated from rest through a potential difference V. Which one of the following shows the 
variation of the de Broglie wavelength A of the electron with potential difference V? 

A , ~ •,L c,lL_ o,~ 
OO V OO V OO V OO V 

Paper 2 IB questions and IB style questions e /B0rg,mization 

Q1 a The diagram represents some of the energy levels of the mercury atom. 

----1.56 

I ----3.73 

Energy/eV 

Photons are emitted by electron transitions between the levels. On a copy of the diagram, draw 
arrO'Ns to represent the transition, for those energy levels, that gives rise to: 
i the longest wavelength photon (label this L) (1) 
ii the shortest wavelength photon (label this S). (1) 

b Determine the wavelength associated with the arrow you have labelled S. (3) 
c A nucleus of the isotope bismuth-212 undergoes a-decay into a nucleus of an isotope of thallium. 

A y-ray photon is also emitted. Draw a labelled nuclear energy level diagram for this decay. (2) 
d The activity of a freshly prepared sample of bismuth-212 is 2.80 x 1013 Bq. After 80.0 minutes the 

activity is 1.13 x 1013 Bq. Determine the half-life of bismuth-212. (2) 
e /B0rganization 

Q2 A metal is placed in a vacuum and light of frequency f is incident on its surface. As a result, electrons are 
emitted from the surface. The graph shows the variation with frequency f of the maximum kinetic energy EK 
of the emitted electrons. 

> . 
"' 
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a The graph shows that there is a threshold frequency of the incident light below which no electrons 
are emitted from the surface. With reference to the Planck constant and the photoelectric work 
function, explain how Einstein's photoelectric theory accounts for this threshold frequency. (4) 

b Use the graph in a to calculate the: 
i threshold frequency (1) 
ii Planck constant (1) 
iii work function of the metal. (2) 

e/BOrganiZiltion 

Q3 In a simple model of the hydrogen atom, the 'size' of the atom determines the kinetic energy of the 
electron. Its de Broglie wavelength is equal to the wavelength of the standing wave bounded by the 
nucleus and the 'edge' of the atom, as shown below. 

The 'edge' of the atom is 5 x 10- 11:m from the nucleus. 
a i State the de Broglie wavelength of the electron. (1) 

ii The 'edge' of the hydrogen atom is moved closer to the nucleus. Describe what changes occur 
in the kinetic energy of the electron. (2) 

A different model of the hydrogen atom takes into account the fact that the electrical potential energy 
of the electron depends on its distance from the nucleus. 
b i Explain the variation with the distance from the nucleus of the electrical potential energy of the 

electron. (3) 
ii Use your answer to b i to explain the variation with distance from the nucleus of the kinetic 

energy of the electron. (2) 
iii Use your answer to b ii to suggest how the wavelength of the standing wave of the electron 

varies with distance away from the nucleus. (3) 
e /BOrgillliZil~·on 



Answers to self-assessment questions in 
Chapters 1 to 12 
1 Measurement and 
uncertainties 
I !~kg C JOkg 

b 10--'kg d IO''kg 
2 !Orn C I~ 

b I~ d 104 m 

J 2><\Cfs 
b 10", 

1><10-', 
4 a AbouclOtol:lorderof 

magnitude 

b Abouc!O"col;25ordersof 
magnitude 

AboucW-• col;9ordersof 
magnitude 

5 a ±3g b 0.63% 
6 a 4.2 (m) c 19% 

b a : 4.7%;r:7.1% d ±0.S{m) 
7 ± 0.03 

2 Mechanics 
I a Acc..lerationforchcfirst!OO,; 

thenaconstantspeeduntil 
200,;followedbyadecderationto 
rest at 300, 

b 3600m 
20m.-' 

d 12m.-' 
2 c S.Vimmerscanoccekratebypushing 

ocitheendwallsofthepool 
4 Therunnerstartsfromrestand 

accderatestowardsareferencepoint 

(zerodisplacement);afterthatthe 
runnerhasaconstantspeedaway 

from the reference point. 

5 a,c lneobjectis rnoving(oscillating) 
backwardsandforwardsabouta 
referenccpoint;itsgn,atestspcedis 
inthemiddleofitsmotionandit 
decelerates as it move, away until 

itsspeediszeroatthernaximum 
displacement;thenitaccderatesback. 

b Equalrnagnitude: op posite 
directions 

d 8crns-'and0crns-• 

Apendulurn orarnassontheend 
daspring 

6 a Startsfromrest,constant 
accelerationfor2s;fullowedby 

constantvelocity for4s;and finally 
adecelerationforlstorest. 

b 15rns-,;Om,-1; .3.0m,-1 

16.Sm 
d 2.4m.-' 

7 2.8m,->andl90m 

8 a Theobjectexperiencesaconstant 
accelerationfor8s.lnthe first4s 
thisdeceleratestheobjecttorest; 
thenitacceleratesintheopposite 
direction.Between8sandl2sit 
has a constant velocity. 

b - .3.0m.-1 

96m 
d 48m 

8rn.-' 
ll lOrns-' 
12 Graphshouldshowaconstam,·elocity 

changingv.,ryquicklytoanother 
constantvelocityoftheoppositesign. 
Theoccelerationshouldbe:<-roexcept 
during the impact. 

14 a 19m,-• 

b 2.7m 
I.Orn.-' 

15 a 1540m 
16 a 4100m 
17 a 3.0m.-1 

b35.8s 
b 1600, 
b 24m.-' 

18a 5.3safterthepolicecarstartedto 

b No;privatecarhastravelled210rn; 
policecarhastravdledl92 m 
Aft.,rl2s 

19, - Um.-' 
20, 8.72km.-' 
23, 0.65 , 

b 7.8m,-• 
7.Sm,-• 

24 Aft.,,l.2,or3.3s 

250.34slater 
26a 3.77,lat.,r 

b 24.2m.-' 
c N.9m 

27a 28.4m 
b 39.6m 

28 55rns--> 

b 32m,-• 
b 3.0lx!O'km 

19 Theoccelerationofthedriverwa.s 
twicetheoccelerationduetogravity, 
soth.,forccoctingonhirnwastwice 
thedriver',w.,ight. 

.30 a The distanceincreasesastheyfall 
b Consider s c u1 + \.'1<111 forboth 

stoncsfromthemomentthe 
secondston.-isdropped;thefirst 
stone will always have tra,.,,\led 
an extradistanceofui,which 
increases with tin,., 

.31 a 17cm,ignoringairresistance 
b Forexample,a60cmheightresulu 

fromatake,offspecdof3.4m,-->. 

Forexample,a30cmhe-ight 
reduction suggests an acceleration 
ofabout20m.-1. 

d About0.2s 
.33 a 13.0, b 127m.-' 

34 b theaccelerationwillbeequalto 
twicethegradientofan,-i'graph. 

.36 7.(f)rn,-'and27Jrn,-' 
37 a 17kmh-' b 2min 
38, 15m,-• 

b iSarne ii Smaller 
41 0.167, 

b 0.137mbelowthecentre 
42, 46mabo,,.,, sea 

b .30rn,-->downwards 

4.7s 
d 96m 

.36ms-->at56°tohorirontal 
43528m 
44 a 23';,.,,., = I.Sm.-' 

"H = 3.5m,-l 
b 98cm 

45 b Therewa.snoa"rrei tanceor 
friction(andtheballdidnothave 
anysignilicantkineticenergyof 
rotation). 
Larger masses will experience 
greatergravitationalforces,but 
the sarneaccel.,ration,a = F/m 
(assumingther.-isnofrictionorair 
resistance) 

46 28m,-• 

47 a l.23x!OiN 

b .31.8N 
c 2.43x!O-' N 

48 l..3.3N 
49 a 5.60xlO' N 

b Approximately 50 OOO kg; 
about9% 
The forcesstoppingthernotionof 
thc planewhenitlandsarenota.s 



largca,theforccsaccclcr:ningthe 
plane,.~nitistakingoff. 

d Thema.ssha,reduce<lbyl80 
tonnes;mo&ofthcfuditwas 
carryinghasbcmburned. 

50 Th,:r<cislcssofthemassoflheEarrh 
beneathit,and~ofthemauof 
theEarrhisa~i1. 

51 8.9Nl.:g-1;this i1abou1 JO%b than 
on Earth. 

52 Ahastwiccthecircumfercnce,four 
1ime,thesurfac.-ar<caandeighttimes 
thevolu,n.,,massandwcight. 

55 ON, 2N, 4N, 6N 
56 10.7Natanangleof4i0 to the 

tZNforcc 

57 9.J Na1ana,W,Cof32"tothe 
7.7Nfora, 

58 76Natanangleof14°1othe 
74 N force 

59 b 37Ninthedir<cctionofthie 
applia:lforcc 

60 a 3.33N 

b 1.72N 

61 b 14Nparallcl ro1hedope;JON 
perpo,ndic:ularto the slope 

62 a 6.68><10'N 
b J.74><\0IN 

0.045m.---' 
d The componem ol wcigh1 (acting 

downthesq>e)olaheavy1rnin 
issolargethatnmaybclarger 
than therc,;ulramforu,ardfon:e 
providedby1heengine. 

64 Allarrowsidentical;pointing 
downwards 

65 a AKK=vectorof300Nocting 
downwards from the middle of the 
witcase,labelled"·eight;anequal 
andoppooitearrowpushingup 
ontheSllit"'™',labcllednormal 
r<ca.crionforcc 

b Addanarrowupwardsfromthe 
handleofhalfthelcngthofthe 
prcviousvector1,bbclledpullof 
hand, 150 N; the oormal r<caction 
fora,rcdu=sro l50N 

66 lher<cadingrisc,;"·henaforcc 
i, nttdcd 1oaccekratcthebool.: 
upwards; and falls when the booL: is 
accderatod downward s. 

67 a Notiftheelcv3torismovingwith 
con,tantvelocity;1hi1isbecause 
the fon:e-s actins on you would bee 
thesamcinallthrecat5CS. 

b lnalldiagramsthewcighivttlor 
willbethesamc;ifthepenionis 
accderating,thcfo,cefromthe 
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floorwillbecgr<ca ter orku1han 
,he .. 'tight. 

68 a Weightandairrcsisrnnce 

69 14N 

ontheskydi"er'sbodywill 
bctttualandoppor;ite; then 
ther<cwillbeanupwardsforce 
fromth<-parachu1eonthe 
9:ydi,-.cr. 
Thcupwardifon:ei fromrhe 
parachute and air rcsisiancc 
ontheskv,:li,'Crwil11ogcthu 
be,equalandoppositetothe 

weight. 

70 Weight acting dowm•-ards from 
climber'scentttofmasa;lension 
acting along !he rope, away from the 
climbecr,pushofrockactingfrom 
dimber'•feettothepoimwherethe 
othertwoforce,cross.(Thi1could 
bcre,olve<:limoanormalfo«:cand 
frk1io11.) 

71 a ThcweightofBwillbeeightti,n.,s 
gttatttthanA;theairresi,rance 
ac1i ngonBwillbefour1imcs 
gtta\erthanA. 

I, Amoveswithconsram,·elocity 

bccausetheforccsa rebabncod: 
Baccekratesbecause1hcrei1a 
resultantfora,,,inccitJ"'Cigl,.t 
i1grcattr than the air rcsisroncc 
actingonit. 

72a Zcrofricrion 

I, Yes. Thercisnor<ca.!On"-hynot, 
but it would mean that th<- ob;cct 
waseasiertolift,'Crtkallythan 
movehorirontally.Whkhis 
unu1ualandmayrcquircfurther ~,,.,,.,.,.,_ 

73 a ., 90N 

b .. zoN 
74 a Theangleof1heslopecan 

bedowlyincrcasedumilthe 
objectjus1begim1011idedown. 
Atthatanglethecomponent 
of weight down the slope equal, 
thefric1ionalforceupthc 
slope. 

b 0.71 
75 a 9.2>< IO'N 

b l.l><IOIN 

Theextrnweigl,.1willincrca,e 
frktionalforcesbe1wuntheryrc, 
andth<-roedandimpro,-esafety, 
butthecxtramassin1he atrwill 
meanthatthecar nttdsagrcater 
bcc1ostopit(thanwi1honlya 
dri,-er). 

76Sandorv'Crysrnallstone1{'gri1')can 
bespreadootheroed.Saltcanali,obc 
usc:dtohclpmelttheicc. 

79 2.56><!05N 

80 2.4N 
81 a 2.39ms-l b 11 20m 
82 a -lSmr b 4200N 

81 b O.Z7mr 
Amuchgrcaterforcewouldbe 
necdcdforthelargcracceleratioo: 
the1hinropc maynotbenrong 
enough,andmay brcal.: 

84 a 0.44 b 0.47mr 
85 a Z5clegrtt, b 0.6Smr1 

861nehardballcannotchangcshape 
somuchandwill1h<-reforcdecelernte 
quicl:cr.(hwillha,'Cagrc-aterncga1ive 
acccler.uion.) 

87 i.7><10-17 N 
&'la l24N b 933N 

90 a L6m 1..i 

b 3JN 
(fension•l6.4N) 

91 a 458m , 1 

b 1570N 

2310N 
d Pusheddownhardontheground 

The impncttal.:cslongcr; 
reducingthe ,i:cofthe 
decclcrationandt~force 
needed to stop him. 

92 a The impac11ak~ ~r, 
roducinetheR:eofthe 
decclcrat ionandth<- furcc 
needed to stop. 

b Asa.1neforceisalso,pr<cad 
overab.rgcar<ca,rcdudngthe 
pressure. 

93 a ZJOmr 
b 0.14s 

94 The movi"lil air from the fan will 
collidewhhth<-sailandexerta 
forward force. But , inorderfor1hc 
airtobcpuohe<:lforwardbythe 
fan,t~airpushesbackwardswi1h 
an equal force on t~ fan. The 
resultantforceontheboatwillalJO 
dependonhowthcairflowsrasi 
1hesail. 

95 1ne t'.O-oforce , attactill8on the 
sameobjectand theyarcdiffercnt 
typesoffo«:e. 

97 The "'eight will be the same. 

9S a S9J b lJOJ 

"'19) 
100 a S4N b 140J 
IOI 0.11 J 
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102 a Yourweight(say6C()N);20cm 

b 60) 
b i0.55J iid.2J 

The plastic gets warmer. 
104 a J20Nm-' 

b I.OJ 
33cm 

d Amassof!OkgwouldeX<"rta 
forceofapproximatelylOON, 
whichiswellbe','Ondtherange 
shown on the graph; the spring 
maynotcontinuetostretch 
proportionallytoitsloadforsuch 
a large fore.-. 

106 a Louds~aker 
b Battery 

Nuclear power station 
d Microphone 

Flame 
f a,, 

Bow and arrow 
Electricalg,,nerator 
Gas cooker 

j Photovokaiccell 
(Other answers are possible.) 

107 a 2.0xlO"J 
b Thefieldstrengthisslightlyless 

atthctopofthemountain;the 
diflerenceistoosmalltoaffect 
the answer. 

108 a l.SxlO'J 
b Energyisdissipatedinthe 

electricmotor;becauscoffriction 
anda"rreistance. 

109 a 5.lx!O"J 
b As the- elevator comes down a 

significantamountofitsdecrease 
in gravitational potential energy 
istran,,-ferredtotherising 
counterweight,ratherthanbeing 
dissipated as internal energy. 

llO a i IJOJ ii 2100J 

b JOOOJ 
lll !Sm,-' 

l12 4.lxlO-"J 
l13 !mkJ 
l15 a 7.5cm 

b 0.37) 
c 20.1 N,ifitisnot overstretched 

l16 AboutlOOJ 
117 1.27m 
118 \Orn 
l19 a 22m 

b Measuringthetimeaccurately; 
determiningwhentheballhas 
reachcdtherightheight;theball 
isnotreleasedfromgroundlevel. 

120 a 2.8ms_, 
b Z.8ms-' 

ltmovcsasmallerdistanccata 
greateravcragespeedbecau,., it 
hasagreateracceleration(the 
averagecornponentciitswcight 
downtheslo~isgreater). 

121 Elastic strain energy 
b Gravitationalpotentialenergyto 

kineticenergy;tostrainencrgy 
(andinternalenergy);rokinetic 
energy;togravitationalpotential 
cnergy.Thisassumcsthatair 
resistance was negligible. 
4.4mand3.4m 

d 22cm;assumingthatitloscs 
the,amefractionofitskinetic 
cnergycachtimeitbounce,. 

122 I.Im.-' 
123 0.116m 
124 3.4m 
125 l.lxl()INm-• 
126 3.0xlO'N 

127 Theaverageforceexertedinthe 
accidentcanbecalculatedfrom 
thekineticenergybeforethe 
collisiondividedbythedistancethe 
vehicles'crumple'; the greater the 
deformation,thelessthefco-ce. 

128 a 16000J 
b Theworkdoneinstretchingthe 

="' 
Equalincreascsinforceproduce 
smaller and smaller extensions 
(exceptforthefirst2S0N);the 
cordbecomesstiffer. 

d Approximately25m 
129 a 2790) 

b Ptobablynot;becauscthisis 
quitealarge massfallingashort 
distance 
3400N 

130 Toincreascthelcngth(andtime)of 
theimpact;and soreduce theforce 
andpreventinjurytothcknce,and 
legs. 

131 6700N 
b Thchammercorncstorcst. 

132 a 240) 
b 13W 

133 About25kW 
134 HOO N 
135 a l.7x!O'W 

b 170000homcs 
136 9JOMW 
137 a 338N 

b 54N;frictionhelpstostopthe 
boxslidingdownthcslopewhen 
the force is reduced 

830J 
d 0.86(86%) 

138 I.Ox lO'kgm,-'rothewest 
139 3.Jx!O'N 

140 a 8.Skgm.-' 
b 8.5kgmS""1 

26m>' 
141 6800Ns b l2m,--1 

142 5ms-1 totheleft 
b 2.5kgm,--1totheleft 

7.4Nrotheleft 
d Fcw-cechanging(linearly)fromO 

to14.8Nin0.17s;thenbackto 
,eroinanother0.17s 

Shortertimes;greaterforccs 
f ldenticaLexcepttheforccsarein 

q,positedirections 
143 2100N 

b 520kgm,-• 
26kmh-' 

145 3.39x IO'kgm,-• 
b lOOJ 

9.llxlQ-J'kg 

146 0.45m>1 totheleft 
147 5.35m.-' 

b Airn,sistanceunderthesc 
circumstanceswillbealmost 
insignificant;sotheacrualspttd 
willbeclosetoth<cpredictedvalue. 
Abour5x lo-"m,-';cannotbe 
measured 

148 260ms-' 

149 Theballisnotanisolatcdsystem; 
itisactedonbytheexternalforce 
ofgravity;theEarthloscsancqual 
amount of momentum 

150 Shemovesintheoppositedirection 
withaspeedof2.0cms-';an 
external force is neded to stop her 

151 Z2.8cm,-';intheoriginaldirection 
ctA 

152 a I.Sm.-' 
b Thetotal(kinetic)energyofthe 

balls would have increased. 
153 AttheZOcmmarkonthe ruler 
154 a 340N 

b 0.034m>1 

lOOOON, 
d l.Om,--1 

156 a ll.9ms-• 
157 a 0.6m.-' 
159 a l.Om,--1 

b 95% 
b 0.35) 

b""' 



3 Thermal physics 
331 K; 184K b 38K 
127°C b 32cm' 

3 a Probablynot;theymayhavethe 
,ameremperature,but theyare 

differentsubstances;therewill 
probablybedifkrentnurnbersof 
molecules with different masses 
and different speeds. 

b Probablynot;differ,,ntsubstances 
requiredifleltntamountsofen .. rgy 
forthesarnetemperatureri,e. 

A relatively large attractive 
forcepullsthe molecules 
back together 

Alargerepulsiveforce 
pushesthenDleculesapart. 

b Forccsbetweengasmoleculesare 
much,muchsmaller;almostzero. 

lftheseparationistentirne, 

grearerineachdimension,the 
averagevolumeoccupiedbyone 
molerulemustbe lO'timesgreater. 

5 Each'sparkle'issosmallthatit 
containsverylittleinternalenergy, 
althoughithasahighremperature.lf 
asparklecomesintocontactwiththe 
skinittransfersonlyatinyamount 
ofthermalenergyasitcool,down 

rapidly. 
9.Sx!O'J 
U70]1cg-'K-' 

8 4.8K 
9 34°C 
104.8><10'J 
11 40°c 
12128, 
13 23'C 
14 41°c 

15 980W 
16a 3670J 

b Toreachtherrnalcquilibriurnwith 
the oven 

Toreduccthethermalenergy 
transferred to the surroundings 

d 313J~K-' 

Tomakcsurethatitwasallatthe 
same temperature 

f Underestirnate;thcfinal 
temperature would have 
beenhigheriftherehadbeen 
notransferofenergytothe 
surrounding,. 

17 437>< lO'Jkg-' 

18a 38.3"C 
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b Allofthetherrnalenergythat 
flowedoutofthehotwacer,,,enc 
intothecoldwater;nonewent 
into the surroundings 

19 17.3°c 
20320, 

21 3.4>< lO'JK-1 

22840, 

23a 1.80><10') 

b 67°C 

Therewouldhavebeenlesstirne 
furenergytobetransfcrredtothe 
surroundings. 

24 a i.4°C 
b Allthekineticenergyofthebullet 

istransferltdtointernalenergyin 
the block and bullet 

Halfthespeedhasaquarterofthe 
kineticenergy;sothetemperatu1t 
risewouldbe0.36'C. 

25a 4><10iJ 

b 19.B"C 
Thetemperaturerisesaretoo 
smalltobeeasilymeasuredwith 

26 a l.l'C 
b Thisassurnesthatallofthe 

gravitationalporentialenergyci 
theleadistransferredtointernal 
energyinthelead;noenergyi, 
transferred to the surroundings. 

Twicethepotentialenergyhasto 
bespttadtotwiccthemass. 

27 0.12°c 

281600] 
292.56><10'Jkg-' 

.30 Morebondsbetweenmoleculeshave 
tobebrokenduringboilingthan 
during melting. 

31 a il.2><10'J ii 144J 

b Theenergytransferredfromthe 
steamasitcondcnsesismuch 
greaterthanthat frornthewateras 
it cools 

32 a Sorneiccwillmeltbecauseci 
thermalenergyabsorbedfrornthe 
surroundings;bycornparingthe 
twornassesofrneltedicewecan 
estimatetheamountmeltedbythe 
heater in A. 

b 4.0xlO'Jkg-' 
Someenergyfrorntheheateri, 
transferred to the surrounding,. 

d Carryouttheexperimentina 
refrigerator.insularetheapparatus. 

335.2x1Q!J 

348.0x[O''] 

35 IO"C 

36 a O.IN 
b l.5x10'N 

c Becausethereisequalpressure 
inside the body. 

37 Becauseofthc cxtraweightofthe 
water abow them 

38a Pressureund..rourfeetisdueto 
theforccwithwhichwepush 
down - our weight, if we are 
standingstill.Thepressureinaga, 
isexplainedbyrandommolecular 
collisionswithsurfaces,whichcan 
beinanydirection. 

b Thepressureinaliquidalsoactsin 
all directions. 

39a 6.21><11)-''J 

b 210°C 

1.20><10-"J 

40 a 46lm.-' b 493rn.-' 

41 a 108g 

b 5.7g 

167rnol 
d 1.4>< 102'molecules 

42a 0.062rnol 

b l.9><10'1 atornspersecond 

43a 200kg 

b 6700rnol 

4.0>< lO"molecules 

44a 10cm' 
b 1.7>< ]0-llcm1 

2.6><10-0cm 

45143g 

46 1.71><10-'m' 

47 39'C 

48 130mol 

49a 32g 
502.l><lO"Pa 

51 a 2.Sl><lO'Pa 

b 0.60m1 

b Moleculescollidewiththewalls 
moref1tquendy. 

52a 7.56><106Pa 

b Onaveragethemoleculesare 
travcllingfaster;collidewiththe 
walls more frequently; and with 
greater force. 
Heliurnmaynotbeha,-elikean 
idealgasatlowternperatureand 
high pressure. 

53 1.7m' 

548/3 
55 307°c 
56Whenthegasisburned,hotgases 

entertheballoonanddisplacecooler, 
densergasoutofthebouorn;inthis 
waytheoverallweightoftheballoon 
canbeadjustedtobelessthanthe 
upthrust. 
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57 a lnemolcculcsareclosertogether. 

b Elcctricfurcesactacrossspacc, 
withoutcontact,andintheory 
theywillnevertpcompletelyto 
zero;buttheforcc,bccomevery 
small{negligible)ifthescparation 
ofmolcculesismorethanafew 
molecular diameters. 

58 a Whenthemoleculesofthe 
warmer gas hit the molecules of 
thecoldersurfacc,onaverage, 
kineticenergywillbetransferred 
tothemoleculesinthewall. 

b lnternalenergyandthe 
temperatureofthewallwill 
increase;theinternalenergy 
andtempcratureofthegaswill 
decrease. 

59 a lnemolcculeswillhavestopped 
moving,andstoppedcolliding 
with the walls 

b Agaswillcondensetoaliquidif 
itsmoleculesdonothaveenough 
kineticenergytoovercornethe 
elcctricforcesbctwcenthemwhen 
they get close together. 

60 The grnphs have the same shape: 

but for all volumes at the higher 
temperature, thepres.sureswill 

be greater 

4 Waves 
I a 0.872, b 1.15H, c 344 

d lneabsolureunccrtaintyin 
measurementrema"nsthe 
same;butthepercentage 
unccrtaintydccreaseswithlarger 

2 3.lx\Q--is 

3 a 2.0xJO'H, 

b 200MH, 

4 a i O ii 2.4cmtotheright 

b 24cm 
Exactly out of phase 

6 a Probablynot 

b Becausetheextensionof 
therubberisunlikelytobc 
proportional to the force 

8 a 4.0cm c - l.4cm 

b 05, d +l.4cm 

12 Eochsucccssivemaximumwould 
have less energy. lne period would be 
unchanged 

14 a 0.155m 
b 4510m,-• 

lne particle, are closer together; 
therearemuchlargerforces 
between them 

15 a 5.4><10'H, 

bi 4.7xJ0·1 s 
ii 0.11 s 

iii Between 180 sand 1300 s 
16 a 6.8>< HJ 'MH, 

b (Photonsof)higherfrequencies 
transfer more energy. 

17 a 5.Sx!O"-'m 

b Green 

Ultraviolet 

183.6s 
20 a 0.29, b Maybe50'% 

21 b lnedistanccneededforhand 
timingismuchgreaterthancanbe 
foundindoor,.There aretoomany 
sound reflections indoors. 

22 Atthe samctempcraturethe 
moleculcsofdifferent(ideal)gases 
ha,-ethesamea,-eragekineticenergies. 
Thismeansthatmoleculeswithless 
massmunha,-egreaterspecds(sothat 
\1mv'isthesame). 

24 a Seawaterisdcnserthanpurewater. 
b 65, 
c Noisepollutioncausedbyhuman 

d Jim 
25 3.2MH: 

26 a lncreasesbyafactord4 

b Energyisdissipatedtothe 
surround"ngs. 

ll a 4.0x!O'Wm-' 

b 370W 

6.3minutes 
Z8 a 18Wm_, b 5.2cm 
l.9 a 5.0xJl)-1W b (f)m 

30 a !Orn 

b Nogammaraysareabsorbedin 
the air. 

32 a 200kW 

b Wavepo,>,-erisproportionalro 
amplitudesquared;efficiency d 
powerstationisindcpendentof 
wa,-eamplitude. 

2.lm 

d 35kW 
37 a lne resultant should has.-., twice 

theamplitudedtheindividual 
waveforms. 

b lneresultantshouldalways 
be zero. 

38l.oolcthroughthesunglasscsatlight 
ref!ectedfromglassorwarer;ifthey 
arePolaroid,theintensicyoftheimage 
willchangeasthe glassesarerotated. 

39 6.7% 

4063' 

41 Theskyappearsblue bccauseblue 
lightisscatteredfromairmoleculcs; 
simplescattering,likereflection,can 
result inpolari:ation. 

43 a 24mW 

b 2lmW 
c llmW(oralmostunaffected) 

4526' 

46 WavefrontsinshalkM-erwaterwillbe 
at27°totheboundar,". 

47a 1.35 b 35° 

4851° 

50 Becausethat wouldmeanthatthe 
wavestravelledfasterthan3>< lO'm 
.-'in the medium 

51 a l.J6 b47.4' 

55 Microwaveshaveawavelength 
suitablefordiffractionbygaps 
andobstacleswithasi:eofafcw 

56 60cmand6COH: 

57 Destructive-interference 
58 a Whenheisthesamcdistance 

from both speakers, thewa,-eshe 
receiveshavebothtravclledthe 

samedistanccandwillinterfere 
constructively.lfhcmm-esinany 
directiontherewillthenbeapath 
differencebetwecnthewa,-es 
andthcywillnolongerin~rfere 
perfectly constructively. 

b 71cm 
59 Thew:n-esfromthetwosourcesof 

lightarenotccherent. 

60 a To maximize diffraction of the 
wavcs emergingfromtheslits;so 
thattheycrossovercachotherand 
interfere. 

b 12,6,4,Jcm ... 

Slowlymovethcrcceiveruntilit 
detects an adjacent maximum. 
thedifferenceinthctwopath 
differences will equal the 
wavelength. 

61 79m 
63 a 58.6m,--1 

b 71.4Hz 
Q492m 

64a iO ii1t 
d 21.6cm;l27H, 

27.Sm.-1 

65 a 2.0H: 

b lnechainhassignificant,..-eight, 
sothatthctensioninitisnol 
constant(greatestatthetop). 

66 a lne wa,-e speed will increase 
bccauseofthelargerforcesin 
the system. 



b Thefundamentalfrequency 
increasesb«ausef ~ <'/!and <'is 
higher but/has not changed. 
The oscillating string will 
occeleratemoreslowlybccauseitis 

d Thefundamentalfrequency 
decreasesbccau,.,fc,,{Aand<'is 
smallerbutJ..ha,notchanged. 

68 360H, 
69338m,_, 

70 0.94m 
71 a 1.49m 

b 342H, 

0.745m 
d Toproducethesamefundamental 

frequency,theycanbchalfthe 
lengthofpipesdosedatbothends 

72 a 346m,-' b 256H, 

5 Electricity and 
magnetism 
2 a l.4x!O'NC-' 

b 4.0x 104N 
J a 2.4x\(J--'1Nupwards 

b Foraofgravityis89x 10--"'N 
(thereisafactorofabout!O'' 
difference). 

5 a 1.7 x IO'NC-'tothesouth 
b 39x IO" NC_, 

6 a 1.5cm 
b Dccrea,.,. Bccausethepaperofthe 

bookisnotas!JOO<lattransferring 
theelectricfieldasair. 
About0.2N 

d Thebookwillnotfillthespace 
bcr,,eenthecharges,itdoesnot 
surroundthecharges;theexact 
propertiesofthematerialofthe 
book are not known. 

7 a Threeforcesareacting:weight, 
tensionandtherepulsiwfurce 
between the charges. 

b 4.JxlQ--!N 
54,,c 

8 3.7xJo--,;Ntotheleft 

9 5.4x 10--'N,diagonallyawayfromthe 
,q~re 

JO 8.2xJ(}-"N 
122.IxJO--" 

13 Conductors would allow charges to 
mm..,andsochangethesituation 
being considered. 

14 a 0.25C b l.6x!O"' 
15 a 4JOC b 830, 
20 6.Jx!Q-lm,-1 
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21a S~dmustincreaseinorderfor 
thesamcnumberofelectronsto 
passanypointeverysecondina 
thinner conductor. 

b [ftheconductorshadthesarne 
dimensionsandthesin,ofthe 
chargesarethe,..me,inthe 
serniconductorthtywouldhaveto 
travel~milliontimesfasterfor 
thesarnerurrent.Atypicaldrift 
specdwouldthenbeaboot!OO m.-'. 

22 a 85 x 10'8m-• 

23 a +44V 
b The magnitude of the p.d. would 

bethe,..me,butitssignwould 
benegative,meaningthat,inthe 
secondexample,theenergywould 
betransferredfromtheelectric 
field. 

24a 517J 
b 9100C 

5.7x10" 

25 a 220V 
b 40C 

26 The current would fall to a very low 
valuebccau,.,thevoltmeterisapoor 
conductor.The value,hownonthe 
voltmeter would be almost equal to the 
p.d.acrossthebattery. 

i 7.7 x 10-llJ ii 480eV 
b No;itskineticenergyisnotlarge 

enoughtom'<'rcometherepulsi~.., 
fu=. 

Z8 a J.SxIO-"J b l.OxW' m,-• 
298.0x[o-''J 
30a 3.2x!0--19 J 

b Ix \()19photonseverysecond 

35 9Atotheright 
36 0.IA,l.lA,2.0A 
37 15Vandl4V 
39 375V 
40 27n 
41 1.2x IQ--!A(0.12rnA) 

42 136V 
46 a J.On b 4.8V 
48 lnthe20resistor;4n~nd6Qin 

parallelhaveatotalresistanccof2.4 
n,sothatthevoltageacrossthemis 
(only)slightlyhigherthanthevoltage 
acrossthe20resistor;bccause 
P~V'/R,thelo,,,..,rresistanceofthe 
20isthedorninamfactor. 

49 a Low: t"'u ·nser·e,: me,fum: only 
one:high:twoinparalld 

b 605W,1210W,2420W 
50 a The ammeter will show a very 

lowreadingbccausethelarge 
resistance of the voltmeter 

preventsagreatercurrent:the 
voltmeterwillshow(almo:st) 
12Vbccauseitha.saresistance 
wrymuchlargerthan300;ina 
seriescircuitthevoltagesareinthe 
snmerat"oasthere "stances. 

b 4.0Vand0.4A 
Becauseoftheresistancedth.­
voltmeter;thetotalresistance 
bcrn..,enth.-terminalsofthe 
voltmeterisnotjust!OO,itis 
cak:ularedfromthernuresistanccs 
in parallel. 

d 260n 
Negligible resistance 

51 a 4.3V 
b 5.Zn:3.6W 

The lamp becomes dimm.-r; the 
currentreduceswhentheoverall 
resistanccofthecircuitincrease, 

d 3.4V(assumingRisconstant) 
53 Currentthroughthe20is0.39Ato 

theleft;currentthroughtheJOi, 
l.08Aupwards;currentthroughthe 
40is0.69Atotheleft. 

54 e 1.17m b 120n 
55 Theyareinverselyproportional 
56 55 X J(}-"!m 
57 2.lxl~nm 

58 B i0.05A ii0.60W iii 72J 
b 120n 

59 ~ 9JY1A b 220V 
60 a 2x!O'W 

b A power 'loss' of only 10 W m-' 
mayseemquitelow:butitcanbc 
considerable for long cables. 

61 a 150W 
b Heater, ammeter end power supply 

connecredinseries:voltmeter 
connecredacrosstheheater 

62 a 0.86A 
b Energyisdissipared;becauseof 

frictionandresisti,.,..heating. 
63 B 9.6SQ b 11.4A 

Theheater'sresistanceislo,,,..,, 
when it is colder. 

67 e 6.ov b 2.4n 
Thestudentdoesnotunderstand 
thatthevalueof6.0Vwillchange 
whenthebulbisconnecredbecau,., 
thetotalresistancebctweenAand 
BisnolongerlOOn. 

d 0.28V;no 
Connect the lamp in series with an 
equalresistance(2.40~ 

68 B Th.-circuitshouldindude 
avariableresistanceanda 
thermistorconnectedinseri.-, 



554 Answers 

toapm,,,,r source;thc output 
totherefrigeratorcontrol 
circuitwillbetakenacrossthe 
variableresistana,sothatif 
thetemperaturerisc,the output 
voltagetothecontrolcircuitalso 
riscsandturnstherefrigeratoron. 

b Refrigerators,watcrheaters,room 
heaters, ·rons,a ·r-cond"t"oners, 

69 a lneenergyofthclightrelease, 
more free electrons. 

b ltwouldnotbepossiblctoplot 
orinterpretthegraphaccurately 
forlowvalucsifalinearscalewas 
uscd;(becauscofthevcrylarge 
diffcrenceinthemagnitudcof 
different values) 
logR ~5.2 - co.8 x log I) 

d Boo n 
5200n 

70 a 2.02% 
b 0.942V,=mingthevoltmcter 

has very large resistance 
0.944V 

71 b 96n 
0-10n 

d 4V 
lne voltage would only be 6 V 
ifthepotentiometerwasusedon 
itsown;thelampisinparallel 
withhalfofthepotentiometer, 
andtheircombinedresistance 
islessthantheotherhalfofthe 
potentiometer. 

72 a 5.5n 
b 037 A 

Internal resistance is constant 
73 a 3.9n b 3.0V 

i2.0W ii0.12W 
74 a 12.5V 

b 0.28n 
4.7n 

75 a Togetahighpowcrfromalow 
voltage(P~VI). 

b Thevoltageacrossthebatteryfalls 
becauseofthe'lostvolts'{lr)due 
totheinternalrcsistanccofthe 
battery. 

76 a 48A 
b Norcsistanccinthewires 

causingtheshottcircuit; 
internal resistance constant. 
580W 

d Rapidriscintemperature;the 
battery may be damaged. 

77 Usuallyavoltmeterwouldbe 
connectedacrossthcresistor;but 

avoltmeterconnectedacrossa 
battery doc,snotmeasurethep.d. 
across "ts "nternalres"stance. 

78 a 4.5Vand3.0n 
b l.5Vand0.33n 

86 Aboutl07min 
b About37 000 J 

AboutlOOOJ 
91 a Q downwards; R to the right 

b lnefieldstrengthatRisone­
thirdofthefieldstrengthatQ 
(itisthreetimesfuttheraway). 

92 a lne needle will become more 
alignedwiththeaxisofthe 
solenoid. 

b Towardsthenorthwest 
93 a 4.Jx\0-'N 

b 7.5xIO-'N 
8.6x10-'N 

d 0 
94 a 2.4x\0-'Nm-• 

b Fromwesttoeast 
95 b 3.IA 
96 a 37° b9.5xlO-'N 

98 a Onlyifitismovingparallelto 
the magnetic field. 

b Unlike magnetic force,, electric 
and gravitational forces exist 
rcgardlessofthedirectionof 
motion(indeed,motionisnot 
needcdforthcforce,roexist). 

99 a 6.8xJO-"N 
b Helical 

100 a l.JT 
b l.lxlO-"kg 

70cm 
IOI i 7450eV 

iil.19xJO-"J 
b 5.12x IO"'m,-' 

1.97x 10-'T 

d 10.5cm 
102 I.Ox 101m,-' 

b 2.0x IO'Vm-1 

Thefieldsneedtobe 
perpendicular to each other; 
andtothc directionof 
movement of the particle. 

6 Circular motion 
and gravitation 
I a 3.14(1t)rad 

b l.57(rr.{l.Jrad 
C 0.785{1t/4)rad 
d 1.95,ad 

2 240cm 
3 a 0.8727 

b 0.08716 
0.1% 

4 a 26rad,-' 

b 4.2Hz 
5 a 0.361Hz 

b 2.27,ad,-' 
2.99m,-' 

9 lnereisnoforce actingonitinthe 
directionofitsinstantaneousvelocity. 

10 a 0.093m,-' 

b 0.040Ntowardsthecentreof 
thecircl.-
11, 

11 a 215.6mr-1 

b 862N 
12a lOrad,-' 

b 6.0s 
13 a lOIOm,-• 

b 2.7xJO-'m,-1 

14 a 4500N 
b Frictionbetw.-enthetyresand 

the road 
lbe force needed will be four time, 
greatandtheremaynot be enough 
frictiontoprovi<ktheextraforce. 

d lnerewillbel.-ssfriction. 
lbecentripetalforceneeded 
willincrea,.,to6400 N,butthe 
extraweightwillalsoincreasethe 
friction . 

15 a 3.0m,-' 

b 0.53revolutionspersecond 
16 a 2.IN 

b 637.7N 
lbenormalrcoctionforceocting 
upwardsonth.-boo,·is635.6N. 

17 b 0.68N 
l.3m,-';l.4s 

18 19m,-' 

19 Around4x10-"N 
20 6x104N 
21 3.6xJO"''N 
22 3.7xJO---flN 

ZJ 3.7Nkg-' 
24 a 8.9Nkg-' b 91% 
25 10.JNkg-' 
26 9.81Nkg-' 
28 b l.42Nkg-' 
JI 6Nkg-'towardsA 
34 a J.OxlO'm,-• 

b 59x 10-'ms_, 
2.0x!O"'kg 

35 a 5400s;7.7x!O'mr-' 
b Bccauseit isclosetotheEarth 

commun"cat"on "scasy; ·cr.-qu ·res 
lessenergytoputitinorbit;it 



isbetterplacedtornOllitorthe 
surface of the Earth. But it maybe 
afrectedbyawrysrnallarnountof 
a·rres"stance; "td snotrerna·n 
abovethesarnelocationonthe 
Earth's surface. 

36 15 x IO''rn 

3844days 

7 Atomic, nuclear 
and particle physics 
I a 2.4>< IO"'H, b Gamma rays 

2 12cm 
a l.2><10-"J b lnfrarcd 

3.88><10-"J 
5 aboutl><IIJ" 

7 a 1.61><10-lrn 

b Ultraviolet 

Fromthegroundstateupto-5.55 
eV 

d 1.24><\~m 

8 a Gaseousatornsofdifferent 
elernentsareabsorbings~cific 
fn,quenciesoflightfromthesolar 
ern·ss·Ollspectrum 

b Eachelementhasitsownunique 
ern·ss · nspectrum. 

\O[odine-129:53protons,53electrons 
and76neutrons 

Caesium-137:55protons,55electrons 
and82neutrons 
Strontium-90:38protons,38electrons 
and5Zneutrons 

11 +3.20><10-"C 

12 11s 
13j3 

14 a ~Oand':;O 
b Atypicalsampleofchlorinehasa 

rnixtureofisotopesand35.45isan 
averagenude011number. 

16 O.Z16MeV 
18 l.34><11:Yrns-' 
19Bccau,.,therearethreeparticlesafter 

the decay, each of which may move 
in any direction. The momentum of 
thebetapartidernustbeequaland 
oppositetothevectorsurnof the 
momenta of the other two particles, 
whichcanhavcarangeofpossibilities. 

20 jjMg--->~Na +.~e + :., 
21 !cm 

22 Bccau,.,oftheirrelativelylarg,,rnass, 
alphaparticlestransferrnoreenergy 
(thanbetaparticles)incollisionswith 

23 Atlow<crpressurethenurnberof 
particles~rrn1 intheairisrcduced, 
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so thatthe numberofcollisionsper 
centimetreisdecreas,,d. 

24 Alphapartidescannot~netrat<c 
thcouterlaV"rsoftheskin,butwhen 
releascdinsidethcbodythcycorne 
intodirectcontactwithorgansand 

25a aboutlSOO,-' 

b about35,-' 

26a Allradioactivityrn-=ents 
showrandomvariationsbecau,., 
individual decays are unpredictable. 

b 0.63.-' 

Low count rates have a greater(%) 
variationthanhighcountrates, 
andarethcreforemorelikelytobe 
indistinguishable from the varying 
backgroundcount,whichmaybe 
of similar magnitude. 

30 lbe activity of a radioisotope with a 
shorthalf-lifcwillquicklydecreaseto 
alevelthatwillbeundetectabl<c.This 
meansthatitrnustbernadeavailable 
011lyashorttim<cbeforeitisne<cded. 

31 80min-' 

32a 1/32 

b 15/16 
6.25 x lO''Bq 

d 160min 

lls 
b l.Jmillionyears 

344.5xJO'•J 

35 2.0><10-"J 

364.67><10-"kg 

37 4.8MeV 

38 7.JMeV 

39 IOI MeV 
40 8.5666MeV 

41 a 7.7MeV 

b 1800MeV 

42 b 6.1479M.,V 
44a l.63><107 rns·' 

iil/16 

b 2.94x!O'm.s·' 

45a 236.132u:235.918u 
b 0.214u 

199.JMeV 

d 8.14><1Cl"J 

46 iH • \p--->\He;4.96MeV 
ZjHe--+iHe + \p + \p;IJ.9ZMeV 

50 Neutronswouldnothavebeen 
deflected because they are not 
charged. lbey may be involved with 
reactions within the nucleus. 

52 a Twoupantiquarksandonedown 
antiquark(iiUdJ. 

b Twodownaruiquarksand011eup 
antiquark(ddi:i). 

54a uii(thisisaneutralpion) 
b Anupquarkandananti- upquark 

canjointogether(aneutralpionis 
unstable and quickly decays). 

55 Neutron 
58 a strongnuclea,,w.,aknuclear, 

electromagnetic(+ gravity) 
b strongnuclear,weaknuclear 

(+ gravity) 

weak nuclear, electromagnetic 
(+ gravity) 

d strongnuclea,,w.,aknuclear, 
electromagnetic(+ gravity) 

weak nuclear, electromagnetic 
(onlycharg,,dleptons) 
(+gravity) 

59 electricforce = 9><1o-<'Nand 
gravitationalforce~4xJ()-i'N; 
ratio=lO":l 

60 lbestrongnudearforcehasavery 
shortrangeandonlyactsbetween 
quarks(andgluons)withinthe 
nucleus. The dectromagnetic force 
canactonallchargedparticles. 

8 Energy production 
I a l.21xl~Jcrn·' 

b Higher;somethermalenergy 
transfcrr.,dfrorntheburningfuel 
,,,asspreadintothesurroundings, 
ratherthanintothewater. 

2 a I.Ix IIJ'J 
b J6COW 

17% 
d Factories,schools,offices,shop,, 

transportation,etc. 

3 a 20g 
b 2.7g.-' 

710Jg-' 
4 a i31kg iil.9><\IJ'kg 

b 5.41kg 
6 Oilandrenewablessourccswouldhave 

a lower percentage; the others would 
be higher. 

9 About35% 

11 a lkgofwaterat35'C 

b Thesourccofenerwi·mustbe 
hotter than its surroundings. 
Becauseallthethingsthatsurround 
usareatsirnilarternperatures;thc 
temperature differences are not 
greateociughfclCefficienttransler, 
ofeno-rgytooccur. 

1257kg 

13 a 6.2m' 
b 3.7xlO'N 

c l.3><1Cl'm1 

14 42MJkg·' 
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15, 34% 
b 6.S><IO'kg,-' 

9300kg 
17, l.4><\0'rn,--1 

b 1.4><\0'rn.-' 
18 Theirphysicalpropertiesdependon 

theirrnasses,butthereisonlyabout 
1%differencebetweenthernassesof 
theisotopes.lnanyrnixtun,therewill 
beacOllsiderableoverlapoftheranges 
ofkineticenergiesandrnornenta ofthe 
isotopes. 

19 a 7.6 x 1cr 
b 2.6kg 

20a 7.8><\IJ"]kg-' 
b 2.Jx lO"Jkg-' 

Uraniumreleascs about!O'tirnes 
morc=ergyfrorneverykilogram 
than coal. 

21 a 3.2>< HJ"] 
b 0.4g 

23 Thethn,enaturallyoccurringisotopes 
ofuraniurnhav.,verylonghalf­
li,-es;thehalf-1ifeofuranium- 238is 
cornparable totheageoftheEarth. 

24 Thean=r,ofcoursc,dependson 
whatlcs.-eliscaisideudtobc,ak;for 
example,afrerabout60yearsthel.-vel 
willstillbcaboutdoubletheacceptable 
safety level. 

25 a IOOOCOyearsi,alongtimeand 
theareamaybecomeproneto 
earthquake,,vokanocsorother 
unexpecrednaturaldisastersor 
dramatic changes in climate. 

b lncre,mu\dbcasrnallriskthat 
sornethingmight gowrongduring 
thelaunch;1tsultinginthe 
radioactivcrnaterialbcingscam,n,d 
=rawidean,adtheEarth. 

26 a 9.2N 
b 2.8><1()17rn.-' 

31 Alargewindgeneratorisrequin,dto 
producea1tlativdysmallJKM-er. 

32 2.4><10'W 
33 a !Oms-• 

b 320kW 
34 4.4m 
35 a Diameter 140m(assurning 

efficiency = 25%,cffcctiveaverag,, 
wind,pttd = Bms-1,d.,nsityofair 
~ l.3kgm-'J 

b Alargergenerator,mu]dbe 
expecredtobernoreefficient;but 
design and construction problems 
(andthecost)ofsuchalarge 
structuremaybetoogreat. 

36a 400 

b 36km' 
Sothateachgeneratordocsnot 
affecttheflowofwindtothe 
others. 

37 Calculations imulve the wind Sf"'ed 
cubed, and the cubeofthea~-erage 
windspeedisalotlessthanthe 
averageofthesl"'edscubed. 

39 2.2x!O'W 

401.7><10"] 
41 a 98cm 

b AlltherainthatfallsO\·erthe 
areaflow,intothelakeand 
thereisnoevaporationfromthe 
surface. The..- are not reasonable 
assumptions. 

426.1kg 
46 a 59x IIY'J 

b Thetotalamountreceivedisof 
theorderof!O'timesgr.,aterthan 
the energy used. 

49 VariationintheSun',octivity; 
variationinthedistancebetweenthe 
Sun and the Earth 

50 Thernetalpipesaregoodconductors 
ofthermalenergy;theglassc<l"er 
pre~-entsconvcctioncurrent.s; black 
surfacesaregoodabsorbersofthermal 
radiation. 

52 a 0.023W 
b O.ffilA 

2200 
d 039m' 

55a 9.4><\0'J 
b 33°C 

Alloftheincidentenergywas 
transferredtothewarerinthe 
tank;nonewastransferi-edtothe 
surroundings,orretainedinthe 
solar panel. 

56 c Greaterangleofincidenceand 
rnoreatmospheretopassthrough 

60a 1.8><\CY'W 

b ltwasaperfectblackbody. 
0.25Wrn_, 

61 a I.Sm' 
b 700W 

Conductionfromtheskininto 
thea"r;convect" nofwarrna·r 
currentsawayfromthebody 

d The body will also receive thermal 
energy from the surroundings. 

62 a 44% 
b 75°c 

63 2500°C 
64a 8.3xJO-'rn 

b Thelightfromtheincandesccnt 
lampwillappearmore 
yellow/wanner'. 

66a 593Wrn_, 

67 Aboutl.4billionkrn 
68 0.49Wm_, 

69a Differenceinthegrowthoftrees 
andotherplants;snowandicein 

"nter;var· t "on"ncloudcover; 
variati011inangleofincidence 

b Variationincloudcover;variation 
inangleofincidence 

70 600Wm_, 

71 293K 
72 a 3.6Wm-' 

b 65K 
73a lftheernissivityandalbedowere 

thesameasfortheEarththe 
temperaturewouldbcaboutl60K. 

74 The received power and the radiated 
pm>,-.,r,muldbothbefourtirnesgrearer. 

75 Carbondioxide:aboutl5%;nitrous 
oxide:about9'X.;rnethane;abourl4% 

n a 2.26xJOOJareneededtotuml 
kgofwaterintost,,arnat!OO"C. 

b l.]xlO"J 

lnegravitatiOllalenergyisvery 
much smaller. 

d About an hour 

9 Wave phenomena 
1 a 59cm 
2 a 36Nrn-• 

b 2.IH, 

Forcemaynotstillbeproportional 
todisplacernent;thecoilsofthe 
spring may come into contact with 
each other. 

3 a T - \1,,, 
b kcanbefuundfrornthegradient 

of the graph(~ 21th1l,.). 

4 0.045s;l40rad,-' 
5 450rad.-' 
6 a 73 >< 10-'rad.-' 

b 7.2rad 
7 0.131s 
8 14cm 
9 a 9.Zrad,-' 

b 0.68, 

!Oa 3.9rn.-' 
b Mass was undergoing SHM 

11 - 3.Scrnand - llcrns-• 
12 a 0.23m,--1andl.2x 10-'J 

b - 2.9mrn 
13 5.63H: 



14a 0.39rns-• b 6.0cm 
15 1.61 rnabovethelowtide leYel 

16 The areaunderthegraphforone 
quarterofanoscillation(frornv O)is 
equalrothearnplirude. 

17 a 4.32s 
b Theaccelerat ionsa1tequal 

becausea~F/m:theheavier 
pcndulurnhastwicethernass,but 
also twice the weight. 
Amplitudedocsnotaffectpcriod; 
ifthearnplitudeisdoubled,the 
restoringforceisalsodoubled(for 
small amplitudes). 

d l.45rad.-' 
397) 

f l.75rno1 

18 0.83rnand4.44rn>' 
19a 0.58, 

b 2.2rn,-' 

20Sarnetirneperiod;redudngarnplitude 
21 a Ultraviolet 

b Byfluorescence 
C 5.04><1(}-lrad 

225.7><1()-l"rn 

230.005mm 
24a LikeFigure9.IZ -rninirnashould 

occuratanglesof ±7.8><10--'rad 
and ±l5.6><10--'rad. 

25a 4.5><HJ--'rad 
1.4cm 

26 Thelightthatwouldfallon 
theslitswouldnotbecoherent, 
monochromatic or intense. 

27 1.54mm 
ZSa 4.8><\0-1rn 

b The wavelength would be 
srnallerthaninair,sothefringe 
separation would decrease. 

?.9 a Sothatthegapswere 
approxirnatelythesarnesi:easthe 
wavelength, to achievernaximum 
diffraction at each slit. 

b Aboutlm 
30 a Thespacingcithefringeswill 

b The spacing d the fringes will 

The spacing d the fringes will 

d Thefringeswillhavecoloured 
edges 

3! 260rn.-' 
3316.0° 
34801inesrnrn-• 

351.6m 
36 a Aboutlm 
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b Redlighthasag1taterspeedin 
gla.ssthanbluelight,sothatit 
isrefractedlessbyaprisrn;but 
itsgn,aterwa,-elengthrneans 
thatagreaterangleisneededto 
imroducethepathdifferenceofa 
wholewavelengththatisneeded 
for constructive interference. 

37 Tm:, 

38 Becausethreetimesthewawlengthof 
violetlightislessthantwotirnesthe 
""""length of red light. 

39a 310nm 
b Ultraviolet 

c Byfluorese<-nceorasuitable 
photmultaiccell 

40 Thiswouldhaveaneffectsirnilarto 
reducingthe lineseparation,sothat 
the pattern would broaden 

41 The line spacing is not comparable to 
the wavelength of X-rays; X-rays an, 
too pcnetrating,sothattheywould 
passthroughallofthegratinglargely 
unaffected. 

42 !,..1axirnaatsin0 z 0.272,0.544and 
0.816 

430.2.67° 
451.10><10--'rn 
46 4.61>< 10--7 mor6.92><11)-1m 

471.4 
50 a Thereislessdiffractionwith 

biggerlenses;theyreceivemor., 
light. 

b ltwil1bemo1tdifficultforalarger 
lemtofocusallthelightinthe 
rightplacesontheimage. 

51 Bl...,isneartheshort""""lengthend 
ofthevisiblespcctrurnanddiffracts 
lea 

52 Alargerpupilatnightmeansthat 
diffractionisredoced,suggestingthat 
resolutionimproves;butthemuch 
lowerlightintensitywillreducethe 
quality of the image. 

53 12km 
54 0.15m 
55 a 1.4>< llJ"m 

b Alinejoiningthestarsis 
pcrpendiculartoalinejoining 
them to Earth. 

56 Yes;theanglesubtendedatthe 
tele,copebythewritingisl.6><10--' 
radandthisisrnuchbiggerthan 
l.W,./b(about5><1Q-<). 

57 AboutlOOkm 
59a 610 

b No 
c lncreasewidthofbeam 

60 413H: 
61338rn,-• 
62 3lms_, 

63 a Thesoundwill becomelouderas 
thetraingetsck:,serroP(allowing 
foratimedelayforthesoundto 
n,achtheobserver).Apitchhigher 
thanthateminedbythetrainwill 
beheard,butitwillgraduallyfall 
asthetrainapproaches(because 
thecornponemofvelocitytowards 
theobserverisdec=ising). These 
processe,arerev.-rsedasthetrain 
movespastP. 

b Thepitchandloudnesswill 

64 59H: 
65 a JOC() H, 

b Moreeasilyabsorbedandscattered 
inair;diffractandsp1tadout 
more;slm,,-erspeed 

66 260m.-';12.6km 

68 Moving away with a speed of 
8.45><106ms-1 

10 Fields 
I 9.6\1 
2 -4.l x 10'] 

2.3><11J"J 
a 9.8><10"] 

b towards 
5 24] 
6 240Jl:.g-l 

8 a 7.5J 
b Bythecharge 

15 Fieldlineswouldhawdoublethe 
separationandwouldpointinthe 
oppo:sitedin,ction. 

16Fieldlinesm:,u\dbestraightlines 
poimingradiallyourn4rdsfrom 
thecentre.Equipotentialswouldbe 
circular with increasing separation. 

19 -77pC 
21 a 49>< lO"kg 

b l.l><lO"N 
23 a AnylocationbelowtheEarth's 

surfacewillhaYernassdistributed 
allarounditandnotjust'below'it 

b Massisequallydistributedaround 
the central point. 

24a 6.4><10"kg 
- 250MJ 

25 a +2.5nC 
b -3.5><10-' J 

26 a 2200 N 
b - 4><10') 
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27 8.4><10-"'C 
285.3><10"] 

29 a 6.3><10'Jwouldhavetobcgiven 
to! kgtomovcittoinfinityfrom 
the Earth's surface 

b P: - 1.6><10'] 

Q:-6.25><106J 

R:-3.1 >< 106J 
7.6><1C1J 

31 a 3.3><10"Jkg-' 
b U><IO'Jkg-' 

2.8><J01J 

d ltignoresthegravitationalficlds 
ofJupitcranditsothcrmoons(and 
theeffcctoflo'sthinatmosphcre). 

32 4.3><10' V 
33 14V 
34 68cm 
35 18Nkg-' 

40 a 570V 
b 26nC 

41 About 6000 V 
42 a 5.0>< lOIVm-• 

b 0.039N 
Oc,,vnwards 

d JOJOV 
2.3><[0-'J 

f Gainskincticenergy 
43 a l.6><10-"C 

b 75 >< 10-'"J 
2.0><IO'm,' 

45 2.0><104 C 
46 a 15JNC-'atl7ff'tothedirection 

ofthefieldduetoq. 
b 8V 
c Positive 

47 a 6>< lCY m 
b l><lO''kg 

7.6><10"m 

d 0.52Nkg--l 
49 a 2.4km,-• 

b Anobjectescapingfromthe 
Moonalsohastococapethe 
Earth's gravitational field 
lbeEarthisnearerthaninfinity 
andwillattractthcvehicle. 

50 I0.9km,-' 
51 6.3>< lO"'m 
52 a 10>< lO'm 

b lbeSun'sradiusisroughly200 
CXXltimesbigger. 

53 a lbe escape sJ"'M incr,,ascs by 
about!%. 

b Thismaybeconsidered 
insignificant. 

54 4.1>< lO'ms_, 
55 a 2370m,-• 

b 2.56h 
567.15day, 
57 956>< lO"m 
58a J.17><HJ', 

b Orbitisnotaperfectcircle 
60 a Decreases 

b E,- ~ -11GMm/r:if£,-isdcmasing 
itmustbechangingtoalarger 
negativc number,sothatTmustbe 
getting smaller. 
lbesatellitewillgainkinetic 
cnergyasitlOS<"sgravitational 
potentialenergy:asitgoesfasrer 
itwillencountergreaterair 

61 a Thcworkdoneagainstair 
resistance is transferred to 
intcrnalenergyofthcsatellite; 
whichisdestroyedbecauseitgets 
sohotthatitvaporizc,and/or 
chcmicallyreactswiththeair. 

62a - 4.9><10"J 
b .+-2.4><10"'] 

-2.4><10'0 J 
d I.I ><IO'ms-' 

63 35800km 
64 a Thcpcriodsforthcrotationof 

theMoononitsaxisandit.s 
rotationaroundthcEartharethe 

b 8.8>< IO'm 

65 lbelcngthofthc day(24hours)may 
bcconsideredastheduratiocibetwecn 
succ.-ssivetimcswhcntheSunisatits 
grcatestelevation. Thisisalittlemore 
than23hoursand56minutesthatthe 
Earthtakcstocompleteonerevolution 
bccausc theEarthisaleoorbitingthe 
S.m. 

66 a lbe time for a signal to travel 
fromtheEarth'ssurfacetoa 
geostationary satellite and back 
againisabout0.24s. 

b Forexamplc,comparesatcllitcsat 
heights of 358 km and 358 OOO km 
(aratioofl/1000):ifatransmittcr 
onEarthsendsthesamesignal 
toboth,thegcostationary 
satellitewouldreccivcasignal 
strength !OOO'(lO'Jtimessmaller, 
whichsuggeststhatamuch 
largerreccivingacrialwouldbe 
nccessarytoreccivesufficicnt 

11 Electromagnetic 
induction 
I Because it has no free electrons; 

that can move to cause a charge 
separation. 

2 a lmo, oroutof,theplaneofthe 

b Perpendicularlybetweenthepole, 
of the magnet,oralong the line of 
the wire. 
ltisnotinacircuit. 

3 Acoilconnectedtoagalvanometer 
shouldbemovedquicklycloseto,or 
surrounding,themagnct. 

4 a Use a stronger magnet; mov" it 
quicker. 

b Rever,cthemotion:reversethe 
polarity. 

5 Currentflowsintheopposite 
direction. 

6 lbeinduced"1Ilfincreasesasthc 
'l"'edofthefallingmagnctincreascs 
andalso asthemagneticfieldpassing 
throughthecoilget,strong,,r.Theemf 
reversesdirectionwhcnthemagnet 
leavesthecoil.Thcsecondpeakis 
highcrandquickcrthanthcfirst 
b«causethesl"'edisgreater. 

7 0.35m>' 
8 O.OZST 
9 a Ql9V 

b lltevcrticalcomponcntofthc 
Earth'smagneticfieldisgreater. 
No;anyconnectinglcadswould 
havc thesamevolrag.,induced 
across them 

10 b 3.9ms-' 
WV 

d 198VandOV 
11 1.3x10-'Wb 
12 7.2><\Q-<Wb 
13 45xlQ-iWb 

14 a i Thepointeronthe 
galvanometer will deflect and 
thenquicklyretumtozero. 
Atthcmomentthecurrent 
inthesolenoidisswitched 
on,achangingmagnetic 
fieldthroughtheloopsof 
,,;"re "nducesacurrent.Thcre 
isnoinductionwhenthe 
currentinthesolcnoidis 
steady. 



Asini,butthedeflectionon 
the meter is in the opposite 
direction 

b i lnducedcurrentwillbe 
doubled. 
lnducedcurrentwillbemuch 
greater. 

Zero;nodeflection 
15 lncreasethe numberoftums;move 

thecoilsclosertogether;placeaniron 
corethroughthecoils;increasethe 
magnimdeofthecurrentinP. 

16 a 8.8xlO-'Wb 
b 3.0xJO-'V 

17 The amplimde and frequency woukl 
double;themaximumindoccdemf 
doublesbecauscthecurr,,ntinA(and 
theresultingmagneticnux)i,changing 
at twice the rate. 

18 a 4.6xl04Wb 
b Themagneticfieklstr.-ngthatAis 

negligiblecomparedwiththefield 

"" 0.12Wb 
d 0.003V 

19 a Theplaneofthecoilshould be 
paralleltothedirectionofthe 
Earth's magnetic field. 

b 9.0xJO-'V 

20a 760 
b The coil and the solenoid should 

have the same axis. 
21 a Thechangeoffluxlinkage 

b Theareasar.-equal;theflux 
linkagewhenthemagnetenters 
thecoilis equaltothenuxlinkage 
asthemagnetleavesthecoil. 

23 a 2.6x10-'Wb 

b mv 
The answer fur Question IOis 
the maximum induced emf as 
thesidesofthecoilcutthefiekl 
perpendicularly.Thisansweristhe 
m . .,mgeduringeachrotationofthe 
coil. 

24 a The=illationswillbe 
approximately simple harmonic. 

b Alternatingvoltagewiththesame 
frcqueru:yasa;voltagepeakswhen 
themagnetispassingthroughthe 
middle of an oscillation. 
The motion will be damped 
becausekineticenergycithe 
magnetwillbetran~rredtothe 
induced current. 

15 Currentsar.-inducedinthetubethat 
,etupamagneticfieklopposingthe 
motionofthefallingmagnet. 
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26 a The changing magnetic field 
passingthroughthe loopinducesa 
current,whichsctsupamagnetic 
fieklinoppositiontotheoriginal 
field;the r,,sultingforceonthe 
loopcauscsittodecelerate. 

b Northpole 
lmotheplaneofthepaper 

d Themagneticfluxthroughthe 
loop is not changing. 
Thedirectionsofcurrentand 
induced magneticfieldar,, 
oppositefromthoscwhentheloop 
enteredthemagneticfield. 

f Transferredtointernalenergyin 
theloopbecauseofthecurrentin 

27a ltsrnovementisparalleltothe 
magnetic field. 

b Fastermovement;strongerfield; 
windintoacoilofmanyturns; 
placeco"lonan "roncore 

30a 7W 
b 890 

31 a 325V 
b 13.2A 

9.J5A d 492W 
32 240V 
33 a 469W 

b 1880W 
The r.-sistor was ohmic and did 
not overheat. 

34 a Peak power c 4.0 kW; V
0 
~ 350 V; 

I,~ l!A 
b SimilartoFigurel2.27;pericxlof 

=lcageandcurrentvariations~ 
0.0167, 

36a 30rurns c 5.SW 
b 25!l d 0.024A 

37 a Turnsratio~22/1 
b 0.072A 

38a 1640 
b 0.012A;60W 

39 Resistanceofthewires;cost; magnetic 
fieldstrengthinthecore 

40a (£} 

b 0.15A 
C 89% 
d @mW 
e ltwouldgethot. 

41 Powerlossesareasmallerpercc,ntage 
oftheoverallpower;magneticfluxis 
transferredmoreefficiemlythrougha 
largercore;wireshavel.-ssresistancc. 

42 Copperwir.-,canbethinnerandmore 
flexible,andtheproperti.-sofcoppcr 
arebetter,.+.enmakingelectrical 

43 a 3.lx!O'W 

b 49W 
44 Morepoweristransferr.-d{furagiven 

current). 
45 Sothatmostcithetransmissionline 

is at high voltage. 
46 a Th.-cableswillhavelessweight; 

areeasiertosupportonpylons. 
b Doesnotr.-actwithairand,br 

47a 2280 
b 4500V 

No=ltagedropalongthe 
transmissionline;transforrneris 
100% efficient. 

48 a Hyst.-resiseffectsincrease 
b Lm,,errateofchangeofmagnetic 

""" 
49 a 14400V 

b 1.92xlO'W 

13A 
d 7700W 

19W 
51 FBCDEA 
54 5.6xJO-'C 

55 58.4V 
5654pF 
57 I.I xl(}-"'C'N-'m_, 

5911 
61 Theeffectiv<"areabetwe<"ntheplates 

changes. 
62 Capacitanceis proportionaltoarca, 

butresistanceisinverselyproportional 

63 ltcandeliv.-renoughpow.-rforan 
intenscflashcilightinashorttime. 

64 Anyimperfectionsintheinsulating 
layermayresultinaflowcichargeand 
electricalbr.-akdown. 

652.ZxlO_.J 

66 a 36V 
b Th.-thinlayerofinsulation 

betwccntheplatcsmaybr.-ak 
down. 

67a 3.9) 
b 2300W 

@6.4x10-'J 
71 a 6000µF 

b 540µF 
734S0µF 
74a 137µF 

b 0.054Jand0.042J 
c lntemalenergyanddissipat..d 

thermalen<"rgy whenthecurr.-nt 
flows between them. 

752.7xlo->F 
n Ux!O'O 
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80 About IOVand 10000 
82b 77, 

d Agraphisagoodwayofassessing 
uncertairui .. sandimproving 

77rnF 
83 3.3><10-'C 
84 5.IV 
85 80hl 
86 a 1.3V 

b 13>< 104C 
c 2.l><J0--6A 

12 Quantum and 
nuclear physics 
1 1.38 x 101'4 
2 2:1 
J 100 
4 a 5>< 10-"J;3><10' .. V 
5 a 4.91 >< l(f\Hz 

b 3.26xIO-"J 
3.54><10-"J 

d No 
f 5.34>< 10-"H: 

7 2.0><10-"J 
8 a 3.62><10_,.J 

b 5.5><10-1 m;yellowlight 
C Red 

9 l.44><10"H: 
II 3.8><10_,.J;2.4eV 

136.81><10--"'Js 
176.6><10-"'Js 
18 3.55xJ0--1lm 

19 4.95>< lO'ms-• 
20 9.0>< 10-'m 

21 105V 
21 a The wavdength of the d.- Broglie 

waveassociatedwithaparticle 
isirwersdyproportionaltothe 
massofthepartid.-(forch.- same 
velocity).Themassofanelectron 
islessthanthatofaproton,sothe 
wavelengthofthedeBrogliewave, 
associatedwiththeelectronwould 
be higher. 

b Electron,neutron,alphapartide, 57 a 7.0>< 10-"m 
gold nucleus b 3.0>< 10-"m 

23 Anairplan.-hasarelati,.,.,[ylargemass; 
hencc,th..wa,.,.,[engthofthedeBrogli.­
w3"..-s associat.-d with it is too small to 

beobservedandm.-asured. 
25 6.7><10-"m 

26 0.719MeV 
ll l.3><10-"rn 
Z8 Momentum could not be conserv.-.:1 

withonlyonephoton. 
32 2.51,/rt;5.3x 10-"'kgrn'>' 
33 a 8.5>< 10-"m 

b Infinite 
34a 2.17><10--18] 

b - 4.34><10-"J 
-2.17><10-"J 

d - 13.6eV 

Energywouldhavetobeaddcdto 
theatomtoseparatcth.-proton 
andth.-elecrron,andwhenthey 
ares,,paratetheyaresaidtoha,..­
:reropotemialenergy. 

35 a 4.5><11J"H: 
b Rcdlight 

0.66cV 
37 l.1><10--"kgm,-• 

39 5.8><101 m,-• 

401.46><10-"rn 
41 3.7>< 10-"eV 
42 5>< 10-"kgm>': leV 
43a 13><10_.J 

b l.2><10-"'m 
The uncertainty principle will 
onlyallowchccxchang.-partideto 
hav.-ashortlifetimcbecauseofits 
large mass-energy. 

4410-ll, 

4710-ll, 

51 a 1.66>< 10-"m 
b 6.09><10-11 rn 

52 2.0>< !01m.-' 
5426° 
55 650CXlMeV 
56 Thatistheseparationatwhichthe 

attractivenuclearstrongforceiscqual 
andoppositetothcelcctric..,pulsivc 

""'· 

llteyareincloseagreemcm; 
within2%. 

586:1 
59 AboutlO-" 
60 About200m 
61 The masses of the A protons and 

neutronsare .. achapproximately 
equalro .. ,butvarydependingupon 
the bindingenergyofthenucleiin 
which they a,.., located. 

63 a Typicalnuclearenergicsareabout 
lO'timesgreat.-rthantypical 
dectron.-nergies. 

b 1.4>< 10-"m 
Gamma radiation 

64 b 7.Wx 10-11 mand4.78>< lo-''m 

65 0.27 McV, 0.19 MeV and 0.08 MeV 
664.2><10"",-' 
67 8.0 x lO'Bq 
696.36><\0"atorns 

70 a 126Bq 
b 805nudci 

71 a 2.49><10-'h-' 
b Th.-smalldiffe..,nccbetwttnthc 

twocoumrateswillb.-affect..dby 
randomfluctuationsinthc activity 
ofthcsource-andthebackground 

72a 1.9,-' 
b BO,-' 

Radiationrnaybeabsorbedinthc 
air;allradiationpassingthrough 
thedetectormaynotbecountcd. 

7312rninutcs 
744.8><lo-9g 
75 a 1.210>< Jo-<yr' 

b 30% 

76 0.26wccks 
77a 0.42yr 

b 190yr 
785.3y.-ars 
7923,-, 

80 a 49.5% 
811620ye-ars 

841./3 



Answers to examination 
questions in Chapters 1 to 12 
1 Measurements and 
uncertainties 

Paper 1 
I B 2 B J C 4 A 5 C 
6 C 7 A 8 A 9 B 10 C 

2 Mechanics 

Paper 1 
I B 2 B J C 4 D 5 C 
6 B 7 C 8 A 9 C IQ C 
11 C 12 A 13 B 14 C 15 B 
16 C 17 D 18 A 19 D 

Paper 2 
Theequatioocanonlybc11Stdformotion 1ha!has 
constamaccekrarion;~forceonthebull,ecchang,c,,,.so 
1he accclerationcannol~ conJta nt . 

b i 6.6 x!O'ms-> 
i 280 rn ,~, 

ii 0.26MW 
d New1on'sthirdlawstatesthatforeveryforce 1here isan 

equalandoppositeforceactingonadiffcrembody;the 
forccsofthebulletandgunarc,apairofNc,non'sthird 
lawforce1;thcforwardforcc on thebulle1isequalm 
thebackward, forc<eonthe gun. 

2 a I.Sm 
b The initial ,....Jocity remains horiiontal: the cu,,.... is 

l ettpef than d~ original~ 1hehomomald,sranu 
1ravelledatany particularhrigh1 bcc:omes k uand k ,is; 
comparNI IO tha1 without air INiitance 

=• 
Diagramshould,hownorrnalrc,ac:tionforccs 
acting wnically upwards from the ground on both 
whcds; wdght of bicycle acting downwards from its 
(approxima1 .. )cent1tcimas.,:fOfCeoffoot pushing 
down on pedal (a downwards pui.h r:i the hands may 
abobcincludcd);Wtotalkr,ethsof1heuP"--ards 
anddow .... .uds,-cctorarr<>W$should beabootthe 

iii Thcforward,fora,onthebicyclcisequaland 
Off>Olite 10 the =isti...., forcn (air ra,lsu,.nuJdra,J 
friction);sothei=.ilmmforccis:croandthercf~ 
!herc isnoaccdttation. 

b 320W 
i 0.57m,..:i 
ii 56m 

iii The tota l res istive force is nol conHant (a, assumed in 
thecalculation);air1tsistanccdecrea~1with specd 
(thebmkingfurccmayalsocha,w). 

4 a The c:oefficicm of dynamic friction applies to surfocn 
when !here is relative motion. The codfw::icnt of smt ic 
frictionis themaximum,-:al...-justbd"~ mttionbegiru. 

b 29' 

3 Thermal physics 

Paper 1 
I C2B3D 4A5A 
6B7A8D9Al0D 

Paper 2 
I a 3.8x l05 Jk1;l 

b Thermal energy will be uan.sfcrrcd m 1he calorime1cr and 
thesurroundings;sob.energyis availablctoboillhe 
liQu id(thanll5Cdinthecakulation). 

lmerna lcncrgyis themtalpo1en1ialencrgyand 
ki1M:1icene,gyd thecopper aroms; hea1i11gi1 
the trander of lmrmal eru,rgy m the copper from 
something honer. 
240Jk(f'K·• 

b 1 Thcmoleculesgainen.-rgyandmovefustcr. 

On average, each molecular collision with the walls 
exemagrea1crforce;soforthep1tssure1oremain 
coni;ta nt,thefra:iuencyofcolli..ioru mUS1 godo,.·n; 
,,,hich means tha1 the mlume mllSI increase. 

3 a low pressure, moderate t<"mperature arv:1 low density 
b 1.nx1ctra 

Some of the water woukl .-vaporate arv:1 the pres.sure 
and volume would be sreater. 

4 Waves 

Paper 1 
l C2CJA 4CSC 
6D 7C SD 9C IOC 
II D 12 C 13 B 

Pa per 2 
I a A w-,we 1ha1 lramfen energy away from a IIOUtcC. 

amplitude • 4.0 mm; wa....,kng1h • 2.4 cm; frequency 
•3J Hz; specd"S.Ocm,-• 

bi 63° 
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lnethreewavefrontsareparalleltoeachother, 
equidistant and clos,,r tog<-ther than in medium A. 

lney should make an angle of (approximately) 27° 
with the boundary. Two of the wan.from, should be 
continuouswiththetwoleadingw,wefrontsinA. 

2 a • lnegraphisastraightlinethroughtheorigin, 
indicatingthataccelerationisproportionalto 
displacement 

• Thegraphha,anegativegrOOient,indicating 
thataccelerationanddisplacementareinopposite 
directions. 

lne waw is progressive becaus,, it is transferring 
energy;theoscillation.softhemediumareparallelto 
thedirectionofenergytransfer. 

094m 
3 a Noenergyistransfer..,d;alloocillationsber..=nnodes 

areinphase;amplitude ..,mainsconstantateachposition 
{neglecting energy dissipation). 

b 450Hz 

5 Electricity and magnetism 
Paper 1 
IB2B3A4DSD 
6D7D8C9D10B 
llC 12A IJB 14A !SC 

Pape r 2 
I a Thecellshouldbeconnectedacrosstheendsofthe 

variable resistor; the lamp and the ammeter should be 
connectedinserie,betweenoneendofthevariable 

resistoranditsslidingcontact;the=ltmetersh01Jldbe 
connectedinparallelacrossthelamp. 

b Arurvepassingthroughtheorigin(maybestraight at 

2 s 

first),withequalincreasesinvoltageprodocingsmaller 
and small r "nc..,ases ·ncurrent. 

potential difference 

ii S4n 
b lnere are many possibilities: fur example, one heater in 

serieswithaswitchconnectedtothesupply,andtheother 
twoheatersinparallelwitheachother,connectedacross 
the supply with a switch in series with the combination. 

3 a Metalelectrode,oftwodifferentmetalsplacedinside 

thepotato,variable resistorandammeterinserieswith 
electrodes.Voltmeterconnecredacrosstheelectrodes. 

b Voltage (pd) and cur..,nt, and how they vary with time. 

4 a 2.S><JO-HN 

b lne force is always p<"rpendicular to motion, so the path 
will be along the arc of a circle, curving downwards. 

6 Circular motion and gravitation 
Pape r 1 
IB 2A 3A 4D SC 60 70 

Pape r 2 
I a gravitationalfieldstrengthxgravita::lforce 

b ig = T, 

ii 1.9><\0''kg 

2 a friction 

b 17m.-1 

c Thenormalreactionforceofthesurfaceonthecarwill 
haveacomponentactingtowardsthecentreofthecircle. 

7 Atomic, nuclear and 
particle physics 
Pape r 1 
1D2C3B4DSA 
6D7C8B9D10A 
11 C 12 B 13 D 

Pape r 2 
I a i Naturalradioactivedecayisthcemissionofparticks; 

and,brelectromagneticradiationfromanun.stable 
nocleus;itisnotaffectedbyrernperatureorthe 
<"nvironment. Radioactivedecayi,aspontaneous 
randomproc.-sswithaconstantprobabilityofdecay 
(perunittime);theactivity/numb .. rofunstabl .. nucl<"i 
inasamplereduce,exponentially. 

lonisingmeansthatwhentheradiat ioncollide,with 

aneutralatom, it willcauseoneormoreelectronsto 
bereleased,leavingbehinda(positively)chargedion 

bi fission 

Ushownneartheright-handendoftheline; 

Sr and Xe shown between U and the peak, with Sr to 

theleftofXe. 

iii 7.60MeV(l.2Z><IO-"J) 

iv Thebindingenergyoftheneutron.siszerobecause 
neutrons are separate particles. 

2 a "" .. Rn ~ "'81Po • •,He 

l.Ol><IQ-l'J 

iii E~ ~ 1-ww'; 1.01 x 10-11 
~ 11 >< 4 >< 1.66 >< 10-11 xt1; 

11 ~ 1.74>< IIYms-' 

b i The polonium nucleus moves in the opposite 
directionfrornthe u-particle 

Bytheconservationofmomentum, 

m~"~ ~ m,11, : 

"• ~zkx 1.74 >< 10'~ 3.22 >< IO'm,--1 

iii The polonium nucleus has forward momentum; if the 

u-particleisernittedalongthe lineofmotion,there 
isnochangeindirection;butifitisernittedinany 
otherdirection,thepoloniumnucleuswilldeviate 
from its original path. 

Decay is a random proc.-ss; so it is not possible to 

statewhennocleiwilldecay. 
Half-lifeisthetimetakcnforhalfoftheradioactive 

nocleiinasampletodecay. 



8 Energy production 

Paper 1 
IA2D3C4C5A 
6B7B8D9C10D 

Paper 2 
I a coal,oiLgas 

b Thenaturalrat .. ofproductionofthefuelsismuchlower 
thantherateofus~;sotheywillrunout 

Using the width of the arrows; efficiency~ 5/14 ~ 0.36 or 
36%. 

d Highenergydensity;rcadilyavailable;cheapsourceof 

electricalenergy;uscdwidelybytransport,etc. 

2 a infrared 

Nitrogendioxideabsorbsinfra=lradiationradiated 
frorntheEarth'ssurface;whichitthen,.....radiatesin 

randorndirections;thusreducingthen .. cradiatcd 
energytransferredawayfromtheEarth 

powerradiatcdbyasu~ 
b emissivityEr~~---~-­

powerradiatedfromablacklxxly 
ofthe sarner .. mperaturcandarea 

alkdo ~ total scattered power 

totalincidentpoy;er 

d i 154Wm-' 
2K 

ii402Wm-' 

9 Wave phenomena 

Paper 1 
IA2D3C4C5D 
6B7A8D9aBbB 
10 D 11 B 12 A 

Paper 2 
I a The wavefront, shouLd all be circular, with their centres 

movingbetweenSandP. 

b The diagram should show that the wavelength moving 
towards P is shorter than that moving towards Q; so that 
P hears a higher frequency. 

i Dopplerd"fect 

ii Gtangeinfrequencyofthcsoundfromacarmoving 
past an observer. 

2 a diffraction 

b The central maximum of the diffraction pattern of one 
imagecoincidcswiththefirstrninimumofthediffraction 
pattern of the other. 

9.4><\0'"m 

J a lisequaltothc pathdiffcrcncc betweentheraysfrom 
che edgesoftheslit;ifl = ),.,thcseray,willinterfcrc 

constructively, butraysfrornthctopoftheslitandrays 
fromXwillinterfcredestructivelybecausethcirpath 
differencewillbehalfawavelcngth;inasirnilarway, 
pairsofraysacrossthcslitwidthcanbepairedoffro 
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producedcstructivcinterferencc;sowhen/m A the first 

rninirnumofthc diffractionpanemwillbeproduccd. 

b The waveform is identical to the first, but the central 

maximum of one coincides with the first minimum of the 
other. 
Thesonallerthevalueof"},/b,thcbeucrthcrcsolucion. 

SinC<"theradiowavelengthsreceivedarerelativelylarge, 
thewidthofthereC<"ivingaperture(dish}necdstobeas 
large as possible. 

d Calculations show that they cannot be resolwd; eh,,, angle 

subtendedbythcsourcesatEarthissrnallerthanl.22'}./b. 

4 a Forceproportionaltodisplacementandintheopposite 
direction. 

b i Samcshapeasthckineticgraph,butinvcrted. 

10 Fields 

Paper 1 
I C 2 B 3 B 4 C 
5 B 6 A 7 A 8 C 

Paper 2 
I a The work done per unit mass; in bringing a small test mass 

frorninfinity;tothatpoint. 

b 7.8Nkg-' 
7.9xlO'rn.-' 

2 a The field strength is constant at A and d1treasing 
a<R 

ii Bccauseitwouldmeanthattheforceonachargeat 
thatpointactedintwodiffcremdirections. 

b (~theredfieldlincsinFigurel0.10.) 

3 a Because infinity is chosen to be the location for 
:cropotemialandgravitationalforcesarealway, 
anractivc, ,ochatworkha, tobedonetomovc any 

ma,stothc position where it has zero potential. 

b +JlnC 

2800V 
d 28()QV 

11 Electromagnetic induction 

Paper 1 
1A2C3B4C5B6D 
7B SB 9A IOC llC 12D IJB 

Paper 2 
I a FarOOay's law states that an induced emf is 

pro(X)Ttionaltotherateofchangeofflux(\inkage); 

in this example, the alternating current in the cable 

produces a changing magnetic field around it; so that a 

(time) changing magnetic flux passes through the coil 

b The graph shoukl have the same shape and frequ.-ncy as 
ch,,,curremgraph,butshowaphaseshiftofrr{l. 
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lne size of the induced emf is proportional to therms 
valueofthecurrentifthecoilisalwaysplacedthesame 
distal"IC<"fromthecables;withthesameorientation. 

2 a TheelectronsaremovingJl<'rpendicularlyacrossthe 
magneticfiddandexJl<'rienccforcesalongtherod, 
whichresultsinsomeseparationofcharges. The 
emfarisesbecauseworkhasbeendonetomovethe 
electrons. 

lne rate at which the rod passes through an area of 
magnetic field 

b i 2.0mT 
L..ni,lawstatesthatthedirectionoftheinduced 

currentwillopposethechangethatproducedit.ln 
thisexample thereisafol'C<"ontheinducedcum,nt 

intherodintheoppositedirectionfromitsmotion. 

3 a Capacitor,resistorandammeterinseries. Voltmeter 
connected across the capacitor. 

b 100 , 
c Should show exponential decrease, falling from an initial 

valueofl2V. 

12 Quantum and nuclear physics 

Paper 1 
1D2C3C4B5A6C 
7A 8B 90 JOA llA 12B 13D 

Paper 2 

a to - 1 S6 

1 
- 373 

- SS4 

Er.ergy/eV 

- 104 

b E=~A= 6·6 xJO-lixJxJI)' =l.20x10-'m 
A' I0.4x l.6x 10-" 

~ ~<rtsis<a,of<halli"m 

_L__ gmtmdstateol thall1um 

Oc 
1.>xciledbismuth 

~ gcooods<a"<halli"m 

d A ~ A,e_,.;~ = e-- = 0.404; 

A.=O.OIIJ(min-1); 

T~=io~3=6lmin 

2 a Llghtconsistsofphotons;theenergyofeachphotonis 
/if,wherehisthePlandconstant;acertainam::,untof 
energy,callultheworkfunction(p,isrequiredtorernove 
an electron from the metal surface; if f is less than ~h. no 
electrons will be emitted. 

b i I.IX IO"H: 
ii £.,; =h( - q, = Ve, soslopeofgraph = I,/~ 

slope = 4.2(±0.4)xl0-"givingh 
c4.2(±0.4)x\O-"xl.6x!O-" 
c 6.7(±0.4JxJO-liJs 

iii ,j)=hf;usingthernlueofhfrombii, 

(p = 6.7x JO-Hx I.Ix 10" = 7.4x 10-19 ) 

0c 
Frorntheintercepton(theextended)E~axis, 

(p=4.5(±0.2)eV 
J a Jx!O-"'m 

iiThewavelengthi,srnaller/frequencyishigher;hence 
thekinetic energyisgreater. 

b i The electron is attracted to the nucleus, so work must 
bedone(ontheelectron)tomoveitawayfcomthe 
nucleus;andsoelectricalporentialenergyincreasesas 
thedistancefromthenucleusincreases 

0c 

:: ~frl due to the nucleus is: 

whereQ is the nuclear charge; because E• = - V l~I the 
potentialenergy oftheelectronbecomeslessnegativeas 
the electron moves away. 

iiThetotalenergyoftheelectronisconstant,sothe 
kineticenergydecrease, asthedistanccincreases 

(hecausethepotentialenergyincreases) 

iii Becausethekineticenergydecreases,thewavelength 
mustincreaseastheelectronmovesawayfromthe 
nucleus. 



Glossary 
Standard level 

Theglossarycontainshywords,equationsandterrnsfrom 
the 1B Physic, Diploma course. This section tahs words from 

Oiapt .. rs 1- 8. 

Absol ute :ero Temperature at which (almost) all molecular 
motionhasstoppffl(OKor - 273°C). 

Absol ute temperatu re See Kd~·in scale of wnpcraiure 
Absorption When energy of incident pardcb or radiation is 

transferttd to other fonns within a material 
Absorption spect rum Aseriesofdarklinesacrossacontinuous 

spectrum produced when light passes through a gas at low 
pressutt. 

Acceleration , a Rate of change of velocity with time, 
a r !J.v/!>t. (unit: rn ,-1). Can be determined from the gradient 

of a velocity- time graph. Accderation is a vector quantity. 
Acccler ation d ue togravity,gAccderationofamassfalling 

frcdy towards Earth. Numerically equal to the gravitational 
fieklstrength.OnorneartheEarth'ssurfac .. ,g~9.8"' 
!Oms-i. 

AccuracyAsinglemcasurementisde,cribcdasaccurateifit 

is dose to eh .. correct result. A ..-ries of measurements of 
thesamequantitycanbcdescribcdasaccurateifcheirmean 
is dose to eh .. correct result. Accurate results have small 

systematic errors. 
A ir res ist ance Resistive force opposing the motion of an object 

through air. ltckperul,onthccross-sectionalareaandshape 
oftheobject,arul it is approximately proportional to the 
object's speed squared. 

A lbedo lbe total scauercd or reflected power/total incident power 
(onpartofaplanet'ssurface).Albcdodependsonthenatureof 
chesurface,cloudcoverandinclinationoftheradiationtothe 
surface.llv,Earth',annualmeanalbedois30%. 

A lpha particle A fast-moving hclium-4 nucleus emiued by 
aradioactivenudeus, consistingoftwoprotonsandtwo 
neut rons tightly bound togethn 

Alternatin g currcnt (ac)Aflowofelectricchargethatchanges 
direction periodically. 

Ammet er An instrument chat measures electric current 
A mper e, A SI (fundamental) unit of electric current. One 

ampere is that current that, when flowing in two parallel 
wires Im apart ina vacuum, producesforusof2 x IO-l N m-1• 

IA "' IC,-1 

A mplitude, Xo or A The maximum displaument of a wave or 
oscillation. 

A nalogue instrumcnt Measuringinstrumentthathasan 
indicator moving over a continuous scale. Compare with 
digitalins!Tumrnl. 

Analogy Applying knowledge of one subject to another subject 
because of their similarities. 

Ang ul a r veloc ity,ruChangeofangle{changeoftime, 
ru~ l18/t,s; ~ 2,c{f "' 21tf(unit: rad,-1). For regular motion ina 

circle,ru = 2,c{f = 2,rfandlinearvelocity = angularvelocicyx 
radius,., = rur. 

Annihilation (pair) When a particle and its antiparticle 
interact,theyannihilateandtheirmassisconvertcdto 
electromagnetic energy. 

AnodeAnelectrodeintowhich(con,.,entional) 
current flow,. 

Antineutrino Low-mass and very w"akly int.-racting particle 
emiuedduringbcta-negat iv.-decay.Antipart icleofneutrino. 

AntinodesThepositionsinastandingwa\'e,.mre che 
amplicudeisgreat.-st.Seealsonodes. 

Antimatte r Matterconsistingofantiparticles. 

A ntiparticle Everyparticlehasanantipartide thac hasth.,same 
mass,butoppositechargeand/orquantumnumbcrs.(Som.­
partides,for.-xamplephotons,aretheirownantiparticle.) 

Apertu re A hol.- or gap designed to restrict the wid th of a beam 
oflighc (for.-xampl.-J. 

Ato mic eneq:y level Oneofaseriesofpossiblediscret<" 
(separate)energylevelsofanclectronwithinanatom. 

Audible rangeRangeoffrequenci .. s thatcanbeheard 
by humans. 

Avogadro'sconst ant ,NA,Thenumb.-rofparticlesin 

B 

I mol.-ofasubstane<- (thenumb.-rofcarbon atoms in 12gof 
carbon-12). 

Backgro und radiatio n Radiationfromradioactivematerialsin 
rocks, soilandbuildingmaterials,aswellascosmicradiat ion 
fromouterspaceandanyradiationescapingfromartificial 

Ballist ic,The,tudyanduseofprojectiles 

BankingTh.,useofslopingsurfacesto.-nablefast.-rmotion 
around curves. 

Baromet er Instrument for measuring a t mospheric pressure 
Baryons Particles mad.- from the combination of thre" quarks -

forexample, protonsarulneutrons. 
Battery Oneormoreelectriccells. 
Bcta particleAhigh-speedelectronthatisreleasedfroma 

nucleusduringbetanegativedecay,orahigh-speedpositron 

releasedduringbetapositivedecay. 
BiasApref..reru:.-foroneopinion, onesideofadiscussionetc., 

oftenwithoucfairconsiderationoftheother. 
Bind ingenergyTh.-.-n.-rgyrel.-a,ed,.mnanucleusisformed 

fromitsconstituentnucleons.Alternatively,itisequaltothe 
workrequiredtocompletely"'P"rat.-thenucleons. Binding 
energyisthe.-nergyequivalentofthemas.sd,fecl. 

Bind ingenergypernudeon (av<."'r age) Binding energy of a 
nucleusdividedbythenumberofnucleonsit contains.ltisa 
m.-asureofthe,cabilityofanucleus. 

Bio mechan ics Application cf eh.- principles of mechanics to 
humansandan·mals. 

Black bodyAnidealizedobjectthatahsorb,allche 
electromagneticradiat ionthac fallsuponit.Aperf.,ctblad, 

bodyalsoemitsthemaximumpossibleradiat ion 
Black-body radia tio n Radiat ion.-min edfroma'perfect'emiuer. 

Thecharacteristicrangcsofdifficremradiationsemiu ed 
(,p,c!Ta)atdifferentte-mp.-raturesarecommonlyshownin 
graphsofintensityagainstwavelength(orfrequency). 
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Boil Diange from a liquid to a gas at a well·defined temperature. 
Occurs throughout the liquid. 

Boltzmannconstant,k8 lmportant constantthatlinks 
microscopic molecular energies to macroscopic temperature 
measurements. Linked to the universal gas constant, R, by the 
equation:k8 = R/N,... 

Bosons A class of sub-atomic particle that includes gauge 
bosons,theHiggsbosonandmesons. 

Boundary (bet ween media) Surface where waves can be 
reflectedortransmitted(andmayberefracted}. 

BoundaryconditionsTheconditionsatthe endsofastanding 
wave system. These condition, affect whether there are nodes 

orantinodesattheends. 

Ca\ibratcPutnumbcreddivisionsonascale. 
Caloricfluid Anold,discreditedtheoryabouthcat flow. 

Calorimeter Apparatus designed for experiment., im'<'stigating 
thermal energy transfers 

Carbon dating Using the radioacti,.., decayofcarbon·\4 to 
estimatetheageofoncc-livingbiologicalmaterial. 

Cathode An electrode out of which (con,..,ntional} current flow,. 
Cel l (electric ) Deviccthattransferschemicalenergyto 

thcenergycarriedbyanelectriccurr,,nt.Alsocalledan 
electrochemicalcelloravoltaicccll. Seealsoprimar}cd/and 
UCOlular}ctU. 

Celsius (scale o f t emperature) Temperature scale based on the 

meltingpoint(O'C}andboilingpoint(IOO"C)ofwater. 
Centreofm assA,..,ragepositionofallthemassofanobject 

Themassofanobjectisdistributede,..,nlyeithersideofany 

linethroughitscentreofmass. 
Centripeta l accelera tion andforceAnyobjectmovingina 

circularpathhasanaccelerationtowardstheccntreofthe 
circle.calleditsccntripetalacceleration.ltcanbccakulated 
frorntheexpressiona = v2/r.Thcforceproducingthis 
accclerationiscalledacentripetalforce,F z mv1/r. 

C ERN European organization for nuclear research 
Chain reaction (nuclear) If, on average, one (or more) of the 

neutronsproducedinanuclearfissionprocesscause,further 
fission,theprocesswillnotstopandwillbccomeasclf. 
susca ·n ·ngcha"nreact"on. 

Charge Fundamental property of some sub-atomic. particles that 
makes them experience electric forces when they interact with 
othercharges.Diargescanbepositi,..,ornegative. 

Charge density, n Number of mobile charges in unit volume of 
a material. 

Charge (t o) Add or remove electrons, so that an object acquires 

an overall net charge. 
Chargingcharact eri stic of asecondarycell p.d.-timegraphfor 

thelengthofrcchargingprocess. 
Chemical potentialenergyEnergyrelatcdto thearrangement of 

electronswithinthestructureofatomsandmolecules 
C ircuit (dcctrica\)Acompleteconductingpaththatenablesan 

electriccurrenttocontinuouslytransfcr energyfromavoltagc 
sourcctovar"ouscomponents. 

Circ uit breaker Electromagnetic device used to disconnect an 
electricalcircuitinthceventofafault. 

Oassical physics Physic, theories that pre-dated the paradigm 
shiftsintroducedbyquantumphysicsandrelativity. 

Oimate model A complex computerized model that attempts to 
predict the future climate of the planet, especially how it will 
beaffectedbyglobalwanning. 

Coefficients offrictio n,)'Constantsusedtorepresentthe 
amount of friction between two different surface,. F1 ,-; µ,R (for 

staticfriction),F1 ,-;µdR(fordynamicfriction). 
Coherent wavesWavesthathavethesamefrequenqanda 

constant phase diffe rence. 
Collaboration (scicntific)Twoormorepeoplesharing 

informationorworkingtogctheronthesameprojcct. 
CoUision Two(ormor,,)objectscomingtogetherandexerting 

forcesoneachotherforashortlengthoftime.lnanda,ric 

collisionthetotalkineticenergybcforeandafterthecollision 
is the same. lnanindruciccollisionthc totalkineticenergy 
isreduccdafterthecollision. lftheobjectssticktogethcritis 
describedasaroudl}ine/a.,ciccollision. 

Combustion (of fu els) Burning. Release of thermal energy from 

achemicalreactionbctweenthefuelandoxygenintheair. 
Compass A device for determining the direction of north. 

Small plouing compasses are used to investigate the shapes of 
magneticfieldsinthelaboratory. 

Componentsof avec torForconveniencc,asinglevector 
quantitycanbcconsideredashavingtwoparts(components), 
usuallyperpendiculartoeachother. The combined effect of 
thesecomponentsisexactlythesameasthesinglevector.See 
alsottsolw. 

Compos ite particles Particles that have internal structure 

becausctheycontainothcrparticles. 
Compressio n (force)Forcethattriestosquashanobjector 

material. 
Compressio ns (in a longitudinal wave) Places where there are 

incr,,asesinthedensityandpressureofamediumasawave 
passes through it 

Condensation Diangefromagas(orvapour)toaliquid 
Conduction (thermal) Passageofthermalenergythrougha 

substanccasenergyistransferrcdfrompartidetopartide. 
Conductor(electrical}Amaterialthroughwhichanclectric 

currentcanflowbccauseitcontainssignificantnumbcrsof 
mobilecharges(usuallyfreeelectrons). 

Confinement (q uark)Termuscdtodescribcthefactthatfree 
individualquarksareneverobservcd. 

Conservation laws 
C harge:therotalchargeinanyisolatcd,.,sstemrcmainsconstant. 
Energy: thetotalencrgyinanyisolatedsystemremains 
constant. Energycannotbecreatedordestroyed. 
Momentum:thetotalmomentuminanyisolated,.,·stem 

remains constant. The total (linear) momentum of a system is 
constantprovidcd thatnoexternalforccsareactingonit 
Quantum numbers:inancquationdescribinganuclear 
interaction,thcrotalquantumnumbersmustbcthesameon 
both sides. 

Contact (no rmal)forcesForcesthatoccurbccausesurface, 

aretouchingeachother.Contactforcesarcperpendicular 
(normal)rothesurfaces 

Continuousspectrum Aspectruminwhichallpossible 
wawlength,arepresent.Acontinuousvisiblespcctrumsho,,,ssa 

smooth and uninterruptcdchangcfromonecolourtoanother. 
Cont rol rodsUsedforadjustingtherateoffissionr,,actionsin 

nudearreactorsbyabsorbingmoreorWNerneutrons. 
ControlleJand uncontrolled nuclear f iss ion lnanudear 

power station the number of neutrons in the reactor core is 
carefullyconrrol/,dinordertomaintaintherateofthenudear 

reactions. lnnuclearwcaponsthenumbcrofneutronsis 
unco,urolled. 



Convect ion Passagecithermalenergythroughliquidsandgases 
duetothemovementofthesub,tancebecauseofdifferences 

in density. 
Conventiona l current Tite direction of flow of a direct current 

is always shown as being from the positive terminal of the 
pcn•;ersoura,aroundthecircuit,tothenegativeterminal. 
Cawentional current is opposite in direction from electron flow. 

Corrclation Thereisacorrelationbetweenvaryingdataifthey 
show similarities that would not be expected to occur because 
of chance alone. 

Coulomb, C The derived unit of measurement of electric 
charge.lcoulombofchargepassc,sapointinlsecondifthe 
current is lamp. 

Coulomb constant , k The constant that occurs in the 
Coulomb's law equation. k = 899 x IOS'N m1C-1. k ~ l/(4JtG,), 

whereG,istheelectricalpcrmirtivir}offreespace. 
Coulomb's law There is an electric force between two point 

charges,q1 andq1 givenbyF ~ l<tMifr1,whereTisthedistance 
between them and k is the Coulomb connam. The law may 
alsobeappliedtochargedsffleresthatarerelativelyfarapart. 

Count rate(rad ioac tivity)Thenumberofnuclearradiation 

eventsdetectedinagiventime(perminuteorpersecond)by 
aradiation'counter'. 

Crest Highestpartofatransversemechanicalwave. 
C ritical ma•s The minimum mass needed for a self-sustaining 

nuclearcha"nreacc·on. 

C urrent (clectr ic), I Aflowofelectriccharge.Equalrothe 
amountofchargepassingapointinunittime: 
I = &J}lll. IA ~ IC, -1. See also ampere. 

Cycle (osc ill ation) One complete oscillation. 

D 
Data logging Connecting sensors to a computer with suitable 

softwaretoenablephysicalquantitiestobemeasuredand 
recorded digitally. 

Daughter product lbe resulting nuclide w!Yn a radioisotope decays. 
Decayser iesAserie,ofnuclideslinkedinachainby 

radioactive decay. Eachnudideinthechaindecaystothe 
nextuntilastablenudideisreached. 

Deceleration N egative acceleration. Reduction in the magnitude 
ofavelocity(speed). 

Deformation Change of shape. 
DegradedenergyEnergythathasspreadintothe,urroundings 

and cannot be recoveredtodousefulwork. 

Derived units Units of measurement that are defined in terms 
of other units. 

Determin ism The belief that future events are completely 
controlledbypastevents, sothat fullknowledgeofthe 
presentcanonlyleadtooneoutcome. 

Diffract ion The spreading of waves a, they pass ob.stacles or 
travelthroughapertures(gaps). 

Diff Wlion Movement of randomly moving particles from a place 
ofhighconcentrationtoplaccsoflowerconcentration 

Digital instrument Measuring instrument that displays the 
measurement only as digits (numbers). Compare with analog"" 

D ipole Two close electric charges (or magnetic poles) of equal 
magnitudcbutofoppositesign(orpolarity). 

D irect current (de) A flow of electric charge that is always in 
the same direction. 

D ischa'lleFlowofelectronstoorfromanobjectthatreduces 
theoverallchargeonit. 
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Discha'llecharac teristic(of a b.att cry) p.d.- timegraphforthe 
durationofthebattery'suse. 

Disc repency An inconsistency, usually when some information 
i,notasitwasexpectedtobe. 

Disperse (light) Separate, usuallyintod iffo·rentwavelengths/ 
colours(e.g.toformaspectrum). 

Displacement , linear, x The distance from a reference point in a 
specified direction.A vector quantity. 

Displacement , angular, 0 The angle through which a rigid body 
hasbeenrotatedfromareferenceposition. 

Diss ipatcSpreadoutsothatitcannotberecovered. 
Drag Force(,) opposing motion through a fluid; sometime, 

calledf!><idu,isumcc. 
Dr ift speedllt<enetspeedofchargesmovinginanelcctriccurrent 
DynamoAtypeofclectricgeneratorthat(usually)produces 

direct current. 

Earth (ground)connection Agocxlconductorconnected 
betweenapointonapieceofapparatusandtheground. This 
maybepartofasafetymeasure,ortoensurethatthepointis 
keptatOV. 

EchoAreflectedsoundthatishearddistinctlyfromtheoriginal 
sound. 

EfficiencyTherat iooftheusefulenergy(orpower)outputfrom 
a device to the total energy (or power) input; often expressed 
as a percentage. 

Ela,t icbehav iou r Amaterialshowselasticbehaviourifit 

regainsitsoriginalshapeafteraforcecausingdeformationhas 
been removed. 

Elastic stra in potenti al ene'llyFormofenergythatisstored 
inamatcrialthathasbeendeformedelastically.Theenergy 
istransferredwhenthcmaterialretumstoitsoriginal 
shape. 

Electric f icld st rength, E Theelectricforceperunitcharge 
thatwouklbeexperiencedbyasmallue,ichargeplacedatthat 
point.E = F/q(unit:NC-1). 

Electric foreesFundamentalforcesthatactacrossspace 
between all charges. Theforcesben,,eenoppositecharges 

are attractive. Theforcesbetwccnsimilarchargesare 
repulsive. 

Elect rodeConductorusedtomakeanelectricalconnectiontoa 
non-metallicpartofacircuit . 

Elect ro lys is Passageofanelectriccurrent through a 
substanceinaliquidormoltenstate,whichcauseschemical 
change,. 

Elect romagnetic force Fundamental force acting between 
chargedpartidesthatisresponsibleforelectricandmagnetic 
forces. lt reduceswithaninversesquare law with distance 
vE\ect romagneticinduction Proccssusedbyageneratorto 
convertkineticenergyintoelectricity. 

Elect romagnetic spectrum Electromagnetic waves of all possible 
differentfrequcncies,displayedinordcr.lnorderofincreasing 
frequcncy:radiowaves,microwaves,infrared,visiblelight, 
ultraviolet, X-ray,, gamma rays. The visible spectrum in order 
ofincreasingfrequency:red,orange,yellow,green,blue, 
indigo,violet. 

Elect romoti ve force (emf),EThetotalenergytransferredina 
sourccofelectricalenergyperunitchargepassingthroughit. 

Elect ron Sub-atomicpartidewithanegativecharge 
(- J.6x I0- 19 Qandmassof9.l!Ox I0-11 kg;presentinall 

atomsandlocatedinenergylcvelsoutsidethenudeus. 
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Elcct ronvolt , c.V 1he amount of energy transferred wkn an 
dtt1mn isaccderated bo,, a p.d.ofl V. \cV " 1.6 x 10""1~J 

Elementary par1ida1 Particles 1ha1 have no internal Mruc:turc. 
Tlvy arc no! cornpo$Cd of o ther panides. Forexampk, 
ekc1roru. 

Ellip1ica l ln1h.:ahape ofanellipse(oval) 
Emission SJl«lrUm Line spectrum asaociated with W emission 

of cl«1romagnctic r.idiation by atom1, resulting from dcccron 
transit io1u from higher to lov.'e r energy 1mte1. 

Emissiv i1 y, c The po""'' radiated by an objec1 divided by W 
p<M"<'rradiatedfromablack-bodyof thesamcrnrfacearcaand 
teml"'rruurc. 

Emir Tostnd oul. 
Empirical &scdonobservaiionorcxperiment 
Endoscope A medical device thai uscs the total internal 

rcflccti<1n <1f light to obtain images from ins id-, th.: booy. 
Encf'\ly den,i ty The energy 1ran1f-,rrcd from a unit v<1lumc of 

fuel (uniu, J m-J). Sec= aho ipuific eiutg,. 
Ene'lly mas, equi valence Any mass is equivalent to a certain 

amountofenergy,accord ingt <1 thecqumion 
E • mc1. 

Equation, of motion EquMion1 that can be used to make 
calculations about objecll thm arc moving with unifonn 
acceleration. 

, .. (11+0,)1/2 
,;,..,i .. Ztu 
• .... , .. ~ml 

Equation of ~me for an ideal gu, pV • nRT Describe,, th.: 
macrmc,:,pic physical behaviour of ickal gasco. 

Equilibrium ~ i1 ion Pc,1iti<lll in .. t.ich there is no =Imm 
forc-,ac1ingonanobject. 

Equilibrium (1n nj la1 ion:il) Anobjtt1 ii in translational 
cquilibriumif1h.:rcisnoresuhantforccacting<lllit,so 
that it remains at rut or C<llltin=t lo move with aconslant 
vdoci1y. 

Error When a measurement is not exactly 1he 5ame as t~ 
corrcc1valuc. 

Error ba .. Vertical aod horirontal li11C1 drawn thmugh each 
datapoint<lllagraphto rcprcsc11tthcu11<:ertaimiesinthc 
tw<1valucs. 

Evaporat ion The ch.·u1ge from a liquid surface to a gas at any 
temperature bdow the ooiliog point of the liquid. Occurs at 
thcliquidsurface. 

Excitation The addition of energy to a system, changing it from 
itsgrownd11mrtoanucitrd Jl<lf.e. Excirntionofanudcus, an 
atom or a molecule can result from ab10rption of photon, or 
from inelastic collisions with other particles. 

Exchange pan idc,; Aho known asgm.ge boson,. The exchange 
ofthescpartick1ls u.cdtocxplainfunda1T1n1talforccs 
(in1eractiom).Pho!om,gluoruandbororu. 

ExcitcdsiatcWhenane\ec1ronin ana1omi1ata h igh.:r-,ncrgy 
kvclthani1sgroundna1e. 

Expm sion lncrcai inginsi:e. 
Ex p<1r1cn1 ia l chmi;e Occurs .. ncn th.: rate of change of the 

quamitya1anytimcisproportionalto thcac11,alquantity at 
that moment. 

Ex1cnsion Displaccmcntof1heendofanobjecttha1i,;being 

••"""'-

Fcynmm diagran, A graph ical means of representing particl-, 
in1eractioru<by 1heuscofoncor morcvcrticco. 

Field (gn vi1 a1ional, d ttiric or magnclic) A rcgion o( ,pace in 
whichama.ss(orachargc,oracurrcnt)cxpericnccsaforce 
ductotheptnel\CC' ofcneormorcO(h,:rmasscs(cha rge,,.or 
currcms - moving chargc1). 

Fieldlincsand pattttnsRcprcscn1ationoffic ld1indrawingsby 
apattcmoflinco.Eachl,IICW"-sthedircc1ionofforc-,ona 
mass(ina gravita1ionalficld),offorcc<l1laposi1ivechargc(in 
ancltt1ricficld), oron a no r1hpole{inamag11C1icf~ ld).A 
field is sirong,,n where 1he linc1 arc d OIICSI togc1her. Sec= also 
uniform firld and radial fidd. 

Fila ment lamp Lamp that emiu light from a very ho1 ,n.,tal 
wirc. Alsocallcdiru:andcsccntlamp. 

Finite Limited. 
Fissionfr.,gmem sThcnuclciproducedinafinionrcaction. 
Flavours (of quark ) Thcrc are 1ix differc111 kinds ('fla,"OUrs'j of 

quark, up, down, stra~, chann, bottom. top. 1he diffNent 
typesoflcptonarcalsocallcdflavoun. 

Fluid liquidorga,. 
Fluid rcsistanc-,Force(s) oppasingmotionthroughafluid; 

sometimes called drag. 
Fluoresccntlamplampthatproduccs lighti:,o;pass ingelectricity 

through mercury vapour at lowpre1.s1.1rc. 
Fon:crnnstant , k Ra1ioofforccTOcxtcnsionfor astrctchcd 

materia l or spring. k • aF{!lx. (Somc1imc1 called the ,i:,ring 
ronstan1.)Uni1:Nm-l 

Fon:c,n.,1nlnstrumcntuscdto mea.1urcforccs.Alsocalleda 
ncwt<lllmctcrot$pringbalance. 

f o,;sil fuel~ Naturally occurring fods that have been produ::cd 
by the dfttis of high prenurc and 1empen1urc on dead 
<1rganisnu(intheabscnceofoxygen)ovcraperiodofmilhon, 
ofyc-ars.Coal,oilandnaturalpsarcallfotsilfucls. 

Foucauh '1 pendulum Very large pendulum dc1igncd to show the 
rota1ionofWEanh. 

Framcof refttencc(formo1ion) Loca1iontowhich 
obo.crvation1 and measu l'emcnt1 o( mOl ion are compared. For 
uamplc, th.: speed of a car might be \Om,-1 comparcd to 1hc 
Earth'srnrface. 

Frt.-., elec trons E\ectron1 (most comm<lllly in metals) that arc 
no1attachedtoindividualatom1.Al80callcddclocalit<d 
dccrrom.Thcypr<1videthemobilcchargc1thatareneedcdfor 
andectriccurrcnt to flow i11 so lid condoctor1. 

Fn-e-bodydiagram Diagramshowing:i lltheforcesactingona 
,inglcobjcct,andnoothcrs. 

Fn-., fall M01ionthrough1hcairui,dcr1hccffcctsofgravi1ybut 
without air resistance. In common use free fall can also mean 
fallingtowardsEarthwithoutanopcnparachutc. 

Freesp.occPlacc"'hcreth.:rcisnoair(orOlhcrmatter).Also 
called a vacuum. 

Free-:e O....ngc from a liquid 10 a solid. Also called roliili[J. 
Frequency, {The number of oscillat ions pet un it time, 

or numbuofwa,-e<passingapoinlpcrunittime 
(uol.la!ly per SC>Cond). f • l{T {unit hem, H:) 

Fric1ion Rtrutive fo«:u oppo6ing rclari,.., motion, particularly 
bci:w..cnsolidsurfaceo.Sio.ricfricrio11pre,-en11rno,-.,m.,nt, 
wh.:rcas dynamic fricrion occurs when th.:rc it already molion. 

Fuel A store of """l'l!'.Y (chemical or nockar) that can be 
transfcrrcd 10 do uscfol work (for example, generate cb:trici1y 
orpo,,·-,rv-,hic\es). 



Fuel enrichment Increasing the percentage of mu in uranium 

fuel in order to make it of use in a nuclear power station or for 
a nuclear weapon. 

Fundamental Having no simpler explanation. 
Fundamental forces (interactions) Strongnudear,weaknuclear, 

electromagnetic and gravitational forces. 
Fundamental unitsUnitsofmeasurernentthatarenotdefi.ned 

ascombinat ionsofotherunits. 
FuseAdeviceusedtodiseonnectanelectricalcircuitinthe 

event of a fault. ltcornprisesathinwi1tthatmeltsifthe 
currerugetstoolarge. 

Fus ion (thermal) Melting. 

G 
Gammaradiation/rayElectromagneticradiation(photons) 

emittedfromsomeradionuclidesandhavinganextremely 
short wavelength. 

Gaslaw,Lawsofphysics1tlating thetemperature,volumeand 
pressureofafixedmassofanidealgas:&..,·le',law,Charles's 
lawandthepressun,law. 

GaugebosonsSce uchang,p.:micl., 

Geiger-Marsden experiment The scattering of alpha particles 
by a thin sheet of gold foil, which demonstrated that most 
particlespassedthroughthefoilcomplecelyundeflected, 
while a few welt deflected at extremely large angles. This 
demonstrated that atoms consist of mostly empty space with a 
very dense positively chargM core (the nucleus). 

Geiger-MullertubeApparatususedtodetecttheradiation 
f marad"oact"vesource. 

Generator(electrical) Devicethatconvertskinet icenergyiruo 

electricity. 
Globalwarminglncreasingaveragetemperatu1tsoftheEarth's 

surface,atmo:spherearulocc,ans. 

GluonExchangeparticleforthestrongnudearforce. 
Gravitational field strength ,gThegravitationalforceperunit 

massthatwouldbeexperiencedbyasmalltc,rma.s,placedat 
chacpoiru.g~F/m(unit:Nkg- l) 

GravitationalforcesFundamentalattractiveforcesthatact 

acrossspacebetweenallmasses.Gravitationalforcereduces 
withaninversesquarelawwithdistancebetweenpoint 

Gravitational potential energy,EpEnergythatmasseshave 

becauseofthegravitationalforcesbetweenthem.O,anges 
ingravitationalpoteruialenergyinauniformfieldcanbe 
calculated from AEp ~ mgM. 

Greenhouse effect The natural effect that a planet', atmosphere 

hasonttducingtheamouruofradiationemiuedintospace, 
resulting in a warmer planet (warmer than it would be 
withoutanatmosphe1t). 

Greenhouse effect (enhanced) lhe n,duccion in radiation emitted 

iruospacefromEarthduetoanincrcasingconctt1trationof 
greenhou:segasesinthcatmo:sphen,(espcciallycarbondioxidc) 
causedbyhumanactivities;believedbymo:stscin,tiststobethe 

cause of global=~'& 
GreenhousegasesGasesthatabsorbandemitinfra1tdradiation 

and thettby affect the temperature of the Earth. The 
principalgreenhousegase,attwatervapour,carbondioxide, 
methaneandnitrousoxide.Atmosphericconcentrationsof 
chelastthreeofthesehavebeeninc1tasingsignificantlyin 
recent years. 

Ground state The lowest energy state of an atom/electon. 
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H adronsPartidesmadefrom the cornbinationofquarks -for 

example,baryonsandmesons. 
H alf,\ife(radioactfre)Thetimetakenfortheacrivityorcoururate 

froma sourcc,orthenumberofradiooctiveatoms,tobereduced 
byhalf; thehalf-l ifeisconstaruforaparticularradioisotopc. 

H armon ics Diffe1tnt frequencies (modes) of vibration of a given 
system.Theyaremathematicallyrelatedandnumberedas 
first,sccond,chirdetc. Wavelengthsarerelatedtothelength 
ofthesystem. 

H eat engine ~vice chat uses the flow of thermal energy to do 
useful work. 

H eat exchangerEquipmentdesignedtoefficientlytransfer 
chermalenergyfromoneplacetoanother. 

H ertz, H z ~rived unit of measurement of frequency. 
\Hz ~ oneoscillationpersecond. 

Higi;sboson TheexchangeofHiggsbosonsisresponsiblefor 
givingparticlesthepropertiesofmass 

H olistictheoryAtheory thatismoreconcernedwiththe 
wholeofanissueratherthanconcentratingonparts. 

H ooke's law The force needed to deform a spring is proportional 
totheextension(orcompression). 

Human science The study of how people interact with each 
otherandtheworldaroundthem 

H ydroelectric power (HEP) The generation of electrical power 
from falling water. 

1-VcharacteristicGraphofcurrent-p.d.,representingthebasic 
behaviour of an electrical component 

Ideal gas The kinetic model of an ideal gas makes the following 
assumptions. i The molecules are identical. ii The molecules 
arepointmasse,withnegligiblesizeorvolume. iii The 
moleculesareincomplecelyrandommotion. iv Thereare 
negligibleforcesbetweenthernolecules,exceptwhenthey 
collide.vAllcollisionsareelastic,thatis,thetotalkinetic 
energyof themolecule,remainsconstant. 

ldealmdersMetersthathaveabsolutelynoeffectonthe 
electricalcircuitsinwhichtheyan,used.Anidealammeterhas 

reroresistance,andanidealvoltmeterhasinfiniteresistance. 
Imagination Format ion ofnewideasthatarenotrelatedto 

directscnscperceptionorexperimentalresults. 
Immersion heaterHeaterplacedinsidealiquidorobject. 
lmpactCollisioninvolvingrelativelylargeforcesoverashorttime. 

The effect of such an impact may be greater than from the same 
imi,uJ.s,,(F1)deliveredbyasmallerforceoveralongertime. 

Impulse The product of force and the time for which the force 
acts.ltisequaltothechangeofmornentum.(Unit:Ns) 

lncidence,angleof Theanglebetweenanincidentrayandthe 
normal(orbetween theincidentwawandtheboundary). 

lncidem waveor rayWave(orray)arrivingataboundary. 
lnclinedplaneFlatsurfaceatanangle to thehorizorual(butnot 

perpendicular).Asimpledevicethatcanbeusedtoreducethe 
forceneededtoraiseaload;sometimescalledammp. 

Infinite Without limits. 
Inspiration St imulation (usually to be creative). 
lnsulator (electrical)Anon-conductor.A material through 

whicha(significam)electriccurrentcannotflow,becauseit 
doesnotcontainmanymobilecharges.Scealsoconducror. 

lnsulator (therrnal) Amaterialthatsignificamlyreducesthe 
flow of thermal energy. 
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Inten sity, l Wave power/area: Im P/A unit: Wm-1. The intensity L 

of a wave is proportional to its amplitude squared,!<>< ,V. Lagging Thermal insulation. 
Inter action Any event in which two or more objects exert forces Latent heat Thermal energy that is transferred at constant 

on each other. temperatureduringanychangeofphysicalphase. Seesr,,cific 
Interference Superposition effect that may k produced when laiem heats of fu,Wn and wpo,-iu,1ion. 

similar waves meet. Most important for waves of the same Left-hand rul e (Fleming's) Rule for predicting the direction of 
frequency and similar amplitude. Waves arriving in phase the magnetic force on moving charges, or a current in a wire. 
will interfere ron,rrucriwl} because their paih diffennce = Leru Curved transparent surface, used to refract waves to a focus. 
nA. Waves completely out of phase will interfere desm,,:1i.,../} Leptons Elementary particles of low mass (electrons, taus and 

kcause their p.uh diffeTence = (n + !).~. muons and their neutrinos). 
Internal energy Total potential energy and random kinetic Light-emitting diodes (LEDs) Small semiconducting diodes chat 

energy of the molecules of a substance. emit light of various colours at low voltage and power. 
Internal res ist ance, r Sources of electrical energy, for example, Light-dependent resistor (LDR) A resistor that has less 

batteries, are not perfect conductors. The materials inside resistance when placed in light of greater intensity. 
them have resistance in themselves, which we call internal Linear relationship One which produces a straight line graph. 
resistance. Thi, results in energy dissipation in the banery Line of action (of a forc e) A line through the point of action of 

andareductionintheusefulvoltagesuppliedto thecircuit aforce,showing thedirectioninwhichtheforceisapplied 
Sec io.s1 wlrs. Liquid crystal di splay (LCD) A display that uses liquid crystal 

Intuition Immediate understanding, without reasoning layers kcween polarizing filters. Voltages applied to the liquid 
Inverse square lawForwaves/energy/particles,fieldsspreading crystalchangeitsplaneofpolarization. 

equally in all directions from a point source without Longitud inal wave A wave in ,.t,ich the oscillations are parallel 
absorpt ionorscanering theintensityisinverselyproportional tothedirectionoftransferofenergy,forexamplesound 
to the distance squared. I<>< ,,- i waves. Somet"mes called a compress"on wave. 

Ionization The process by which an atom gains or loses one or Lost volts Term sometimes used to describe the voltage drop 
more electrons, thereby becoming an ion. The required energy (below the emf) that occurs when a source of electrical energy 
iscalledtheionizarionenergy. deliversacurrenttoacircuit 

lonizing radiation Radiationwithenoughenergy tocause M 
·on"rac"on. 

l soch ro nousDeocribingeventsthat takeequaltime, 

Isotopes Two or more atoms of the same element with different 
numkrs of neutrons (and therefore different masses). A 
mdioisorop,,isunstableandwillemit radiation. 

Jet engineAnenginethatachievespropulsionbyemininga 
fast-movingstreamofgasorliquidintheoppositedirection 
from the intended motion. 

Joule, J Derived SI unitofworkandenergy. IJ ~ !Nm 
Joulemeter Electricalmeterthatdisplaystheenergytransferred 

Kel vin scaleoftemperatureAlsoknownastheabsolure 
umpemrunscak.Temperaturescalebasedonabsolutezero 
(OK) and the melting point of water (273K). The kelvin, K, 
is the fundamental SI unit of temperature. T/K m 9fC + 273. 
The kelvin (absolute) temperature is a measure of the mean 

;:,~; ~rr:~;'.i~;~::::ct::::ra:i:~i:::c~~:~:/:f:~:
1 

moleofanidealgas~!RT. 
Kilog ram, kgSlunitofmass(fundamental). 
Kilowatt hour, kWh The amount of electrical energy 

transferredbyalkWdeviceinlhour. 
KinematicsThestudyofmovingobjects 
Kinetic ~-nergy, ~ Energy of moving masses; translational KE 

iscalculatedfrom+m.-1. 
Kinetic model of an ideal gas The idealized motions of the 

moleculesinagasusedtopredictthemacroscopicbehaviour 
of gases. See also ideal gas. 

Kirchoff's first circuitl aw r.l= O(junction). 
Kirchoff', secondcirc uitlawr>l ~ O(loop). 

Macroscopic Canbeobservedwithoutthenecdfora 
microscope. 

Magnetic field strt.-ngth , B Theforceactingperunitlength 
onunitcurrentmovingacrossthefieldatanangle 
ff. B ~ F/(JL,in(JJ. (Unit: cesla; IT = I N A-l m- tJ 

Magnetic forcesFundamentalforcesthatactacrossspacebetween 
all moving charges, currents andfe,r permanent magnets. The 
forcesareperpend iculartothedirectionof thecurrent. 

Magnitude Size. 
Mainselec tric ityElectricalenergysuppliedtohomesand 

businessesbycablesfrompow,,rstations. 
Malus's law Usedforcalculating theintensityoflight 

transmitted by a polarizing filter: I ~ l0cos19. /0 is incident 

intensityand 9 istheanglebetween thepolarizeraxisandthe 
planeofpolarirationof the light. 

Manometer AU-tubecontainingliquidthat isusedfor 
measuringdifferencesingaspressure. 

MappingRepresenting theinterrelationshipsbetweenideas, 
knowledgeordatabydrawing(graphically). 

Mass defect The difference in mass between a nucleus and the 
total massesofitsconstituentncutronsandprotonswhen 
separated 

MechanicsStudyofmotionand theeffectsofforcesonobjects. 
Medical scanners/imagersEquipmentusedinho:spitalsfor 

obtainingimagesoftheintemalstroctureofthebody. 
Medium (of awave)Substancethroughwhichawaveispassing 

(plural:media). 
Meltdown (thermo-nuclear) Common term for the damage 

tothecoreandreactor,.,.,sselthatresultsfromoverheating 

following some kind of accident at a nuclear power station. 
MesonsParticlesthatcombineaquarkandanantiquark. 
Metre, m Slunic oflength(fundamental). 



Metholodology An outline of the way in which a study, 
investigationorprojectiscarriedout. 

Microscopic Describes anything that is too small to be seen 
withtheunaidedeyc. 

ModellingAcentralthemcofsciencethatinvokes 
rcpresentingrcalitywithsimplifiedtheories,drawings, 
equationsetc.,inordertoachieveabctterunderstandingand 
makeprcdictions. 

Moderator Material used in a nuclear rcactor to slow down 
neutrons to low energies. 

Modes of vibration The different ways in which a standing wavc 
can be set up in a given system. ~e also harmonics. 

Molar massThe massofasubstancethatcontainslmoleofits 
defining particles. 

Mole, rn ol Slunitofamountofsubstance(fundamental). 
Definedastheamountofasubstancethatcontainsasrnany 
ofitsdefiningparticlesastherearcatomsin exactlyl2gof 

carbon·12. 
Morn entum (linea r), p l,..1asstirnesvdocity:p = rnv(unit: 

kgms- 1). Avectorquantity. 

Monoch rorn at icContainingonlyonecolour/frcquency/ 
wavelength(mor<,rcalistically,anarrowrange). 

Moral and ethicalissue,Changcstotheworld,oftenbrought 
aboutbyscientificandtechnologicaldevdopmcnts,thatsome 
individualsandsocietiesbclieveto bewrong. 

Motoreffcct Magneticforceonacurrcntinamagneticfiekl, as 
used in electric motors. 

Natural ga,Naturallyoccurringmixturcofgases(mainly 
methane)thatcanbeusedasafud.Maybecitherafossil 
fuel,orproducedmorcrccentlybybiologicalprocesses. 

N atura l philosophy The name used to describe the 
(philosophical)stOOyofnatureandtheuniverscbeforc 
modernsc·ence 

NegligibleToo smalltobesignificant 
Neutral Uncharged,orzeronetcharge. 
Neutrino Low·mass and very weakly interacting particle 

emittcdduringbeta·positivedecay.Antiparticleof 
amin.,urrino. 

Neut ro n N eutral sub--atomic particle with a mass of 1.675 x 
10- n kg.Thenumberofneut ronsinanucleusiscalled the 

llCUITOllllUrnb.,r(N). 

N eut ron capture Nuclear rcaction in which a neu tron interacts 
withanuclcustoformaheaviernudeus. 

Newton , N Derived SI unitofforee. IN ~ lkgm,-l 
Newton's laws of motion 

Firstla\\c anobjectwillrcmainat rcst,orcontinuetomove 
inastraightlineataconstantspttd,unlessaresultantforee 
acts on it. 
Secondlaw:accclerationisproportionaltorcsultantforce: 
F~ maorF r t,p{ru. 
Third law:wheneveronebodyexertsaforceonanotherhody, 
thcsccondlxxlyexertsexactlysamcforeeonthefirstlxxly, 
but in theoppositc direction 

Newton 's univer sallawof gravitat ion Thereisagravitational 

force bctwecn two point masses, Mand m, given by F = 
GMmfr1, wherc r is the distance betwttn them and G is the 
universalgravitationconstant.Thelawmayalsobeappliedto 
sphericalmassesthatarerelativelyfarapart. 

Node, The positions in a standing wave where the amplitude is 
zero.Secalsoaminodc,. 
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N on•rcnewableenergysourccsEnergysources thattakea 
verylongtimetoformandwhicharebeingrapidlyusedup 
(depleted). 

N ormal Perpendicular to a surface. 
Nuclearpotential energyEnergyrelatedtotheforcesbetween 

particlesin thenucleiofatoms. 
Nuclear cquation An equationrepresentinganuclearreaction. 

The sum of nucleon numbers (A) on the left.hand side of the 

nucleardecay equationmustequal thesumofthenucleon 
numbersontheright·handsideoftheequation.Similarly 
withprotonnumbcrs(Z). 

Nuclear f ss" on A nuclear rcact"on ·n wh"ch a mass·ve nucl JS 

splitsintosmallernudeiwhosetotal bindingenergyisgreater 
thanthebindingenergyoftheinitialnuclcus, with the 
simultaneousreleasccienergy. 

Nuclear fusion N uclear reaction in which two light nuclei 
formaheavicrnocleuswhosebinding energyisgreatcrthan 

thecombinedbindingenergiesoftheinitialnuclei,thereby 
releasing energy. 

Nuclear waste Radioact ive materials associated with the 

production of nuclear power that are no longer useful, and 
whichmust bestoredsafelyforalongperiodoftime. 

Nudeon Aparticleinanudeus,eitheraneut ronorproton. 
The m«-lron ,,,.,,,,1,.,, (A) is the total number of protons and 

neut rons in the nucleus. 
Nucleus The central part of an atom containing promm and 

neutrons(exceptfco-hydrogen).Anucleusisdescribedbyits 
atomicnumberandnucleonnumber.~nuclidc. 

NudideTermusedtoidentifyoneparticularspecies(type)of 
atom,asdefinedbythestructureofitsnucleus.Amdionudidc 
isunstableandwillemitradiation. 

Objective Free from bias and emotion. Comparc with mbjcc1M. 
Observcr effect Whentheactofobservation,ormcasurcment, 

hasaneffecton thephenomenonbcingobservcd. 
Ohm, Q The derived unit of measurement of electric resistance. 

IQ = IV/IA 
Ohmic (and non•ohmic) behaviour The electrical behaviour of 

an ohmic component is described by Ohm", law. 
Ohm's lawStatesthatthecurrentinaconductorisproport ional 

tothepotentialdifferenceacrossit,providedthat the 
temperature is constant 

OpticallyactivesubstanceSubstancethatrotates theplaneof 
polarizationoflightthatispassingthroughit 

Optical fibreThin,flexiblefibreofhigh·quality glassthatuses 
totalintemalreflectiontotransmit light alongcurvedpat hs 

and/or over large distances. 
O rbit Thecun.,,dpath(oftenassumedcircular)ofamass, or 

charge,aroundalargercemralmass,orcharge. 
O rder ofmagnitudcWhenavalueforaquantityisnotknown 

precisdy, ,..,,cangi~'<'anapproximatevaluebyquotingan 
orderofmagnitOOe.Thisistheestimatedvalueroundedto 
the nearcst power of ten. For example, 400 000 has an order of 
magnitude of 6 (106) because logio400000 ~ 5.602, which i, 
nearerto6than5. 

Oscillation Repetiti~.,, motion about a fixed point. 
p 

Pair produc tion Com.,,rsion of photon energy into a particle 
and its antiparticle. The opposite of annihilation 

Paraboliclntheshapeofaparabola. The trajectory of a 
projectileifairresistanceisncgligible. 
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Paradigm (phys ics) A widely accepted model and way of 
thinkingabout aparticularaspectofthephysicalworld 

Paral1axerrorErrorofrneasurememthatoccurswhenreadinga 
scalefromthewrongposition 

Paral1el connection Twoormorecornponentsconnected 
between the same two points, so that they ha,.., the same p.d 

across them 
Partic leaccderator Apparatusdesignedtoproducepartide 

beams. 
Partic lebearnsStreams(flow,)ofveryfast-rnovingpartide,, 

mostcornmonlychargedpartides(electrons,protonsorions), 
movingacrossavacuurn.Propertiesoftheindividualparticles 
canbeinvestigatedbyobservingthebehaviourofthebeams 
inelectricandfe,r 
magnetic fields. 

Pas, ivesafetys ta ndard,Requirem<"ntsforth<"d<"signand 
constructionofv .. hiclesthatareairnedatlirnitingth<"risksto 

driv<"rsandpassengersinaccidents. 
PathdifferenceThedifferenceindistanceoftwosources 

ofwavesfrornaparticular poim.lfthepathdifferenc<" 
b..cween coherent wav<"s is a whole number of wavel<"ngths, 
constructiv<"interf<"r<"ncewilloccur. 

PecrreviewEvaluationofscientificresultsand reports by other 
scientistswithexpertiseinthesamefieldofstudy. 

Penetrating power The penetrating power of nucl .. ar radiation 
depends upon the ionizing power of the radiation. The 
radiationcontinuestopenetraternatt<"runtilithaslostall 
ofitsenergy.Thegreatertheionizationpercm,theless 
penet rating power it 
will possess. 

Per iod (t ime period), T Thetirnetakenforonecornplete 
oscillation, orthetirnetahnforonecompletewavetopassa 
point 

Permanent magnet Magnetiu-d material that creates a 
significant and persistentmagneticfieldarounditself. 
Perrnanentmagnetsaremadefrornferrornagneticrnaterials, 
likecertainkindsofste<"LS<{rironcannotbemagnetized 
P<"rrnanently. 

PermeabilityConstantthatr.-presentstheabilityofaparticular 
mediumtotransferamagneticforceandfield. 

Permeabilityoffreespac<", µoFundamentalconstantthat 
representstheabilityofavacuurntotransferamagneticforc<" 
andfield,,.o:,frrx J0-7TmA-1 

Permittiviryoffreespace,Ec,Furulamentalconstantthat 
representstheabilityofavocuurntotransferanelectricforc<" 
and field,~ ~ 8.85 x 10-12 C1N-1m-1. 

Permittiv ity of a medium, E Constant that represents the ability 
ofaparticularrnediurntotransf<"ranelectricforceandfield. 
Oftenexpressedasttla1iwpcrmirli~;cy:i:, r £/Eo(nounits), 
which is also sometimes called diekcrric rons1an1. 

Perpetual motion machineMachinethatcancontinuetomo,.., 

without any energy source. An impossibl .. dream of scientists 
from the past. We now know that dissipation of en<"rgy will 
cause all motion, which is not powered, to slow down and stop 
(unl<"ssrnovingthroughspace). 

Phase (of matter) A system (substance) in which all the physical 
andchemicalpropertie,areunifonn. 

Phase (oscillations)Oscillatorsareinphaseifth<cyhavethe 

same frequency and they are doing exactly th<" same thing at 
thesarn<"time. 

Phased ifferenceWhenoscillatorsthathavethe sarnefrequency 

areoutofphasewitheachother,ch .. differencebetween 
them is d .. fined by the angle (usually in radians) between 
theo:scillations.Phasedifferencecanbeb..cween0and211: 
radians. 

Phlogiston An old, discredited theory about combustion. 
Photon A quantum ('packet ') of electromagnetic radiation, 

withanenergy{E)givenbyEr hf.Exchangeparticleforthe 
electromagnetic interaction 

Photosynthesis Otemical process that produces plant sugars 
(chemicalenergy)fromcarbondioxideandwaterusingthe 
radiamenergyfrorntheSun 

Photovolta iccel1 Devicethatconverts electromagneticradiation 

{rnainlylight)intoelectricalenergy.Alsocalledasolarcell. 
Pla nck rela tionship Thefrequencyofelectromagnetic 

radiation,f,ernittedorab,orbedwhenanelectronundergoes 
atransitionbetweentwoenergystates,isgi,..,nbyl".E ~/if, 
wherehrepres,,ntsPlanck',con,tanrandLl.Eisthediffcrence 

in energy levels. 
Plane waves Waves with parallel wavefronts, which can be 

represented by parallel rays. 
PlaneofpolarizationTheplaneinwhichalloscillationsofa 

plane--polariredwaveareoccurring. 
Plasma State of matter that is similar to a gas, but which 

containsasignificantproportionofcharged 
partides(ions). 

Point particle, mass or charge Theoretical concept used to 
simplifythediscussionofforcesactingon objects {especially 
ingravitationalandelectricfields). 

PolaritySeparat ionofoppositeelectricchargesoropposite 
mag,utic pole,, ,.t,ich produces une,..,n effects in a ""'stern. 

Polarization (plane)Apropertyofsometransverse 

electromagneticwavesinwhichtheelectricfield{and 
magneticfield)o:scillationsareallinthesameplane. 

Polarizing filterAfilterthattransrnitslightthatispolari=:l 
onlyinoneplane.Afilterusedtoproducepolarizedlight 
from unpolarired light is called a polaritrT. A poluiring 
filter that is rotated inordertoanalysepolariredlightis 
calledananalneT.C,.o,s,dfi!reTspreventalllightfrombeing 
transmitted. 

Pos it ron Antipartideoftheelectron:releasedduringbeta· 
positiv<"decay. 

Potential difference (electric), p.d. The electrical potential 

energytransferred(workdone)asaunitchargemoves 
between two points, V ~ W/q. Commonly ref<"rred to as 
wliage. 

PotentialdividerTworesistorsusedinserieswithafixed 
potentialdifferenceacro:ssthem.Whenoneresistancei, 

changed,thep.d.sacrosseachresistorwillchange;thiscanbe 
usedforcontrollinganotherpartofthecircuit. 

Potential energyEnergythatisstored.Seec~micalpounrial 
rncrg~, ,la,ric,rn.i11pormlialenap,gn:,,.,;ta1io11alporen1ial 

"'"''"&"}andmu:karpormrialrneTg~. 
Potentiomet er Variable resistor (with three terminals) used"' a 

powmiaJ ru~;d,,.. 
Power, P Energy transferred/time taken {P ~ Ll.F,/ru) or, for 

mechanicalenergies,workdone/timetaken(P = ti.\Y//ru). 
(Unit:watt:IW= IJs-- 1). 

Power(elec trical) Therateofdissipationofen<"rgyina 
resistance. P = VI = PR ~ \!1fR 



Prec ision A measurement is describM as precise if a similar result 
wouldbeobtainediftherneasurernentwasrepeated.Precise 
measurements ha esrnallrandornerrors. 

Prefixes (for units) Us,,d irnrnediatelybeforeaunittorepresent 

powers of ten. For example, 'milli-' in front of a unit represents 
"10-1,asinmillirnetre. 

PrecautionaryprincipleTheideathatscientificresearchshould 
notcontinueunlessscientistsareabletoconfirmthatthc 
researchwillnotbeharrnful 

Pressure, P Definedasforceactingnormallyperunit area 
pressure = force/area.Theunit isthepascal, Pa(IPa = 
IN rn· 1.) Armo,ph~ric i,rtsrnu is the pressure in the air due to 
mol cularrnot"ons 

PressuregaugcAninstrurnentformeasuringgaspressure. 
Prirnarycell Anelectriccellthatcannotbeusedagainafter 

chechemicalreactionshavefinished. 
PrirnaryenergysourceNaturalsourceofenergythathas 

notbeencon""rtedtoanotherform(forexarnple,notto 
electricity or hydrogen). 

PrisrnAregularlyshapedpieceoftransparentmaterial(suchas 
glass)withtlacsurfaces, whichisusedtorefractanddisperse 
light. 

ProjeetileAnobjectthathasbemprojectedthroughtheair 
and which then movesonlyundertheactionoftheforcesof 
gravity and air resistance. 

Propagation (of waves)Transferofenergybywaves. 

Prop ulsion Mechodbywhichforceisprovidedtoproduce 
motion 

ProtonSub-atornicpartidewithapositivecharge 
(+1.6>< 10· 19 C)andmassofl.67J>< 10-nkg.Thenurnberof 

protonsinanudeusiscalledtheprolonnumber(Z). 
Pulse (wave)Atravellingwaveofshortduration. 

Pumped stor age (HEP) Large quantities of water are pumped 
up to a higher location using excess electrical power. When 
the wat<"r is allowed to fall down again, el<"ctricity can be 
regen<"rated. 

Q 
Q ualit ativelnvolvingqualities,rath<"rthanquantit i<"s. 
Q ua ntitativelnvolvingquantitie,, measurem<"nt.s 
Q ua ntizedCanonlyexistincertaindefinite(discrete) 

num<"r·calvalues 

Q ua ntum The minimum amount of a physical quantity that is 
quanti:.-d(canonlyhav<"discr.-cevalues). 

Q ua ntumnumbersUs..dtodescribethe quantizedproperties 
ofsub-atomicparticles, whichareconserwdinint<"ractions. 
(Cl-targe,baryonnumber,leptonnumberandstrangeness.) 

Q ua ntumphys ics(mechan ics)Studyofmatterandenergyat 
thesub-atomicscale.Atthi,levclquamitiesarequanlited. 

Q uarksElementarypartidesthatcannotexist asirulividual 
partides.Therearesixkinds(flavours).Quarkshaveachargc 

R of ±+e or ±fe. Combinations of quarks are called hadrons. 

R adial f ield Fieklthatspreadsoutfromapointequallyinall 
directions. 

R adian Unit of measurement of angle. There are 21t radians in 
J6Q·. 

R adiat ion Part ides, or waves, that radiate away from a source. 
Principallythisreferstovariou,kindsofelectromagnetic 
radiationandnuclear(ionizing)radiation. 
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Radiation sicknessTheconditionassociatedwichintense 
exposuretoioniz,'.11gmdialion. 

Radioactive decay (radioactivity) Spontan<"ousrmrnmuta1ionof 
anunstablenucleus,accompaniedbythcernissionofionizing 
radiationintheformofalphaparticl<"s,betapartidesor 
gamma rays. 

Random Without pattern or predictability. 
Ra ndom er rorsM .. asurementsofanyquantitythatarebigger 

orsmallerthanthecorrectvalueandarescatteredrandomly 
around that value 
(f,va ·ousreasons). 

Ra nge(of a projectil e)Horirontaldistancetravelledbefore 

impact. 
Rarefactions(in a longitud ina l wave) Places where there are 

reductionsinthedensityandpressureofagasasawave 
passes through it. 

Raw data Measurements made during an inwstigation. 
Ray A line showing the direction in which a wave is 

transferring energy. Raysareperp<"ndiculartowavefronts. 
Ray d iagrams Drawingsthatrepresentthedirectionofwav<"sor 

partidesastheypassthrougha,ystem. 
Reaction force See also Newron", 1hinl law: forces alwa)':I occur 

inpairsandth<"s<"forcesaresometimesdescribedasaciionarul 
ttaclio11.Forexampl<",aperson'sforc<"pressingdownonthe 
groundcouldbcdescrib..dastheactionforceandthenormal 
contactforcepushingupcouldbedescribedasthereaction 
fmc,. 

Reaction time The tirn<" delay between an event occurring and 

a response. For<"xampl<",the delaythat occurswhenusinga 
stopwatch 

Rea l gasesModelingofgasbehaviourisideali:cd.Realgasesdo 
notbeha"<"exactlyth<"samea,chemodelofanid .. algas 

Rech argingacel1 Passingacurrentthroughasecondarycellto 
reversethechemicalreactions,sothat it can 
be reused. 

Reflection (waves) Cli.ange of direction that occurs when WID'<"S 
meet a boundary between two media such that th<" waves 
return into th<" m..diurn from which they came. 

Reflection, lawof Angl<"ofincidence ~ angleofreflection 
Refraction Cl-tangeofdirectionthatcanoccurwhenawaw 

changes speed (most commonly when light passes through a 
boundarybetweentwodifferentmcdia). 

Refractive index, 11 Tu .. ratio of the speed of wave, in vacuum 

to th<" s~ of waves in a given m..dium. 11 ~ sin<" of angle in 
air/sineofangleinm..dium 

RegenerativebrakingDeceleratingawhiclebytransferring(sorne 
of)itskineticenergyintoaformthatcanb .. oflateruse(rather 
chandissipatingtheenergyintothesurroundings).Forexample, 
bygeneratinganelectriccurn,ntthatchargc,abattery. 

Renewable~"tlergysourcesSourcesthatwillcontinuetobe 
availableforouruseforaverylongtim<". Th<"}·cannotb<" 
usedup(deplet..d),exceptinbillionsofy<"ars,whentheSun 
reachestheendofit.slifetime. 

Resistance (electrical) Ratio of p.d. across a conductor to the 
current flowing through it. R = V/1 Unit: ohm, fl 

Resist ive fo rce Any force that opposes motion, for example 
friction,airre,istance,drag. 

Res isti vity, p Resistanc.- of a specimen of a material that has 
lengthoflmandcross,sectionalareaoflrn1.R = pL/A 
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Res istor A resistance made to have a ~cific value or rnnge of 
values. 

Res iston in se ries Resistorsconnectedoneafteranothersothat 
the sarnecurrent passesthroughthernall 
R-,.1 ~ R1 +Ri + ... 

Res iston in parallel Resistorsconnectedbetweenthesarne 
twopoint.sso thattheyallhavethesamepotentialdifference 
across them. 1/R_.i ~ l/R1 + I/R1 + ... 

Resolve (vec tor)Toexpressasinglevectorascornponents 
(usuallytwoperpendicularto eachother).Scealso 
compo,unrs. 

RestrnassMassofanisolatedpartidethat isat r,,strelativeto 
theobs<c rv.,r. 

Restor ing forceForceactinginth.,oppositedirectionfrorn 
rnot ion, retuminganobjecttoit.s equilibriurnposition. 

Result ant The single ,..,ctor that has the same effect as the 
combinationoftwoormor,,separat.,vectors 

Result amforceThevectorsumoftheforcesactingonan 
object,sometimescalledtheunbalancedornetforce. 

Rheostat Variabler,,sistanceusedtocontrolcurrent. 

Right-hand grip rule Rule for determining the dir,,ction of the 
magneticfieldaroundacurrent. 

Ripple tank Atankofwateru,.,dforin,.-,stigatingwave 

properties. 
R ockctengineSimilartoajetengine,butther,,isnoair 

intake. Instead anoxidantiscarriedon thevehide,together 
with the fuel. 

Rotational kinct icenergyKineticenergybecauseof 
rotation(spin). 

Sankey (energy fl ow) diagram Diagram r,,pre,.,nting the flow of 

energyinasystem.Thewidthsofthearrowsareproportional 
to th" amounts of energy (or power). Degraded energy is 
directed downwards in the diagrem. 

SatelliteObjectthatorbitsamuchlargermass.Satellitescanbe 
natural (liketheEarthortheMoon),orartificial (as used for 

communication,forexample) 
Satellite footprint TheareaontheEarth'ssurfacethatreceives 

radio(micro}wavesfromasatellitethatareintenseenough 
fortheeffectivetransmissionofsignals. 

ScalarsQuantitiesthathaveonlymagnitude(nodir,,ction). 

Scatt ering Irregular reflection of waves from their original path 
by interactions with matter. 

Schrodinger 's theoryAmathematicaldeocriptionofthe 

probabilityoflocatingelectronswithinatomsasformsof 
standingwa,..,,. 

Scientif ic notation fa.-,rynumberisexpressedinthefollowing 
form:ax IOb,whereaisadecirnal number larger than I and 
lessthan!Oandbisanexponent(integer). 

Second,sSlunitoftime(fundamental). 

Secondaryce ll Electriccellthatcanberecharged. 
SecondaryenergysourceSourc.,thathasbeenconvert..dfrom 

aprimaryenergysource,forexampleelectricity. 
Self,austaining nuc lear chain reaction Occurs when enough 

of theneutronscreatedduringfissionsthengoontocause 
further fissions. 

Sem iconductorl,.1arerial(suchassilicon)witharesistivity 

betweenthatofconductorsandinsulators.Such materials are 
essential to modem electronics. 

Sense perception How we receive (become aware of, perceive) 
scientificinformation,usingthefi,.-,humansenses(most 

commonly sight). 
Senso r Anelectricalcomponentthatrespondstoachangeina 

physicalpropertywithacorrespondingchangeinanelectrical 
property(usuallyresistance). Alsocalleda1mn!ducer. 

SerendipityUnplannedandunexpectedgoodluck. 
Ser"esconnect"on T ~ormorecompo entsconnectedsuch 

thatther.,isonlyonepathforth.,electricalcurrent,whichis 

thesamethroughall thecomponents. 
Short ci rc uit Anunwanted(usually)electricalconnectionthat 

providesalowresistancepathforandectriccurrent.ltcan 
resultindamagetothecircuit,unlessthecircuitisprotected 
byafuseorcircuitbreaker. 

S irnulation Sirnplifiedvisuali:ation(imitation)ofarealphysical 
system and how it change, with time. Usually part of a 
computer modelling process 

S I system of units International system of units of measurement 
{fromtheFrench'Systemelnternational'Jwhichis11,•idely 
usedaroundtheworld.ltisbasedonsevenfundamentalunits 

and the decimal system. 
SlformatforunitsForexample,theSlunitformomenturnis 

kilogram metre per s,,cond and should be written as kgm,-1 

(notkgm/s). 
S ignal generator Electronicequipmentusedtosupply 

altematingcurrentsofawiderang,-ofdifferentfrequencies. 
S ignificantfigures(digits)Allthedigitsusedindatato 

carrymeaning,whethertheyarebeforeorafteradecimal 
point. 

S imple harmonic motion (SHM) Oscillations in which the 

accc:leration,a,isproportionaltothedisplacement ,x,and 
intheoppositedirection, directedbacktotheequilibrium 
pos"t"on.a<>< - x 

Sinusoidal lntheshapeofasinewave(usual\yequivalenttoa 

=·=wm). 
Slow neut rons Low-energy neutrons (typically less than 

leV)thatareneededtosustainachainreaction.Theyare 
sloweddowninanudearreactorbytheuseofamoderaior. 
They are sometimes called 1hermal n, un-ons because 

they are in approximate thermal equilibrium with their 
surround"ngs. 

Snell's law (of refraction) Connects the sin.,, of the angles of 

incidence: and refraction to the wave speeds in the two media 

(or the refractive indices). n1/n1 ~ sin6Jsin 01 = <Jifa,1 
Softi ron Formofiron(pureornearlypure)thatiseasily 

magnetiredanddemagnetiz..d. Softironcoresareusedina 
widevarietyofelectromagneticdevices. 

Solar con~tant Intensity of the Sun's radiation arriving 

perpendicularlytoth.,Earth'supperat mosphere. 
Solarheatingpanel Devicc:fortransferringradiatedthermal 

energyfromtheSuntointernalenergyinwater. 
Solenoid Long coil of wire with turns that do not overlap 

(helical). Solenoidsar,,oftenus.,d because of the strong 

uniformmagneticfieldsinsidethem. 
Sound Longitudinalwavesinair,orothermedia,thatare 

audible(canbcheard}. 
Spec ificenergyAmountofenergy that canbctransf.,rredfrom 

unitmassofanenergysource{unitJkg-1). 
Spec ific heat capac ity,cTheamoumofenergyneededtorai,., 

the temperature of I kg of a substance by I K. c: Q/mAT 



Spccificlatmtheat,LforLvTheamount ofenergyneededto 
melt(fusion)orrnporize(vapori:ation)lkgofasubstanceat 
constanttemperature.LxQ/m(unit:Jkg-1) 

SpectroscopyTheproductionandanalysisofspectrausing 
instrumentscalledspectroscopesorspectrometers. 

Spectrum,continuou~Thecomponentsofradiationdisplayed 
inorderoftheirwavclengths,frequenciesorenergies(plural: 
spectra). 

Spectrum, line Aspectrumofsepararelines(ratherthana 
continuousspectrum),eachcorrespondingtoadiscrete 
wavelength and energy. 

Speed,vAv.,ragespcedisd.,finedasdistancetravelled/ 
tim.,tak.,n,v = ru/l>l.(unitm,-1).lnstantan.,oussp.,edis 

determined ovN a very short time interval, during which it 
isassumedthatthespceddoc,notchangc.ltcanalsobe 

detenninedfromthe grOOientofadistance- timegraph.Speed 
isascalarquantity;compar,,with~·dociry,avectorquantity. 

Standard (pa rticle) model Summary ofthequar\.cs,leptonsand 
bosons that are believed to be the elementary particles of the 

Standing wave The kind of wave that can be formed by two 
similartravellingwavesmovinginoppositedirections. The 
mostimportant.,xamplesareformedwhenwavesarereflected 
back upon th.,msclves. The wave pattern docs not move and 

thewa~'<'sdonot transfer energy. 
Stefan-Boh zmannlawAnequationthatcanbcusedto 

calculate the total power radiated from a surface, 
P = ~MT•. a is known as the Stcfem- &livnan COIJ.Slanl and e 
is the~missit'iry. 

Strainlfamaterialhasastrain,ithasbeendeformed. 
StrangenessPropertyofsomequarksthatwasintroducedto 

explaintheirunexpcctedlylonglifetimes.Quantumnumber 
ofstrangenessisconservedinsorneparticleinteractions. 

State of agasSpccifiedbyquotingthepr,,ssure,P,tempcrature, 
T, and volume, V, of a known amount, n, of gas. 

Stream\inedHavingashapethat reducestheresisti~'<'forces 
actingonanobjectthatismovingthroughafluid 

Stroog nuclear force Fundamental force acting on quarks that is 
r,,sponsibleforattractingnucleonstogether.ltisashort·rangc 
attractiveforce(therangcisabout 10-1sm), but for smaller 

distances it is repulsive, and hence itpr,,~'<'ntsthe nucleus 
fromcollapsing.Exchangepartideisthegluon 

S ubjective Describes an opinion basedonper,onalexperienees 
andemot"ons. 

S uperconduc tingWithoutsignifieantelectricalresistanee;only 
oceurringatverylowtempcratures. 

S upernumaryAnamountgreaterthannormal. 
S uperpos ition (principle of) The r,,sultant of two or more wave, 

arrivingatthesamepointeanbedeterminedbythevcetor 
OOditionoftheirindividualdisplacements. 

S uperstring theoryAtheoryof'everything'thattriestoexplain 
allfurulamentalforcesandpartieleswithonetheoryinvolving 
vibrationsof'superstrings'. 

Surroundingsfa..,rythingapartfromthc,ym,mthatisbeing 
eonsidered;similartothe'environment'. 

Synchronization Arrangementofeventssothattheyoccurat 
the same time. 

System Theobject(s) beingconsider,,d. 

Systematic error A reading with a systematic error is always 
eitherbiggcrorsmallerthanthecorrectvaluebythesame 
amount,forexamplea:ero·offseterror. 
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Technology The application and use of scientific knowledge for 
practical purposes. 

Temperatu re Determine, the direction of thermal energy 

transfer. It i,a measureofthc averagerandom kine1ic~neTg)' of 
themoleculesofasubstance. 

Tension (force)Forcethattriestostretchanobjectormaterial. 
Terminal potentialdifferenceThcpotentialdiffer,,nceacross 

theterminalsofabattery(orother=ltagesupply)whenitis 
supplyingacurr,,nttoacircuit. 

Terminal speed (veloc ity) The greatest downwards speed cl a 
fallingobjectthatisexperiencingresistiveforces(forexample, 
airresistance). ltoccurswhentheobject'sw,,ightiscqualin 
magnirudetothe,umofresistiveforces(+ anyupthrust). 

Tesla,TUnitofmeasurementofmagneticfieldstrength. 
IT=INA-1m-1 

Testcharge(ormass)ldealizedmodelofasmallcharge(or 
mass)placedinafieldinordertodeterminethepropcrtie,of 
that field, but without affecting those properties. 

Theory A term that can ha~.., many differ,,nt interpr,,tat ions. 

Ascientifictheoryprovidesafollytestedandchecked 
explanation of particular observations. 

Thermal capac ity The amount of energy needed to raise th.­
temperature of something I,,,· I kelvin. 

Thermal contact Objectscanbcconsideredtobcinthermal 
contactifthermalenergy(ofanykind)canbctransferr,,d 
bctwe.,nthem 

Thermal eneri;:y (heat) The (non·mcchanical) transfer of energy 
bctwe.,ntwoormorebodiesatdifferenttempcratures(from 

hotter to colder). 
Thermal equilibrium AU temperatures within a system are constant. 
Thermistor(nq;ativetemperature coeffic ient)A resistor that 

haslessresistancewhenitstemperatureincreases.Alsocalled 
atemperature-~ndentresistor. 

Th.-rmodynamics Branch of physics involving transfers of 
thermalenergytodousefulwork. 

Th.-rmostat Component that is used with a heater or cooler to 
maintain a constant temperature. 

TidalwaterstorageHydroelcctricpo,,,ergenerationinvolving 
waterstoredbchindartificialdams(barrages)atlocation, 

wherethereisalargedifferenceinwaterlevelbetweenthe 
hightideandlowtide. 

Total internal reflec tion Occurs when a wa,.., meets a boundary 
with another medium with a lo,,,'<'r refractive index (in which 

it would travel faster). Theangleofincidencemustbegrearer 
thanthecri1icalangk 

Trac.-r (radioact ive)Radioisotopcintroducedintoasystem(for 

example,ahumanbody)totrackwhereitgoesbyd.,tecting 
theradiationthatitemits. 

T rajec toryPathfollowedbyaprojectile. 
Translational Moving from place to place. 
Translational equilibrium Remaining at rest or continuing to 

mo~'<'withconstant ,..,locity. 

Transmiss ion Passage through a medium without absorption or 
scattering. 

Transmutation Whenanudidechangestoformadifferent 
elem.-ncduringrOOioacti~.., decay. 

Trarui ition (bet ween energy levels) A photon is emitted when 
anclcctronmakesatransitiontoalo,,,..,renergyl.-,...,1.The 

energy of the photon is equal to the difference in energy of 
the levels involved. 
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Transmit Tosendout(usuallyasignal). 
Transparent Describes a medium that transmits light without 

scattering. 
Transverse wave A wave in which the oscillations are 

perpendiculartothedirectionoftransferofenergy,for 
example light waves. 

Trough lowest point of a transverse mechanical wave. 
Turbine Device that transfers the energy from a moving fluid 

(gasorliquid)todomechanicalworkcandcause(ormaintain) 

Ultrasonic Relatingtofrequenciesofsoundabovetherangethat 
can be heard by humans (approximately 20 kH:). 

Uncertainty (random) The range, above and below a 

stated value,overwhichwewouldexpectanyrepeated 
measurementstofall.Uncertaintycanbe expressedin 
absolute,fractionalorpercentageterms. 

Unified atomicmass unit,u Aunitofmassusedtoexpressthe 
massofatomsandmoleculesequaltoone-twelfthofthemass 
ofthenudeusofacarbon·l2atom(at restand in the ground 
state). 

UniformfieldFieldciconstantstrength,representedbyparallel 
field lines. 

Universal (molar)gasconstant ThecOllstant,R,thatappears 
intheequationofstateforanidealgas 
(pV = nRT). R = 8.31J~1mol-1 

Upthrust Aforceexertedverticallyupwardsonanyobjectthat 
is in a fluid 

Universalgravitation constant,GTheconstantthatoccursin 
theNewton'suniversallawofgravitation, 
G = 6.67x ]0- llNmlkg· l. 

V 
VaporizationO.angefromaliquidtoagasbyboilingor 

evaporation. 
VapourGas(whichcanbecondensedbypressureto 

a liquid). 
VariableQuantitythatcanchangeduringthecourseof 

anin,.,.,stigation.ltcanbcmeasurable(quanrita1iw)or 
justobservable(qualitari,..,).Aquantitybeingdelibe rately 
changediscalledtheind,,pend,nrwriabl,andthemeasured 

orobservedresult ofthosechanges occursinad,,pcndrn1 
wriabl,. Usuallyallothervariableswillbekeptconstant(as 
faraspossible);theyarecalledtheconrrolkdwriable,. 

VariableresistorAresistor(usuallywithth~terminals)that 

canbeusedtocontrolcurrentsand,brp.d.sin 
a circuit 

VectorAquantitythathasbothmagnitudeanddirectiOll. 
Velocity, linear, v Rate of change of displacement with time, v 

~ru/l>l.(unit:m,· 1). Velocityi,avectorquantityandcanbe 

considereda,s~inaspecifieddirection.Velocitycanalso 
be determined from the gradient ci a displacement- time graph. 
lfthevelocity(speed)ofanobjectchangesduringaperiodof 
timel,theinitialwlocity(speed)isgiventhesymboluand 
thefinalvelocity(speed)isgiwn the,ymbolv.lnstantaneous 
vdocityisdeterminedowravcryshorttimeinterval. 

Verify To show that something is true or accurate. 
Vibration Mechanical oscillation. 

Vibrational kinetic energyKineticenergyduetovibration/ 
oscillation. 

VideoanalysisAnalysisofvideorecordings ofmoving objects 
byfree:e·frameorslow·motionreplay. 

VirtualpartidesPartidesthatareexchangedduring 
fundamentalinteractions,butthespeedofthe exchange 
makestheirlifet imes,oshortthattheyareimpo:ssible 
to observe. 

Visualization Helping understanding by using images (mental or 
graphic). 

Volt Derived unit of measurement of potential 
difference. IV ~ IJC-l 

VoltageS.Cefxmnrialdifferena 

Voltmeter An in.strument used to measure por.,miaI diffcrrna. 
w 
Watt , W Derived SI unit of power. IW ~ !Js· l 
Wa,·e (electromagnetic ) A transverse wave composed of 

perpendicularelectricandmagneticoscillat ingfields 
travellingat3x Ji:fm,· 1 infreespace. 

Wave (mechanical) A wave involving oscillating masses. 
Wa,·e(travelling)Awavethattransfersenergyawayfroma 

source.Sometimescalledaprogressivcwave. 
Wavefront Alineconnectingadjacentpointsmovinginphase 

(forexample,crests).Wav.,frontsareonewavelengthapart 

andperpendiculartotheraysthatrepresentthem. 
Wavelengt h, ATheshortestdistancebctweentwopoints 

movinginphase(forexample,thedistaru:ebctwe<-nadjacent 
crests). 

Wave-particle duality Some properties of light need a wave 
theorytoexplainthem;otherpropcrtiescanonlybc 
explainedintermsofparticles(photons). 

Wavespe<-d,cThespeedatwhichenergyistransferred 
byawaw.c = f},. 

Weigh Determine the weight of an object. In everyday use 
theword 'w.,ighing'usuallymeansquotingtheresultasthe 
equivalent mass: 'my weight is 60kg' actually means [ have the 

wcightofa60kgmass. 
Weaknuclearforce Fundamentalforceactingbetweenquarks 

andbctweenleptons.ltisinvolwdwithradioactivedecay. 
Exchange particles are 
W or Zbosons. 

Weight, W GravitatiOllal force acting on a mass. W = mg 
Wien's displacement law Relationship between absolute 

temperature and the wavelength emitted with maximum pow"r 
byablackbodyatthattemperature.).,,,., = 2.90x 10·1rr 

\\'ork , W Theenergytransferthatoccurswhenanobjectis 

mowdwithaforce.Moreprecisely,work 
dOlle ~ forc.,xdisplacementinthedirectionoftheforce: 
W rF,cos6,whett6istheanglebcrn..,.,nthedirectionof 

mowmemandthe directionoftheforce 

Zerooffseterror Ameasuringinstrumenthasarerooffseterror 
ifitrecordsanon·:ero ttadingwhenitshouldbcrero. 
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The glo1sa ry contains hy word,, cqu~!ions and terms from 
tht 1B Physics Diploma course. This SKI ion ukc1 words from 
O.apteu9-12. 

A 
Activit y {radioactivit y), A The number of decay, pu s«ond 

that occurinarndioactive source. Unit: kqucrcl,Bq. 
Alternator $« gmemWT (a.,) 
Angular6q)arat ionAngksubtendcdatd ... CY"{Oranoptical 

devicc)by twopoinuorobjects. 
Anti-refloctioncoatingAvcrythinla}~rofa tra11spattr1tmaterial 

thatisOOQ(e,fomogla,o;inorderroincrea ... thcamoumo(!ight 
B trarum,tted. lbe proccs., i , called blooming. 

Bcamsof chargedpu1idesCrcated andcontrolledbystrong 
clecirk and magnetic f.., lds. Used to in-igate t~ atomic 
andsubatomicstructurcofmatter. 

Bccquerd, 8q SI un it of(radio)ac1i,;1 y, equal 1oonc nuclea r 
decay<cvuyse,:ond. 

Bt.'ta part icle•pcct ra Bctapartidesemittedbyn1.1Cleiofthe 
iamc,radioi,ot:opcha..., arangc:of differcm eiwrgks. This 
i1-,vi<knce 1hai a thirdpart icleisinvolvffi wi1htht d«ays 
(neutrinoorantinemrino). 

Bohr model A theory of atomic Hroc1ure that explains the 
spectrum from hydrogm. atoms. Ii assumes that the ckc1ron 
orbiting arou nd the nudcuscanexist onlyin certainenergy 
llatcs at 1pccificradii.lnthi s moddtheelcctroncouldonly 
ha,.,,. values of angular momentum (mvr) thai fitted the 
equation m~T ~ nl,fln:., where n i, an integer, b lOW n as the 
principal qua ntum numher. 

Brcakdown (decuiu l)Fk-ofcurrentthroughanin,ulator 
when afau lt occurs.orif 1hc\."Oltageri1e, 
too high . 

Br idge circuit Grcuit in which t\O.'O paiu of compon.-nu are 
connected in pa rallel acro15 a P<"'·e r IOO.Jrce , with another 
component connectedhetwecntheir,nid-points. Diode 
bridge,, are used for recrifica1ion. (Wheamone: and Wien 

C bridge circuits are used for precise electrical mcarnrementi.) 

Car,acitance, Clltt ra1ioof 1he charg,, on a component to the 
porenriald1fferenceacrossit,C=,fV(un11:furad,F;µFand 
pF are aho in cormnon ust). 

Cariacitor An electric circuit component designed to nort ,small 
amounts of energy temporarHt•, often consisting of t\O."O par.1[lel 
1nerallicplate,sc,paratcdand insu latedfrorneachoiher. 

Cariac itordi 1>Ch.argcWhen thechargconacapadtorisalkM·cd 
toflowaroundacircul1 ( 
equations: I • l..,.,....,,.q • q~·"'. Y = Yc,e-"'). 

Cal)l<citor,cncrgy.ioragcCapacirorscan5101eonly relativdy 
1mall arnounrsoieoergy,buttheyattabletotraruferthe 
ency quick ly, and IIO can deli,..,, high po,.-.,, for a shor1 lime. 
£ • TC\ft 

Capaciton in p,aralld Two or rnott capaciton conoecrcd J<J that 

Ca
1
!:it:::\~':::: rw:;t~~:f:;i~~:~o~~e::=:i: ~[,.;; ·· 
the same charge flows onto each of 1hcm. 
l,C..,;.. • 1,C1 + l,C1 + ... 
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Combiniition officldsRequi tts vectoraddition to detc,rminc 
the resultant. 

Combina1io11 of pule111 ials Requires Ka lar add1 uo n to 
determine thc,resultant. 

Communic•t io11 Vir .. l ingredient of scientific research and in 
providingthcgcoeralpub[icwithinfonnaiion. 

Conjugare qu• ntit lCIIApai r of phy,ical ,.,.riables dcscribinga 
quantum-mechanical system such thm either of them, but not 

both, can be precisely ,;pec1fled at any gi,..,n time. A~ called 

c~~=1i~c~:if~ :~~::r:ou~:~~:J ~!:~:nd-an 
cssentia lcharac1eristicoftucccuful 1eientists. 

0 
D.,visson-Gcnnet' experiment Experiment tha t ve rified the 

wavt propertiM of rnarttt by showing that a beam of ckcnoru 
it dif~racted by a cr,"Mal at an angle dependent upon the 
vcloc1ty ofthc,clec1rom. 

De Broglie'5 hypoi hesis A ll particle,, exhi bit wa,..,-lil«, 
properties,wi1hade8roglie,..,,,..,1ength,A. • h/p,whcrepi, 
thc, momentum of thepart ic lc. 

Dcc•v c,on!ilant, A The probability of decay of a nucleus per unit 
lime,: A • {-AN/N)/& (unit: & 1). The decay cotlMant is lml:ed 
to thch.alf-lifeby thcc,quation: 
r!I ~ ln(2/A.) 

Diclec1r ic ma1erials[nsulators uscd be(,...,,.ntheplatesof 
capacitort in ordcr 1oincreasc thcir capacitance. 

Diffraction gra t ing A largenumber of parallcl 1Ji1svery 
d osc1ogc1hcr.UICdroditper.,candanalpr ligh1.Angle1 

for consttuc1ivc intcrfc,rcnce att predktc,d by 1hec,quation 
M ~ d 1in6. 

Discre1eencrgy levcl Energy tha1doesnor ,.,,,.yconrinuously 
butthatisrestricted 1oa~ificvalue. 

Diode ~miconducti~g component that a llow, the passage of 
electric cu=nt in m oru: direc1ion, wh,,n it i1 then dc.cribcd 
a,fr,,u"'td~. 

DiodebridgeFour diodcsconnectcdinabridgecircuitto 
provi~full-wave rec1ificationofanahcrnatingcurttnt. 

Dishaenal Acrialplaced atthcfocusofaparabolicreflector, 
tfl'K'allyforreceivingortransmit1ingradiowa,..,s 

DopplercffoctWhcn1hcreisrcla1iv<:motionhet,,,eenasourct 
of wavn and an obscr>-cr, the cmit1ed frequency and the 
receiwd freque1>ey arc nor the same. Sometimes called a 
O,ppitr shif1. The frequency tecei\'Cd from a moving sourct 

canbe derermined(rom1heequa1ionf'••f/(v.t..J;thc 
frcque ncy receivedfrorn arnovingobsc""'"anbede1cnnincd 
from the equation f K(~.t w,)pv. 

Doppler eff« I withdecl roinagnctic ... .,,,-e1 !f1herela1ive 
1pedbe1,...,.,n the110Ureeandtheobsier,..,,,.,,is signi ficam ly 
less th.~n the speed of the wm..,, c, we can use the following 
approx1n1ation:llf/f• t,J/A • ,-fc. 

' EddycurrcntsCirculating curremsinduccdin aolidpic,ceiof 
metaJ,.,l'ICnchangingrnagnc1icfield1 pa.s th rough1hcm,for 
exampl,, in the ironcorc<Xatransformcr. 

Edge effecu The electric field bern=n parallel plates i, a-med 
tohe uniformcxccpt atthe cdgc, - but thesecffecis att nor 
considered in thiscou, .... 

Elcctromagn.ctic braking Stt Rqennari,.: braking 
Elc.:tromagrn..'licinductionProduction ofanemf across a 

conductor that is experiencing a changi"8 masoetic flux. This 
may~ as a result of movi ng a conduc1or through a magnetic 
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field, movingamagneticfieldthroughaconductor,oratime­
changingmagneticfluxpassingfromonecircuittoanother 
(withouttheneedforanyphysical motion). 

Elcctromag neticinductionin astraigh t conductorWhena 
straight wire moves perpendicularly across a magnetic field the 
induced emf can be determined from the equation£ ~ &,/ (or 
t: c 8dNifthereareNturns). 

Elcctron scatter ing(by nuclei)High-energyelectronshavea 
wavelength comparable to noclear diameters, D, so that they 
will be diffracted in a similar way to light by narrow slits. 
The first diffraction minimum will occur at angle 9 such that 
sin9=J..{D.Thisequationcanbeusedtodeterminenuclear 
diameters. 

Enet'\ly levels of hydroge n Becausehydrogenistheatom 
withthesimpleststructure,scientistswereveryinterested 

indeterminingtheenergylevelsoftheelectronwithinthe 
atombyexamininghydrogen'slinespectrum.Theywere 
abletoshowthattheenergylevelscouldbepredictedby 
the empirical equation E "' 13.6(eV)/n1. This equation was 
explained later by using the Bohr modtl of the hydrogen atom 

Elect rostatic field Electricfieldthatisconstant,notchanging 
Equipotential line(orsurface) Llne(orsurface)joining 

pointsofequalpot.-ntial.Equipotentiallinesarealways 
perpendiculartofieldlin.-s. 

Escap.-sp.-ed (veloc it y) Minimumtheoreticalspeedthatan 
objectmust begiv.-ninord.-rtomovetoaninfinitedistance 
awayfromaplanet(ormoon,orstar): 
,.,_ "' \l(ZGM/RJ. This assumes that air r,,sistance is not 

significant. 
Expansion of the univer s.- The r,,dshift of light (similar to the 

Dopplereffect)fromdistantgalaxiesprovidesevidenceofan 
expandinguniver .... 

Exponential radioactiv.- decay Represented by the equation 
N = N~-h. N 0 is the number of undecayed nuclei at the start 

of tim.- I and N is th.- number remaining at eh.- end of time 
1.Ahernatively,equationsofthesameformcanbeusedwith 
activity,A,orthccountrate,C.Activityislinkedtothe 
initial number of atoms by th.- equation A = J.N0e·h. 

Farad, F ThederivedunitofcapacitanceintheSl,ysc.-mequal 

tothecapacitanceofacapacitorhavinganequalandopposite 
chargeoflcoulomboncachplatcwhcnther,,isapOlential 

difference of I =ltb.-cwcentheplac.-,. 
Faraday', law of electromagnet ic induction Th.- magnitude of 

aninduced.-mfiscqualcoch.-ratcofchangeofmagn.-cicflux 
linkage,t: ~-N~(f}fl'll.Foran.-xplanat ionofch.-negativesign, 
se.-Lrnz"slaw 

Fermi radius, Ro Constant in the equation for nuclear radius 
(R r Ro,\1/J). Equal to the value of R for A r I. 

Ferromagneticmater ial Mat.-rialcontainingironthathas 
excell.-ntmagneticprop.-rties(highpermeability). 

Fourier analysi.sAnyperiodicwaveformcanbereproduced 
(analysed) as the addition of a series of trigonometrical functions. 

G 
Galvanometer Ammeter that measures v.-ry small currents. 
Generator (ac)Ad.-vicecontainingcoilsthatrotatcin 

a magn.-cic field (or a field chat rotat.-s within coils), 
transferringkinetic energytothe.-n.-rgycarriedbyan 
alt.-rnatingelectriccurrent 

Geophonelnstrum.-ntthatconvertsmovemcntsoftheground 
into"11tagcs. 

Geo,.tationaryorb it Asarellitei,describedasgeostationary 
ifitappearstoremain'abovc'thesam.-loeationonthe 
Earth'ssurface.Thiscanbeveryusefulforcommunications. 

Geostationary satellites follow a type of geos~nchro>Uz~d OTbir, 
which is in the same plane as eh.- equator, and with exactly 
ch.-sameperiodasthe Earth',oscillaciononitsaxis(lday). 

Geosynch ro nizedorbit Anysatelliteorbitthathasthesame 
period as the Earthspinningonitsaxis.Theorbitmusthav.­
<"xactlythecorrectradius. 

Global pos itioning system (G PS) A navigation syst.-m chat 
providesaecurat.-informationontheloeationoftheGPS 
receiver, which continually communicates with several 
orbitingsatellit.-s. 

H 
H eisenberguncertaintypr incipleAfundam.-ntalprinciple 

ofquantummechanic.s,whichstatesthatitisimpossibleto 
mcasurcsimultaneouslythemomentumandthepositionof 
aparticlewithinfinireprecision:tu:~;.,h/41t.Theprinciplc 

also appli.-s to m.-asurcments of energy and tim.-: AEll.r ;., h/41t. 
H ollow charged sphere Th.-re is a constant potential within the 

sphere, whichmeansthattheelectricfield is:.-ro.Faraday's 
cagsareancxample. 

H ysteres is( rnagnetic)Thechangingmagneticproperti.-sofa 
ferromagn.-cic mat.-rial depend on what has happened to it 
beforeandhowquicklythechange,takeplace.Theseeffects 
are called hysteresis 

lnsight (sc ientific)Abilitytoachiev.-adeepunderscandingofa 
complex situat ion 

lridescenceThc propcrtyofcertainsurfacestoproduccvariable 
coloured.-ffectsd.-pendingontheangleatwhichtheyare 
viewed. (The feach.-rs of some birds and insect wings are 
commonexampl.-s.) 

Iteration Repetitive mathematical procedure chat cakulat.-s the 
changcsthatoccurinsmallincrcmentsinordertodetennine 
anov.-rallr,,sulc. 

Joule heatingTransferofelectricalcnergytoch.-rmalenergyas 
acurrentpass.-sthrougharesistance. 

Laminations( iro n core)Alternatclay.-rsofironandinsulation 

inacoreofanclectromagneticdevice,whicharedesigncdto 
lirnitenergydissipationduetoeddycurrents. 

Law of radioact ive deca}' The number of nud.-i that d.-cay per 
second,Af'l/lll(=theactivity,A,ofthcsourcc)isproportional 
tothcnumb.-rofradioactiv.,atomsstillpres.-ntthat havenot 

yecd.-cayed, 
N: -~N/~t : ).J.J, wh.-re ,1. represents a constant, known as the 

Jeca}COIJStan!. 

Lenz's law (of elect romagnetic induction) The direction of 

aninducedemfissuchthatitwillopposethe changethat 
f«>duccdit.Thisisrepre,.,.,tedmathematicallybythenegative 
signintheequationrepresentingFaraday",law. 

Lightning Dischargctotheground,oranotherdoud,ofch.­
chargcthathasaccumulatedinadoOO 

M 
Magneti c flux,(J}Definedastheproductofanarea,A,andthe 

componcntof thernagneticfieldstrength p.-rpendirularto 
that area, 8cos6. (J}= BAcos6 (unit: Wel,.,r, Wb) 

Magnetic flux density, B The term commonly used at Higher 
level(ormagneticfieldstrength. 



Magnetic flux linkage, N4J The product of magnetic flux and 
thenumberofturnsinacircuit(unit:Wb). 

Masson aspringoscillator Canbeuseda,asimplified 
visualizationofmanyoscillators.T = 2n,J;;lk. 

Massspectrometer Adevicethatcanmeasurethemassesand 
relativeabundancesofgaseousions. 

Matter wavesWavcsthatrepresentthebehaviourofan 

elementaryparticlc,atomormoleculcundercertain 
conditions. See De Broglie', h~f>o~•is. 

Modulation a.anging the amplitude (or frequency) of a wave 
accordingtovariationsinasecondarysignaloreffect. 

Multiple slits &,·increasingthenumberofparallelslits(ofthe 
samewidch) onwhichalight beamisincident,itispossibleto 

improvetheresolutionofthefringe,/,pectraformed. 
N 
NuclearenergylevelsTheemissionofalphaparticlesand 

gammarayswithdiscreteenergies duringradioactivi ty 
indicatesthatnucleihavediscreteenergylevels. 

NuclearmedicineUseofradioisotopesinthcdiagnosisand 
treatment of disease. 

NucleardensityAssumingthatthenuclcusisspherical,nuclear 
density can be determined from nuclear mass (= A .. ) divided 
bychevolumeofaspherehavingtheappropriatenoclear 
radius. All nuclear densities are similar in magnitude, which i, 

extremely large. 
Nuclearradius,RRisproportionaltothecuberootofthe 

nucleon number. R ~ Rof',VJ, where Rois called the Fcrniimdiw. 
NucleartransitionAchangeinnuclearenergy levelthatresults 

in the emission (or absorption) of a high-energy photon. 

0 
OrbitalspeedForasatelliteinacircularorbit,itsspeed 

mu,thavethecorrectvalueforthechos,,nradius: 

""'"" = ../(GM/r). 
OrbitalenergyAn orbiting,atellite hasboth gravitational 

potentialenergyandkineticcnergy:Ep = - GMm/R: 
EK = +\'IGMm{R. Adding thes,, together give, the total 
energy:ET= - l'IGMm/R. 

OscilloscopeAninstrumentfordi,playingandmeasuring 
voltagesthacchangewithtime. 

p 

Peak values (electrical) The maximum values of an alternating 
current, !0, voltage, V0 or power, P0 (compare with rm, rnlu~,). 
P0 : 10Vc:,- Average power, P = li/0Vc:,-

Pendulum A weight suspended from a point so chat it can 
oscillate freely. There are many designs. A simple pendulum 
consistsofasmallsphericalmassontheendofastring 
(T = 2lt'/fli). A ro,-,ian pend .. lum involves twisting in a 
horizontal plane. 

PhasechangeWavesundergoaphas,,changeof1twhenthey 
reflect off the boundary with a medium in which they would 
travelslo,,;er. 

Pitch The sensation produced in the human brain by sound of a 
certain frequency. 

Photoelectriceffec t Ejectionofelectronsfromasub,tanceby 

incident electromagnetic radiation,espccially by ultraviolet 
radiation. SometimescalledpholO<mi,sion. The ejected 
electronsarecallcdphmMkc1ro,u. 

Photoelectric equation Themaximumkineticenergyofan 
emittedphotoclectronisthedifferencebetweenthephoton's 
energy and the work function: KE.,.., ~ tmv..., 1 c hf - 4J. 
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Polar orbit Descriptive of the pathofalow,orbitsatellitethat 

passcsoverthepolesofthe Earthandcompletesmanyorbits 
everyday,usuallypassingovermanydifferent partsofthc 
planet 

Potentialdiffercncet..VThep.d.betweentwopointsisthe 
workdonc whenmovingunitmass(orunitpositivechargc) 
between those points. AV

0 
~ W/q: AV, c W/m 

Potential. VThe potentialatapointisequaltothcworkdonc 
pcrunitmass(orunit positivecharge)inbringinga,mall 
testmass(orpositivecharge)frominfinitytothatpoint. V

1 
~ ErJm and V0 c Erfq (units: Jkg- 1 or JC-1, which is more 
commonly called volt s, V.) 

Potential barrierGraphicalrepresentationof the potential 
(encrgy)thataboundparticlcneedstoovercomeinorderto 

escapefromtheforcesthatareconfiningiLPotentialbarriers 
canalsobedescribedaspotentialhill,orpotentialwells. 

Potentialen~-rgy infields,Ep Workhastobedonetomove 
massesingravitationalfields,orchargesinelcctricfiekls 
Potentialenergyisdefinedastheworkdonewhenbringinga 
mass(orcharge)toitspres,,ntpositionfrominfinity.Potential 
energyequalstheareaunderaforce-distancegraphbetween 
the point and infinity. 

Potentialgradient AV/&Equal,chemagnitudeofthefield 
strength.g = -AVJ&andE:-AVj& 

Primary and secondary coils (transform ers)Thecoil.stowhich 

cheinputandoutputofatransformerareconnectcd 
Probabilityden sityP(r)Theprobabilityoffindingaparticlein 

unitvolumeatadistancerfromareferencepoint.Relatcdto 
the wave function by the equat ion: P(T) = i'f'l1AV. 

Q 
QuantumtunnellingBecauseofuncertainty,thereisthc 

possibilitythataparticlecanpassthroughapoumial(encrg}) 
barricrand therebycreateeffectsthatwouldnotbeconsidered 
possibleu,ingtheprinciplesofclassicalphysics 

Radar Usingthereflectionofmicrowavestolocatetheposition 
andspeedofplanesandothervehicles 

Radialficlds(gravitational equations) 

F0 = GMmfrl; EP = GMm/r: g = GM/r1; V, ~ - GM/r 
Radialficlds(electricequations) 

FE= k,Mifr1; EP = k,MJr; E ~ kq/r1; V, = kq/r 
RadioastronomyScudyofspaceutilizingthedetectionofradio 

wavesemittedbyastronornicalsourcc,. 

Rayleigh'scrit<--r ion Aguidetoresolution:twopointsourcescan 
ju,rberesolvedifthcfirst minimum ofthediffractionpattern 
ofoneoccursatthesameangleasthc cemralmaximumof 
the other. This means that if the sou rces are observed through 
anarrowslit,theywilljustberesolvediftheyhaveanangular 
separation ofO ~ 'Ajb. For a circular aperture, 0 = l.21'Ajb. 

Rectification Changingalrernaringc",,.._.,,r(ac)into<Ul'e<:rcurrrnr 
(de). Rectification can be full <rnve or half""'"~"­

Resistor-capac itor (RC) circuit Circuit with a resistor and a 

capacitancewithvalues selectedsothatthecapacitorcharges 
ordischargesatarequiredrate.Seerimecon,1<1n1 

Rcsolution Thcabilityofaninstrument(orancye)todetect 
(resolve)separatedetails. 

Rcsolvance, R A measureoftheabilityofadiffraction 
grating with N slits to resolve separate wavelengths. 
R = J./M = mN. where m is the diffraction order. 

R<-1ina Surfaceatthebackoftheeyeballwherelight 
is detected. 
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RootmeansquareJ (rms)value Theeffectivevalueofan 

alrernatingcurrent(orvoltage), alsocalleditsmring.l t i, 
equaltothevalueof thedirectcurrent(orvoltage)thatwould 

dissipatepowerinaresistoratthesamerate.l ..... ~ lrf,lzand 
V,,.. ~ VrJ,fz, where 10 and V0 are the peak values. 

Rutherford scattering Sometimes called Coulomb scattering. 
Th.- scatt.-ring of alpha partid.-s by nud.-i, which can b.­
explained by the action of (only) an inverse ,quare law of 
el.-ctricrepulsion. Forpartid.-sthatarescatteredthrough 
180°, th.-irinitialkineticenergycanb.-.-quatedtotheelectrie 

potentialenergywhenclosesttothenudeus. Thisprovid.-s 
an.-stimateforthe radiusofthenucleus.Wh.-nhigh-.-nergy 
partid.-sareused theymightenter thenud.-us,sothat strong 
nuclearforcesarealsoinvokedandth.-nthescatteringwill 
nolongerfollow th.-samepattem. 

SchroJinger wave equation An .-quation that mathematically 
representsth.-Schrodingermodelofthehydrog.-natomby 
d.-scribing electrons using wawfunciions. Th.- square of the 
amplitOO.-ofth.-wavefunctiongivesth.-probabilityoffinding 
theelectronataparticularpoint. 

SeconJarywavesThepropagationof,,.avesintwoorthrce 

dim.-nsionscanb.-cxplainedbyconsideringthateachpoint 
onawavef nc ·, asourceofsecondarywav.-s. 

SeismologyThestudyofearthquakes. 
S imple harmonic motion (SHM) Defining equation: a = - fffx. 

Equationsfordisplac.-m.-nc:x ~ J<osinror(foroscillationsthat 
startwithzerodisplacem.-ncattime1 = 0);x = x0cosro1(for 
oscillations thatstartwithdisplacementJ<oattime1 ~ 0). 
Equations for velocity: v ~ WJ<oCOSWI (for oscillations that 

startwithzerodisplacem.-ntattime1 = 0);v = - ro"osinror(for 
oscillations that start with displacement "oat t ime I = OJ. The 
vdocitycanalsob.-d.-cerminedfrom thedisplacementand 
amplitOO.-:v = ±ro,l("ol - xl). 

S imple harmonic em."'l"gy transfersAllmechanicaloscillators 

:r:~~~:u:\i::(~~7t~~ br::~:;:t+:n:;~}n.-cic 

S ingle-slitdiffraction Thesimplestdiffractionpattemisthat 
producedbywavefrontsinterferingafrerch...,·havepassed 
throughanarrow.rectangularslit .Minimaoccuratangl.-s 
suchthat6= n'A/b. 

S\ipringsandbrusheslnanacgenerator theseareusedfor 
connectingtherotatingcoiltotheexternalcircuit. 

Smoothing(capac itor)Useofacapacitortomake th.-ou tputof 
adioderectifier 'smoother' - lessvariabl.-. 

Stopping potential Th.- minimum voltag<" ~uired to reduc.- a 
photoel.-ctriccurrenttoz.-ro. 

Tangibleand discernableRecognizedbythesensesasbeingreal 
anddefinit.-(notvagueorimaginary). 

T <-"'l" minology The words and phras.-, used in a particular ar.-a of 
study. 

Threshold frequency, fo The minimum frequency of a photon 
thatcanej.-ctanelectronfromthesurfaceofametal. 

Thin-film interfen-ncelnrerferencethatoccursaftera 
wavefrontissplitbyreflectionofftwoSllrfacesofav.-rythin 

;:;:~;::t f~i~~c<:::::'7~::: f~:~::7ur~;;;ni~ mA. 

Timeconstant,1Valuethatcharacteriz.-stherateatwhichan 
RCcircuitdischarges(orcharges).trRC(unit:s).ltisthe 

timetakenforth.-current(orcharge,orp.d.ofcapacitor)tofall 
to lf,,, or37%ofpreviousvalu.-. 

T ra nsJ ucer Device thatcon,.,ertson.-formofen.-rgytoanother. 
The word is most commonly used with d.-vic.-s that convert to 

orfromchangingelectricalsignals. 
T ra nsfor m<-"1" A d<"Vicc that transfers electrical energy from on.­

circuit to another using electromagnetic induction between 
coils wound on an iron core. Transform.-rs are used widely 
totransformon.-altemat ingvoltag.-toanotherofdifferent 
magnitude. Sup-up ITansform<"Ts increase voltages; n,p.-down 
transformersdecreasevoltag<"s. 

T ra nsfor m<-"'l" (ideal) Ani<ualtransform.-rha,noenergy 

dissipation and is 100% efficient, so that cJP ~ E,l,. 
Transmiss ion of electrical power El.-ctrical power i, sent 

(transmitted)frompowerstationstodifforentplac.-saround 
a country along wires (cables), which are commonly called 
transmi,sion(orpower)linc,.Theselinesarelinkedtogetherin 
anov.-rall,ystemcalledth.-1Tansmi,siongrid 

Tuning fork Vibrating instrument of a simple shape used to 
produceasoundofasingle,precisefrequency. 

Tunnelling elect ronmicroscopeMicroscopethatusesquantum 
tunnellingofelectronsb.-n,,c.-napointedelectrodeandthe 

surface being scanned. 
Tunnelling probabilityProbabilitythataparticlecantunnd 

through a potential barrier. 
Turns ratio (t ransformer) lbe ratio of turns in the primary and 

secondarycoilsofatransformercontrolstheoutputvoltage. 
Foranidealtransform.-r:NrJN5 = £p/f;5. 

u 
Uniform dectric fidd Created betw.-cn parallel charged plates. 

E = V/d(unit:Vm-1) 

w 
Wa,·clunction , '1-'(x,f) Mathematical function of space and time 

thatdescribesthequantumstat.-ofa,ubatomicparticle, 
suchasanelectron.ltisasolutionto th.-Schr&ling.-rwa\'e 
.-quation. 

Weber, Wb Unit of magnetic flux. I Wb = I T m1 

Work fun ction, (J} The minimum amount of .-nergy ~uired 
tofreeanelectronfromtheattractionofatomsinam.-cal', 

surface. Sinc.-theenergyoftheincid.-mphorons is.-qual to 
/,f,hf0 = (J},wheref0 representsthethresholdfrequency. 

X 
X- R ay diffraction (crystallography)lnv.-stigatingthe atomic 

andmolecularst ructureofmatterbydetectinghowX-rays 
arediffractedbycrystallinematerials.X-raywavel.-ngthsare 
comparable to atomic dimensions. 

y 
Young's J ouble,slit exp.-riment Classicphy,icsexperimentthat 

d.-monstratedthewa,.,eproperci.-soflightbyproducingan 
int.-rferenccpatt.-rn. 
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enriched'weapons-grade' 346 

fissiooreaction 308,312,313,341- 2 
fu~enrichment 343 

uraniummining 346 

V 
vaporization 121 

variableresistors 223,233- S 
vectors 15- 18 
velocity 23,147 

angularvelocity 261- 2 
aridbrakingdi51ance 33 
andcentripetalforce 262 
graphsdescribing 25- 32 
instantaneous 27 
powertransferredat constant 89- 90 
projectiles 41 - 2,43---4 

waveequation 153 
seeaJ:macceleratioo;momentum 

velocity-timegraphs 28- 31,33, 
38, 147 
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molecules 108,110,370 
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standingwaves 190 
stretchedstrings 191- 3 
travellingwaves 150 
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virtual particles 323 
vis ible 'while' light 153- 4, 222- 3 
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voltmeters 214,221,226-7 
volt (VJ 2,214,236 

w 
water 

fluidresistance(drageflect) 38,52 
hydroelectricpower 352- 4 
specificheatcap<1dty 114- 15 
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waterwaves 151,159, 174,175.181,185 
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waveenergy 162 
waveequation 153 
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bk1<:k-bodyradiation 362- 4 
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harmonics 192.194- 5 
andinterference 184--8 
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measurementofusingdillroctiongrating 

398- 9 
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waves 141 - 97 
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characteristics 159-72 
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dispersionof 180 
emissionandabsorptioospectra 282- 3 
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derivingequationfor 351 
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electronvolt 21S 
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potentialenergy 424- 5,436 
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