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Introduction 

Thls book ls a new edltlOfl of 1/uemattonalAS rmdA Le!:e/ Pbyslcs thm has been revised and amended to be compatible wllh the 

Physics Syllabus 9702 of cambrldge International Examinations, published In 2014 for flrSI examination ln 2016. 

The book has been fully endorsed by cambrldge lntematlOflal Examinations and ls listed as an endorsed textbook for siudents 

studying this syllabus. New material has been Included, wheR.' neces.sary, so that the book provkies compR.'henslve cover of the 

subject contmc. The content of the book has been re-Ofdered so that &udents studying AS physics wlll flnd that pan of the syllabus 

as being separate from the second pare of the A Level cour.ie. In a few places. the content of the book goes slightly beyond the 
syllabus requlremffits, either to provide some background Information or to arrive at a satlsfactory cermlnatlon of a topic. 

All the assessmeru obtecttves that aR.' ldentlfled ln the syllabus are covered ln the book. The learning outcomes, as specified ln 

the syllabus. are llSied in each topic of the book using the same wording as tn the syllabus so that Sludents may klernlfy easily the 
section of the syllabus that ls being covered. The cornem of each topic ls ldentlfled by leamlng outcome. no1 necessarlty preserned 
Jn sequential numerical order, but according to the must sensible order fOf learning. f'Of example, Jn AS Level Topic 6. leamlng 
outcome 6.2 (WOfk) comes before 6.J (Energy). The chan opposite shows how topics are arranged ln the book and how this relates 
to syllabus coverage. 

A new feature of the syllabus ls Key concepts. These are the essentlal Ideas, theories. principles or mernal !Ools that help learners 
to develop a deep understanding of their subject, and make links between different topics. An Icon Indicates where each Key 
conceJXlscovered: 

e :~:l:sl~~h~h~:: ~::::::s to understand the behaviour of the Universe. The developmem of models of physical sySlems ls 
central to physics. Models slntpllfy, explain and predict how physical sySlents behave. 

e :::~:~l:;~~ai~l::e;ontprlses matter and/or energy. Waves are a key mechanism fOf the transfer of energy and are essentlal 
to many modern applications of physics. 

e ~~~::;~h~t"~~~t~ and energy Interact ls through foit:es and flelds. The behaviour of the Universe ls governed by fundamental 
forces that act over different length scales and magnitudes. These Include the gravltatlonal foit:e and the electromagnetlc force 

Key points, definitions and equatlons are h.lghllghted ln coloured panels. Th.ere ls a summary of the lmponant fearures that have 
been covered after each section Of topic. Throughout each topic. worked examples are provided so that Sludents may famlllarlse 
themselves with the subject mauer. The worked examples are folJc:,,,ved by queSllons of similar dlfflculcy. listed under the Now It~ 

yo11rt11rnheadlngs. lnaddltlon.therearequestlonswhlchhaveabroaderCOfltexl andareoftheexamlnatlonstyleasregards 
wording and level of dlfflculty. Ans,vers to both types of queSllon are provided at the back of the book. 

This book has been written specifically for the Cambridge syllabus. However. Its coverage of subject matter and Sly le of qlle>llons 
make il suilable for studerns who are Sludylng cowards physics quallflcatlons of Olher awarding bodies. 

viii 

Geoff Goodwin 
July2014 
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AS Level 

1 Physical quantities and units 

By the end of this topic, you will be able to: 
(a)understandthatallphysicalquantitlesconsistofa 

numerical magnitude and a unit 
(b) make reasonable estimates of physical quantities 

included in the syllabus 
(a) recall the following SI base quantities and their 

units: mass (kg), length (m), time (s), current (A), 
temperature(K),amountof substance(mol) 

(b) express derived units as products or quotients of 
the SI baseunitsandusethenamedunitslisted 
in the syll:lbus as appropriate 

(c) useSibaseunitstocheckthehomogeneityof 
physical equations 

(d) use the following prefixes and their symbols to 

indicate decimal submultiples or multiples of both 
baseandderi,·edunits: 
• pico(p) 

• nano(n) 

Starting points 

• micro(µ) 
• mllli(m) 

• centi(c) 
• ded(d) 
• kilo(k) 
• mega(M) 
• giga(G) 

• tera(T) 
(e) understand and use the com-entions lbr labelling 

graphaxesandtableoolumns 
(a) distinguishscalarand,·ectorquamitiesandglve 

exan1plesofeach 
(b) addandsubtractcoplanar\·ectors 
(c) represent a \'ector as two perpendicular 

components 
Note: an1oum of substance (mol) is only used in the A level 
oouri;ebutlslncludedhereforoompleteness. 

• Accurate measurement is very important in the development of physics. 
• Physicistsbeginbyobserving,measuringandoollectingdata 
• Thesedataareanalysedtodiscoverwhethertheyfitintoapattern. 
• If there is a pattern and this pattern can be used to explain other events, it becomes 

a theory. 
• Theproc:essisknownasthescie ntificm e thod (seefigurel .1}. 

Flg ure 1.1 8kxkdiagramtoi llu1tratethescientificmethod 



II Physicalquantitiesandunits 

Figure 1.2 Brahe(1546-1601) mea'illred 
theelevatiomol1tars;theseday1amodem 
theodolitei1usedformea'illringangular 
elevation 

1.1 Physical quantities 

A physical quantity ls a feature of something which can be measured. for example, 
length.welght.ortlmeoff.Jll.Everyphyslcalquantltyhasanumerlcalvalueandaunlt. 
If someone says they have a wal.lt measurement of 50, they could be very sllm or very 
fat depending on whether the measurement ls ln cemlmetres or inches! Take care - It ls 

vital to give the unit of measurement whenever a quamlty ls measured or written down. 
Largeandsmallquantltlesareusuallyexpressedinsclentlfknorntlofl,l.e. asaslmple 

number multlplled by a power of ten. For example. 0.00034 would be wrlnen as 
J.4 x 10- ~ and 154000000 as 1.54 x 10". Th.ere ls far less chance ofmaklng a mistake 
with.thenumberofzeros! 

Flgure1.3Theetephantislargeinrnmpari1onwiththeboy 
but 1mall rnmpared with the jumbo jet 

1.2 SI quantities and base units 
Jnverymuchthesamewaythatlanguageshavedevek:Jpedlnvarlouspartsofthe 
world , many dlfferem systems of measurement have evolved. JuSI as languages can be 
translated from one to anoc:her. units of measurement can also be convened between 
sy.ltems. Although some conversion factor.s are easy to remember, some are very 
dlfflcult . 11 ls much belt er to have just one system of units. For this reason. sclenllsts 
around the 'l\urld use the Systeme Inte rnational (SI) which ls based on the metric 
sy.1tem of measurement. 



Flgure 1.4 Them.111ofthi1jewt.>lrnuld 
bemeas11redinkiklgram1.pa11nds.carats. 
gra im,etc 

Flgure 1.5 Thisboxhasa 
volumeofl.0>< lO'cm' 

1.2S1quantitiesandbaseunits l 

lf a quamlty ls to be measured accurately. the unit In which ll ls measured must be 

deflnedaspreciselyasposslble. 

Slisfoondedonsevenlundameotalor base units 

The base quanlltles and the units with which they are measured are listed ln 
Table I.I. For completenes.s, the candela has been Included, but this unit wlll n()( be 

used in the A/AS course. The mole wlll only be used in the A Level course. 

Table 1.1 Thebasequantities.indunits 

quantity symbol 

kilogram kg 

length 

ampere(amp) A 

thermodynamic temperature 

lumlnous lntenslty 

Eachquamltyhasjustoneunltandthlsunltcanhave multiplesandsub-multiples 
to cater for larger or smaller values. The unit ls given a prefix to denote the multlple 
or sub-multlple (see Tobie 1.2). For example, one thousandth of a metre ls known as a 
mllllmetre (mm) and 1.0 mlllimetre equals 1.0 >< 10- 3 metres (m). 

Table 1.2 Themorecommonlyusedprefixes 

prefix symbol multlplylngfactor 

Beware when convening units for areas and volumes! 

Squaring both sides 

lcm' = (IO-')' m' = IO""""m' 

lcml = (IO-~)lml = 10--0ml 

The box In Figure 1.5 has a volume of 1.0 x IO'cml or 1.0 x 106mml or 1.0 x 10-lml. 
A dlsrnnce of thlny metres should be wrluen as 30m and not 30ms or 30m s . The 

leuersls nen•r lncludedlnaunltfortheplural.lfaspacelsleftbecweent\\-"Oletter.,, 
the letters denote different units. So. 30m s would mean thlny metre seconds and 
30msmeans30mllllseconds. 



II Physicalquantitiesandunits 

@ 
f<------ 0.26 nm --------, 

Flgure 1.6 Atomofgold 

~xample 

Cakutate the number of micrograms in 1.0 mill igram. 

1.0g:1.0x 101mg 

and 1.0g: 1.0x 106micrograms(µg) 

so, 1.0x103mg:1.0x 106µg 

andl .Omg:(1.0x 106)1(1.0x101}: 1.0 x 103 µg 

Now it 's your turn 
1 Calculatethearl'il,inanl,ofthetopofatablewithsidesof 1.2maf"Ki0.9m 
2 Determine the number of cubic metres in one cubic kilometre 
3 Writedown,usingscirotificnotation,thevaluesofthelollowingquantities 

(i1) 6.8pF, 
(b) J2µC, 
(d 60GW. 

4 How many ~ectric fires, each rated at 2.SkW, can be powered from a groerator 
providirig2.0MWof electricpower? 

5 An atom of gold, Figure 1.6, has a diamete r of 0.26nm and the diameter of its nucleus 
is 5.6 x 10-lpm. Cakulate the ratio of the diameter of the atom to that of the nucleus 

Derived units 
All quarnltles, apan from the base quantltles, can be expressed ln tenns of de rived 

Derived units consist of some combination of the base units. The base units may be 
multipliedtogetherordividedbyoneanother,but neveraddedor~btri!Cted. 

See Table 1.3 for examples of derived units. Some quarnltles have a named unit. POi" 

example, the unit of force ls the newton, symbol N, but the newton can be expressed 
in terms of base units. Quam Illes which do n()( have a named unit are expressed ln 
termsof()(Jx.>runlts. Forexample.speclftclatentheat(lbplcl2)lsmeasuredlntoules 
perkllogramQkg-,). 

Ta ble 1.3 Some examples of derived units which may be used in the A/AS cour5e 

frequency hertz(Hz) s-' 

velocity 

newton(N) kgms-> 

joule()) kgmls-i 

watt(W) kgm>s-1 

efectricdlarge coulomb{(} 

potential difference volt(V) kgrnls-• A-' 

ohm (O) kl}rnls-• A-' 

lop!.'CifKheat capacity Jkg-11(-1 

Example 

Whatarethebaseunitsofspeed7 

Speed is defined as d~::ce and so the unit is~ 

Oivisionbyaunitisshownusinganegativeindex,thatis,s--1 

Thebaseunitsofspeedare ms-1. 
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Now it 's your turn 
Usetheinlormationinlables 1.1 ar,d 1.3todeterminethebaseunitsofthelollowing 

Checking equations 
11 ls pos.sible to work out the tolal number of oranges ln two bags lf one bag contains 

four and the Oilier five (Che an~;,,'<'r ls nine!). This exeit:lse 'l\u.Jkl , of course. be nonsense 

if one bag contained threl.' oranges and the Olher four mangoes. In the S'.lme way, for any 

equaUon to make sense, each term Involved Jn the equation mu& have the same base 

units. A term ln an equatloo ls a group of numbers and symbols, and each of these terms 
(orgroups)lsadded co,orsubcractedfrom,aherterms. l'orexample,lntheequatlon 

thetennsare v, 11,andat. 

In afrf equation wheie eac:t. term has the s.ame base tmits, the equation is sakl to be 
homogeneousor 'balanced'. 

In the example aba.e, each term has the base units m s-1. If the equation ls na 
homogeneous, then il ls Incorrect and ls nOI valid. When an equatlon ls known to be 

homogeneous, then the balancing of base units provides a means of finding !he units 
ofanunknownquarnlty. 

~xample 

Use base units to show that the following equation is homogeneous 

v.urk done"' gain in kinetic energy+ f}ilin in gravitational potential energy 

Theterm1intheequationa1e'WOrk,{gainin)kineticenergy,and(gainin)grnvitational 
potential energy. 

'WOrkdone:forcexdistancemoved 

andsothebaseunitsarekgms-lxm: kgm2s-2 

kineticenergy:j"xmassx(speed)1 

Sinceanypurenumber1uchasj°ha:snounit,thebaseunitsarekgx(ms-1)1: kgm2 s-2 

poteotialeoergy:ma11xgravitationallieldstrengthgxdistance 

Thebaseunitsarekgxms-lxm: kgm2s-2 

Conclusion: Allterms havethesamebaseunitsandtheequationis homogeneous 

Now it 's your turn 
8 Usebaseunitstocheckwhetherthefollowingequationsarebaianced 

(a) pressure:depthxdensilyxgravitittionalfie/dstrength, 
(b) energy:tnil55x(speedoflight)1. 

9 The thennal energy Q need Pd to melt a solid of mass m witholll any change of 
temperatureisgivenbytheequation 

Q:mL 

whereLisaconstant.FindthebaseunitsofL. 
10 DeterminethebaSeunitsolthelollowingquantities 

(ii) energy(:forcexdistance), 
(b) specificheatcap.lcily. 
{thermal energy change"' mass>< specific heat capacity x temperature chilflge) 

11 Showthatthelelt-handsideoftheequation 

pressure+}xdensilyx(speed)l:comtanl 

ishomogeneousandfindthebaseunitsoftheconstantontheright-handside 
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F1gure 1.8Theratloofthema11ofthe 
humpback whale to the mass of the mou1,1> 
isabout10•. Thati1mi11uternmp.iredto 
theratioofthema11olagolaxytothema1s 
ofanucleus{lO"')I 

Conventions for symbols and units 
You may have n<Xlced that when symbols and units are primed, they appear ln 
different styles of type. The symbol for a physlcal quantity ls primed ln ltai(c (sloping) 
type. whereas Its unit ls ln roman (upright) type. For example, velocity v ls ltallc. but 
Us unll ms-• ls roman. Of course, you wlll n<X be able co make !his distinction ln 
handwriting. 

At A/AS level and beyond, there ls a spedal convention for labelllng columns of 
datalntablesandgraphaxes. ThesymbollsprlntedflrstOnllallc),separatedbya 
forward slash (the printing term ls a solidus) from the unit On roman). Then the data 
ls presented ln a column. or along an axis, as pure numbers. This ls Hlustra!ed ln 
Figure 1.7. which shows a table of data and the resultlng graph for the velocity v of a 
panlcleat varloostlmes 1. 

'·'r::: , .. 4 .0 

~ 2.0 

0 
2.01/s 

Flgure 1.7Theco111'!'11lio11forlabelli rigtables,mdgraph1 

If you remember that a physical quantlly contains a pure number and a unit. !he 
reason for this style of presentatlofl becomes clear. By dividing a physical quantity such 
as tlme (a number and a unit) by the appropriate uni!, you are left with a pure number. 
It ls then algebralcalty corR'CI for the data ln tables, and along graph axes, co appear as 
pure numbers. 

Yoo may also see examples ln which the symbol for the physical quantity ls fol.lowed 
by the slash, and then by a power of 10, and then the unll, for example 1/ IO"s. This 
means chat the column of data has been dMded by 100. co save repea!lng l<Xs of 
zeroslnthetable. lfyooseeacableorgraphlabelledt/lO'sandtheflguresl.2.3ln 
the table column or along the graph axis, this means that the experlmental data was 
obtained at valuesoftof IOOs, 200s, 300s. 

Try to gee out of the habit of heading table columns and graphs ln ways such as 
'tins·, "l(s)"or evenofrecordlngeach readlnglnthetableas l.Os,2.0s,J.Os. 

Order of magnitude of quantities 
H ls often useful to be able co estimate the size, or o rder of m agnitude, of a quantity. 
Strlctlyspeaklng,theorderofmagnkudelsthepmveroftentowhlchthenumberls 
raised. The ablllty co estimate ls panlcularty lmponam in a subject Hke physics where 
quantllles have such wldety dlfferem values. A sbon distance for an astrophysicist 

~-----~~~ Isa llghl-year(about9.5 x 101Sm) whereas a /011gdlstancefora nuclearphysldSI ls 
1--~---t=='c"-1 6 x 10-•Sm(the approxlmatedlameterofa nucleus)! Tobie 1.4 glvessomevaluesof 

di1tancefromEarthtoedge 
ofob1,1>rvobleUniver1e 

dlstancewhlchmaybemetlntheA/ASPhyslcscour.se. 
The ability to estimate orders of magnlrude ls valuable when planning and carrying 

r''='~='='="'=· '~·'·~''--+=~,,.-, out experiments or when suggesting theories. Having an klea ofche expected result 
,_, ,_·11a_oc_, f~mm_,_.,_fh_m_••-'-""+---, provkles a useful check that a silly error has not been made. This ls also true when 

di1tance fromlondootoPari1 using a calculator. Forexample, theacceleratlonoffreefall actheEarth"ssurfacels 
r'"-,-. -",-" -.,---+---, about !Orn s_, . If a value of98()()m s_, ls calculated, then this ls 00\ioosly wrong and 

a simple error ln the power of ten ls likely co be the cause. Similarly, a calculallon ln 
f------+---, which the cost ofbolllng a kenle ofwa!er ls found co be several dollars, rather than a 
f------+---, few cents. maylndlcatethattheenergyhasbeen measured in watt-hours rather than 

~''-"~- '- ' -"'-'"-"'-'"-' -~--~ kllo,vau-hoors. 



Flgure 1.9Altlloughtheathleterum10km 
lntherace.hisfinJldistariceffomthestarting 
pointmaywellbezeml 
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Example 

It is v,,,orthwhile to remember the sizes of some commoo objects so that rnmparisom am 
be made. For example, a jilr of pe;mut butter has a mass of about SOOg and a carton of 
Ofange juice has a YOlume of 100Qcml {1 litll'). 

Now It's your turn 
12 EstimatethefoOowingquantities 

(a) themassofanorange. 
{b) the mass of an adult human, 
(d the height of a room in a hoose. 
(d) thediameterofapencil, 
(el thevolumeofasma ll bean, 
(f) the~umeofahumanhead, 
{g) thespeedofajumbojet. 
(h) thetempl'fatureofthehumanbody. 

1.3 Scalars and vectors 
All physical quantllles have a magnllude and a unit f'or some quantltles, magnitude 
and units do nOI give us enough Information to describe fully the quantity. For 
example, lf we are given the tlme for which a car travels at a cenaln speed, then we 
can cakulate the distance travelled. However, we cannOI flnd out how far the car ls 
from Its stanlng point unless we are cold the direction of travel. In this case. the speed 

anddlrecllonmustbespeclfled. 

A quantity which can be described fully by giving its magnitude is known as a scalar 
quantity.Avectorquantity hasmagnitudeariddirection 

Some examples of scalar and vector quantities are given in Table 1.5. 

quantity 

weight -velocity 

temperature 

NOie: It may seem that electric current should be treated as a vector quantity. We give 
currem a direction when we deal \\1th. for example. the m01or effect (see Topic 22) 
and when we predict the direction of the magne'llc fleld due to currem-carrylng colls 
and wires. Hmvever, electric current does nOI follow the laws of vector addition and 
shouk:l be treated asascalarquamlty. 

Example 

A ·ti.gwheel' at a theme park. has a diameter of 14m and people on the rkiecomplete ooe 
revdutiooin24s. Calcutate 

Ca) thedistancearidermovesin3.0minutes, 
(b) thedistanceoftherkierlromthestartingposit ion 
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(al ln3.0minutes,theridercompletes 3.0
2
~60 = 7.S revolutions 

distancetravelled=7.Sxcircumferenceofwheel 

(bl 7.Srevolutionsarecompleted.RiderisY,revolutionfromthestartir.gpoint.The 
riderisattheoppositeendofadiameterofthebigwheel.So,thedistaoceffom 
startingposition= 14m 

Now it's your turn 
13 Statewhetherthefollowingquantiliesarescalarsorvectors: 

(al time ofdepartureofatrain, 
(b) gravitationallieldstrength, 
(t) densityolaliquid 

14 Statewhetherthefollowingquantiliesarescalarsorvectors· 
(•) movement of the hands of a clod, 
(b) lrequencyolvibration, 
(c) llowolwaterinapipe 

15 Speedandvelocityhavethesameunits.Explainwhyspeedisascalarquantitywhereas 
vekxityisavectorquantily. 

16 Astudentstatesthatabagolsugarhasaweightof10Nandthatthisweightisa 
vector quantity. Discuss whether the student is correct when stating that weight is a 

Vector representation 
When you hit a cennls ball , you have co judge the direction you want It to move In, as 
well as how ha!d co hit It . Toe forr:e you exen ls therefore a veaor quantity and canno( 
be A"presenced by a number alone. One way to A"presem a veccor Is by means of an 
arrow. The dliectlon of the arrow ls the direction of Che veaor quantlly. The length of 
the arrow. drawn to scale, A"pn"sents Its magnicude. This ls llluscrated in Figure 1.10. 

Scale: lunitrepresents5ms- 1 

a)velocityl5ms- 1,dueeast 

Flgure1.10Representalionolavectmquantily 

Addition of vectors 

b)velocitylOms- 1,duesouth 

The addltlon of two scalar quantities which have the same unll ls no problem. The 
quantitles are added using the normal rules of addition. For example, a beaker of 
volume 2,0cml and a bucket of volmne 9.0 litres have a torn I volume of 925<>cml. 

Adding together cwo n.•ctor., ls moll" dlfflculc because they have direction as ,;,.-ell as 
magnitude. If the cwo vectors are ln Che same direction. then they can simply be added 
together. Tom objects of weight 50N and 40N have a combined "'-eight of90N because 
boih weights act ln the same direction (venlcally downwa!ds). Flgun" 1.11 5hows the 
effect of adding two forr:es of magnitudes 30N and 20N which act along the same 
llne In the same direction or in opposlce directions. The angle between the forces ls 
0° when chey ace Jn che same d lrectlOfl and 180° when they are ln opposlle directions. 
ForalJ01heranglesbecweenthedlrectlonsoftheforces,thecomblnedeffect,or 
resultant. ls some value between ION and 50N. 



r'l v,v· 
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l) 

Figure 1.12 vec:tort1iangll'1 

Flgure1.14 
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- l 20N -
---+- l 20N ---+- ! lON 

Figure 1.11Vectoraddrtion 

In cases where the two veaors do no1 act tn the same or oppolilte directions. the 
resultant ls found by means of a vector triangle. Each one of the two vectors v, and 
v, ls represented Jn magnitude and dlrecllon by the side of a triangle. Nole that bolh 
vectors must belneltheraclockwlseoranantlclockwlsedlrectlon(seeFlgure 1.12). 

Toe combined effea. or resultmu R. ls given ln magnitude and d irection by the third 

side of the triangle. It ls Important to remember that. lf V. and v, are drawn ckx:kv.1se, 
then R ls anticlockwise; lf V. and V2 are antlclockwise, R ls clockwise. 

The resultant may be found by means of a scale diagram. Altematlvety, having 

drawn a skelch of the vector trlangk>, the problem may be solved using trlgonome'lry 
(seetheMathsNoleonpage 14) 

Example 

4.0km h- 1 As.hip istrnve llingduenorthwithaspeedof 12km h-1 rejativetothewater. The<eisa 
rnrrrot inthewaterflowingat4.0kmh-1 inane.151:er!ydirection.Oetermine thevelocityof 
the ship by: 

(a) sca ledrawing, 
(b) calrnlation 

(a) Byscale drawing(Figurel.13): 
5cale:1cmre;xeseots2kmh-1 

resultantR 
Thevejocityis 
6.3x2: 12.6km h-1 inadirection 18° eastofnorth 

(b) Bycalculation 
Referringtothediagram(Figure1.14)andusingPythagoras'theorem, 

R':12l+4l:160 

R:,/ff15 = 12.6 

tana=ti"=0.33 

Thevelocityoftheshipis 12.6kmh-1inadirection 18.4° eastofnorth 

Now It's your turn 
17 Expla in how an arrow may be used to represent a vector quantity. 
18 Two forces are of magnitude 450N and 240N respectively. Oete<mine 

(a) the maximum magnitude of the resultant force. 
(bl the minimum magnitude of the resultant force, 
Ccl theresultantforcewtientheforce1actatrightangle1 toeachother. 

Useavectmdiagramandthencheckyourresultbycalrnlation. 
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Flgure1.16 

10 

19 A bod! can be rowed at a speed ol 7.0km h-1 in sti ll water. A river flows at a constant 
speed of 1.Skmh-1.Useasc:alediagramtodeterminetheangletothebankatwhich 
theboatmustberowedinorderthattheboattrav~sdirectlyacrosstheriver 

20 TwolorcesactatapointPasshown in Figure 1.15. Draw a vector diagram, to scale, to 
determinetheresultantlorce. Checkyoorworkbycalrnlation. 

2t A swimmer who can swim in still water at a speed 014km h-1 is swimming in a river. 
The river flows at a speed ol 3 km h-1. Cakuklte the speed of the swimmer rekltive to 
the river bank when she swims 
(a) down511e<1m, 
(b) upst1e<1m 

22 Draw to scale a vector trklngle to determine the resultant of the two forces shown in 
F~ure 1.16.Checkyooramwerbycak:ulatingtheresultant 

Theuseotavectortrlangleforflndlngtheresultantoftwovectorscanbe 

demonstrated by means of a simple L1boratoiy experlmem. A weight ls anached to 
each end of a flexible thread and the thread ls then suspended over 1,vo pulleys, as 

shown In Figure 1.17. Athlrdwelghllsattachedtoa polntPnearthecentreofthe 
thread. The string moves over the pulleys and then comes to rest. The positions o( the 
threads are marked on a ple<:e o( paper held Oil a board behind the threads. This ls 
easy to do lf llght from a small lamp ls shone at the board. Having no1ed the sizes w, 
and w, o( the weights on the ends o( the thread. a vector triangle can then be drawn 
on the paper. as shown Jn Figure 1.18. The resultant of w, and w, ls found to be equal 
ln magnitude but opposite ln dlrectlon to the 1•,elght W3. If this were not so, there 
would be a resultant force at P and the thread and weights would mch·e. The use of 

a vector triangle lsjustlfled. The three forces w,. w,and Wi areln equlllbrlum. The 
condltlon for the vector diagram of these fooces to represent the equilibrium sltuatlon ls 
thatthethreevectorsshouk:lformaclosed t riang le. 

pulley 

w, 

Ftgure1.17Apparatu1tochedtheuseofavl'(to1triangle 



~v 
~j 
w, 

Flgure1.18Thevectortriongle 

Flgure1.19"-e,;olvinga 
vector into components 

Rgure1.20 

~e,o: 
! 

Rgure1.21 
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We have considered only the addlllon of two vectors. When lhlft' or more vectors 

need to be added, the same prlndplcs apply, provided the veccors are copla n ar (all 
in the same plane). The vector triangle then becomes a vector polygon: the resultarn 
forms the missing side to clos<' the polygon. 

Tosubtracccwovectors,reversethedlR'C!lon (thatls,changetheslgn)ofthevector 
to besubtracted,and then add. 

Resolution of vectors 
On pages 8- 10 we saw that two vectors may be added together to produce a 

single resultant . This resultam behaves ln the same way as the two lndlvldual 
vectors. It follows that a single vector may be spilt up, or re §o h ·ed , Into two 

vectors. or compo ne nts . The combined effect of the components ls the same as 
the orlglnal vector. ln later chapters. we wlll see that resolullon of a vector Into 
two perpendicular components ls a very useful means of solving certain types of 

problem. 
Consk:ler a fooce ofmagnilude Facllng at an angle of 8below the horizontal (see 

Figure 1.19). A vector triangle can be drawn wilh a component PH ln the horlzontal 
direction and a component Fv acting vertically. Remembering that F. FH and Fv form a 
rlght-angledtrlangle,then 

FH = Fcos8 

andFv = Fsln8 

Toe force F has been resolved Into two perpendicular components, FH and Fv. The 
example chosen ls concerned with forces. but the method applles to all types of vector 
quantity. 

Example 

A glider is launched by an aircraft with a cable, as shown in Figure 1.20. At or.e particular 
moment, the tension in the cable is 620N and the cable makes an angle of 25' with the 
horizootal(seeFigurel.21). Calculate: 

(a) theforcepullingthegliderhOfizontalty. 
{b) theverticalforceexertedbythecableonthenoseoftheglider. 

Ca) horizootal componentFH=620cos2S= 560N 
(b) verticalcompooenlFv=620sin25= 260N 

Nowlt'syourturn 
23 Anaircraftistravelling35°eastofnorthataspeedol310kmh-1. Cakulatethespeed 

of the aircraft in: 
(al thenorthertydirection, 
(b) the&1Sterlydirection 

24 Acydist is tra~ling down a hill at a speed of 9.2m s-1. The hillside makes an angle of 
6.3°withthehorizootal.Calculate.forthecyclist: 
(a} theverticalspeed, 
(b) thehorizootalspeed 

11 
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• AllphysicalquantitieshaveamagnittJde(size)andatJnit 
• The SI base llnits of mass, length, time, e~ric rnrrent, thermodynamic temperattJre 

and amotJnt of rubstance are the kilogram, metre, secood, ampere, kelvin and mole 
respectiv~y. 

• Units of all mechanical. ~ectrical, magnetic and thermal quantities may be derived in 
termsoftheseba'il'tJnits 

• PhysicalequationsmtJstbehomogeneous(b.llaoced).EachterminaneqtJationmu51 
havethes.amebaseunits 

• Thecorwentiooforprintingheadingsintablesofdata,andlorlabellinggraphaxes,is 
the symbol for the physical qtJantity (in italic), followed by a forward slash, followed 
bytheabbreviationfortheunit{inroman).lnhandwriting,onec.-mnotdistingtJish 
between italic and roman type 

• The order of magnittJde of a number is the power of ten to which the ntJmbe1 is 
rai'ied. The order of magnitude can be tJsed to make a check on whether a calctJlation 
givesasensibleamwer. 

• Ascala rquantityhasmagnitudeonly. 
• AvectorqllilntityhasmagnittJdeanddirection 
• A vector quantity may be represented by an arrow, with the length of the arrow 

drawntosca~togivethemagnittJde 
• Thecombinedeffectoftwo(ormore)vector:siscalledtheresultant 
• Coplanarvectorsmaybeadded(orStJbtracted)tJsingavectordiagram 
• TherestJltantmaybefotJndtJsingascaledrawingolthevectordiagram,orby 

cakulation 
• A single vector may be divided into two separate components. 
• Thedividingolavectorintocomponentsisknownastheres~utionofthevector. 
• lngeneral,a vectorisresolvedintotwocomponentsatrightanglestoe;ichother. 

Examination style questions 
1 a i Explainwhatismeantbyabaseunit. 

ii GivefourexamplesofbasetJnits. 
b Statewhatismeantbyaderivedunit 

c i Foranyequationtobevalid,itmustbe 

homogeneous. Explain what is meant by a 

homogeneous equation. 
ii Thepres.surepofanidealgasofdensitypisgivenby 

theequation P =~p(cl) 

where<c'>isthemean-5quare-speed(i.e.itisa 
quantitymeasuredas[speed]1}. 

Usebaseunitsto'>howthattheequationis 

homogeneous 

2 The period Toi a pendulum of massM is given by the 

T:2it~ 

:::~;ts the gravitational field 51:rength ( ~:: ) and h is 

Determinethebaseunitsofthequantity/. 

3 a Determine the base units of: 

i workdone, 

ii themomentofaforce. 

1l 

b Explain why your answers to a mean that caution is 
requiredwhenthehomogeneityofanequationis 
being tested 

4 a Di5tinguishbetweenasca/arandavectorquantity. 
b A mass of weight 120N is hung from two strings as 

'>howninfig.1.22 

Y,' .., .. 
i:0' 

120N 

Ftg.1.22 

Determine,byscaledrawingorbycalculation,the 
tension in: 

i RA. 

ii RB. 



c Use your a05wers in b to determine the horizontal 
componentofthetensionin-

i RA, 

ii RB. 

Comment on your answer. 

5 Afielderinacricketmatchthrowsthebdlltothewicket-
keeper. At one moment of time, the ball has a horizontal 
velocity of 16ms-1andavelocityintheverticallyupward 
directionof8.9ms-1. 

a Determine,forthelxill: 

i itsresultantspeed, 
ii thedirectioninwhichit 

istravellingrelativetothe 
horizontal 

b Duringtheflightoftheballto 
the wicket-keeper, the horizontal 
velocity remains unchanged.The 
speedofthebdllatthemoment 
whenthewicket-keeperc.atches 
itis 19m,1.Calculate,forthe 
balljustasitiscaught: 

i itsverticalspeed, 
ii theanglethatthepathofthe 

ballmakeswiththehorizontal 
c Suggestwithareasonwhether 

theball,atthemomentitis 
caught,isrisingorfalling 

6 a The spacing between two atoms 
inacrystalis3.8>< 10-mm. 
Statethisdistanceinpm [1] 

b Calculatethetimeofonedayin 
/1] 

c ThedistancefromtheEarthto 
theSunis0.15Tm.Calculatethe 
timeinminutesforlighttotravel 
fromtheSuntotheEarth. {2] 

Flg.1.23 

d ldentifyallthevectorquantitiesinthelistbelow. 

distance energy momentum 

weight work /1] 

e Thevelocityvectordiagramforanaircraftheadingdue 
north is shown to Kale in Fig. 1.23. There is a wind 
blowing from the north-west 

Examination style questions I 
Thespeedofthewindis36ms-1 andthespeedofthe 
aircraftis250ms-1. 

i MakeacopyofFig.1.23.0rawanw:rowtoshowthe 
directionoftheresultantvelocityoftheaircraft. [/] 

ii Determine the magnitude of the resultant velocity of 
the aircraft. [2] 

Cambridge International AS and A Level Physics, 
9702/23 Oct/Nov 2012 Q I 

7 a i StatetheSlbaseunitsofvolume. [1J 
ii ShowthattheSlbaseunitsofpressureare 

kgm-1,1. [1J 
b The volume Vofliquidthatflowsthroughapipein 

timetisgivenbytheequation 

_.!::=JtPr4 

wherePisthepressuredifferencebetweentheends 
ofthepipeofradiusrandlengthl.Theconstantc 
dependsonthefrictionaleffectsoftheliquid 

Determine the base units of c. {3] 

Cambridge International AS and A Level Physics, 
9702/21 May/June 2012 Q 1 

8 Make reasonable estimates of the following quantities. 

a thefrequencyofanaudible50undw.we 

b thew.welength,innm,ofultravioletradiation 

c themassofaplastic30cmruler 

/1] 

/1] 

/1] 

d thedensityofairatatmosphericpressure [1J 

Cambridge lntemational AS and A level Physics, 
9702102 May/June 2008 Q 1 

9 a Two of the SI base quantities are mass and time. State 
threeotherSlbasequantities. {3] 

b A sphere of radius r is moving at speed 11 through air of 
densityp.TheresistiveforceFactingonthesphereis 
givenbytheexpression 

F:Br'pv• 

whereBandk.areconstantswithoutunits. 

i StatetheSlbaseunitsofF,pand11. [3] 
ii Usebaseunitstodeterminethevalueofk. [2] 

Cambridge International AS and A Level Physics, 
9702/21 Oct/Nov 2010 Q 1 
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II Physicalquantitiesandunits 

Sine rule 

Flgure1.24 

Foranytrlangle(Flguf{' 1.i4). 

si:A = si!B = si;C 

cosine rule 

f'oranytrlangle, 
a' = ir + c' - 2/>ccosA 
lr a> + c' 2accosB 
c' a' + lr 2abcosC 

14 

Flgure1.25 

Forarlght-angled!rlangle(Flguf{'l.25), 

h' = a2 + a2 
Also fora right-angled triangle: 

sin8 = f 

cos8= * 

,~, 



AS Level 

2 Measurement techniques 

By the end of this topic, you will be able to: 
(a) use techniques for the measurement of length , 

volwne, angle, mass , lime, temperature and 
electricalquantities, alltoappropriaterangesof 
magnitude. In panicular, you should be able 10: 
• measure lengths using a ruler, calipers and 

• measure weight and hence mass using balances 
• measure an angle using a protractor 
• measurt' lime intervals using clocks, 

stopwatches and the calibrated lime-base of a 
cathode-ray oscillosoope (c.r.o.) 

• measure temperature using a them1ometer 
• use ammeters and voltmeters with appropriate 

scales 
• use a gah·anometer in null methods 

Starting points 

• use a cathode-ray oscilloscope (c.r.o.) 
• useacalibrated Hallprobe 

(b) use both analogue scales and digital displays 
(c)usecallbrationcurves 
(a) understandandexplaintheeffectsofsystematic 

errors (including zero error:,;) and random errors 
In measurement 

(b) understand the distinction between precision and 
accuracy 

(c) assesstheuncertainty inaderivedquantity 
bysimpleadditionofabsohne, fractionalor 
percentage uncertainties 

Note: use of a calibrated Hall probe is required only in the 
A le,·el course but is Included here for completeness. 

• Theore ticalideasin physicsaregene rally tested by expe ri ment before beingfully 
acce pted. 

• Experi mental work is an important part of a physics course. 
• Ma ke a sensible choice of the instrume nt to use to measure a part icular physical 

quantity. 
• Thereare sourcesoferrorand uncertaintyinexperimenta lwork 

2.1 Measurements 
All ex!X'"rlments th:u are designed to OOtaln a quantitative res1.dc for a physical quantlly 
Involve measurements. These nieasureniems muse be of some comblnatlon of the base 
quantltles length, mas.s, Ume. cemper:uure and current. (fo complete the Use. we shoukl 
Include quantity of substance and luminous lmenslty, but these are not e ncountered 
Jn experimental \vork tn A/AS Physics) In the following sections we wlll loo!,: at the 
methods avallable for measuring che base quantities ln a school or college laboracory. 
By undernandlng the prlndples of the available methods, v.-e will be able to make an 
informed decision abouc the choice of a panlcular ce<:hnlque. with respect to making 
the experiment as precise and reproduclble as possible, and avoiding soim:es of 
systematic error. For all of the quamltles. the effe,c:tlw choice will be limited by whac 
illS{ruments are available ln your laboratory. However, ln one type of examlnallon 
question, on planning and design. you may be asked co devise an experiment and draw 
on your throretlcal, racher chan practical. knowledge of various cypes of apparatus. 

At A/AS lewl. seudents generally assume chat the calibration of the lnseruments they 
use ls correct. However, It ls wor!h thinking about how to compare the callbrallon of 
one lnserument agatnse another, even If this ls a che<:k you will very seldom make. 

15 
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Flgure2.1Student1doing ;mexpe1imentina 
physkslaboratory 

' 
111 

Flgure2.2ZeroerrDfwithametrerule 

Flgure2.lParallaxerrorwithametrerule 

16 

T 

In a planning/design que.1tlon, you mighc be asked to suggesc a method of calibration. 
Generally It ls ea&y co compare the callbratlon of dlffffem Instruments, but nOI so easy 
to determine which of two Instruments giving dlfferenc readings ls correa. 

On the pages that follow. we wlll spend most Ume on methods for measuring length, 
becauselength-measurlnglnstrumentsofseveraldlfferenttypeswlllbeavallableln 
your laboratory. 

Methods of measuring length 
The metre rule 
The simplest length-measuring lnstrumem co be found ln your laboratory ls a metre 
(or half-metre) rule. It has the great advantages of being cheap, corwenlem and simple 
!ouse. AreL1tlvelyunskllledstudentshouldhavenodlffkultyintaklngareadlngwlth 
an uncfftalnty of 0.5 mm. HO'.vever. you should be mvare of three pos.stble sources of 
errorlnuslngametrerule. 

Theflrstmayarlselftheendoftherulels•,,orn,gMngrlsecoazeroerror 
(Flgure2.2). l'orchlsreason,ltlsbad practlcecoplacethezeroendoftheruleagalns! 
one end of the object to be measured and co take the reading ac the Olher end. You 
should place the object against the rule so that a reading ls made at each end of the 
object. The length of the object ls then obtained by subtraction of the two readings. 
A zero error llke this ls a systematlc error, because l! ls Involved every time a reading 
ls taken from the zero end of the rule. (A more delalled explanation of systematic 
errors wlll be found on page 35.) In general, the zero reading of any Instrument may 
be subject to an error. We shall meet chls type of error again ln the micrometer screw 
gaugeandlnthe ammeter. 

The callbratlon of the metre rule may give rise to ancther sy.1tematlc error because 
the markings are Incorrect. Try comparing the 30cm graduaced length of one plastic 
rule with the same nominal length on anoc:her. You are qui!e likely to find a discrepancy 
of one or two mllllmetres. One of the reasons why wooden or plaSilc n\elre rules are 
cheaplsthatthemanufacturerdoesnoc:clalmanygreacaccuracyforthescalemarklngs. 
The callbrJtlon may be checked by laying the rule alongslde a more accurate rule, such 
asaS1eel30cmormetrerule,andn01lnganydlscrepancy. lfyoucompareanenglneer's 
steel rule with a plastlcrule,you wlllseeatoncetha!theengravedmarksonthe.lteel 
rule are much finer than the Impressed marks on the plastic. Of coor..e. the extra care 
whlchhasbeentakenlnengravlngthesieelrulehastobepaldfor. Aone-metresteel 
rule ls many tlmes more expensive !han a plastic IIX.'lnc' rule. 

Ano!hersourceoferrorwlththemetrerulelsparallaxeITOf.lftheobjecttobe 
measured ls nOI on the same level as Che graduated surface of the rule, the angle at 
which the scale ls v[e,;,,'ed will affect the result (Figure 2.3). This ls a random error (see 
page 35), because the angle ofvlew may be different for dlfferem readings. U may 



Flgure2.5Screwgauge'iCaleswitha 
1e..dingof9.86mm 

2.1Measurements l 

bereducedbyarranglngtherulesothattheR'"lsnogapbelweenthescaleandthe 

object . Parallax error ls also lmponant ln R""adlng any Instrument in which a needle 

moves owr a scale. A rather sophisticated way of ellmlnatlng parallax error ls to place 
amlrroralongsldethescale. WhentheneedleandscaleaR""vle,wddlR'"C!ly,theneedle 

and Its Image ln the mirror colnckle. This ensures thac the scale reading ls always 

takenatthesamevlewlngangle 
The 5maJJest dMslon on the metR'" rule ls I mm. If you take precautions to avoid 

parallax error. you should be able to estimate a R""adlng co about 0 .5mm. If you are 

measuring the length of an object by taking a R""adlng at each end. the uncertainties 

add co give a 10ml uncenatrny of I mm. The range of the me!R'" rule ls from I mm to 

1000mm. lb measuR'" a length of moR'" than Im \\1th a metR'" rule will Introduce a 

funher uncenalnty, of perhaps I mm or 2mm. because of the dlfflculty of making a 

referencemalkacthelmendoftheruleandffiO\/lngtherulesothatthezeroexactly 

correspondswlththlsR""feR""nce. Uls usuallybeltertouseasteelcapetomeasuR'" 

lengths of more than Im. 

The micrometer screw gauge 
Toe type of micrometer screw gauge available ln a school or college laboratory may 

be used to measuR'" the dimensions of objects up co a maximum of about 50mm. 
Measurements can easily be made with an uncenalrny of IOµm or less. The principle 

of the Instrument ls the magnlftcatlon of linear motion using the drcular motion of a 
scn>W. Thelnstrumentconslsts of a U-shapedpleceofsteelwilhaflxed, plane,end­

plece A (see Figure 2.4). Opposite this ls a screw with a corresponding end-piece B. 

Toe position of the screw can be adjusted using the ratchet C which ls connected to 
the thimble D. There are graduatlons along the barff'l of the instrument (the bearing ln 

which the SCR'"W turns). and round the clrcumfeR""nce of the thimble. The purpose of 
the ratchet ls co ensure that the same torque (that ls, the amount of twlsl) ls applied to 

the thimble for each reading. If this tmque ls exceeded, the ratchet .•;,Ups. The object to 

be measured ls placed ln the jaws of the gauge between end-pieces A and B, and B ls 
scff',ved down on to the object, using the ratchet: c, untll the ratchet: slips . 

Figure 2.4 Micrometer sw2w gauge 

Toe screw advances exactly l mm for two revolutions. Thal ls. the pltch of the 

scn>W ls 0 .5 mm or 500µm. If you look at the graduations Oil the barrel of the screw 

bearlngyouwlllseethattherearedMslons every0.5 mm.Thereadlngonthebarrel 
correspondstotheposltlonoftheedgeofthethlmble (seeFlgure2.5). Whentaklng 

a reading It ls imponarn to check which half of the mlllimetR'" the edge of the barrel 

ls in . The g raduations round the clrcumfeR""nce of the thimble run from o co 50. Each 

division corresponds to one-hundredth of a mm. or IOµm . Tlle R'"adlng on the thimble 
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Flgure2.6a)zl.'foerrorof+0.1lmmb)zero 
ermrof-0.08mm 

sliding 
{Vernier) 

J"'l'";1:"l"'J:"~: 

ls added to the reading on the barrel. Thus, l'lgure 2.5 5hows a reading of9.5mm Oil 

!he barrel plus 0.36mm on the thimble. 9.86mm ln total. You can easily read co the 
nearest dlvlsion on the thimble; that ls, to the nearest 0.01 mm (IOµm). 

The micrometer screw gauge ls very Hkely co have a ~,'stematlc zero error. Every 
time you use the gauge, you should check the zero error by moving face B so that ll 
makes comacr with face A. The screw must be tightened \\ith the ratchet C, so that a 
reproduclble U'fo ls obtained. Then cake the reading on the barrel and the thimble. 
Thlsglvesthezeroerror,whk:hmustbeallmvedforlnallsubsequencreadlngs. 
Figure 2.6a shm,.-s a screw gauge with a zero error of +0.12mm. 1f this were the error 
which applied when the reading of 9.86mm was obtained In Figure 2.5. the true 
length of the object would be9.86mm - 0.12mm = 9.74mm. Figure 2.6bshows a zero 
error of - 0.0Bmm. In this case, the true length ofche object in Figure 2.5 would be 
9.86mm + 0.08mm = 9.94mm. 

In the case of a wooden or plastic metre rule, It ls good practice co check the 
callbraUOll against an engineer's steel rule, lfone lsavallable In your laboratory. It 
would be unusual to do the same with a micrometer screw gauge, but if there ls 
doubtaboutthecallbratlonofapartlculargauge, ltcanbecheckedbymeasurlngthe 
dlmenslonsofasertesofgaugeblocks.Agaugebkx:klsarectangularsteelblockwllh 
faces which are accurawly plane and parallel. The length of the gauge block ls known 
to an uncenalruy of less than I µm. However, not many school laboratories possess 

gauge blocks. 

Thevernier caliper 
A vernier callper ls a versatile Instrument for measuring the dimensions of an object, 
the dlame!er of a hole, or the depth of a hole. Its range ls up to about 100mm. and 
ll can be read to 0.1 mm or 0.05mm depending on the type of vernier with which IC 

ls flued. It consists of a steel mm scale A wUh two reference posts at the zero mark 
(seel'lgure2.7). 

Flgure2.7Vemier{aliper 

A sliding pan B mo,,es along the scale. The slider has the vernier scale engraved on U. 
The zero of the vernier corresponds with reference posts on the sJkllng part. One set 
ofreferenceposts,thosewlththestralghcpartsonthelnslde,lsusedllkethejawsofa 
screw gauge, the object to be measuR'd ls placed between the ja\\"S or reference posts, 
and the sliding part B ls moved along until the object ls gripped tlghtly. A reading to 
the nearest mm ls taken on the fixed scale, at the zero end of the vernier scale. The 
reading to a tenth of a mm ls obtained by finding where a graduation of the vernier 

figure 2.8 Vernier scale with a reading of scale colnddes with a graduatlon of the fixed scale. l'lgure 2.8 shows the scale ofa 
25.4mm vernlercallper glvlng a reading of25.4mm. 
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Flgure2.9Mea1u1ementofthed1.>pthofa 
blind hole 

~lllll~ll cm 

Flgure2.11 

Flgure2.12 a)andb) 

2.1 Measurements l 

Th.e second sec of jaws has the stralgtu pans Oil the outside. These can be used to 
measure the dL1meter of a hole. The jaws are placed Inside the hole and are moved 
apan untll they are Jn contact with the edges of the hole. The scale and vernier can 

Apinattheendoftheslldlngpanofthecallpercanbeusedtomeasurethedepth 
ofabllndhole, forexample,a holewhlchhasbeendtilledln. butnotrlgtuthroogh,a 
wooden boo!d. The end of the fixed scale ls pL1ced on the board. across the hole, and 
the pin moved imo the hole untll lt reaches the bottom (see Figure 2.9} The reading of 
thescaleandvernlerglvesthedepthofthehole. 

A5 \\1th the micrometer screw gauge, the vernier callper should be checked for a 
systernatlczeroerrorbeforecaklngareading. 

The learning objectives for this course do not require srudcnts to have knowledge of 
the vernier scale for the !heory paper.s. However, some laboratories may be equipped 
\\1thvemlercallper.sforpractlcalwork. 

Examples 

1 Figure 2.10a shows the scale of a micrometer screw gauge wheo the zero error is beir.g 
dieckedandFigure2.10bshowsthescalewhenthegaugeistighteoedonanobject. 
Whatisthelengthoftheobject? 

From Figure 2.10a, the zero error is +-0.12mm. The reitding in Figure 2.10b is 15.62mm 
Thelengthoftheobjectisthus(15.62-0.12)mm: 15.50mm 

Flgure 2.10 a).indb) 

2 Figure 2.11 shows the scale of a vemiercal iper. What is the read ing) 

The zero ofthevem~ scale is between the 5.5cm ar.d 5.6cm divisions of the fixed 
SGlle.Thereiscoincideocebetweenthethirdgraduatiooofthevernierscaleandoneof 
thegraduationsofthefixedscale . Thereadingisthus 5.53anor55.3mm. 

Now it 's your turn 
1 Figures 2.12a and 2.12b show the scales of a micrometer screw gauge when the zero 

is being checked, and aga in when measuring the diameter of an object. What is the 
diameter? 

Choice of method 
A summary of the range and reading uncenalmy of length-measuting Instruments ls 
glvenlnTablc2.I. 

Table 2.1 Length-mea1u1ing imtrument1 

micrometer screw gauge 

vemiercaliper 

i.icertatnty 
In length 

dleckzero.calibrationerrnr1 

verslWe:imideandoutsidedi.imeters. 
depth 

In dedding which lnsirumcm !o use lo a panlcular experiment. you should consider 
flrsi the nature of the leng!h measun>ment roo have !o make. For example. If you 
needtoflndthedlamcter of asteelsphere,chescn>w gaugeandcallpercechnlquesare 
obvious candidates. Yoo shouklthenconsklerwhetheryouneedthegreacerpreclslon 
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Flgure2.n 

20 

of the micrometer. In a particular experlmem, the uncenalnty ln the diameter of the 
sphere may be the dominant uncertalmy (see SectlOll 2.2 Errors and uncenatmles page 

31),andinsuchacasethefactthacchepreclslonavallablewiththescR'wgaugelsten 
Umes that for the vernier callper wlll deckle the argumem. In an experlmem which 

may last some time, you should also think about the resources of your laboratory. 
ls ll sensible co use what may be one of only a small number of available screw 

gauges. when they may also be In demand by other studrnts for other experiments? 
Sometimes, ln design questions, you are asked to think about the cost of senlng up an 
experiment. We have mentioned the di fference Jn cost of a steel metre rule compared 

with wooden or plastic rules. U would be foollsh economics to supply a steel rule for 
eachofanumberofstudents, whenltv.-01.dd beperfealyadequatetoprovkleeach 
of them wllh a woodrn rule and have one steel rule avallable ln the laboratory for 

callbratl011purposes. 

Application: measurementofpressuredifference 
A difference ln gas pR'ssure may be measured by comparing the heights of llquld ln 
the two anns ofa U-tube. Figure 2.IJshows a U-tube connected to a container of gas. 
The p=re above the llqukl ln tube A ls atmospheric pressuR' p..,. . The pressure 

M aba,'e the liquid Jn tube B, and hence the pressuR' of gas Jn the container, ls p. The 
relatlonbetweenthepressurests 

P =P.,,,, + ilhpg 

wheR' ah ls the difference ln vertical height between the levels of the llqukl ln the two 
anns of the cube, p ls the density of the liquid, and g ls the acceleraUOll of fiee fall. To 

find the pressure of the gas. all we need co do ls to measure the difference t,.h between 

the liquid levels. assuming that p,.,,,, p (and g) aR' known. 
In some laboratories, a U-tube mounted on a board to which a venlcal mllllmetre 

sca le ls anached may be avallable. This device ls called a manometer. It ls then a 

simple mauer to measure ah. If the manometer contains oil or water. the liquid ln 
the tube wlll have a cuffed surface which ls concave downwards (Figure 2.14a). This 
surface ls called the me n iscu s. Use a set-square to find the reading on the venlcal 

scale corresponding to the bottom of the meniscus ln each side of the U-tube. The 
surface of the llqukl In a manometer filled with meocury will be convex (Figure 2.14b). 

and In this case you should read to the top of the meniscus. Again. use a set-square 
to avoid parallax error. If a manometer ls not available, you wlll have co arr.mge your 
own system of U-tube and scale; for example. a half-metR' rule. Make sure that the 
scalelsclampedvenlcally. 

Flgure2.14a)and bl 



Flgure2.15 Top-panba\ance 

F1gure2.16 5plingb.ilance 

2.1 Measurements l 

Methods of measuring mass 
The method of measuring mass ls \\1th a balance. In face, balances rompal\c' the 
weight of the unknown mass with the weight of a Slandard mass. But because weight 
ls proponloruil to mass, equallcy between the unknown weight and the weight of the 
standard mass means chat the unkno\\'n mass ls equal to the Slandard mass. 

In your laboratory. you may have access to a number of dlfferem types of balance, 
including the top-pan balance. the lever balance and the spring balance. It ls lrnponant 
that you should famlliarlse yourself with the use of all types that al\c' avallable to you, 
so that you do no( restrict your choice to one particular type. NOie also that some 
cypesofsprlngbalancemaybecallbratedlnforceunlts (thatls,lnnewcon) ratherthan 
inmassunlts(kllogram). 

The top-pan balance 
The top-pan balance (Figure 2.15) ls a direct-reading lnSlrument. based Oil a pressure 
sensor, or sometimes a spring. The unknown mass ls placed on the pan, and Its ,,,eJgh.t 
applies a force to the sensor. The mass mrrespondlng to this force ls displayed on a 
dlgltall\c'ad-out. 

Whenuslngthebalance,ensurethattheinltlal(unlooded)readlnglszero. There ls 
a(OlltrolforadjuSllngchezeroreadlng. Thebalancemayhaveatarefaclllty, foruseln 
backing off the mass of an empty container so that the mass of material added to the 
container ls OOtalned directly. This works ln the same way as adjuSllng the balance for 
zero error. 

Th.euncenalmylnthereadlngofapanlculartop-panbalancewlllbequOledlnthe 
manufacturer·s ntanual. As with other digital lnSlrumems, It ls llkely to be expressed 
asapeocemageuncenalntyofthereadingshownonthescale.togetherwiththe 
uncenalntylntheflnalflgureofthedlsplay. 

Thespringbalanceandthe leverbalance 
Sprlngbalances(Flgure2.16) al\c'basedon Hooke"slaw (seelbplc9):theextenslonof 
a loaded spring ls proponlonal to the load. The extension ls measured directly. by a 
marker moving along a straight scale, or by a pointer moving over a clocular scale. As 
withanylnstrumentuslngascaleand pointer, yoush.ouldcakecarenottolntrotluce 
aparallaxenorwhenyoutakereadlngs. Posltlonyour.selfsochatyourllneofslghtls 
perpendicular to the scale. Before pL1clng the object of unknown mass o n the pan. 
check for zero error. There ls likely co be a zero-error adjuSlmem screw on the balance. 

Lever balances are based on the principle of moments. In one common type 
(Figure 2.17), the unknown mass ls placed on a pan, and balance ls achieved by slldlng 
a mass along a bar. callbrated in mass units. untll the bar ls horizontal. This represents 
the (Ollditlon ln which the moment of the load ls equal and opposite to the moment 
oftheslldlngrnassandthebar. Areadlnglstakenfromtheedgeoftheslldlngmass 
onthedtvlslonsrnarkedonchebar. lnthlscase,parallaxerrorlslessllkelycobe 
serious. Agaln, checkforzeroerrorbeforetaklnga reading. 

~ - - r.-L , -- -
~ 

F1gure2.17 Leverba\ance Figure 2.18 Leverbal~flCewrth 
circular Kale 
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AnOlher type of lever balance has a pointer moving along a drcular scale (Figure 2.1©. 
A weight on the pointer arm ls pL1ced in one of two positions ln order to change the 
range (forexample,fromO--IOOgtoO- lkg). 

B01h of these types of balance are used more for the convenience of obrnlnlng a 
rapkl,approxlmatereadlng.ratherthanforanaccuratedNennlnatlon.Anlndlcatlon 
of the uncenalnty Involved tn readings with a panlcular balance can be obtained from 
thesmallesidlvlslononthescale. 

~xample 

The mass of a quantity of chemical is determined usir,g a lever balance. Over the range of 
masses involved, the separation between mass graduations on the bar is 2g. The reading 
for the mass of the empty container is S6g, and the readir,g for the mass of the container 
plus the chemical is 104g. Find the mass of the chemical, and the uncertainty in this value. 

Bysubtraction. themassofthechemicalis 104-56: 48 9 

The uncertainty in &Kh reading is likety to be half of the smal lest division of the mass 
graduationsonthebeamthatis:t1g.Eachofthetworeadingshasanuncertaintyof:tlg 
theuncertaintyinthemassofthechemicalisthus±2g. 

Now It 's your turn 
2 The mass of a chemical used to make up a solution is determined as follows. A dish 

containir,gthechemicalispklcedonthepanofaspringbalance.Thepointefredding 
on the scale is shown in Figure 2.19a. The chemical is then tipped into a known volume 
ofwater,aridtheemptydishreplacedonthepan,givingthepointerreadingshownin 
Figure 2.19b. What is the mass of chemical, and what is the uncertainty in this value7 

a) b) 01,o Or,o,o so 

50 mass/g 

40 

50 

Flgure2.19 

Choice of method 
As .1taced above. the top-pan and the spring balance are direct-reading ln.1truments 
This means that readings can be obtained quickly and convenlently. The lever balance 
requlff'S adjustmem of the sliding mas.s, but this takes only a very shon time. There may 
be.10meruleslnyourlabor:11oryaboutwhlchtypeofbalanceshouldbeusedforwhlch 
cask. Jngeneral.thepanofthebalanceshoukibekepicleananddry. Do not weigh 
out loose chemicals on the pan; al1•rays use a container. the mass of which you have 
determined beforehand. or for which you have made allowance using the tare control. 

In general. choose a balance of sensitivity appropriate to the experiment you are 
carrying out. 

Application: currentbalance 
A U-,,;haped magnet ls placed on a top-pan balance (Figure 2.20). A wire ls clamped so 
that It runs along the channel of the magnet . The wire ls connected in a drcult with a 
d.c. supply, a rheosiat (variable resistor). an ammeter and a switch. When the supply 
ls ~witched on. the balance reading ls seen co change, because a force ls exerted on 
the wire in the magnetic flcld. By Newton·s third Jaw, a force ls also exened on the 
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magnet. This ls delected by the change Mn ln the mass reading. This change muSI 
be convened Into force F by multlplylng l'lm by g. The variation with current I of 

the magnellc force F may be determined. 
Theequ:uton 

(seelbplc22) 

where I ls the length of the wire ln the magneUc fteld. may be verified. The direction 
of the foit:e. as predicted theorellcally by Flemlng's left-hand rule, may also be verlfted 
bychecklng wh.etherthemassreadlnglncreasesordecreasesforag"·encurff'nl 

Flgure2.20Currentb.llanceexpl'fiment 

Measuring an angle 
Angles are measured using an lnslrumem called a proiractor. Th.ls looks like a seml­
drcular, or some'llmes drcular, ruler. with Its scale marked out Jn angular measure, 
lnvarlablydegreesratherthan radians. Thecentreoftheclrclelsclearlymarked. 

To measure the angle betwft.'ll two lines, the ceritre of the d1de of the prolractor 

ls placed exactly over the polm of tmer.sectlon of the lines and one line ls allgned 
wlththe0°dlrectlonofthepro1ractor(Flgure2.21). The angle between the llnesls 

thenglvenbyth.ereadlngonthescaleatwhlchthesecondllnepassesthroughthe 

dR:umferenceofch.edR:le. 

lfth.edlrectlonofaslnglellneneedstobedeflned,thlslsalwaysreferredtothe 

dlrectlonoftheO.Xaxls. theh.ortzomalaxlspointlngtowardstherlght,asz.ero. 

Flgure2.21U1ingapmtrac:to1 
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Flgure 2.22 Analogue1topclod:: 

Flgure2 .23 Digital timer 

electromagnet 

X light gale 

.,., .. 
xlightgate 

F1gure 2.24 0eterminatio11ol 
thea.c{eleraticmoffreefall 
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MOS! pro(ractors used In schools and colleges have a dlamet:er of about 10cm. The size 

ofthescaleattheclrcumferenceoftheclrclelsthensuchthatthelntervalberween 
scale dlvlslons ls 1°. 11 ls easy to make a reading co the nearest degree. and sometimes 
tohalfadegree, lfchellnebelngmeasuredls flneenough . Pro(raccorsoflarger 

dlamecermaybemalkedlnhalfdegrees. 

Methods of measuring time 
The experiments you wlll meet ln yom pracllcal physics course deal with the 

measuremeru of tlme Intervals, rather than with absolute time. The basic method 
of measuring a tlme Interval ls with a stopclock or stopwatch. In each case, the 
Instrument ls staned and stopped by pressing a lever or a button, and re-set by 
pressing anOlher control . You should familiarise yourself with the way of o perating the 
Instrument before you stan a tlmlng experlmeru in earnest. Remember chat the reaction 
Ume of the experimenter (a few teruhs of a second) ls likely co be much greater than 

the uncenalnty of the lrnuument Itself. If you do nOl reduce the effects of reaction 
Ume, an unaccep1able systematic error may be built ln to the experiment. As explained 
Jn the section on Errorsanduncertalntles (page31),onewayofreduclng theeffect 
of reaction time ls to Ume enough everus (for example, the swings of a pendulum) co 
make the interval being measured very much larg<'r than the experimenter's reaction 
time. A good technique ls to count the events (the swings), commendng by counting 
down to zero, and starllng the tlmer at the zero count Wherever possible, work with 
ac least20seconds'v.unhofevents(osclllatlons), andrepeateachsetoftlmlngsthree 

times. (Somet:lmes, when carrying out experiments on damped osci llations, you wlll 
have to be satlstled with fev,er swings, but try no( to go below truervals of 10 seconds.) 

Thestopcloc:k 
A mechanical. sprlng-JX}wered stopclock will have an analogue display; that ls, a hand 
(or hands) which move round a dial (Figure 2.22). Such an Instrument ls likely to read 
tothenearestone-flfthofasecond. 

Thestopwatchordigitaltimer 
This lnstrumeru has a digital display (Figure 2.23). It ls based on the osclllatlons of a 
quanz crystal. The read-out will probably be to the nearest one-hundredth of a second. 
In addition to the stan. stop and re-set controls, digital stopwatches often have a ' lap· 

fadllty, which allows one reading to be hekl ln the dlsplay while the watch ls stlll running. 
Because of this complexity, It ls vltal that you know the functions of all the controls. 

Your own wristwatch may well have a bullt-ln stopwatch, which may be Just as 
precise as the watches available ln the laboratory. However. the stan and Slop controls 

on wrist stopwatches are sometimes rather small , and It ls lmJX}nant chat you should 
nOlfumbleastanorstopslgnal. 

Choice of method 
Oflen.studernsareattractedtoadlgltalstopl'."atchbecauseltreadstoone-hundredth 
of a second. HO'.vever. Jn all experiments Jn which the &an and stop signals are 

applied manually, such preclslofl ls unnecessary and inappropriate. The reaction time 
of the experlmemff. which ls llkety to be a few tenths of a second, will cancel out the 
predslon of the watch. It •.vould be mlsleadln& and bad practice. to enter tlmes such as 
'21 .112s' lnatableofresultslfthesystematlcerrorduetoreactlofltlmehadno(been 

fully accounted for. Thus, lfyou are doing an experiment on the tlmlng ofosclllatlons 
and there are no digital tlmers available, you wlll be at no dl.1advantage lf you have to 
useananaloguestopclock. 

Application: determinationoftheaccelerationoffreefall 
Asteelspherelsreleasedfromanelectromagnetandfallsundergravlty. Asltfalls.ll 
passes through light gates which ~"Witch an electronic tlmer on and then off (figure 
2.24). The acceleration of free fall can be determined from the values of the time 

lntervalsanddlstaoces. 
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Th.ls ls an experlmem ln which electron le switching ls essentlal ln order to R'duce 

thepo1entlaltyverylargeerrorcausedbythereactlontlmeof!heexperlmenter. Here, 
tlmlngtoont'-hundredthofasecondlsessentlal. 

Application: measurementoffrequencyusingacathode-rayoscilloscope 
A cathode-ray oscilloscope (c.r.o.) has a calibrated time-base, so th:u measurements from 

the scieen of the c.r.o. can be used to give values of tlme truervals. One application ls co 

measure the frequency of a pertodlc signal, for example the sln!'-wave ootput of a slgnal 

generator. The signal ls connected to the Y-lnput of the c.r.o .. and the Y-ampllfler and 

time-base controls are adju&ed until a trace of at leaSI one, but f{".ver than about fl"e, 

=plelecyclesoftheslgnallsobrnlnedoothescl«'n. Thedl5lanceloothegratlcule 
(lhescaleonthescreen) correspoodlngcoonecomplelecyclelsmeasun>d(}'Jgure2.25). 

1t Is good practice co measure the length of. say, foor cycles, and then divide by four so 

as to obl:aln an average value of L The grallcule will probably be dMded trno cemlmetre 

and perhaps mllllmeue or cwo-mllllmetre dMsloo.s. If the tlrne-base seitlng ls x(whlch 
wlllbelnunltsofseconds,mllllserondsormlcrosecondsper(ff]tlmetre\thetlmeTfor 

one cycle ls gl\,·en by T = Lx. The flequency/ofthe signal ls thenoblalned from/= 1/T. 
The uncenalnty of the dclt'rmlnatlon will depend on haw well you can estlmace the 
measurement of the lengch of the cycle from the graticule. Remembering that the trace has 

a finite width, you can probably measure this lengch to an uncertalmy of abou! ±2mm. 

-Flgure2.25Theuseofacr.o.tameasurefrequency 

As with. most Instruments you wlll use. your laboratory time will be so llmlted that 
you \\ill probably have to take the time-base se!tlngs on trust . Hmvever, lt ls worth 

thinking abouc possible methods of checking the callbratlon. You could try checking 

agaln.st acallbra!edslgnalgenerator: butwholscosaywhlchoftheslgnalgeneracoror 
c.r.o. has the corn>Cl callbratlon1 Ano!her me!hod would be co connect a microphone 

co the Y-lnput and sound a tuning fork of known frequency near che microphone. 

Example 

Theoutputofasignalgef)l'(atorisrnnnectedtotheY-inputofacr.o.Whenthetime-base 
controlissetat0.50millisecondspercentimetre,thetraceshowninFigure2.26is 
obtained. VVhatisthefrequeocyofthesignal? 

Tv,,,ocom~etecydesofthetraceoccupy6.0cmonthegraticule. Thelengtholonecyc:leis 
therefore 3.0cm. The time-base setting is O.S0ms cm-1, so 3.0cm is equivalent to 
3.0x0.S0=1 .5ms.Thefrequef1cyisthus1/1.Sx 10-l=670 Hz 

-Flgurel.26 
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Now It 's your turn 
3 Thesamesignalisappl iedtotheY-inputolthec.r.o.asintheexampleonpage25, 

but the time-base cont~ is changed to 2.0 millisecoods pe< centimetre. How many 
complete cydl.'5 of the trace will appear on the screen, which is 8.0cm wide? 

Methods of measuring temperature 
The SI unltoftemperacure, thekelv:ln(K), lsbasedontheldealgas(or 
thermodynamic) scale of temperature. The scale may be arrived at using an inslfument 
called a con.slant-volume gas thl'fmometer (see pages 212- 3). The equation relatlng the 

Celsius temperature scale co the thennodynamlc scale ls 

9 = T - 273.15 

where9islndegreesCelslusand Tlslnkelvln. 
Forcunately, In your practical cour.se you ,;,,1ll come across nothing more complicated 

than a liquid-In-glass (probably a mercury-ln-glas.s) thl'fmometer. You may, however, 

do experiments on thennocouple thermometer.s and resistance thl'fmometers, and 
as.sessthelrsultablllryforuseasathermomett'f. 

The mercury- in-glass thermometer 
Llquld-ln-glass thennometers are based on the thennal expansion of a llquld. A 

quantity of llquld ls contained ln a bulb at the end of a thin caplllary tube. The space 
aba,'ethellquldcontalnsanlnen gasatlowpressure. lfthebulblsplacedlna 
beakerofwaterwhlchlsgraduallyh.eated,thellquldexpandsandthethreadofllquld 
occupies more and more of the capillary cube. The caplllary tube ls gradua!ed: the 
posltlonoftheendofchethreadglvesthetemperature. 

Most thermal physics experiments which you ,;,,i ll carry out will Involve the 

measurement of temperatures bd"'el'll 0°c (the !empera!ure of melting Ice) and 100°c 
(the !emperature of &earn aba,·e bo!Ung w:uer at a pressure of I atmosphere). The most 

useful thermometer COl'l'flng this range ls a men:ury-ln-glass thermometer (l'lgure 2.'ZT) 

with graduations from - IO"C to 110°c, ln 1 "C lnie!Vals. You will flnd It easy co take 
readings to the nearesl half degree, and perhaps co 0.2°c. There are a number of 
precautions yoo should cake when using the thermometer. Always allow time for !he 

thermomett'f to reach them1al equilibrium with Its surromdlngs. If you are measuring the 
cemperatureofabffikerofllquldwhlchlsbelnghea!ed,thellquldmustbethoroughly 
stlrredbeforetaklngthereadlng.(Becauseofaxwectloncurrents, therelsatemper.iture 
difference of several degrees 00'1\'el'll the cop and the bottom d the llquld) The 

chermometl'f ls calibrated for use at a standa!d dep(h of Immersion: this may be stated on 
the stem. If It ls not , try co ensure thm the thermometer ls always Immersed ln the llquld 

Figure 2.27 Mercury-ifl-gl.11s thermometer to the samedep(h. llle length of the bulb plus about 20mm ls a rea,onable guide. 

Flgure2.28 
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There are some points co be made about safety. Thennomett'fs are relatively 

fragllelnstruments. Becauseofthelrshape.!heyhaveatendfflCytorollalongthe 
bench-cop. Make sure that your thermom<'ll'f does not roll off and fall to the ground. 
If a thermometer does break and the mercury ln lt comes out. do n()( be tempted 

co play with lt. Mercury Isa poison. To reduce the risk of breakage, do not use 
chethennometerasastlrrer, unlessltlsof a robusttypedeslgnatedasa 'stirring 
thermoll}(.'ter'. lf you have co flt a thermometer through a rubber bung, make sure that 
the hole in the bung ls large eoough, and lubrlcate the rubber thoroughly with soap. 
Wear gloves and grip the t))('nnome!er so that, lf lt breaks, your wrist wlll n()( be cut. 

~xample 

The temperature of a mixture of ke, salt and wale< is me;isured usirig a mercury-in-gla11 
thermomete<. When thermal equilibrium has been reached, the mercury thread in the 
thermomete< is as shown in Figure 2.28. What is the temperature of the mixture? What is 
theuncertaintyinthisvaltJe? 

Byiflterpo!ationbetweenthescaledivi'iions,thetemperaturereadingis-2.5 °C. The 
uncertaintyisprobablyabollt:1:0.5°C 



Flgurel.29 

Flgure2.l0Thermocooplethermometer 

temperaturel°C 

Flgure2.l1Calibr.itkmrnrvefora 
thermoc:ouple 

2.1Measurementsl 

Now it 's your turn 
4 The tempera ture of a so lidifying liquid is mNsured using a liquid- in-glass thermometl'f 

When thermal equil ibrium has beeo reached, the liquid thread in the thermometer is as 
shown in Figure 2.29. What is the so lid ilicatioo temperature? What is the uncertainty in 
this value? 

The thermocouple thermometer 
A thermocouple thermometer conslsis of mu wires made of different metals or 
alloys, Joined at one end. Toe <Xher ends of the wires are connected to the terminals 
of a millivoltmeter. This may be a dlgltal Jnsirument, which ls callbrated tn °C (see 
Figure 2.30). The thermocouple may also be connected to a datalogger. The junction ls 
placed ln thermal contact with the object, the temperature of which ls required. 

The thermocouple thermometer actually measures the difference In temperature 
between the junction of the two metals (the h<X junctkm) and a cold junction. In some 
appllcatlons,thecoldjunctlonlsplacedlnanlce-watermlxture,soastoachlevea 
knov,.·nreference(seeFlgurell.9.page216). 

The thermocouple may be connected to a mllllvoltmeter which has n<X been 

calibrated ln temperature units. In this case, you wlll have to make use of the known 
variation of thermoelectric e.m.f. for that panlcular pair of me1als with temperature. 
You will need to draw a calib ration cun,e , a graph of e.m.f., agalllSI temperature so 
that yoo can read off the temperature corresponding to an e .m.f. reading. N<Xe that 
this graph ls often a cun-·e rather than a .1tralght line, as shown ln Figure 231. In some 
cases the curvature ls so much that the same e.m.f. can be obtained for two dlfferem 
temperatures. Clearly, this restricts the temperature range over which the thermocouple 

Choice of method 
Toe heat capacity of the bulb of a llquld-ln-glass thermometer ls much greater than that 
ofthehotjunctlonofathermocouple. f'orthlsreason, thethermocouplelspanlcularly 
useful when a rapklly varying temperature ls to be measured, or when the object , the 
temperature of which ls required , has a small heat capacity. 

Mercury-Jn-glass thennometers are avallable to cover the temperature range from 
about - 40°C to 3;o 0 c. Thermocouples using different pairs of metal or alloy v.1res can 
coveramuchlargerrange. 

The choice of a panlcular thermometer in a given appllcatlon wlll depend on the 
rangeoftemperaturestobecovered. theheatcapacltyoftheobject,andwhetherthe 
temperaturelsvarylngrapldly. 

Methods of measuring current 
and potential difference 
Your physics laboratory will probably have a selection of lnSlruments for measuring 
currem and po1entlal difference (voltage). The two main types are analogue meters. 
in which a pointer moves over a scale (Figure 2.32), and digital , ln which the value ls 

dlsplayedonaread-OUtconslstlngofaserlesoflntegers(Flgure2.33). 

Analogue meters 
Toe normal analogue meter ls resirtaed to the measurement of the relevant quantlty 
over a single range. For example, a 0- 1 A d.c. ammeter wlll measure direct currents 
ln the range from zero to IA. A 0-30V d.c. voltmeter will measure steady potentlal 
differences ln the range from zero to 30V. Some analogue meters have a dual-range 
faclllty, with a common negative terminal and two posltlve terminals, each of which 
ls associated with a separate scale on the instrument. Thus. OJ)('" scale might be 0- 3A, 
and the <Xher 0- IOA. Each of the positive terminals ls marked with the scale to which 
ltrefers. Becarefultotakethereadlngonthescalecorrespondlngtothepalrof 
terminals you have selected. 
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illJ)~, 
Flgure2.32Arialoguemeter 

b) galvanometer 

~ 
Figure 2.34 a) Galvanometer with shunt. for 
runent measurements b) galvanometer with 
multiplier. for voltage measurements 

Flgure2.35Shuntsandmult1pliersfort:Se 
with a galvanometer 
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Flgure2.33Digilalmeter 

Analogueme1ersaresubjecttozeroerror. Beforeswltchlngonthed1CU1t,check 
whethertheneedlelsexactlyatthezeromark. lflllsnot,R'!urntheneedletozeroby 
adjustlngthescn>wattheneedleptvot. Therelsalsotheposslbllltyofparallaxerror. 

The needle should be read from a position dlR'C!ly above It and the scale, and no! 

from one side. Sometlmes a Slrlp of mirror ls provided dose to the scale so that the 
experimenter can align the needle with Its Image In the mirror. ensuring that viewing 
ls venlcal. Toe uncenalnty assoclmed with a current or voltage reading from an 
analogueme!erlsusuallyrnkentobe(±)thesmallesiscalereadlng. 

A galvano meter ls a sensitive curn>nt-measurlng analogue meler. It may be 

converted Into an ammeier by the connection of a suitable n>slstor ln parallel with the 
meter (Flgun> 2.34a). Such a resistor ls called a shunt. The me1er may be convened 
Into a voltme!er by the connection of a suit able resistor Jn series with the meter (Flgun> 

2J4b).SUcha resistor ls called a mu/Upller. 
The manufacturers provide shunts and multlpllers which an> clearly labelled with the 

conversion function and full-scale deflection, for attachmem to the basic galvanometer 

(Figure 2.35). All you need do ls to select the shum or mulllpller required for your 
experlmentandmakesurethatyouapplythecorrectfacrorwhenreadlngthescale. 

A galvanometer with a centn>-zero scale shows negative currents when the needle ls 
to the left-hand side of the zero mati,;: and positive curn>nts when It ls to the right. This 

typeofmeterlsoftenusedasanulllndlcator:thatls, todetectwhenthecurrentlna 
panofaclrcultlszero. 



Ftgure2.36Multimeter 

2.1Measurements l 

Digital meters 
Digital meiers may have a zero error. Before switching on the clrcul! , check wheiher 
thereadlnglszero. lfltlsno!zero. makeanO!eofthereadlngandtakeltlntoaccount 
when reading the current or voltage. The use of a digital meier may save you the 
trouble of selectlng an Instrument with a sultable range for your appllcatlon. Most h:tve 
anauto-ranglngfunctlon:thatls,thelnstrumentselectsthemostsensltlverangeforthe 
panlcular value of current or voltage being measulftl . All the experimenter has to do ls 
check whether there ls a zero error and make an adju.1tment lf necess:uy. nOle whether 
the display Indicates "A' or 'mA', and observe the JXllSltlon of the decimal point! 

Theuncenalntylnthereadlngofadlgltalmet:erlsexpressedlntermsoftheoverall 
uncenalnty and the uncenalnty in the last digit . When ln use, you wlll nO!e that the 
last digit of the display fluctuates from one figure to anO!her. You can try co estimate 
themeanofthefluccuatlons, buclfthlsfluctuatlonoccurs.therelsclearlyuncertalnty 
lnthelastdlgllofthevalue. 

Multimeters 
Multtmeiers. or multlfunctlon Instruments, are available in bolh analogue and digltal 
forms (Figure 2.36). such meiers may Include switched opllons for the measurement 
of direct and altematlng currents and voltages, and of resistance, \\1th several ranges 
for each quantity being measured. If you use a multimeter. make sure that you are 
famlllar with the controls, so that you can set the Instrument to measure the quantlty 
you require. 

Choice of method 
Much wlll depend on the selection of meiers available ln your laboratory. Before you 
set up your drr:ult, make a rough calculatlon to d«ermlne the ranges of currents and 
voltages th:tl you wlll have to measure. This ls a vital pare of the planning process, 
and wlll help to make sure that you select the appropriate Instrument from those 

In some laboratories, mu Ill meters are provided for use prlmarlly as test Instruments, 
to be avallable to anyone who wishes co make a rapkl check on currents, po1entlal 
dlfferencesorreslstanceslnaclrcult.lfthlslstherulelnyourlaboratory, ltlsbad 
practice to use a multlme!er in a Jong experiment. when a single-function and slngle­
range Instrument woukl do the job equally successl'ully. 

Remember chat, to measure a current ln a component ln a drcult, an amm«er 
shoukl be connected ln series with the component. To measure the po1emlal 
difference across the component. a voltmeter shoukl be connected ln parallel with 
the component. The arrangement ls shown ln Figure 2.37. 

amme<~ ~ mser1es 

componen t 

' 
voltmeter 
in parallel 

Flgure2.37Anammeteri'iconnectedinsefies 
withthernmponent.avoltmell'linpar.llel 
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Application:measurementofvoltageusingacathode-rayoscilloscope 
NOie, kno"'1edge of this measuremem technique ls Oflly required In the A Level courne 

but ls Included here tor compleienes& llle cathode-ray o,ctlloscope, wtth Its callbraced 

Y-ampllfler, may be used to measure the amplitude of an alcemaUng voltage signal. 

(We have alreidy seen how the Ume-base et the c.r.o. may be used to measure Ume.) 

llle signal ls conneaed to the Y-lnput, and the Y-ampllfler and time-base Se!tlngs are 

adjusteduntllasultabletracelsottalned(Ftgure2.38). TheampllrudeAofthetracels 

measured. If the Y-ampllfler senlng ls Q(ln units of volts percentlme!re), the peak value V0 
of the signal ls given by V0 = AQ. llle peak-to-peak wlue ls 2Vo, and Che r.m.s. (TOOi­

mean-square) voltage ls Vi,/ .Ji . (Remember thac the reading obtained on an analogue 

ordlgltalvoltmecertsther.m.s. wlue.) 

Flgure2.38Measurementofattematingvoltage 

Example 

Theoutputfroma'iignalgeneratoriscormectedtotheY-inputofacr.o. 'Mien the 
Y-amplifier cootrol is set to 5.0 millivolts per centimetre, t he tra.ce shown in Figure 239 is 
obta ined. Findthepe;ik l'Oh:ageofthesignal,andther.m.s.voJtage. 

Measure the amplitude of the tra.ce on the graticule: this is 1.4cm. The Y-amptlier setting is 
5.0mVan-1. 1.4cm is thus equiva lent to 1.4 >< 5.0 = 7.0mV. The peak voltage olthe signal 
is 7.0mV. The r.m.s. voltage is given by 7.01./1. = 4.9mV r.m.s 

Flgure2.39 

Now it's your turn 
5 Theoutputfromasignalgeneratori1rnnnectedtotheY-input olacr.o.Whenthe 

Y-amplifier control is set to 20 millil'Olt s per centimetre, the trilCe shown in Figure 2.40 
is obtained.Find 
(a) thepeak-to-peak voltageof thesignal, 
(b) ther.m.s.l'Oltage 

Flgure2.40 



2.2Errorsanduncertainties l 

Measuring magnetic flux density 
Toe flux density of a magnetic field may be measured using a H all probe, a device 
which makes use of the HalleffeCT (see page 322). The Hall probe apparatus used 

ln school or college laboratorles consists of a thin slice of a semiconductor mmerlal 
which ls placed with Its plane at righc angles co the direction of the magnellc field . 

Thecontrolunltlsarrangedtopassacenalncurrentthroughthesemlconduaorsllce; 
the Hall ,ultage, which ls proponlonal to the magnetic flux dffislty, ls read off Oil an 

analogueordlgltalme1er,whlchlsalreadycallbratedlnunltsofmagnellcfluxdenslly 
(tesla).Thearrangementlslllu&ratedln FJgure2.41. 

F1gure2.41 Hall pmbeoj)paratu1 

Toe use of the Hall probe to measure magnetic flux density ls only required for the 
Alevelsyllabusbutlslncludedhereforcompleteness. 

2.2 Errors and uncertainties 

Accuracy and precision 
A«uracyisthedegreetoVllhicha=rementapproachesthe'true value'. 

Accuracy depends on the equipment used. che sklll of the experimenter and 
the techniques used . Reducing systematic error or uncenalnty (see pag('" 35) ln a 
measurement Improves Its accuracy. 

Prec isio n isthedete«ninedby thesizeoftherandomerror(seepage35) inthe 

Pre<:lslon ls thac pan of accuracy which ls within the control of the experimenter. The 
experimenter may choose different measuring Instruments and may use them wlth 
different levels of skill. thus affecting che predslon of measurement . 

lf we want co measure the diameter of a steel sphere or a macble. we coukl use a 
metre rule, or a vernier callper, or a mlcromecer screw gauge. The choice of measuring 
Instrument 'l\"OUkl depend on the predslon wlth which we 1•rant the measurement to be 

made. For example, the metre rule could be used co measure co the nearest mllllmetre, 
the vernier callper to the nearest centh of a millimetre, and the micrometer screw gauge 
co the nearest one-hundredth of a mllllmecre. We could show the readings as follows: 

vemlercallper: 

micrometer screw gauge: 
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II L 
Treading 

a)preciseandaccurate 

!L_ 
r reading 

b)imprecisebutaccurate 

Flgure2.42 

II L 
T reading 

a)precisebutootaccurate 

:1 
! ~ 

T reading 
b)impreciseandootaccurate 

Flgure2.43 
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The degree of precision co which the measurement ls made Increases as we move from 
!hentetreruleto!hevernlercallperandflnallytothentlcronteterocrew gauge.NOle 
chat the number of significant figures quOled for the measurement Increases as the 
preclslonlncreases. lnfact.tbenumberofslgnlflcantflgureslna measurememglves 
anlndlcatlonoftbepreclslOfloftbemeasurement. 

When a measurement ls repealed many tlmes with a precise lnsirument, the 
readings are all close toget:her, as shown ln Figure 2.42a. Using a measuring lnstrumem 
withlesspredslon meanstha!therewouklbeagreaterspreadofreadlngs,asshown 
lnFlgure2.42b,resultlnglngrea!eruncenalnty. 

Preclslofl ls panly to do with the accuracy of an OOservatlon or measurement. A 
reading may be very precise but lt need not be accurate. Accur.icy ls concerned with 
how close a reading ls to Its crue value. For example, a micrometer screw gauge may 
bepreclseto±O.OOlcmbut.lftherelsalaigezeroerror.thenthereadlngsfromthe 
scale for the diameter of a sphere or maJble woukl not be accurate. The dlstlnctlofl 
between precision and accuracy ls lllustrated ln Figure 2.43. On each of the graphs the 
valueTlsthetruevalueofchequamlty. 

Uncertainty 
In the list on page 31, each of the measurements ls shown with Its predslon. For example. 
U5lng the metre rule, the measuremem of the diameter ls 1.2cm with a preclsloo ofO.lcm. 
lnreallty,predslonlsnottheonlyfaaoraffectlngtheacruracycithemeasuremern. 

The total range of values within which the measurement is likely to lie i1 known as its 
uncertainty. 

For example. a measuremem of 46.o ± 05cm implles that the most llkely value ls 
46.0cm. buc lt could be as low as 45.5cm or as h.lgh as 46.5cm. The uncenalnty ln the 
measuremem ls ±0.5cm or ±(0.5/46) x 100% = ±1%. 

It ls lmponam co under.stand thac. when writing down measurements, the number 
of slgnlftcant figures of the measurement Indicates lts uncenatmy. Some examples of 
uncer!alntyare glvenlnTable2.2. 

Table2.2Examplesofuncertainty 

i.icertatnty typtcalreadlng 

1topwatchwith0.1 1divi1ions 

Note that while a particular temperarure ls shown as a number with the unit °C, a 
temperacure tmen,1/ ls correctly shown as a number with the unit deg c . Ho...,<ever, mos1 

people use the unlt °C for bolh a pa!tlcular temperarnre and a temperature lmerval. 
It shookl be remembered that the uncenatmy ln a reading ls not wholly confined to 

!he reading of Its scale or to !he skill of the experlmemer. Any measuring lnstrumem 
has a bullt-ln uncenalnty. For example. a metal metre rule expands as Its temperature 
rlses.Atonlyonetemperacullc'"1llreadlngsofthescalebepreclse. Atallother 
temperacures, there wlll be an uncenalnty due to the expansion of the scale. Knowing 
by how much the rule expands would enable this uncenalnty co be removed and 
hencelmprovepredslon. 

Manufacturers of digital meter.s quOle the uncenalmy for each meter. For example, a 
dlgltal voltmeter may be quOled as ±1% ±2 digits. The ±1% applles co the tOlal reading 
shownonthescaleandthe±2dlgltslstheuncenalntylntheflnaldlsplayflgure. 
This means that the uncenalmy ln a reading of 4.00V woold be (±4.00 x 1/100) ± 
0.02 = ±O.o6V. This uncenalnty woold be added co any funher uncenalmy due to a 
fluctuatlngreadlng. 

The uncenalmy ln a measurement ls sometimes referred co as being Its error. This ls 

nOI Slrlctly true. Error woold imply thac a mistake has been made. There ls no mlslake 
ln taking che measuremem. but there ls always some doubi or some uncenalnty as to 
ltsvalue. 



2.2Errorsanduncertainties l 

~xample 

A studem takes a large number of imprecise re;idings for the current in a wi re. He uses ,rn 

ammete< with a zero enor of -M, meaning that all scale readings are too small by M. Tr.t! 
truevalueofthecurreotis/. Sketchadistributk>ncurveofthl' rtumberol readingsplotted 
againsttheme<1Suredvalueolthernrre<1t.Labelanyrelevantvalues 

ThisisthecaseillU5tratedinFigure2.43b.Thepe;ikofthernrveiscentredonavalue 
of/-l'J. 

Now it's your turn 
6 A large numbef of precise read ings for the diameter D of a wire is made using a 

micrometer screw gauge. The gauge has a zero enor +E, which meam that all readings 
aretoolarge.Sketchadi5tributioncurveofthenumbefofreadingsplottedagainstthe 
measuredvalueofthediameter. 

7 The manufacturer of a digital ammeter quotes its uncertainty as ±1.5% :1:2 d igits 
(a) Determinetheuncertainty inacomtant rl'OOingof2.64A 
(bi The meter is used to measure the rnrrent from a d.c. power supply. The rnrrent is 

found to fluctuate randomly between 1.98A and 2.04A. Determine the most likely 
va lue ofthernrrent ,withitsuncertainty. 

Choice of instruments 
Toe precision of an insirument required for a particular measurement ls related to the 
measuremem being made. Obviously, If the diameter of a hair ls being measured. a 
hlgh-preclsi0flmlcrome1erscrewgaugelsrequlred,ratherthaname1rerule. Slmllarty, 
a galvanomeier should be used to measure currents of the order of a few mllllamperes, 
rather than an ammeter. Choice ls often falrty obvious where single measurements are 
being made. but care has to be taken where two readings aresubtr.icted. Consider the 
followlngexample. 

The dlsiance of a Jens from a fixed palm ls measured using a metre rule. The 
distance ls 95.2cm (see Figure 2.44). The Jens ls now moved closer to the fixed point 
and the new d istance ls 93.7cm. How far has the lens moved? The ansv,er ls obvious: 
(95.2 - 93.7) 1.5cm. But how precise ls the measurement? 

F1gure2.44 

We have seen that the uncertainty ln each measurement using a metre rule ls, 
optlmlstlcally. ±1 mm ~mm at the zero end of the rule plus imm when finding the 
posltlon of the centre of the lens). This means that each separate measurement of 

length has an uncertainty of about (1/940 >< 100)%. I.e. about 0.1%. That appears to 
be good! However. the uncertainty Jn the dlslance moved ls ±2 mm, because boih 
dlstanceshaveanuncertalnty,andtheseuncertalntlesaddup,sotheuncenaimy 
ls ±(2/15 >< 100)% = ±13%. This uncertainty ls. quite clearly, unacceptable. Anot:her 
means by which the dlsiance moved could be measured musi be devised to reduce the 
uncertainty. 

During your A/AS cour.se, you will meet with many dlffffent measuring lnslfuments. 
You muSI learn to recognise which lnsirument ls most appropriate for a particular 
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measuremern. A Slopwatch may be suitable for measuring the period of oscillation of 
a pendulum but you woukl have difficulty using It to flnd the time taken for a Slone to 
fall vertically from rest through a dlSlance of Im. Choice of appropriate inSlrumems ls 

Hkelytobeexamlnedwhenyouareplannlngexperlmerns. 

Example 

Sugge'>I appropriate iflstrumeots for the measurement of the dimemioJlS of a single page 
of this book 

The obvious instrument to measure the height aJld width of a p;1ge is a 30cm ruler, which 
can be read to±1 mm. The width, the sma ller dimension, is about 210mm, so the actual 
uncertainty is 210mm ± 1 mm aJld the pe<centage uncertainty is about ±0.S%. It is not 
sensible to try to measure the thickness of a siflgle page, even with a micrometl'f screw 
gauge.astheperceotageur.certaintywillbeveryhigh. lfl'>lead, uo;ethescrewgaugeto 
measurethethickJ1essola!a1genumbefofpages(butdon"tiJ1cludethecovenl).Four 
huJldred pages are about 18mm thick. The uncertainty ifl this measuremeflt, using a mew 
gauge.is±O.Olmm,givingape<centageuJ1cl'flaiJ1tyofabout±O.OS%inthethicknessof 
all400pages.ThisisalsotheperceritageuJlCertainty inthethicknessofasinglepage.lfan 
uncl'flaintyof±0.5%isacceptable,avemiercaliper,;houldbeusedimteaclofthe 

Now it 's your turn 
8 Suggestapprnpriateifl'>lrumentsfortheme;isurernentof 

(al thedischargecuf!eotofacapacitor{oftheorderof10-6t,J, 
!b) thetimelo1afeathertolall ina irthroughadistar1ceofabout40cm, 
!c) thetimefo1aballtofallvertical!ythroughadistaJ1ceofabout40cm, 
(d) thelengthofapendulumhavingaperiodofaboutls, 
(el the temperature of some water as it cools to room temperature, 
(f) thetemperatu1eofarwring8uJ1seriflame, 
(11) the weight of 20 small glass bedds, 
(h) theweightofahousebrick 

9 Thediameterof aballis=redusingametreruleandatwoset-~uares,as 
illustratediriFigure2.45. There;idingsontheruleare16.8cmarid20.4cm.Each 
readinghasanuflcl'flairityof±1mm.Calculate,forthediameteroftheball 
(a) itsactualuncertainty, 
!bl its percentage uncertainty. 

read ing read ing 

Flgure2.45 

Sugge'>I aJl alternative, but more precise, method by which the diametl'f rnuld be 
me;isured. 

Systematic and random uncertainty (error) 
NOi: only ls the choice o( lnstrumern lmponam. so that any measuremern ls made with 
acceptable precision. but also the techniques of measurement muSI optlmlse accuracy. 
That ls, your experlmemal technique must reduce as far as possible any uncenatmles 
ln readings. These uncenalntles may be classed as either systematic or random. 



2.2Errorsanduncertainties l 

Systematicuncertainty(error) 

A systematic uncenalnty will result In all readings being either above or below the 
accepted value. Thlsuncertalmycanno(beellmlnatedbyrepeatlngreadlngsand 
then averaging. Instead sysiematlc uncenaimy can be reduced only by Improving 
experimental techniques. Examples of &ystematlc uncenalnty are: 

ThescalereadlnglsnctzerobefoR"measurementsaR"taken - see l'lgure2.46. 
CheckbeforeSlartlng theexperlment. 

• wrongly calibrated scale 
ln school laboratories we assume that measuring devices are correctly callbrated 
and would nOI be expected to check the callbratlon ln an experiment. However, 
If you have doubts, you can check the callbratlon of an amme1er by connecting 
severalinserlesln !heclrcult.orofa voltm<'lerbyconnecllngseveral ln 
parallel. Rules can be checked by laylng several of them alongside each O!her. 
Thermome1ers can be checked by placing several In well-sllrred water. These 
checks wlll nOI enable you to say which of the Instruments are calibrated com.•ccly, 

buctheywillshowyou lf therelsadlscrepancy. 
• reaction time of" experimenter 

When llmlngs are carried out manually. lt must be accepted that Chere wlll be 
adelaybecweentheexperlmemerobserv:lngtheevemandstanlngthetlmlng 
device. This delay, called che reaction llme, may be as much as a few cemhs of a 
second. To reduce the effect. you should arrange that the Intervals you are llmlng 
are much greater than the reactlon tlme. !'or example, you should time sufftclem 
swings of a pendu lum for the ca1al time to be of the o !der of ac least cen seconds. 
so thac a reaction llme of a few tenths of a second ls less Important. 

Flg ure2.46 Thi1ammetl'1ha1azemerrorolabout-0.2A 

Randomuncertainty(error) 
Randomuncenalntyresultslnreadlngsbelngscatteredaroundtheacceptedvalue. 
Randomuncenalntymaybereducedbync'peatlng areadlngandaveraglng,andby 
plotllng a graph and drawing a best-flt line. Examples of random errors anc': 

• reading a scale, particularly lf this Involves the experlmemer's judgement about 
lmerpolatkm between scale readings 

• timing osclllatlons without the use of a reference marker. so thac timings may nOI 
always be made to the same poim of the &.vlng 

• taklng readlngsofaquantltythat varleswlth.llme. lnvolvlngthedlfflcultyof 
readlngboihatlmerscaleandanOl hermeterslmultaneously 

• readlngascalefromdlfferentangleslntroducesa vartableparallaxerror. (In 
contras!, lf a scale reading Is always made from the same non-normal angle, this 
wlll introduce a systematic error) 
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~xample 

Thecurrentinaresistoristobemeasuredusingananalogueammeter.Stateonewurceof 
(a) asystematicuncertainty, (b)arandomuncertainty.lnbothcases.suggesthowthe 
uncertainty may be reduced 

(a) Systematicuncertaintycouldbeazeroerroronthemeter.orawrong!ycalibratedsca~ 
Thiscanbereducedbycheckingforazeroreadingbeforestartingtheexperiment,or 
using two ammeters in series to check that the readings agree. 

(bi Randomuncertaintycouldbeaparallaxerrorcausedbytaking readingsfromdifferent 
ang les.Thiscanbereducedbytheuseofamirrorbehindthesca leandviewing 
normally. 

Now It 's your t urn 
10 The ~gth of a pencil is measured with a 30cm rnle. Suggest one possibJe wurce of 

(al a systemat ic uncertainty, (bl a random uncerta inty. In each case, suggest how the 
uncertainty may be reduced 

11 Thediameterofawire istobemeasuredtoaprecisionof±0.01 mm. 
(a) Name a suitable instrument 
(b) Suggestasourceofsystematicuncertainty. 
(c) Explain why it is good practice to average a set of diameter readings, taken spirally 

alongtheJengthofthewire. 

Combining uncertainties 
There are two slmplt'" rules for obtaining an estimate of !he m·erall uncenatmy In a 

1 ForqUilntities v,,,hic:hare<1ddedorsubtracted togiveafiralresult,addtheactUill 
unCPrtainties 

2 ForqUilnlitiesv,,,hich<1re multipiiedtogetherord ividedtogiveafiralresult,addthe 
lractionalunc:ertainties 

Suppose that we wish to obtain the value of a physical quantity x by measuring two 
()(her quantities, y and z. The relatlon between x. y and z ls known, and ls 

If the uncenatrnies ln y and z are lly and llz respectively. the uncertainty llx In x ls 
given by 

llx = lly + llz 

lfthequantltyxlsglvenby 

theuncenalntylnxlsagalngJ\,enby 

llx = lly + llz 

1 /1 and/1 aretwocurrentscomingintoajunctioninacircuit. Thecurrentlgoingoutof 
thejunctionisgivenby 

In an experiment, the values of /1 and /1 are determined as 2.0 ± 0.1A and 1.5 ± 0.2A 
respectively. What is the va lue of I? What is the uncerta inty in this value? 

Usingthegivenequation,thevalueof/isgivenby/=2.0+ 1.5= 3 .SA.Therule 
forcombiningtheuncerta intiesgivesM=0.1+0.2=0.3A.Theresultfor/isthus 
(3.5 ± 0.3)A 

2 lnanexperirnent,aliquidisheatedelectrically,causingthetemperaturetochi!nge 
from20.0±0.2°Cto21.S±0.5°C.Findthechi!ngeoftemperature,withitsassociated 
uncerta inty. 



2.2Errorsanduncertainties l 

Thechangeoftemperature is21.S-20.0: 1.5 °C. TheruJeforrnmbiningthe 
uocefta intiesgivestheuncertaintyinthetemperaturechangeas0.2+0.5:0.7'C 
Thell!sultfortheternperaturechangeisthus (1.5±0.7) ' C 

Note that this second exampje shows that a small diffeteOCe between two quantities 
mayhavealargeuncertainty,eveniltheuocertaintyinmeas.uringeac:hof thequantities 
islffiil ll.ThisisanimportantfactOfincoos.ideringthedesignofexperirnents,wherethe 
differer.c:e between two quantities may introduce an unacceptably large e1Tor. 

Now It's your turn 
12 Two set-squares and a ruler are used to measure the diameter of a cylinder. The cylindef 

is~acedbetweentheset-squares,andtheset-squaresare alfgnedwiththeruler,inthe 
marmerolthejawsofcalipers. Thereadingsonthernleratoppositeendsofadiameter 
are4.15anand2.9Scm.Each readinghasanur.certaintyof ±0.0Scm. 
(a) Whatisthediameterof thecy!inder? 
(b) What is the tmcertainty in the diameter? 

Now suppose th:u we wish to find the uncenalnty In a quantity x, whose relatlofl to 
two measured quantlUes, y and z. ls 

X =Ayz 

where A ls a constant The uncenalnty Jn the measurement of y ls ±.lly, and that In z ls 
± tu. The fractional uncertainty Jn x ls given by 

~ = ~ + ~ 
X y C 

lb combine the uncenalntles when the quantltles are raised to a p,~ver. for example 

X =A.Y'z" 

Example 

Avalueoftheaccelerationoffreefallgwasdeterminedbymeasuringtheperiodof 
oscillation Tof a simple pendulum of length I. The ~at ion betv,,,eeng, rand I is 

g,4•'11,-) 
In the experiment, /was measured as 0.55 ±0.02m and Twas measured as 1.50 ± 0.021 
Findthevalueofg,andtheuncertaintyinthisvalue 

Substitutingintheequation,g=4xl(0.55/1.501)= 9.7ms-2.Thefractionaluncertainties 
aret..111=0.02/0.SS=0.0:>6andt..TrT=0.02/1.S0=0.D13 

Applyingtheruletofindthefractionaluncertaintying 

~=~+~=0.036+2x0.013=0.062 
g I T 

Theactualuncertaintyingisgivenby(valueofg}x(fractionaluncertaintyin g) 
=9.7x0.062=0.60ms-l.Theexperimentalvalueolg,with itsuncertainly,isthus 
(9.7±0.6)ms-2. 

Note that it is not good practice to determine g from the measurement of the period of a 
pendulum of fixed length. It would be much better to take values of Tfor a number of 
differeotlengthsl,aridtodrawagraphofTlagainstl.Thegradientof thisgraphis41t'fg 

Nowlt'syourturn 
13 A value of the YOlume Vo! a cylinder is determined by measuring the radius rand the 

length L. The relation between V. rand Lis 

V=1tr'L 

In an experiment, rwas measuredas3.30±0.05cm, and Lwasmeasured as 
2S.4±0.4cm.FindthevalueofV,andtheuncertaintyinthisvalue. 
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If you find ll dlfflculc to deal with che fractlonal uncenatmy rule, yoo can easlly 
esumace the uncenatmy by substltutlng excreme values Imo the equacton. 
For x = Ay"zb, taking account of the uncenalntles In y and z. the lowe51 value of x ls 
given by 

xio.,. = A(v - il.y)"(z - tJ.zY, 

andthehlghe51by 
xblQh = A(j + il.y)"(z + il.zY, 

If Xio.,. and xrusb are worked ou c, the uncenalnty ln the value of x ls given by 
(xh.i,_ - xio.,J/2. 

Example 

Apply the extreme va lue method to the data for the simple pendulum experirne<1t in the 
Exampleonpage37. 

Becauseoftheformoftheequatiooftx g. thelowestvalueforgwillbeobtainedifthe 
lowestvalueoflandthehighestvalueforTaresubstituted.Thisgives 

B1ow=41t"{O.S3/1.S21}=9.1m s-1 

Thehighestvalueforgisobtainedbysubstitutingthehighestvalueforlandthelowest 
valueforT.Thisgives 

g1,.,,=4it1(0.57/1.48l)= 10.3ms-l 

Theuncertaintyinthevalueofgisthus{g1,.,,-g1o.)l2=(10.3-9.1Y2=0.6ms-2.as 
before 

Now It's your turn 
14 Apply the extreme value method to the data for the volume of the cyl inder, on page 37. 

lftheexpresstonforthequanmyunderconslderaUonlnvolvescomblnaUonsof 
products (orquotlents)andsums(ordlfferences).chenthebestapproochlsthe 
extreme value me!hod. 

• Methods il'lailable for the measurement of length include 
metrerule(rangelm,readinguncertaintylmm} 
micrometer screw gauge (range 50mm, reading uncertainty 0.01 mm) 
vern iercaliper {range100mm,readinguncertainty0.1mm). 

• Methods available for the measurement of mass include· 
top-pan balance 
spring balance 
lever balance 

• Methods available Im the measuremerit of time include 
stopclock(reddinguncertainty0.2s} 
stopwatch(reddinguncertainty0.01s) 
cathode-ray oscilloscope 

• Methods available for the measurement of temperature include 
liquid-in-glass thermometer 
thermocouple thermometer. 

• Methods il'lailable for the measurement of current and potential difference include: 
analogue meter 
digital meter 
multimeter 
cathode-ray oscilloscope 

• Methods il'lailable for the measurement of magnetic flux density include the Hall 
pmbe 

• Accuracyiscoocernedwithhowcloseareadingistoitstmevalue 
• Precisiooi1determinedbythesizeoftherandomerrorar1dcanbecootrolledbythe 

experimenter. 



Examination style questions I 
• Uncertainty indicates the range of va lues within which a measurement is likely to lie 
• A systematic uncertainty {or systematic error) is often due to instrumental causes, 

andresultsinallr!'i!dingsbeingaboveorbelowthetruevalue. ltc.-mnotbe 
el iminatedbyaver.-.gir.g 

• Arandomuncertainty (orrandomerror)isduetothe5e:alterofreadingsaroundthe 
truevalue.ltmaybereducedbyrepeatingareadingandavernging,orbyplottinga 
graphandtakingabest-fitline. 

• Comb.ninguncertainties: 
IOI expressions of the formx= y+ z or x= y - z, the overall uocertainty is 
flx:/J.y +!J.z 
lorexpressionsoftheform x :Ayazh,theovernllfractiooaluncertaintyi:s 
!JX./x:a{!J.y l; ·)+IJl,f..zlz) 

Examination style questions 
1 Youareaskedtomeasuretheinternaldiameterofaglass 

capillary tube {diameter about 2mm}. You are also to 
investigatetheuniformityofthetubealongitslength. 
Suggest suitable methods 

2 Thevalueoftheaccelerationoffreefallvariesslightlyat 
differentplacesontheEarth'ssurface. Oiscusswhether 
this means that 

a atop-pan balance, 
b aspringbalanc:e, 
c aleverbalance, 

shouldbere-calibratedwhentheyaremovedtodifferent 
locations 

If yo.J needed to, how would you calibrate a balance? 

3 Theshutteronaparticularcamerahassettingswhich 
allowittobeopenfor{nominally)1s,0.Ss, 0.2Ss,0.125s, 
0.067s,0.033s,0.017s,0.008s,0.004s,0.002sand 
0 .001 s. Suggest a method (or methods} of calibrating the 
exp05Uretimesoverthisrange. 

4 Explainthefactorsyouwouldconsiderwhendeciding 
whethertousealiquid-in-glassorathermoco.Jple 
thermometerinparticularexperimentalsituations 

5 Summarisetheadvantagesanddisadvantagesofanalogue 
and digital ammeters 

6 Explain how to use a cathode-ray oscilloscope to measure 
thecharacteristicsofthesinusoidaloutputfromasignal 
generator. 

7 A metal wire has a cross-section of diameter of 
approximately0.8mm. 

a State what instrument should be used to measure the 
diameter of the wire. [1J 

b Statehowthe instrumentinais 
i checkedsoastoavoidasystematic:errorinthe 

measuremenb, [1J 
ii usedsoastoredurerandomerror.; {2] 

Cambridge International AS and A Level Physics, 
9702122 May/June 2010 Q I 

8 a Statethemostappropriateinstrument,orinstruments, 
forthemeasurementofthefollowing . 
i the diameter of a wire of diameter about 1 mm {1] 
ii theresistanceofafilamentlamp {1] 
iii thepeak valueofanalternatingvoltage {1] 

b The mass of a rube of aluminium is found to be 580g 
withanuncertaintyinthemeasurementof 10g. Each 
sideofthecubehasalengthof{6.0±0.1)cm 
Calculate the density of aluminium with its uncertainty. 
Expre5s yo.Jr answer to an appropriate number of 
significant figures {5] 

Cambridge lntemational AS and A level Physics, 
9702121 May/June 2009 Q I 

9 A simple pendulum may be used to determine a value for 
the acceleration of free fall g. Measurements are made of 
the length L of the pendUum and the period Tof oscillation. 
Thevaluesobtained,withtheiruncertainties,areasshown 

T:{1 .93±0.03)s 

l= (92±1)cm 

a Cakulatethepercentageuncertaintyinthe 
measurement of 
i theperiodT, {1] 
ii thelengthl {1] 

b The relationship between T,Land g is givenby .~, 
1t =7 

Using yo.Jr answers in a, calculate the percentage 
uncertainty inthevalueof g [1J 

c Thevaluesofland Tareusedtocalculateavalueof g 
as9.751ms-.l 
i By reference to the measurements of Land T, suggest 

why it would not be correct to quote the value of g as 
9.751ms-1. {1] 

ii Use yo.Jr answer in b to determine the absolute 
unrertaintying. 
Hencestatethevalueof g,withitsuncertainty,toan 
appropriatenumberofsignificantfigures {2] 

Cambridge lntemational AS and A level Physics, 
9702122 Oct/Nov 2009 Q 1 
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3 Kinematics 

By the end of this topic, you will be able to: 
(a) defineandusedistance, displacement,speed , 

velocity and acceleration 
(b) use graphical methods to represent distance, 

displacemem, speed, ,·elocity andacceleration 
(c) detennine displacement from the area under a 

veloclt}'-time graph 
(d) detem1inevelocity usingthegradientof a 

displacement- time graph 
(e) determine acceleration using the g radient of a 

velocity-lime graph 
(t) deri,-e, fromthe deflnitlonsofvelocityand 

acceleration , equations ·which represent unifonnly 
accelerated motion in a strllight line 

Starting points 

(g) sol,-e problems using equations which represent 
unifom1ly acceleratedmotionln a straightline, 
including the motion of bodies falling in a 
uniform gr:wltational field withom air resistance 

(h) describe an experiment to determine the 
acceleration of free fall using a falling body 

(i) describe and explain motion due to a unifom1 
velocity lnonedirectionand a unifom1 
acceleralionlnaperpendiculardirectioo 

• Kinematics is a de">Cription of how objects move 
• The motion of objects can be de">Cribed in terms of quanti ties such as posit ion, 

speed,velocityand accelerat ion. 

3.1 Speed, displacement, velocity 
and acceleration 

Average speed 

Tabtel.1 Ex.imple1ofspeed1 

When talking abooc ma:Jon, we shall discuss the way ln which the position of a 
panlcle varies with time. Think abouc a panlcle moving along a stralghc llne. In a 
cenaln time, the panlcle wlll cover a cenaln distance. The nerage speed of the 
panlcle ls defined as che dlslance moved dMded by the time caken. Written as a 
wo!dequatlon.thlsls 

light 

jet airliner 

typicalca11peed 
{BO km per hour} 

1printer 

w alking speed 

40 

s~ms-1 

Theunltofspeedlsthemetrepersecond (ms-1). 
Oneofthemostfundamernalofphyslcalconstantslsthespeedofllghtlnavaruum. 

ltlslmportarubecauseltlsusedlnthedeflnltlooofthemetre,andbecause,accordlngto 
the theory of relatlvlly, It defines an upper limit to attainable speeds. The range of speeds 
!hm you are likely co come across ls enormco.Js: some are summarised ln Tobie 3.1. 

It ls lmponant to recognise thm speed has a meaning only lf il ls qu01ed relallve to 
a fixed reference. In most cases, speeds are qu01ed relmlve !o the surface of the l!anh. 
which - although lt ls moving relative co the Solar System - ls often taken to be fixed . 



3.1 Speed,displacement,velocityandacceleration l 

Thus, when we say that a bird can tly at a certain average speed, we are relating its 

speed to the Eanh. However, a passengff Oil a ferry may see th:u a seagull. flying 
parallelcotheboat,appearstobepracUcallysrntlonary. lfthlslsthecase,theseagull's 
speed relative co the boat ls zero. Howen,r, lf the speed of the boat through the water 

ls 8m s-', then the speed of the seagull relative to Eanh ls also Sm s-'. When talking 
about relative speeds we muSI also be careful about dlrealons. I! ls easy lf the motions 

are ln the same direction, as ln the example of the ferry and the seagull. The addition 
ofvelocltyvectors ls considered tn Topic I (pages). 

1 TheradiusoftheEarthis6.4x106m;onerevolut ionaboutitsaxistakes24hours 
(8.6x104S/.CalculatetheaveragespeedofapointontheEquator relativetothe 
centre of the Earth 

ln24hours,thepointootheequatorcompletesor.erevolutiooand t ravelsad istanceof 
21txlheEarth'sradius,thatis2itx6.4x106:4.0 x101m. 
The average speed is (distance moved)/(tirne taken), 
or4.0x 101/8.6x10': 4.7 x 102m s-1 

2 Howfardoesacyc:listtrnvelin11minutesilhisaverngespeedis22kmh-lf 

Firstcooverttheaverngespeed inkmh-ltoavalueinms-1 
22km(2.2x 104m)in1hour{3.6x10l'i}isanaveragespeedol6.1ms-l.11minutesis 
660s. Since average speed is (distance moved)l(time taken), the distance moved is given 
by (average speed} x (time taken), or 6.1 x 660 = 4000m 

Note the importance of working in consistent units: this is why the average speed and 
thetimewefeconvertedtoms-1andsrespectively. 

3 Atrainistravellingataspeedol25ms-l aloogastrnighttrack.Aboywalksalongthe 
mrridorinacarriagetowardstherwrofthetrain,ataspeedol1ms-1 relativetothe 
tra in.WhatishisspeedrelativetoEarth? 

lnonesecood.thetrnintravels2Smlorwardsalongthetrack.lnthesametirnethe 
boy moves 1 m towards the rear of the train, so he has moved 24m aloog the track 
HisspeedrelativetoEarthisthus2S-1: 24m s-1 

Now it 's your turn 
1 ThespeedolanelectrooinorbitaboutthenlJ{~solahydrogeoatomis 

2.2>< JQ6ms-1.lttakes 1.S x 1Q-16sfortheelectrontommpleteonellfbit.Calrnlate 
theradiusoftheorbit 

2 Theaveragespeedolanairlineronadomesticllightis220ms-1. Howlongwi llit take 
to lly between two airports Oil a flight path 700km long) 

3 Twocarsaretravel linginthesamedirectionooalong,straightroad. Theoneinlroot 
hasanavefagespeedol25ms-1relativetoEarth;theother'sis31ms-1,alsorelative 
to Earth. Whatisthespeedolthesecoodcarrelativetothefirstwhenitisovertaking7 

Speed and ve locity 
lnordlnarylanguage.therelsnodlffeR'ncebelweenthetermsspeedand ffloeUy. 
However, ln physics there ls an lmportam dlsllncrlOfl belween the two. Ve locity ls 
used co represent a vector quantlty: the magnitude of how fast a particle ls moving aud 
the direction In which It ls moving. Speed does na tiave an associated direction. It ls a 
scalar qua rutty (see lbplc I page 7). 

Sofar,wehavetalkedaboutthetornldlstancetravelledbyabodyalongitsactual 
path. Like speed. distance ls a scalar quantity. because we do na have co specify the 
direction Jn which the distance ls travelled. However, ln defining velocity we Introduce 

aquantllycalled displacement.Dlsplacementofapartlclelsltschangeofpo5ltlon. 
Toe displacement ls the distance travelled ln a stralgtu line ln a specified direction 
frontthestartlngpolnttotheflnlshlngpolnt.Conslderacycllstcravelllng5(10mdue 

eaSI along a straight road. and then turning round and coming back 30()m. Th.e total 
distance travelled ls S()()m, buc the dlsplacemem ls only 200m due east. since the 

cycllsthasendedup200mfrontthestartlngpolnt. 

" 
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The a verage velocity ls defined as the dlsplacemem dMded by the tlme taken . 

averagevelocity=d:::ee;:t 
Becausedlstanceanddlsplacementaredlfferentquantltles,theaveragespeedof 
mollon will sometimes be dlfferem from the magnitude of the average velocity. If the 

Ume taken for the cycJl:;('s trip ln the example above ls 120s. the average speed ls 

800/ 120 = 6.7m s-1, whereas the magnitude of the average velocity ls 

200/ 120 = 1.7m s-1. This may seem confusing, but the difficulty arises only when 
the motion Involves a change of dlrealon and we take an average value. If we are 

lmerested ln describing the motion of a panlcle at a panlcular moment ln time, the 

speed at that momem ls the same as the magnitude of the veloclly at that momem. 

V:.'e now need to define average veloclly more precisely, ln terms of a mathematlcal 

equatlon.inS1eadofourprevlous\1<u!dequatlon. SUpposethatattlme1, apanlclels 

ma polm x, on the x-axis (Figure J.I). At a later Ume 12• the panlcle has moved cox,. 
The dlspL1cement (the change ln position) ls (x2 - x,), and the time taken ls (12 - t,). 
Theaveragevelocltytilsthen 

The bar over 11 ls the symbol meaning ·average'. As a 5honhand. we can write (x, ~ x,) 

as iu:, where II. (the Greek capital Jeuer deka) means "the change tn·. Similarly. t, 1, ls 

wrtttenasll.t. Thlsglvesus 

- " 
M 

If x 2 Wffe Jess than x,, (x2 x,) and ll.x would be negatlve. This would mean thm 

the partlcle had mo,,ed to the left Instead of co the right as ln Figure J.1. The sign 

of the displacement gives the direction of panlcle motion. If iu: ls negative, then the 

averageveloclty11lsalsonegatlve. Theslgnoftheveloclty, aswellastheslgnofthe 

dlsplacemem, Indicates the dlrealon of the pan1c1e·s mollon . This ls because both 

dlsplacememandvelocltyarevectorquantltles. 

Describing motion by graphs 
Position-time graphs 
Figure J.2 ls a graph of position x against time t for a panlcle moving ln a straight llne. 
This curve gives a complete descrtptlon of the motklrt of the panlcle. \Ve can see from 

the graph that the panlcle stans at the origin o (at which x = O) at Ume t = o. From o 

to A the graph ls a straight line: the panlcle ls covering equal distances Jn equal periods 

of time. This represents a period of 1mlfom11Y.'loelty. The average velodry during 
thlstlmels(x, - OY(t, - 0). Clearly. thlslsthegradlemofthestralghl-llnepanofthe 

graph bef\1<·= o and A. Between A and B the panlcle ls slowing down, because the 
distances travelled ln equal pertods of tlme are gettlng smaller. The average velocity 

durlngthlsperlodts(x, - x,)1(1, - 1,).0nthegraph.thlslsrepresemedbythe gradlem 

of the straight llne joining A and B. At B. for a momem. the panlcle ls at rest, and after 
B u has reve!Sed Its direction and ls heading back cowards the origin. Be(voeen Band 

C the average velodcy ls (x.l ~ xi)/(t.l - ti). &>cause x3 ls Jess than x,, this ls a negath'e 

quantlty,lndlcatlngthereversalofdtrealon. 

cakulatlngtheaverageveloc1tyofthepartlcleovertherelatlvelylonglmervals1,, 

(I, - 11) and (13 - ti) wlll noc, however. gJ\·e us the complete descrlJXlon of the 
mollon . To describe the motion exactly. we need to know the particle's velocity 

at every Instant. Welntroducetheldeaof instantaneou s velocity. To define 
lnstamaneous velocity we make the Intervals of tlme over which we measure 

the average velodry shoner and .>honer. This has the effect of approximating the 

curved dlsplacenlC'nHlme graph by a series of shon straight-line segments. 
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3.1 Speed,displacement,velocityandacceleration l 

Toe approximation becomes better the shon{']" the time lmerval, as llluS1r.ued ln 

Figure 3.3. Evfflrually. ln the case of exuemely small time intervals (mathematically 
we \vould say ' lnflnl!eslmally small'). the Slralght-llne segment has the same direction 
asthetangemcochecurve. Thlsllmltlngcasegtvesthelnstantaneousvekx:ltyasthe 
grad lemofthetangfflttothedlsplacement- tlmecurve. 

Displacement- time and velocity- time graphs 
Figure J.4 ls a skelch graph 5hov,,tng how the displacemern of a car, travelllng along a 

scralght test track. vanes with tlme. We truerprel this graph ln a descrlpllve way by noting 

that between O and A the dbtances travelled ln equal Intervals c1 time are progres.slvely 

i11CTeaslng:thatls,thevel.odlylslocreaslngasthecarlsacrelerntlng. Be1:weenAandB 

the dlltances for equal tl!ne Intervals are decreasing-. the car ls slm>.·lng down. Finally, 
there ls no change Jn position , even though time passes, so the car mu.II he at rest. We 

can use Figure 3.4 to dedm:e the detalls of the way in whldl the car"s Instantaneous 
veloclly 11 varies with time. lb do this, ,,,e draw tangents co the curve Jn Plgure 3.4 ac 
regular Intervals of time, and measure the slope of each tangent to obl:aln values of 

v. l1le plot of 11 agal1151 l gives the graph In Figure 3.5. This conflrms our descriptive 
lnterprerntlofl: the veloclly lncn"llses from zero to a maximum value, and then decreases 

to zero again. \Ve will look ac this example Jn more detail on pages 47- 48, where we shall 

see that the a= under the vekx:lty- tlme graph ln Figure 3.5 gives the displacement x. 

Acceleration 
Wehaveusedthewo!dacce/em/111glndescrlblngthelncreaselnvelocltyofthecarln 

the pnc'vlous section. Acceleration ls a measure of the rate at which the velocity of the 

panlcle Is changing. A\·erage acceleration ls defined by the word equallon 

averageiKCelemtion = c~~af/:::ity 

Toeunltofacceleratlonlstheunltofveloc:lty(chemetrepersecond)dtvldedbythe 

unit of time (the second), gMng the meire per (second)' which ls represented as ms-'. 

ln symbols. thlsequatlon ls 

where v, and v, are the velocllles at time 1, and t, Rc'spectlvely. To obtain che 
instantaneous acceleration, we take eXU{'mely small time Intervals, Ju51 as we did 

when defining ln.llantaneous velocity. Because It Involves a change Jn velocity (a vector 

quantlly), acceleration ls also a veaor quamlly: we need to specify both Its magnitude 

\1:'ecandeducetheacceleractonofapanlclefromllsveloctty- Umegraphbydrawlng 

atangenttothecurveandflndlngthe51opeofthetangent. Flgure3.6 sho'\\"Stheresult 

of doing this for the car's motion described by Figure 3.4 (the displacement- time graph) 

and Figure 3.5 (the veloctcy-Hme graph). The car accelerates at a constant race between 
o and A, and then deceleaues (that ls, 5.luws down) unlfonnly beiween A and B. 
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Anacceleratlonwlthaveryfamlllarvaluelstheaccelerallonoffreefallnearthe 
Earth's sulface (see page 45): this ls 9.81m s-', often approximated co toms-" . To 

llluscrate the range of values you may come acros.s, some acceleraUons an_, summarised 
inTableJ.2. 

1 As.ports car accelerates alor,g a straight test track from rest to 70km h-1 in 6.3s. What 
isitsave<ageacceleration? 

Firstconvertthedataintocoosi:stentunits.70km{7.0x104m}in1 hour{3.6x10ls)is 
19ms-1.Sinceave<ageaccelerationis(char,geolvelocity)/(timetakeo),theaa:ele<at ion 
is19/6.3: 3.0ms-2 

2 A rai!way train, travel ling along a straight track, takes 1.5 minutes to come to rest from 
aspeedolllSkmh-1.\f!JhatisitsaverageilCcelerationwtiilebraking? 

11Skmh-1is31 .9ms-l ,and1.Sminutesis90s.Theaverageaccelerationis(changeof 
velocity)/{limetaken}=-31.9/90=-0.lSms-2. 

Notethattheaccelerationisanegativequantitybecausethechangeofvelocityis 
negative:thelinalvelocityislessthantheinitial.Anegativeaccele<ationisoftencalled 
a decelerat ion 

Now it 's your turn 
4 Asprinter,startingfromtheblocb,reacheshislull speedof9.0ms-1in1.Ss.VVhatis 

hisaverageaa:ele<atioo? 
5 Acaristravellingataspeedof25ms-l.Atthisspeed,itiscapableofacceleratir,g 

at 1.8m 1-1. How long would ittaketoacceleratelrom25ms-1 tothe speed limit of 
31ms-1? 

6 At an average speed of 24km h-1 , how many kilometres will a cyclist travel in 
7Sminutes7 

7 Anaimafttravels 1600kmin2.S hours. Whatisillaveragespeed, inm 1-I ? 
8 Doesac.arspeedometerregiste<speedorvelocity?Exp!ain 
9 Anaimafttravels1400kmataspeedol700kmh-1,andthenrunsintoahei!dwind 

thatreducesitsspeedoverthegroundtoSOOKmh-l forthenextSOOkm.VVhatisthe 
totaltimelorthe l light?Whatistheaveragespeedoftheaircraft? 

10 A s.portscarcan stop in 6.1 s from a speed of 110km h-1. What is its acceleratioo? 
11 Canthevelocityofal}<lrticlechange if itsspeediscoostant?Canthespeedofapartide 

chanqeili11velocityisconstant?lftheanswe<toeitherquestionis'yes",giveexamples 

Uniformly accelerated motion 
Having defined dlsplacemem. veloclty and acceleration, we shall use Che definitions co 
dertve a series of equallons, called the kinematic equatlom, which can be used to give 
a complece description of the mollon of a parllcle ln a stralgtu line. The mathem:utcs 
will be slmpllfled lf we deal with situations In which the acceleratlon does nOl vary 
with lime; chat ls, the accelerallon ls uniform (or conscam). This approximation applies 
for many practical cases. However. Chere an.' [\VO Important types of motion for which 
the kinematic equaUOfls do nOl apply: circular motion and the oscillatory motion called 
slmple hannonlc motion. We shall deal with these separacety ln Topic 7 and loplc 13 

Think abouc a panlcle moving along a straight llne with conscam acceleratlon a. 
Supposethatitslnlllalveloclty. atllmet = O. ls11. Aflerafurtherllmetllsvelocltyhas 
Increased co v. From the definition of acceleration as (change in veloclly)/(tlme taken), 
we have a = (v - 11Vt or, re-arrangln& 

l'romthedeflnltlOflofaverageveloclty"iias (dlslancetravelled)/(tlmecaken), overthe 
Umetchedl.1tancetravelleds"'1llbeglvenbytheaveragevelocltymulllplledbythe 
Umetaken.or 



Fromv = u + at, 

t =(v - uVa 
Substllutethlslns = ut + ?Jt' 
s = u(p - u)!a + ia(11 - u)'/a2 

Figure 3.7 Strobo-ft~1h photograph of 
objects in tree fall 

3.1Speed,displacement,velocityandacceleration l 

Toeaveragevelocllylllswrlnenlntermsofchelnlllalvelocltyuandflnalvelocltyflas 

- 11 + v 

' and, uslngtheprevlousequatlonforv, 

11 = (u +u/m) = u +!lf 

Substl!Utlngthlswehave 

S=ut +?11' 

The right-hand side of !his equation ls the sum ofrwo terms. The 111 tenn ls the 

dlstancethepanlcle'\\'OUldh.avetravelledlntlmetlfllhadbeentravelllngwllha 

consrnm speed u, and the ?71" term ls the addltlonal dlsrnnce travelled as a result of 

theacceleratlon. 
The equation relatlngtheflnal velocity v, the Initial velocity u, the acceleration a and 

1il = 1i' + 2as 

If you wish to see how this ls obtained from J)R'~1oos equations, see the Maths Na:e below. 

Multlplylngboihstdesby2aandexpandlngthetenns, 

2as = 2zw - 2u" + zil 2uv + u' 
orv' = u2 + 2as 

Toe five equations reL1Ung the various quantities which deflne the motion of the 
panlclelnasiralghtllnelnunlformlyacceleratedmollonaR' 

V :11+/ll 

S:11/+taP 

s= u -ta11 
til :u1+2as 

S: (11;v)t 

lntheseequatlons11lsthelnl!lalveloclty,vlstheflnalveloclty,alstheacceleratlon,sls 
thedbtance travelled , and I lsthe Ume taken. llle averagevelocltyii ls glvffi by (u ; v ). 

In solving problems lnvolvlng kinematics, lt ls lmponam co underotand the sltua!lon 
beforeyoutrytosubstltutenumerk:alvalueslntoanequatlon. ldentlfythequantlty 
you want to know. and then make a 11st of the quantities you know alR'ady. This 
should make ll obvious which equation ls to be used. 

Free fall acceleration 
A very common example of uni formly accelera!ed motion ls when a b<x:ly falls freely 
near the Eanh"s surface. Because of the gravitational anractlon of the Eanh, all objeccs 
fall\\1thchesameunlformacceleratlon . Thlsacceleratlonlscalledthe acce leratio n 
of free fall , and ls represented by the symbol g. It has a value of9.81m s-', and ls 
directed dowmva!ds. For completeness, we ought co qualify this statemffit by saying 
thatthefallmuS1belntheabsenceofalrreslS1ance, butlnmostslruatlonsthlscanbe 
assumed co be true. 

The acceleration of free fall may be decermlned by an experlmffit Jn which 
the tlme of fall t ofa b<x:ly between rwo points a dlsiances apan ls measured. 
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If the body falls from rest, we can use the second of che equallons for unlfonnly 

g = 2s/t2 

to calculate the value of g. NOie thac. because the llme of fall ls llkely to be Ollly a 

fewcenthsofasecond.preclsellmlngtoone-hundredthofasecondlsrequlred. 
Anexperlmentlnvolvlngcheswlcchlngoflighcgatesbythefalllngobjed has been 

described In Topic 2 (Figure 2.24). The light gates allc' connected co an electronic llmer. 

Thlsldea wasaconsequenceoftheeffectofalrrestscanceon llghtobjectswithalarge 

smface area, such as feathers. Hov.'eVer. Galileo Galllel (1564- 1642) sugge51ed thm. ln 
the absence of restscance, all bodies '1','0Uld fall with the same conscam accel{'fatlon. 

He showed mathemallrnlly that. for a body falllng from rest. the dtscance (ravelled ls 

proponlonal to the square of the time. Galileo tesced che Rc'latlon experimentally by 

Umlng the fall of objects from various levels of the Leaning Tower of Pisa (Figure 3.9). 

This ls the Rc'lallon we have derl\·ed ass = 111 + i"t2 . For a body scanlng from resc, u = o 

and s = iat2 . Thal ls, the diSlance ls proponlonal to Ume squared. 

Flgurel.8Galileoinhisstudy 

1 Acarinc:mases its speed from 25m s-1 to ~1 m s-1 with a uniform acceleration of 
1.8m s-1. How far does it travel while accelerating? 

In this pro~em we want to know the distances. We know the initial speed 
u=25ms-1,thefinals.peed11=31ms-l,aridtheacceleratkmfl=1.8ms-1 
Weneedanequationlinkingswith11,11andfl;thi1is 

Substitutingthevalues,wehave311 =251 +2x1.8s 
Re-arrang ing,s={311 -2Sl)l(2x1.8)= 93m 

2 Theaverageaccelerationolao;print:erfromthetimeofleavingtheblodstoreaching 
her maximum o;peed o/9.0m s-1 is 6.0m s-l. For how long does she accelerate7What 
distancedoesshecover inthistirne? 

In the first p;irt of this problem, we want to know the time 1. We know the initial speed 
u=O,thefinalspeed11=9.0ms-1,andtheaccelerationfl:6.0ms-l.Weneedan 
equatk>nlinking1withu,11arida;thisis 

Substitutingthevalues,wehave9.0:0+6.01.Re-arrang ing,1:9.0/6.0: 1.S s 
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3.1 Speed,displacement,velocityandacceleration l 

For the secood part of the problem, we want to know the distances. We kmrw the 
initial speed u:O,the finalspeedv:9.0ms-1,andtheaccelerilliona=6.0m1-1;we 
havealsojustfolJndthetimel= l.Ss.Therei1achoiceofequationslinkingswith11,11, 
aandt.Wecanuse 

S:11/+~tl 

Substillltingthevallle';,5 :0+ j° ><6.0><(1.S)l: 6.8m 

Anotherrejevanteqlliltionis V :!JX./!J.t.HeretheaveragevelocityV isgiveriby 
V :(11+1/J/2=4.Sm1-1.6.x/!J.1isthesameass/1.'i04.S=s/1.S,and 
s:4.5><1.5:6.Sm asbefore. 

3 A cricketer throws a b.111 vertically upward into the air with an initial velocity of 
18.0m 1-1 . How high does the b.111 go7 How long is it before it returns to the cricketer"s 
hands7 

In the fir51 p;1rt of the problem, we want to know the distances. We know the initial 
velocity u = 18.0m s-1 upwards and the acceleration a= g = 9.81 m s-1 downwards. At 
thehighestpointtheballismomentarilyatresl,'iOthefinalvelocity11:0.Theequation 
linkingswith11.11andais 

1.J:ui+2as 

Substitutingthevalues,0:(18.0}1+2(-9.81ls.Thllss=-(18.0)l/2(-9.81)= 16.5m 
Note that here the b.111 has an upward l'elocity but a downward acc~eration, and that 
atthehighestpointthevelocityiszerobllltheaccelerationisnotzero 

In the second part we want to know the time t for the ball"s up-and-down flight. We 
know11anda,andal'i0theoveralldisplac:ements=O,astheballretu1nstothesame 
point at which ii was thrown. The equillion to use is 

S:lll+ j"at 1 

Substitutingthevalues, 0= 18.0t+~-9.81}t1.Doingsomealgebra.1(36.0-9.81t}=0 
There are two solutions, t:Oand I= 36.019.81 :3.7s. The t=Ovaluecorrespondsto 
the time when the displacement was zero when the ball was on the point of leaving the 
crideter'shands.Theanswerrequiredhereis3.7 s 

Now It's your turn 
12 Anairlinermustreachaspeedof 110ms-l totakeofl.lftheavailablelengthofthe 

runway is 2.4km and the aiiuaft accelerates uniformly from rest at one end, what 
minimumacceleratioomustbeavailableilitistotakeoll7 

13 Aspeedingmotoristpassesatrafficpoliceollicerooa5tationarymotorcyde. Thepolice 
officer immediately gives chase: his uniform acceleration is 4.0m s- l, and by the time he 
draws level with the motorist he is travelling at 30m s-1 . How long does it take for the 
policeolficertocatchthecar71fthecarcootinuestotravelatasteadyspeedduringthe 
chase,whatisthats.peed7 

1-1 A cricket IMII is thrown vertically upwards with a speed ol 15.0m , 1. What is its velocity 
when it first passes through a point 8.0m above the cricketer"s hands7 

Graphs of the kinematic equations 
It ls often useful to represent the mollon of a panlcle graphically, lllSlead of by means 
of a series of equations. In this section we bring together the graphs which correspond 
to the equations we haw already derived. We shall see that there are some imponant 
llnksbel:'\\'\'enthegraphs. 

First. thlnkabouta pactlclemovlnglnastralght llnewlthconstant veloclty. 
Constant velocltymeansthatthepartlclecoversequaldlstanceslnequal intervals 
of tlme. A graph of displacement x against tlme t ls thus a straight line, as ln 
Figure 3.10. Here the particle has staned at x = o and at time t = o. The slope of 
the graph ls equal to the magnitude of the velocity, since. from the definition of 
averageveloclty, zi = (x, - x,)!(1, - 1,) = t,.x/M. Becausethlsgraphlsastralght line, 
theaveragevelocltyand thelnstantaneousvelocltyarethesame. Theequatlon 
descrlblngthe graphlsx = it. 
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Ftgure 3.13 Displacement-time graph 
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Now think about a particle moving ln a straight llne with constant acceleratlon. The 
panlcle"s velocity will change by equal amounts In equal Jruervals of tlme. A graph of 
themagn1tude11ofthevelocltyagalnsttlmetwlllbeastralghtllne.aslnFlgure3.11. 
Here the particle has staned with velocity 11 at time t = D. The slope of the graph ls 
equaltothemagnltudeoftheacceleratlon. The graph lsastra lghtllneshowlng that 
theacceleratlonlsaconstant. Theequatlondescrlblng thegraphl.'lv = 11 + at. 

An lmponant feature of the veloclty- tlme graph ls that we c:in deduce the 
dl.'lplacemeru of the panlcle by calculatlng the area between the graph and the I-axis. 
berween appropriate limits of time. Suppose we want to obt.1ln the dlsplacemeru of 
the particle between times 1, and 1, ln Figure 3.11. Between these times the average V 
velocity ls represented by the horizontal line AB. The area between the graph and the 
/-axlslsequaltotheareaoftherectanglewhosetopedgelsAB,oraveragevelocllyV. 
This area ls VM. But. by the deflnltlon of average velocity (V = t.x/M). VM ls equal to 
the displacement t.x during the tlme Interval M. 

We can deduce the graph of dlsplacemffll s against tlme I from the velocity- time 
graphbycalculatlngtheareabetween thegraphandthel-axlsforasuccesslon 
of values oft. As shown In Figure 3.11, we can spllt the area up Into a number of 
rectangles. The displacement at a certain tlme ls then Just the sum of the areas of the 
rectangles up to that tlme. l'lgure 3.12 shows !he result of ploltlng !he dlsplacemeru 
sde1ermlnedlnthls'l\,1yagalnsttlme1. U lsacuf\/ewithaslopewhlchlncreases 
thehtgherthevalueoft,lndlcallngthatthepar!lclelsaccelerallng. The slope at 
a panlcular tlme gives the magnitude of the instamaneous velocity. The eqll.'.ltlon 
descrlblngFlgure3.121ss = 11t+~t2. 

~xample 

The disp@Cement- time graph for a car on a straight test track is shown in Figure 3.13. Use 
this graph to draw velocity-time and acce~ation- time graphs for the test rnn 

We have already met this graph wtien we disrnssed the concepts of velocity and 
accelerafon(Figure3.4,page43).lnFigure3.13ithasbeenre-drawntoscale,andfigures 
have been put on the displacement and time axes. We find the magnitude of the velocity 
by measuring the gradient of the displacement-time graph. As an examp~. a tangent to 
thegraphhi!Sbeendrawnatt:6.0s.Theslopeofthistangentis18ms-1.lftheprocessis 
repeated at dilferent times. the folk>wing velocities are determined 

Thesevaluesareplottedonthevelocity- timegraphofFigure3.14.Checksomeofthe 
values by drawing tangents yourself. Hint: When drawing tangents, use a mirror or a 
transpa rent ruler. 

Figure 3.14 shows two straight-line portions. Initially, from/: Oto/: 10s, the car is 
acceleratinguniformly,andfromt:10stot:16sitisdecelerating.Theacce~ationis 
givenbya:tu'1M:30/10:3ms-1 uptol: 10~.Beyond1:10stheaccelerationis 
-30/6"' -Sm ,i. (The minus sign ~ows that the car is decelerating.) 



Flgurel.14Velcx:lty-timegraph 

Figure l.15Accelefation-timegraph 

Figure 3.16 Clicketerbowlir,gtheball 

3.1 Speed,displacement,velocityandacceleration l 

Theacceleration- timegraphisplottedinFigure3.1S 

Fina lly, we can confirm that the area under a velocity- time graph gives the displacement. 
TheareaunderthelineinFigure3.14is 

{j°x 10x30}+(j°x6x30):240m 

thevalueofsatt:16sonFigure3.13 

Now it 's your turn 
15 lnatestolasportscaronastraightlri!Ck,thefollowir,greadingsofv~ocityvwere 

obtainedatthetimeststated 

(a) On graph paper, draw a velocity- time graph and use it to determine the 
accelerationofthecarattimet:Ss. 

(bi Findalsothetotaldistancetravelledbetween l=O andt= 30s 

Note: These figures refer to a case of non-unifOfm ilCC~eration, which is 
more reali51k than the previous example. However, the same rules apply: the 
acce~ation is given by the slope of the v~ocity- time graph at the r~evant time. 
andthedi51anc:etravelledcanbefoundfromtheareaunderthegraph 

Two -dimensional motion under a constant force 
So far we have been deallng with motion along a sualghc llne: that Is, one­
dlmenslonal motion. We wlll now think about the motion of pantcles moving In 
paths Jn two dimensions. We shall need to make use of Ideas we have already 
learnt regarding veccors in Topic I. The particular example we shall take ls where 
a pantcle moves ln a plane under the action of a constant force . An example ls 
themotlonofa ballchrown atanangletotheventcal(FlgureJ.16), or an electron 
movlng atananglecoanelectrlcfleld. lnthecaseofcheball, checonstant force 
acllngonl! lsltswelght. Fortheelectron,checonstant force ls the force provided by 
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This topic ls often called p rojectile motion . Gallleo first gave an accurate analysts 
of this motlOll . He dkl so by splitting the motion up Imo Us venlcal and horlzornal 

componerns. and considering these separately. The key ls that the two components can 
beronsldered independently. 

As an example. think about a panlcle sern off in a horizontal dl!Ktlon and subject to 
a vettlcal gra\'ltatlonal force (Its welgtu). As before, air resistance wlll be neglected. We 
will analyse the motion ln terms of the h.ortzornal and vertical components of velocity. 

The particle ls projected at lime t = o at the origin of a system of x, y co-ordinates 
(Figure 3.17) with velocity ux Jn the x--dln>etlon. Think first about the panlcle"s vertical 
moUon (In the y-dlrectlon). Throughout the mollon. It has an acceleration of g (the 
acceleration of free fall) In the y--dln>etlon. The lnlllal value of the vertlcal component 

of velocl!y ls 11y = 0. The vertical component Increases continuously under the uniform 
acceleration g. U<;ing 11 = u + at. Its value Vy at tlme I ls given by Vy = gt. Also at time t. 

the vertical dlsplacementy downwards ls given by y = ~t2 . Now for the horizontal 
motion (In the x--dln>etlon): here the acceleration ls zero, so the horlZOlltal component 

of velocl!y remains constant at 11"" At tlme t the h.ortzornal dlsplacemern x ls given by 
x = 11,1. To find the velocity of the panlcle at any llme t. the two componerns 11xand 
11_,,mustbeaddedvectorlally. Thedlrectlonoftheresultantvectorlsthedlrectlonof 
motlonofthepattlde. Thecur\'etracedoucbya partlclesubjecttoaconstantfooceln 
onedlrectlonlsa p a rabola . 

lnFlgure3.19, theontydlfferencetotheanalystsofthenalonlsthatthelnltlal 
y-componern of vekx:lty ls 11 sin 8. ln the example illustrated in Figure 3.19. this ls 

upwards. Because of the downwards acceleration g, they-component of velocity 

decreases to zero. atwhlchtlmethepanlcletsacthecrestofltspath,andthen 
increasesln magnltudeagalnbutthls!imelntheopposltedlrectlon. The path ls again 
a parabola. 

Forthepanlcularcaseofa particle projected wlth.velocltyuacan angle8tothe 

hortzornal from a polrn on level ground (Figure 3.20), the range R ls defined as the 
dlstance from the polrn of projection co the polrn at which the pattlde reaches the 
ground again . We can show chat R ls given by 

R = (u2sln UJ) 

' 
For details. see the Maths Note opposite. 



3.1Speed,displacement,velocityandacceleration l 

Supposethacchepanlclelsprojectedfromtheorlgln 

(x = O.y = O). WecanlnterprettherangeRasbelngthe 

horlzorualdlsrnncextravelledatthetlmetwhenthevalueof 

y ls again zero. The equation which llnks dlsplacemem. inltlal 
speed.aa:eleratlonandtlmelss = ut + ~t'.Adap!lngthlsfor 

the venlcal component of the motion. we have 

value oft with the horlzontal component of velocity u cm; 810 

flndthedlstancextravelled(therangell). Thlsls 

x = R = (ucos8)t = (2u'sln 8cos8)/g 

Tbere ls a trigonometric relationship sin 29 = 2 sin 8 cos 8, use 
ofwhichputstherangeexpresslonlntherequlredform 

0 = (11sln8)1 - kit' 

ThetwosolutlonsofthlsequatlonaR'l = Oandt (2usln 8)/g. 

Thet = Ocaselswhenthepanlclewasprotected:thesecond 

lswhenllrelUmstothegroondaty = O.Weusethlssecond 

R = (u2 sln 2(/)/g 

We can see that R wlll have Its maximum value for a given 
speed of projection u when sin 28 = I, that ls when 20 = 90°, 
or 8 = 45". The value of this maximum range ls R"""' = u'f.g. 

Flgure3.21 

2.0>< 107 ms- 1 

Flgure3 .22 

Flgurel.23 

Flgurel.24 

Examples 

1 Astoneisthrownfromthetopofaverticalcliff,45mhighabovelevel ground,withan 
initialvelocityol15ms-1inah0fizootaldirection(Figure3.21).Howlongdoes ittaketo 
reach the gro1.md? How far from the base of the difl is it when it reaches the ground7 

To find the time I lor which the stooe is in the air, work 'Nith the l'ertical component 
of the motion, for which we know that the initial component of velocity is zem, the 
dispacement y = 45m, and the acceleratioo a is 9.81 m ,i. The equatioo linking these 
isy=~li. Substituting the values, we have 45 = } " 9.81tl. This gives 

t=J(2><45/9.81}= 3.0 s 

Forthesecondpartolthequestk>n,weneedtolindthehorizontaldistancextravelled 
in the time t. Because the horizootal component of the motioo is not ilCcelerating, x is 
giveo simpjyby x = u_.t. Substituting the values. we havex= 15 >< 3.0 = 45m 

2 Anelectron,travel ling'Nithavelocityo/2.0x 101ms-1 inahorizontaldirection.enters 
aunilorme~ctriclield.Thisfie!dgi~theelectronaconstantilCceferntiooof 
5.0><1015 ms-1 inadirectiooperpeodicu!artoitsoriginalvekx:ity{Figure3.22).The 
field extends Im a horizontal distance of 60mm. What is the magnitude and direclk>n 
ofthevelocityolthee!ectronwhroitleavesthef~d7 

Thehorizontalmotiooolthee!ectronisootaccelerated. Thetimetspentbytheelectroo 
in the field isgiveo by I= x/u_.= 60" 10--in.o" 101 = 3.0" 10-~s. When the electron 
entersthelield,itsverticalcomponentofvelocityiszero;intime1,ithasbeenaccele<­
atedto Vy= at= 5.0" 1011 >< 3.0" 1(}-'l = 1.5" 101m , ,. When the electron le.Jves 
thelield,ithasahorizontalcompo11entofvelocity1,_.=2.0x 107ms-1, unchanged 
from the initial value u_.. The vertical component is v~= 1.5" 101m s-1 . The resultant 
velocity vis given by· 

" c J,,,,' H,') c jr[l2-.0-, -10,~),-, -11.-S ,- 10''>'') c 2.S , 10'm ,-, 

Thedirectionolthisresultantvelocitymakesanangleotothehorizontal,whereois 
giveobyt<1nO=Vyl11,.=1.5x101/2.0x107.TheangleOis 37° 

Now it 's your turn 
16 A ball is thrown horizontally from the top of a tmver 30m high and lands 15m from its 

base(Figure3.23}.Whatistheball"sinitialspeedl 
17 Afootballiskickedonlevelgmundatavelocityof 15ms-1 atanangleol30'tothe 

horizontal(Figure3.24).Howlarawayisthelirstbounce7 
18 A car accelerates from 5.0m s-1 to 20m s-1 in 6.0s. Assuming uniform accele<ation, 

howlardoesittravelinthistime7 
19 Ila raindrop were to fall from a height ol 1 km, with what vekx:itywould it hit the 

groundiltherewe<enoairresistance? 
20 Trafficpoliceunestimatethespeedolvehidesinvofvedinaccidrotsbythelengthof 

the marks made by skidding tyres on the road surface. It is known that the maximum 
decele<ation that a car c<1n att<1in when braking oo a normal mild surface is about 
9m s-l. In one accident, the tyre-marks were found to be 125m long. Estimate the 
speedofthevehidebelorebraking. 

5) 
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2t Onathemeparkride,acageistravellingupv,;ardsatrnn'>lants.peed.Asitpassesa 
platformaloogs.ide,apas1e11ge1dropsrninAth1oughthecageflOOf.Atexactlythe 
same time, a perlOll standing oo the p@lform drops rnin B frnm the platform 
(a) Whidicoin,AorB(ifeither),rNChesthegroundfir'>ll 
(b) Which(ifeither)hasthegreaterspeedonimpact? 

22 WilliamTellwaslacedwiththeagonisingtask ofshootinganappleplacedonhisson 
Jemmy's head. 

Asrume that William is placed 25 m from Jemmy; his crossbow fires a boft with an initial 
speed of4Sm s-1 . The aossbowand apple are on the same horizontal line. At what 
angletothehorizootalshouldWilliamaimsothatthebolthitstheapplel 

23 Thepositionofasportscaronastraighttesttrackismonitoredbytakingaseriesof 
photographs at fixed time intervals. The following record of position x was obtained at 
the'>latedtimes t. 

Ongraphpaper,drawagrapholxagainst t.Useyourgraphtoobtain values lorthe 
velocityvof theu1atanumbe1 ofvalues of1.Drawasecondgraphol11againstt.From 
thisgraph,whatc.anyoudeduceabouttheaccelerationofthecarl 

• Speedisascalarquantityandisdescribedbymagnitude only. Velocity is a vector 
quantityandrequiresmagnitudeanddirectioo 

• Displacemeot is the distance travelled in a straight line in a specified direction and is 
a vector quantity 

• Averagespeedisdefinedby:(distancetravelled)ltlimetaken) 
• Average velocity is defined by: (displac:ementMtime takeo) or t,.x/M 

• Theinstantaneousvelocityistheaveragevelocitymea">Uredoveraninfinites.imally 
short time interval 

• Averageaueleratiooisdelinedby:{ffii!ngeinvelocity)/(timetaken)or!J.1iM 
• Accelerationisavector. lnstantaneousac:celeratiooistheaverageacceleration 

medSu1edoveraninlinitesimallyshorttimeinterval. 
• The grad~t of a displacemeot- time graph gives the velocity 
e lhegrad~tofavelocity- timegraphgivestheacceleration 
• TheareabetWl'l!navelocity-timegraphandthetimeaxisgivesthedisplacement 
e lheequationsforabodymovinginastraight line withuniformaccelerationare 

V:U+at 
S:Ut+~tl 

S:1it-~tl 
v1:ul+2as 

S: {u ; 11)t 

• Objectslall inglreelynearthe">UrlaceoftheEarthintheabsenceofairresistance, 
expefiencethesameacceleratioo,theaccelerationoflreelall g, whichhasthevalue 
g: 9.Blms-1 

• Themotionofprojectilesisanalysedintermsoftwoindependeotmotion:satright 
angles. The horizontal component of the motion is at a con'>lant velocity, while the 
vertkalmotionisrubjecttoaconstantauelerationg 



Examination style questions 
1 lnadrivingmanual,itis!.Uggestedthat,whendrivingat 

13ms-1 (about4Skmperhour),adrivershouldalways 
keep a minimum of two car lengths betw~n the driver's 
carandtheoneinfront 

a Suggestascientificjustificationforthissafetytip, 
making reasonable assumptions about the magnitudes 
ofanyquantitiesyouneed 

b How would you expect the length of this 'exclusion 
zone'todependonspeedforspeedshigherthan 
13ms-17 

2 A student, standing on the platform at a railway station, 
noticesthatthefirsttwocarriagesofanarrivingtrain 
pas.sherin2.0s,andthenexttwoin2.4s.Thetrainis 
decelerating uniformly. Each carriage is 20m long. When 
the train stops, the studentisoppoloite the last carriage. 
Howmanycarriagesarethereinthetrain7 

3 Aballistobekickedsothat,atthehighestpointofits 
path, itjustdearsahorizontalcross-baronap;iirofgoal­
posts. Thegroundislevelandthecross-baris2.Smhigh. 
Theballiskickedfromgroundlevelwithaninitialspeedof 
8.0ms-1• 

a Calculatetheangleofprojectionoftheballandthe 
distanc:eofthepointwheretheballwaskickedfrom 
the goal-line. 

b Alsocalculatethehorizontalvelocityoftheballasit 
passesoverthecr05s-bar. 

c Forhowlongistheballintheairbeforeitreachesthe 
groundonthefarside of the cross-bar? 

4 An athlete competing in the long jump leaves the ground 
atanangleof28°andmakesajumpof7.40m. 

a Calculatethespeedatwhichtheathletetookoff 
b lftheathletehadbeenabletoincreasethis~dby 

5%, what percentage difference would this have made 
tothelengthofthejump? 

5 A hunter, armed with a bow and arrow, takes direct a im 
atamonkeyhangingfromthebranchofatree. Atthe 
instant that the hunter releases the arrow, the monkey 
takesavoidingactionbyreleasingitsholdonthebranc:h. 
Bysettinguptherelevantequationsforthemotionof 
the monkey and the motion of the arrow, show that the 
monkey was mistaken in its strategy. 

6 Aballisthrownhorizontallylromthetopofabuilding,as 
showninFig.3.25. 

Flg.3.25 

Examination style quesfons I 
The ball is thrown with a horizontal speed of 8.2m s-1 

Thesideofthebuildingisvertical.AtpointPonthep;ith 
oftheball,theballisdistancexfromthebuildingandis 
movingatanangleof60°tothehorizontal.Airresistanc:e 
is negligible. 

a Fortheballatpoint P, 
i show that the vertical component of its velocity is 

142m0, W 
ii determinetheverticaldistanc:ethroughwhic:htheball 

has fallen, {2] 
iii determine the horizontal distance x. {2] 

b Thepathoftheballina,withaninitialhorizontal 
speedof8.2ms-1, isshownagaininFig.3.26. 

8.2ms- l 

Flg.3.26 

Onaror,toffig.3.26, sketchthenewpathoftheballfor 
the ball having an initial horizontal speed 

i greaterthan8.2ms-1 andwithnegligibleair 
resistance(labelthispathG) {2] 

ii equalto8.2ms-lbutwithairresistanc:e(labelthis 
path A}. {2] 

Cambridge International AS and A Level Physics, 
9702/21 Oct/Nov 2010 Q 2 

7 Astudenthasbeenaskedtodeterminethelinear 
acceleration of a toy car as it moves down a slope. He sets 
uptheapparatusasshowninFig.3.27. 

Ftg.3.27 

The time t to move from rest through a distanced is found 
fordifferentvaluesofd. Agraphofd(y-axis)isplotted 
againsttl(x-axis)asshowninFig.3.28. 
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Flg.3.28 

a Theorysuggeststhatthegraphisastraightline 
through the origin 

NamethefeatureonFig.3.28thatindicatesthe 
presence of 
i randomerror, 
ii systematicerror. 

b i Determinethegradientofthelineofthe 

/2/ 

graphinFig. 3.28. {2] 

ii Useyouranswerto i tocalculatetheaccelerationof 
the toy down the slope. Explain your WOO::ing [3] 

Cambridge International AS and A level Physio, 
9702/02 May/June 2004 Q 3 

8 Acaristravellingalongastraightroadatspeed v. A 
hazardsuddenlyappearsinfrontofthecar. lnthetime 
intervalbetweenthehazardappearingandthebrakes 
on the car coming into operation, the car moves forward 
adistanceof29.3m. Withthebrakesapplied,thefront 
wheelsofthecarleaveskidmarksontheroadthatare 
12.Smlong,asillustratedinFig.3.29. 
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F1g.3.29 

II is estimated that, duringtheskid,themagnitudeof 
thedecelerationofthecaris0.85g, where g isthe 
acceleration of free fall. 

a Determine 

i thespeed v ofthecarbeforethebrakes 
are applied, {2] 

ii the time interval between the hazard appearing 
andthebrakesbeingapplied. {2] 

b Thelegalspeedlimitontheroadis60kmperhour. 

Use both of your answers in a to comment on the 
standardofthedrivingofthecar. {3] 

Cambridge International AS and A level Physics, 
9702/02 Oct/Nov 2008 Q 2 

9 a Define 
i velocity, 
ii accelem/1011. 

b A car of mass 1500kgtravelsalongastraight 
horizontal road 
Thevariationwithtimetofthedisplacementxofthe 
carisshowninFig. 3.30 

1.0 2.0 3.0 4.0 5.0 6.0 
1,S 

Flg.3.30 

i Usefig.3.30todescribequalitativelythevelocity 
ofthecarduringthefirstsixsecondsofthemotion 

/11 
/1/ 

shown. Give reasons for your answers. {3] 
ii Calculatetheaveragevelocityduringthetimeinterval 

/1/ 
iii Showthattheaverageaccelerationbetweent= 1.Ss 

andt:4.0sis - 7.2mP {2] 

iv Calculatetheaverageforceactingonthecar 
betweent:1.Ssandt:4.0s. {2] 

Cambridge International AS and A level Physics, 
9702123 Oct/Nov 2013 Q 3 
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4 Dynamics 

4' By the end of this topic, you will be able to: 
(a) understand that mass is the property of a txxiy 

that resists change in motion 
(b) recall the relationship F = ma, and solve problems 4.3 

usingit , appreci:llingthataccelerationandforce 
arealways inthesamedirectlon 

(c) define and use linear momentum as the product 
of mass and velocity 

(d) defineanduseforceastherateofchangeof 
momentum 

(e) state and apply each of Newton's laws of molion 
(a) describe and use the concept of weight as the 

effect of a gnwitalional field Oil a mass and recall 
that the weight of a body ls equal to the product 
ofitsmassandtheaccelerationoffree fall 

Starting points 

(b) describe qualitatively the motion of bodies falling 
ln a uniform gravitational field with air resistance 

(a) state the principle of conservation of momentum 
(b) apply the principle of consen':l.tion of momentum 

to solve simple problems including elastic and 
Inelastic interactions between txxiies in both one 
and two dimensions 

(c) recognisethat , fora perfectly elastic collision, the 
relative speed of approach is equal to the relative 
speed of separation 

(d) understand that , while momentum of a system is 
always conserved ln interactions between bodies, 
some change in kinetic energy may take place 

• Motion of an object can be described in terrm of dis.plitc:ement, velocity and 
acceleration. 

• A force is required to make a body accelerate 

4.1 Relationships involving force and mass 
When you push a trolley ln a superrnatkel: or pull a case behind you at an alrpoct. you all.' 
eJ.Prling a torce. When you hammer ln a natl, a fon:e ls being exerted. When you drop 
a book and It falls to the floor, the book is falllng beGtuse of thefOR:eofgravtty. \\:'hen 
youleanagaln.1tawallorsltonadlalr.yo.1areexerlingatorce. l'o!U'Scanchangethe 
shape or dimensions ot bodies. You can crush a drinks can by squeezing It and applying 
a lorce; you can Slrelch a rubber band by pulllng It . In everyday llfe, we have a good 
under.standing of what ls mearn by fon:e and the slluatlons ln which fon:es an" lnnllved. 
ln physics the Idea ot torce is used to add delall to the descrlp(lons ot moving objeas. 

As with all physlrnl quantities, a method of measuring force musi be established. 
One way ot doing this ls to make use of the fact that forces can change the d imensions 
ot bodies ln a reproducible way. It takes the same foR:e to Slretch a spring by the same 
changeln length(provlded thesprlngls nor ovelSlretched by applying a very large 
force). This principle ls used ln the spring balance. A scale shm,.-s how much the spring 
has been extended, andthescalecanbecallbrated ln tennsotforce. Laboratory spring 
balancesareoftencallednewton balances,becausethenewtonlstheSI unit of force . 

Forces all.' vector quantities: they have magnitude as well as direction. A number ot 
forces acting on a body all.' often shown by means of a force d iagram drawn to scale. 
Jn which the forces all.' represented by lines ot length proportional to the magnitude of 
the foR:e, and In the appropriate direction (see Topic 1). The combined effect of several 
forces acting on a body is known as the resultant fon:e. 
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Flgure4 .1 

Flgure 4 .2 1saacNewton 
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Force and motion 
The Greek philosopher Arlslolle believed that the natural state of a body was a state 
of rest. and that a force was neces.sary to make U move and co keep U moving. This 
argument requires that the greatff the force. the greater the speed of the body. 

Nearly two thousand years later. Galileo questioned this Idea. He suggested that 
motion ma constant speed coold be Just as natural a state as the state of rest . He 
lntroducedanunderstandlngoftheeffectof friction on motion. 

lmaglneaheavyboxbelngpushedalongaroughflooracconstantspeed 
(Flgure4.1). Thlsmaytakeaconslderableforce. Theforcerequlredcanbereduced 
lf the floor ls made snxxxh and polished, and reduced even more lf a lubricant, for 
example grease, ls applled between the box and the floor. We can Imagine a sltuatlon 
where, when frlctlonlsreduced toavani'lhlnglysmallvalue.theforcerequlredtopush 
theboxac ronstantspeedlsalsovanlshlnglysmall. 

Gallleo realised that the fooceoffrlctlon was a force that opposed the pushing fooce. 
When the box ls moving at constant speed, the pushing fooce ls exactly equal to the 
frlctlonalfooce,but ln theopposltedlrectlon , sothattherelsanet forceofzeroactlng 
on the box. In the situation of vanishingly small friction. the box will continue to move 
with constant speed. because there ls no force to slow It down. 

Newton's laws of motion 
Isaac Newton (1642- 1727) used Gallleo"s Ideas to produce a theory of motion. 
expressed ln his three la'\\'5 of moUon. The firs t law of motion re-states Gallleo"s 
deduction about the natural state of a body. 

Evef)'bodyrontinuesinits5lateolre51,orwithunilormvelodty,unlessactedonbya 
resultantlooce 

Thls law tells us what a force does: il disturbs the state of rest or velocity of a body. 
Thepropercyofatxxlytostayinastmeof re.1torunlformvelodtylscalled inertia . 

Newton's second law cells us what happens lf a force ls exerced on a body. It causes 
the velocity to change. A force exerted on a body m re51 makes it move - lt gives it a 
velocity. A foit:e exen:ed on a moving body may make Its speed Increase or decrease, 
or change lts direction of motion. A change ln speed or velocity ls acceleration. 
Newton·s second Jaw relates the magnitude of this acceleration to the force applied. It 
also hu roduces the Idea of the mass of a body. Mass ls a measure of the lnenta of a 
body co change ln velocity. The bigger the mass, the more dlfftcult il ls to change its 
state ofre51 or veloclly. A simplified form ofNe'\\1on·s second law ls 

Forabodyofron5lantm,m,itsaa:elerationisdi!Kllyproportionaltotheresultantlorce 
applied toil 

The direction of the acceleratlon ls ln the d irection of the resulta nt force. In a word 
equatlon cherelat lonbetweenfooceandaccelC'ratlonls 

force:massxaa:eletation 

and In symbols 

where F ls the resultant force. m ls the mass and fl ls the acceleratlon. Here we have 
made the constant of proponlonal lty equal to unlly (that ls, we use an equals sign 
ratherthan aproponlonallcyslgn)bychoosingquantltleswlthunltswhlchwlllglveus 
this simple relation. In SI units, the force F Js ln newtons, the mass m ln kilograms and 
che accelffatlonflinmetres (secondsf' . 

One newton is defined as the force which wil l give a 1 kg mass an arr.eleration of 1 m ,-1 in 
thedirectionoftheforce 



Flgure4.l 

Flgure4.4Sp.icerocketlauoch 

4.1 Relationships invol.ing force and mass I 
When you pushasupermarkettrolley. thetrolleyexperlencesafoi-:e(}'lgure4.3). The 
trolley applies an equal and opposite foi-:e Oil :mOlher body - you. Newton under&ood 
that the body on which the force ls exened applles anOlher foi-:e back on the body 
which ls applying !he foi-:e. When body A applles a force on body B then body B 

applies an equal and opposl!e force on body A. NewlOll"s third law relates these two 

Wheneveronebodyexertsaforceonaoother.thesecondbodyexertsanequaland 
oppositeforceonthelirst 

VeryoftenthlslawlsSlatedas, 

lb every action, there ls an equal and opposite reaction. 

But this siacement does nOI hlghllghc !he very Important polru that !he action force 
and the reaction force act on dljferem objects. To take the example of the supennarkel: 
trolley, the action force exerced by you on the trolley ls equal and opposite to the 
reaction forceexened by the trolley on you. 

Newton"s third law has appllca!lons tn every tw.mch of everyday life. \Ve walk 
because of !his law. \1:'hm you take a step forward, your fOO! presses agaillS( the ground. 
The ground then exens an equal and opposite fon:e on you. This ls the fon:e, on you, 
which propels you ln your path. Space rockets wolk because of the Jaw (Figure 4.4). 
lbexpeltheexhausigasesfromtherockel:, therocketexensafoi-:eonthegases. The 
gases exen an equal and opposite force Oil the rocket. accelerating It forward . 

1 Anobjectofmass1.Skgistobeaccelerilledat2.2ms-1.Whatlorceisrequired? 

FromNewton"ssecondlaw, F= ma= 1.5 x 2.2 = l.3N 
2 Acarofmi1Ss1.Stoones{1.5x Hl3kg),trav~ lingat80kmh-1,istobestoppedin11s 

What force is required? 

Theaccelerationofthecar canbeobtainedfromz, ,. 11+ m(o;eelopic3}. The initial 
s.peed11is80kmh-1.or22ms-1.Thefinals.peed11isO.Thena=-22111=-2.0ms-1 

Thisisnegativebecausethecar isdecelerating 

By Newton·s second law, F= ma= 1.5 x 103 x 2.0 = 3.0 x 103N 

Now It's your turn 
1 AfoKeof 5.0Nisappliedtoabodyofmass3.0kg.Whatistheaccelerationofthe 

body? 
2 A stone of mass SOg isacc~erated from a catapult to a speed of 8.0m , 1 from rest 

overadistanceol30cm.Whataverageforceisappliedbytherubberofthecatapult? 

Momentum 
We shall now Introduce a quantity called momentum, and see how Newtons Jaws are 
rela!edtolt. 

The momentum ol a particle is defined as the product of its mass and its v~ocity. 

mommtum = ma.s.s >< ve/cxity 

and In symbols 

P=mv 

Toe unit ofmontentum ls the unit of mass times the unll ofvekx:lty; that ls, kg ms-' . 
An akematlve unit ls the newton second (Ns). Momeruum. like vekx:lty, ls a vector 
quantity. Its complete name ls linear momentum, to dlSllngulsh U from angular 
momentum, which does n()( concern us here. 

57 



II Dynamics 

58 

Newton 's first law Slates chac every body comtnues ln a si:ue of resc, or with 
uniform velocity, unless acted on by a resulcam force. We can express this law In 
cerms of momemum. lf a body malmalns Us uniform velcxlly. Its momemum ls 
unchanged. If a body remains at resi, again lls momentum (zero) does nOf change. 
Thus, an alcematlve siatemem of the flrsi Jaw ls that the momemum of a panlcle 
remains consiam unless an external resultam force acts on the panlcle. AS an 
equallon 

P=comtant 

Thls ls a special case, for a slngle panlcle, of a very lmponam conservatlon Jaw: the 
prlnclple of conserV:Itlon of momemum. This wo!d 'conservation' here means thac the 
quantltyremalnsconstam. 

Newton·s second law ls expressed tn cerms of momentum. \Ve already have lt 
ln a form which reL1!es the force acting on a body to the product of the mass and 
the acceleraclon of the body. Remember that the acceleration of a body ls the rate 
of changeofltsveloclty. Theproduccofmassandacceleratlonthenlsju51themass 
Umes the rate of change of velodry. For a body of con51ant mass, this ls Ju51 the S.'.lme 
as the rate of change of (mass x velocity). Bue (mass x vekx:lty) ls momentum, so the 
product of mass and acceleration ls Identical co the race of change of momentum. Thus, 
Newcon·ssecond lawls51atedas 

Theresult,mtforceactingonabodyi1pmportionaltothernteofchangeoflt1mornentum 

Thecon51antofproportlonalltylsmadeequaltounllyasdescrlbedonpage56. Hence 
chesecondlawusedlnproblemsolvlngls 

The result,mt force acting on a body is equal to the rate of change of momentum. 

Expressed ln terms of symbols 

F= t,.(m1)/Af= m(t;iit,.t) = ma 

NOfe thac Frepresents the resultant force actlng Ofl the body. 
Contlnulng with the Idea of force being equal to rate of change of momentum, 

Che thl!d law relatlng to action and reaction forces becomes: the rate of change of 
momentum due to the actlofl force on Ofle body ls equal and opposlce to the ra!e 
of change of momemum due !o the reaction force on the cther body. The action 
and reactlOfl forces act on each body for the same time (tJJ). Hence FM ls equal and 
oppo,,lte for each body. Therefore when two bodies exen acclofl and reaction forces on 
eachOfher,thelrchangesofmomentumareequalandoppo,,lte. 

4.2 Weight 
We saw In Topic 3 that all objects released near the surface of the Eanh fall 
with the same accelera!lon(theacceleratlon offreefall)lfalrreslstancecan be 
neglecced. Theforcecauslngthlsacceleratlonlsthegravltatlonal mractlonofche 
Ear!h on the object, or the force of gravlly. The force of gravity which acts on an 
object ls called the weight of the object. We can apply Newcon·s second law to che 
weight. For a body of mass m falllng wlth the acceleration of free fall g, the weigh! 
Wlsglvenby 

W:mg 

The SI unit of force ls the newcon (N). This ls also che unit of weight The welghc of 
an objecc ls obtained by mulllplylng Its mass in kilograms by the acceleratlon of free 



F1gure4.5 Ariewtonbalance 

F1gure4.6 Abook 1eo;tingonatable:fora>1 
onthebook.(Theforce1actin the,;ame 
ve1tic.Jll ine.but areseparated1lighllyfor 
clarity.) 

4.2Weight l 

fall , 9.81m s:-1. Thus a mass of one kilogram has a weight of9.81N. Because weight ls 

a force and foR:e ls a veccor, ""' ought co be aware of the direction of the V>'<'lght of an 
object . 11 ls tuwards the centre of the Eanh. Because weight always has this direction 
we do nct need to specify dlrecllon ewry time we give the magnllude of the '1','elght of 

objecrs. 

How do""' measure mass and weight? If you hang an object from a newton 
balance, you are measuring Its weight (Figure 4.5). The unknown weight of the 

objectlsbalancedbyaforceprovkledbythesprlnglnthebalance. Fromaprevlous 

callbrallon, thlsforcelsrelatedcotheextenslonofthespring. Therelstheposslblllty 
of confusion here. Laboratoryne,,.1onbalancesmay, lndeed.becallbracedlnnewcons. 

Bue allcommeR:lalsprlngbalances - forexample,thebalancesacfrull and vegetable 

coumerslnsupermarkets - aR.'callbratedlnkllograms.Suchbalancesarereally 

measurtngchewelghcofchefrultandvegetables.butthescalereadlnglslnmassunlts, 
because theR' ls no distinction between mass and weigh! Jn everyday llfe. The average 

shopperthlnksofSkgofmangoesas having a weigh! ofSkg. In fact . themassof Skg 

has a welghtof49N. 
The \vord 'balance· ln the spring balance and In the laboratory top-pan balance 

relaces co the balance of foR:es. In each case. the unknown foR:e (the weight) ls 

equalled by a foR:e which ls known through callbratlon. 

A way of comparing masses ls to use a beam balance, or lever baL111ce (see 

Figure 2.17). Here the weight of the object ls balanced against the weight of some 
masses, which have previously been callbra!ed ln mass units. The ""Ord "balance' here 

refers to the equlllbrlum of the beam: when the beam ls horizontal. the moment of the 

weigh! on one side of the plnll ls equal and opposlle to the moment on the cther skle 
of the plvct . Because weight ls given by the product of mass and the accelerallon of 

fR"efall.theequalllyofthewelghtsmeansthatthemassesarealsoequal. 
We have Introduced Che Idea of weigh! by thinking abouc an object ln free fall. 

But objects at R'Sl also have weigh!: the gravltatlonal attraction on a book ls the 

same whecher It ls falllng or whether It ls resting on a table. The fact that the book 

lsatresttellsus,byNewton"sflrstlaw.thattheresultamforceactlngonlllszero.So 

there must be ancther foR:e acting on the book which exactly balances lls weight. 
In Figure 4.6 the table exerts an upwards force on Che book. This force ls equal In 

magnltudetothewelghcbutopposltelndlrectlon.ltlsa no rma l contact forc e: 
'comact ' because It occurs due co the contacc between book and table, and 'normal' 

becausellactsperpendlculartytocheplaneofcomact. 

Toe book remains at rest on the table because the "'<'lght Wofthe book downwards 

ls exactly balanced by the normal contacc force Rexened by the cable on the book. 

Toe vector sum of these forces ls zero, so the book ls in equlllbrlum. A very common 

mlstakelscostatethat 'By Newton's third law. Wlsequal coR. Bue thesecwoforces 
aR' bol:h acting on the book. and cann()( be related by che thl!d law. Third-law forces 

always ace on different bodies. 

To see the appllcatlon of the third law, think abouc the normal contact foR:e R. This 
ls an upwards force exened by the table. The R'actlon to this ls a downwards force R" 

exened by the book. By Newton·s third Jaw, these foR:es are equal and opposlte. This 

slluatlonlslllu5tratedlnl'lgure4.7. 

" 
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:~~t:~cticmforces . .Klingatthepointof 

Flgure4.B Aparachutistabouttoland 
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Having considered the action and reaction forces between book and table, we ought 

to think abou! the reactlon force to the weight of the book. regarded as an action 

force, even when the book ls no1 on the table. This ls not so easy, because there does 

nOl seem to be an obvious second force. Bue remember that the weight ls due co the 

gravltatlonal anractlon of the Eanh on the book. If the Eanh anraccs the book. the 

book also anracts the Eanh. This gravltatlonal force of the book on the Earth ls the 
reaction force. We can test wheiher the two foR:es do. Indeed, act on dlfferent bodies. 

The action foR:e (the weight of the book) acts on the book. The reactlon force (the 

attractlon of the Earth co the book) acts on the Eanh. Thus, the condition chat action 

Non.uniform motion 
We have mentioned that. Jn most situations, air reslSlance can be neglected. In fact, 

there are some applications ln which this reslSlance Is most lmponam. One such case 
ls !he fall of a parachutlSI. where air resls!ance plays a vital pan. The veloclty of a body 

falllngthroughareslsllveflukl(allqukloragas)doesno1lncreaselndeflnltely,but 

evemually reaches a maximum veloclty, called the tennlnal velocity. The force due to 

alrreslslancelncreaseswlthspeed. WhenthlsreslslJ\,efoR:ehasreachedavalueequal 

and opposite to the weight of the falling body, the body no longer accelerates and 

continues at uniform velocity. This ls a case of moUon with non-uniform acceleratlon. 

The acceleratlon S1ans off with a value of g. but decreases co zero m the tlme when the 
terminal velocity ls achieved. Thus. raindrops and parachutists are nonnally travelllng 

ataconSlantspeedbythetlmetheyapproachthegroond(Flgure4.8). 

Problem solving 
In dealing with problems lnvolvlng Nev.ion's laws, stan by drawing a general skeich 

of the stcuatlon. Th.en consider each body ln your skeich. Show all the forces acting on 

chat body, both known forces and unkJXJWn foR:es you may be trying to find . Here lt 
ls a real help to try to draw the arrows which represem the forces tn approximately the 

correct direction and approximately to scale. Label each foR:e with Its magnitude or 

wlth a symbol If you do ra know !he magnitude. For each foR:e, you muSI know the 
cause of the foR:e (gravity, friction. and so on), and you muSI also know 011 what object 

that force aces and by what object It ls exerted. This labelled diagram ls referred to as 
a free-body diagram. because lt detaches the body from the Olher.; In the situation. 

Having eslabllshed all the forces acting on the body. you can use Newton"s second law 

to find unknown quantities. Tots procedure ls llluSlrated in the example which follows 

on page 61. 

Newton's second law equates the result am force acting on a body to the product of 

Its mass and Its acceleratlon. In some problems, the system of bodies Is ln equlllbrlum. 

TheyareatreSl,oraremovlnglnaSlralghtllnewlth unlfonnspeed. In this case.the 

acceleratlonlszero. sotheresultamforcels alsozero. lnothercases.theresultant 

forcelsn0lzeroandtheobjectslnthesyS1emareaccelerat1ng. 
Whichever case applies, you shoukl remember chat foR:es are vector.;. You wlll 

probably have to resolve the forces Into t•vo components at right angles, and then 

apply the second Jaw to each set of components separately. Problems can often be 

slmpllfled by making a good choke of directions for resolution. You will end up with 

a set of equations, based on the application of Newton's second law, which must be 
solvedtodetennlnetheunknownquantlly. 
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Flgure4.11 Systemoftwopartides 

4.3 The principle of conservation of momentum I 
~xamples ~ 

1 A box of mass 5.0kg i:s pulled along a horizontal floor bya force Pol 2SN, applied at 
anangleof20°tothehorizontal(Figure4.9).AfricfonalforceFof20Nactsparallelto 
the floor. 

Cak:ulatetheacceleration ofthebox 

The free-body dia,gram is shown in Figure 4.9. Resolving the forces parallel to the floor, 
thecompooentofthepull ingforce,actingtothe~ft.is2Scos20=23.5N 
Thelrictiooalforce,actingtotheright,is20N 
Thell!sultantlom•tothelefti:sthm23 .S-20.0:3.SN 

From Nev,,,ton~ second law, fl = Flm = 3.515.0 = 0.70 m s-2 

What is the magnitude of the momentum of an a-particle of mass 6.6 x 10-11kg 
travellingwithaspeedof2.0x101ms-1? 

p:m11:6.6x1Q-17x2.0x10l: 1.3x 10·19 kg m s·1 

Now it's your turn 

Flgure4.10 

3 A person gardeoing pushes a lawnmowe1 of mass 18kg at constant speed. To do this 
re,quiresaforcePof80NdirKtedalongthehandle,whichisatanangleof40'tothe 
horizontal(Figure4.10). 
(a) CalculatethehorizontalretardingforceFonthemoV><ef. 
{b) II this retarding force were constant, what force, ap plied along the handle, would 

acceleratethernowerlrnmrestto1.2ms-1 in2.0s? 
4 Whatisthemagnitudeolthemomentumolanelectronofmass9.1 x 10-i1kg 

travellingwithaspeedol7.Sx106 m,1? 

4.3 The principle of conservation 
of momentum 

We have already seen that Nt".Vton's flrSl law Slates that the momemum of a single 
panlcle ls constant , lf no excemal force acts on the partlcle. Now think abouc a system 
of two panlcles (Figure 4.11). We allow these particles to exert some son of foKe on 
eachother: llcooldbegravltatlonalactractlonor,lfthepartlcleswerecharged.ltcookl 
be elearostatlc anractlofl or R.'pulslon. 

These cwo particles aR'" Isolated from Che rest of the Universe, and experience no 
outside fon:es at all. If the flrSl particle exerts a fon:e Fon the second, Newton·s chlrd 
Jaw tells us that the second exens a force - Fon the ftrSl . The minus sign lnc::Haues that 
the fon:es are in opposite dlrec:.tlons. As ,ve saw ln the laSl section. we can express 
this law ln tenns of change of momentum. The change of momemum of the second 
panlcle as a result of the fon:e exened on ll by the fifSl ls equal and opposite co che 
change of momentum of the flrSl particle as a result of the fon:e exened on It by the 
second. Thus, the changes of momemum of the indMdual particles cancel out. and the 
momentum of the sySlem of t\vo particles remains conSlam. The panlcles have merely 
exchanged some momemum. 
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Thesltuallonlsexpressedbytheequatlon 

P=P, +Pi_=cOflS@flt 

where p ls the torn I momemum, and Pi and p, are the lndMdual momenta. 
\Ve (U.Jk:J extend this Idea to a system et three, four. or finally any number II of pa!tldes. 

If no extemal force acts on a system, the total momrotum of the system remains constant, 
or is conserved 

A system on which no external force acts ls often called an Isolated S):l"tem. lbe fact that 
the total momenrum of an Isolated system ls constant ls the principle ot" conservation 
ot" momentum. n ls a direct consequence of Newton's third law of nalon 

Collisions 
We now use the principle of conservation of momentum to analyse a system consisting 
of two collkllng panlcles. (If you want a real example to think about. try snooker balls.) 

Consider t'\\"O panlcles A and B making a dliro, head-on collision. Panlcle A has mass 
m, and ls mo.1ng with veloclty u, In the dlrealoo from left to right: B has mass m,_ and 
hasveloctty11,1nthedlrealonfromT1ghttoleft(l'lgure4.12).Asvelocttylsavector 
quantity. this ls the same as saying th.1t the veloctty ls - u, from left to right. lbe panlcles 
collide. After the collision they have velocltles -v, and v2 respectlvely In the direction from 
left to right. Thu ls. both panlcles are moving back along their dlrealons of approach. 

According to the principle of conservation of momentum. the total momentum of 
this Isolated system remains constant. whatever happens as a result of the interaction 
of the panlcles. Thus, the total momentum before the colllslon must be equal to the 

Figure 4.12 Collision between two partid~s total momemum after the collision. The momemum before the colllston ls 

6l 

m,u, - m,11, 

- m,v, + m,v, 

m,u, - m,11, =-m,v, + m,v, 

Knowlngthemassesofthepanlclesandthevelocltlesbeforecolllslon.thlsequatlon 
would allow us to cakulme the relation betwft.'11 the velodlles after the colllslon. 

The way to approach colllslon problems ls as follows. 

• Draw a labelled diagram showing the colliding txx:lles before collision. Draw a 
separate diagram showing the situation after the colllslon. Take care to define the 

• Obtain an expression for the total momentum before the collision, remembering 
that momentum ls a vector quantlty. Slmllarly, find the 10ml momentum after the 
colllslon. takingthesamereferencedlrectlon. 

• Then equate the momentum before the collision to the momentum afterwards. 

~xample 

Acannonofmass1.Stonnes(1.5x 103kg)firesacannon-ballofmass5.0kg(Figure4.1l) 
The speed with which the ball le<lves the cannon is 70m , 1 relative to the Earth. What is 
thein itial speedof recoilof the cannon7 

Flgure4.1l 



Flgure4.14 

4.3 The principle of conservation of momentum I 
The system under cons.klerahon is the Cilnrion and the cannon-ball. The total momentum 
of the system be!Ofe firir,g is zero. Because the total momentum of an isolated system is 
constant, the total momentum altl'f firing must also be zero. That is, the momelltum of 
theCilnnon-ball.whichis5.0x70:3S0kgms·1 totheright,mustbeexact!ybalanced 
by the momentum of the cannon. If the initial speed of rKoil is 1', the momentum of the 
G1nnonis150011tothelelt.Thus,1S00v=3S0and11:0.23 m s·1 

Now it's your turn 
5 An ice-shtl'f of mass 80kg, initia lly at rest, pushes his partnl'f, of mass 6S kg, away 

from him sothatshemoveswith an initial speed of 1.Sms-1. Wha t istheinitialspeed 
olthefirst skateralterthismarioeuvre) 

Momentum and impulse 
ltlsnowusefultolntroduceaquantltycalled impulseandrelateit!oachangeln 

If a constant !Ofce Facts on a body for a time M, the impulse of the force is given by FM. 

The unit of Impulse ls given by the unit of fon:e. the newton. multlplled by the unit 
oftlme,thesecond: lllsthenewtonsecond(Ns). 

\Ve know from Newton's second law that the fon:e acting on a body ls equal co 
the rate of change of momernum of the body. We have already expressed this as 
the equation 

F = t.p/M 

lfwemuklplybo!hsklesofthlsequatlonbyM,weob!aln 

FM:t,.p 

We have already defined FM as the impulse of the force. The right-hand side of the 
equation (t,.p) ls the change ln the momentum of the body. So, Newton·s second 
lawtellsuschacthe impulseof aforc.e is equ a l to thecha nge inmo me ntum. 
H lsusefulfordeallngwlth forcesthatactoverashon Interval oftlme. asln a 
colllslon. The fon:es between collldlng bodies are seldom constant throughout the 
colllslon, but the equation can be applied to obtain lnfonnatlon about the average 
force acting. 

Note chat the klea of impulse expL1ins why there ls an alternative unit for 
momentum. On page 57 we lntrotluced the kg ms· ' and the N s as posslble units 
for momernum. The kg ms-' ls the loglcal unit. the one you arrive at lf you cake 
momentum as being the product of mass and velocity. The N s comes from the 
impulse-momentum equation: lt ls the unll of Impulse, and because Impulse ls equal 
co change of momentum. II ls also a unit for momentum. 

Example 

Sometennisplayerscanservetheballataspeedof5Sms·1.Thetennisb.lllhasama1s 
of60g.lnanexperiment,itisdeterminedthattheballisincontactwiththeracketfor 
25msduringthe serve(Figure4.14). Calculate the average force exerted by the racket 
on the ball 

The change in momentum of the ball as a result of the serve is 0.060 x 55 = 3.3kg m , 1. By 
the impulse-momentum equation, the char,ge in momentum is equal to the impulse of the 
force.Sinceimpulseistheproductofforceandtime,Ff=3.3Ns 

Heretis0.025s;thusF=3.3/0.025= 130 N 

Now It's your turn 
6 A golfl'f hits a ball of mass 45g at a speed of 40m s·1 (Figure 4.15). The golf dub is 

incontactwiththeballfor3.0ms.Calculatetheaverageforceexertedbythedubon 
theb.lll 

" 
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Elastic and inelastic collisions 
In some colllslons. kinetic energy ls conserved as well as momemum. By the 
consetvation of kinetic energ y, we mean that the torn I kinetic energy of the 
colliding bodies before collision ls the same as the w1al kinetic energy afterwards. This 
means chat no energy ls lost ln the permanem deformation of the collk:Hng bodies, or 
as heat and sound. There ls a transformation of energy during the colllslon: wh.lle the 
collkllng bodies are ln cornacc. some of the kinetic energy ls transformed Into elastic 
pa:entlalenergy, butasthebodlesseparate, ll lstransformedlntoklnetlcenergyagaln. 

Using the same nctatlon for the masses and speeds of the collkllng particles as ln 
the section on Colllslons on page 62 (see l'lgure 4.16), the tOlal kinetic energy of the 

Flgure 4.16 Collisioobetweeotwopartides panlclesbeforecolllslonls 
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Thetctal klnetlcenergyafterwardsls 

lfthernHisionis e la stic,tr>!!kir.ehceoergybeforernllisiooisetiualtothekioeticroergy 
after collision. 

NOie that because energy ls a scalar, the directions of mo(Jon of the panlcles are nct 
lndlcated bytheslgnsofthevarlousterms. 

In solving probk>ms about ela&lc colllslons. this equation ls useful because ll gives 
ancther relatlon betwft.'fl masses and velocities, ln addition co that COtalned from the 
principle of COflservatlon of momemum. 

\1:'hen the velocity directions are as defined ln l'lgure 4.16. application of the two 
conservatloncondlllonsshowsthat 

foraperfecclyelastlccolllslon . Thatls, therelatlvespeedofapproach(u, + u;Jlsequal 
totherelatlvespeedofseparatlon (v, + v,). Notethatthlsusefulrela!lonapplleson/y 

feraperfectlyelaslfccolilsfon. 
Elasllc colllslons occur ln the colllslons of atoms and molecules. We shall see ln 

Topic to that one of the most lmponant assumptions ln the kinetic theory of gases ls 
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Flgure4.17 

4.3 The principle of conservation of momentum I 
thatthecolllslOll'lofchegasmoleculeswlththewallsofthecontalnerareperfectly 
elastic. However, ln larger scale colllslons, such as !hose of snooker balls, colllslons 
cannot be perfectly elastic. (The 'click' of SIXX>ker balls on Impact Indicates that a very 
small fractlofl of the torn I energy of the system has been transformed tmo sound) 

Nevenheless, \ve often make the assump!lon that such a colllston ls perfectly elastic. 

Collisioo1 in which the total kinetic eneigy is not the same before and alte r the event ar e 
called ine lastit 

Tornl=rgymust.ofcourse,beconserved. Bu! lnan lnelastlccollisloncheklnetlc 
energy that does na re-appear ln the same form ls transformed into heat. sound and 
()(her forms of energy. In an extreme case, all the kinetic energy may be lost. A Jump 
of modelllng clay dropped on co the floor does n()( bounce. All the kinetic energy ll 

possessed just before hlttlng the tloor has been transformed Imo the v.urk done ln 
tlanenlng the lump, and (a much smaller amount) Imo the sound energy emitted as 
a 'squelch'. 

Althoogh kinetic energy may or may not be conserved in a rolli sioo, momentum is always 
conseived,ar,dso istotalenergy. 

Toe truth of this statement may n()( be entirely obvious, especially when conskierlng 
examples such as the Jump of modelllng clay which was dropped on to !he floor. 

Surely the clay had momentum Just before the collision with the tloor, but had no 
momentum afterwards? True! But for the system of the Jump of clay alone, extffnal 
forces(theactractlon of the Earth on the clay. andtheforceexened by the floor on 
the clay on Impact) were acting. When external foR:es acc. the conservatlofl principle 
does not apply. \Ve need to consider a system ln which no external forces act. Such a 
system is the lump of modelllng clay and the Eanh. Whtie the clay falls cmvanis the 

tloor, gravitational anractlon wlll also pull the Eanh towards the clay. Conservation 
of momentum can be applled ln !hat the tctal momemum of clay and Eanh remains 
constant throughout the process: before the collision. and after lt. The effects of the 
transfer of the clay's momemum to the Eanh are not n()(Jceable due co the dlfference 
ln mass of the two objects. 

Examples 

1 A lrlOOker ball A moves with speed uA directly towards a similar ball B which is at rest 
(Figure4.17).Thecollisioniselastic.WhatarethespeedsvAandv1 afterthern llision7 

ltisconve nierit to takethedirectionfromleftto right asthedirectionofpositive 
momentum. If the mass of a billiard ball ism, the total momentum of the sy,tem before 
the col lision is 11111A. By the principle of conse<Vation of momentum, the total 
momefltumaftercollisionisthesameasthatbefofe.or 

Thecolli ~nisperiectlyelastic.sothetotalkinet iceriergybefofethecol lisionisthe 
sameasthatafterwards,or 

t11mi= tnwl +fnwe1 
Solving these equations gives i:,, = 0 and i11 = 11A. That is, ba ll A comes to a complete 
standstil l, and ball B moves off with the same speed as that with which ball A strl}(k 
it.(Allother10lutionispo1siblealgebraically: vA"uAandv1:0.Thiscorrespondstoa 
noo-collision. Ball Ai1stillmovingwithit1initialspeed,andballBisstillatrest.lncases 
whell! algebra gives us two possible sclutions, we need to decide which ooe is 
physically appropri ate.) 

2 A partide of mass m makes a glancing co llision wit h a similar partide, also of mass m, 
whichisatrest(Figure4.18). Thecollisioniselastic.Afterthecollisiootheparticles 
move off at angles, and p. State the equations that r~ate 
(al the xcomponents of the momentum of t he particles, 

(bl they components of the momentum of the partides, 
(cl t hekinetic eriergyolthepartides. 
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From the rnnservatioo of momentum· 
{a) mu:mv1rns;+mvr-os/J 
(b) O:mv1sin;-11w1sin/J 
(cl tot.-ilkineticeoergyiscoostantasthemlli 'iiooiselastic.HeJ1Ce, }:,mt1:~v/+ }11111l 

. ' ~ 
Flgure4.18 

Now It's your turn 
1 A trolley A moves with speed 11A towards a tro lley B of equal mass which is at rest 

(Figure4.19). Thetrolleysstidtogetherandmoveolfasonewithspeedz,A.8 

{a) DeterminevA.8 

(bl Whatfr.-ictioooftheinitialkineticenergyoftrolleyAisrnnvertedintoothNforms 
inthis ine!asticcolli'iion? 

Flgure4.19 

• Theforceoffrictionopposesmotion 
• Thel ine<1 r mornentumpof a body is defined as the product of its mass m and its 

velocityv. In symbols:p: mv. Momentum has units kg m , 1 or N s. It is a vector 
{J\Ji!ntity. 

• Newton·s laws of motion are: 
- Firstlaw:Everybodycootinuesinitsstateofrest.orwithuniformvelocity,unless 

acteduponbyaresultantforce. 
- Secondlaw:Theresultantforceactingonabodyi1proportionaltotherateof 

change of its momentum (this is used to define force). In symbols: F - t,.p/M. 

IISlunitsareusedF:t;p/M 
- Third law:Whenonebodyexertsaforceonanotherbody,thesecondbody 

exerts.-inequalaridoppositefon:eonthefirstbody. 
• Newton·s first and third laws of motion can also be stated in terms of momentum 

- First law: The momeritum of a body remains constant unless an external force 
actsonthebody:p:constant 

- Third law: When two bodies exert action and reaction forres on each other, their 
changes of momentum are eqUi!I and opposite 

• II the mass is constant, the resultant force is equal to mass x acceleration or F: ma, 
where force Fis in newtons, mass m is in kilograms and acceleration a is in m , 1 



Examination style questions I 
e lheaccelerntionoffr~fallgpmvidl'sthelinkbetwei!nlhemassmandthe 

weightW ofabody:W:mg 
• The principle of conservation of momentum states that the total momef1tum of 

an isolated system is coostant. An isclat~ system is one on which r,o external 

resultantforceilds 
• In collisions between bodies, applkation of the principle of conservation of 

momentum shows that the total momentum of the system before the collision is 
equaltothetotalmomentumafterthecollision 

• An elastic collision is one in which the total kinetic er.ergy remains the constant . 
lnthissituation,therelativespeedofapproachisequaltotherelativespeedof 
separation. 

• An iOOastic collision is one in which the total kinetic roergy is oot the same before 
and after the event 

• Although kinetic energy may or may not be coo served in a collision, momentum is 
alwaysconserved,andsoistotalenergy. 

• The impulse of a force Fis the product of the force and the time!J.tforwhich it acts 
impu!se:FM 

• The impulse of a for{e actirig oo a body is equal to the diaoge of momentllm of the 
body:FM:t,p 

• Thelloitofimpll!seisNs 

Examination style questions 
1 A net force of 95N accelerates an object at 1.9m s-1. 

Calculatethemassoftheobject 

2 A parachllte trainee jumps from a platform 3.0m high. 
Whenhereachesthegrollnd, hebendshiskneesto 
cushion the fall . Historsodeceleratesoveradistan{eof 
0 .65m.Calculate: 

a the~ofthetraineejlJstbeloreherea{hesthe 
ground, 

b thedecelerationofhistorso, 
c theaverageforceexertedonhistorso(ofmass45kg} 

byhisleg.,dllringthedeceleration. 
3 If the acceleration of a body is zero, does this mean that 

noforcesactonit? 

4 A railway engine pulls two {arriages of equal mass with 
uniform acceleration. The tension in the coupling between 
theengineandthefirstcarriageisT.DedlJcethetension 
inthecouplingbetweenthefirstandsecondcarriages. 

5 Calculate the magnitude of the momentllm of a car of 
mass 1.Stonnes (1.Sx 101 kg)trilllellingataspeedof 
22ms-1. 

6 Whenacertainspacerocketistakingotl,thepropellant 
gasesareexpelledatarateof900kgs-1 andspeedof 
40kms-1. Calculatethethrustontherocket 

7 Aninsectofmass4.Smg,flyingwithaspeedof 
0 .12m s-1, encounters a spider's web, which brings it to 
restin2.0ms.Calculatetheaverageforceexertedbythe 
insect on the web 

8 What is yollr mass? What is your weight? 

9 An atomic nlldeus at rest emits an a-particle of mass 4 u . 
Thespeedofthea-particleisfoundtobe5.6x 106 ms-1. 

Calculate the speed with which the daughter nlldeus, of 
mass218lJ,recoils . 

10 A heavy particle of mass 1111, moving with speed 11, makes 
a head-on collision with a light particle of mass m1, which 
isinitiallyatrest.Thecollisionisperfectlyelastic,andm1 
is very mllch less than m 1• Describe the motion of the 
particles after the collision 

11 A light body and a heavy body have the same momentllm. 
Whichhasthegreaterkineticenergy7 

12 A45gballwithspeedof 12ms-1 hitsawallatanangle 
of 30° {see Fig. 4.20). The ball rebounds with the same 
speedandangle. Thecontacttimeoftheballwiththe 
wall is 15ms.Calculate: 

a thechangeinmomentllmoftheball, 
b theimpulse oftheball, 
c theforceexertedontheballbythewall. 

"'" :s:~ 12ms- 1 

30 30° 

Flg.4.20 
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13 A bullet of mass 12g is fired horizontally from a gun with 
a velocity of 180m s-1. It hits, and becomes embedded 
in, a block of wood of mass 2000g, which is freely 
!.Uspendedbylongstrings,asshowninFig.4.21. 

',\ 

',\,,\ 

.-'--------- .. --. 

-----lr-'------------i _________ ___! 

Flg.4.21 

Calculate· 

a i the magnitude of the momentum of the bullet just 
beforeitenterstheblock, 

ii themagnitudeoftheinitialvelocityoftheblockand 
bullet after impact, 

iii thekineticenergyoftheblockandembeddedbullet 
immediately after the impact 

b Deduce the maximum height above the equilibrium 
position to which the block and embedded bullet rise 
afterimpoct 

14 Anuc:leusAofmass222uismovingataspeedof 
350m s-1. While moving, it emits an a-particle of mass 
4 u. After the emission, it is determined that the daughter 
nucleus, of mass 218 u, is moving with speed 300m s-1 in 
theoriginaldirectionoftheparentnucleus.Cakulatethe 
speed of the a-particle. 

15 A safety feature of modem cars is the air-bag, which, 
intheeventofacollision, inflatesandisintendedto 
decreasetheriskofseriousinjury.Usetheconceptof 
impulsetoexplainwhyanair-bagmighthavethiseffect. 

16 Two frictionless trolleys A and 8, of mass m and 3m 
respectively, are on a horizontal track{Fig. 4.22). Initially 
theyareclippedtogether byadevicewhich incorporatesa 
spring, compressed between the trolleys. At time t = 0 the 
clipisreleased. Thevelocityoftrolley8isutotheright 
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a CalculatethevelocityoftrolleyAasthetrolleysmove 
apart. 

b Attimet=t1, trolleyAcollideselasticallywithafixed 
springandrebounds.(Compres.sionandexpansion 
ofthespringtakeanegligiblyshorttime.}TrolleyA 
catchesupwithtrolley8attimet=t1. 
i CalculatethevelocityoftrolleyAbetweent=t1and 

t=ti. 

ii Findanexpressionfort1 intermsoft1. 
c WhentrolleyAcatchesupwithtrolleyBattime11 the 

clip operates so as to link them again, this time without 
thespringbetweenthem,sothattheymovetogether 
with velocity v. Calculate the common velocity v in 
termsofu. 

d lnitiallythetrolleyswereatrestandthetotal 
momentum of the system was zero. However, the 
answer to c shows that the total momentum after 
t= t1 isnotzero.Discussthisresultwithreferenceto 
the principle of conservation of momentum. 

17 A ball of mass m makes a perfectly elastic head-on 
collisionwithasecondball,ofmasslll, initially at rest.The 
secondballmovesoffwithhalftheoriginalspeedofthe 
first ball 

a Expresslllintermsofm. 
b Determinethefractionoftheoriginalkineticenergy 

retainedbytheballofmassmafterthecollision. 
18 a i Define force. {1] 

ii State Newton's third law of motion. {3] 
b Twospheresapproachoneanotheralongalinejoining 

theircentres,asillustratedinFig.4.23 

Flg.4.23 

When they collide, the average force acting on sphere A is 
F,.andtheaverageforceactingonsphereBisF8 . 

Theforcesactfortime1,.onsphereAandtime18 on 
sphere B. 

i State the relationship between 
1 F,.andF,., {1] 

2 t,.andt8 {1] 

ii Use your answers in i to show that the change in 
momentum of sphere A is equal in magnitude and 
opposite in direction to the change in momentum of 
sphere B. {1J 

c Forthespheresin b,thevariationwithtimeofthe 
momentum of sphere A before, during and after the 
collisionwithsphereBisshowninfig.4.24. 



Flg.4.24 

The momentum of sphere B before the collision is also 
shownonfig.4.24. 

Copy and complete Fig. 4.24 to show the variation with 
time of the momentum of sphere 8 during and after the 
collision with sphere A. [3] 

Cambridge International AS and A Level Physics, 
9702122 May/June 2010 Q 3 

19 Aballisthrownagainstaverticalwall. Thepathoftheball 
isshowninFig.4.25 

Flg.4.25 

The ball is thrown from s with an initial velocity of 
15.0ms-1at60.0°tothehorizontal.Assumethatair 
resistance is negligible. 

Examination style questions I 

a FortheballatS,calculate 
i its horizontal component of velocity, {1] 
ii itsverticalcomponentofvelocity. {1] 

b ThehorizontaldistancefromS1othewallis9.9Sm 
TheballhitsthewallatPwithavelocitythatisatright 
angles to the wall. The ball rebounds to a point F that is 
6.1Sm from the wall. Using your answers in a, 
i cakulatetheverticalheightgainedbytheballwhenit 

travekfromStoP, {1] 
ii showthatthetimetakenfortheballtotravelfroms 

toPisl.335, {1] 
iii show that the velocity of the ball immediately after 

rebounding from the wall i5 about 4.6m s-1• {1] 
c Themassoftheballis60x 10-'kg. 

i Calculate the change in momentum of the ball as it 
rebounds from the wall [2] 

ii Stateandexplainwhetherthecollisioniselasticor 
inelastic. {1] 

Cambridge International AS and A level Physics, 
9702121 Oct/Nov2011 Q3 

20 A small ball is thrown horizontally with a speed of 
4.0ms-1.ltfallsthroughaverticalheightof 1.96mbefore 
bouncing off a horizontal plate, as illustrated in Fig. 4.26. 
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Air resistance is negligible 

a Fortheball,asithitsthehorizontalplate, 
i state the magnitude of the horizontal component of 

its velocity, {I] 
ii show that the vertical component of the velocity is 

~2m~. {I] 
b Thecomponentsofthevelocityinaarebothvectors. 

Copy and complete Fig. 4.27 to draw a vector diagram, 
to'iCale, todeterminethevelocityoftheballasithits 
the horizontal plate. {3] 

Flg.4.27 

c After bouncing on the plate, the ball rises to a vertical 
heightof0.98m. 
i Calrulate the vertical component of the velocity of 

theballasitleavestheplate. {2] 

ii Theballofmass34gisincontactwiththeplatefora 
timeof0.12s 
Useyouranswerinc i andthedataina ii to 
calrulate, fortheballasitbouncesonthe plate, 
1 the change in momentum, 
2 themagnitudeoftheaverageforceexertedbythe 

plate on the ball due to this momentum change. {2] 

Cambridge International AS and A level Physics, 
9702/22 Oct/Nov 2009 Q 3 
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5 Forces, density and pressure 

By the end of this topic, you will be able to: 
(a) describe the force on a mass in a uniform 

gravitational field and on a chargt' in a unifonn 
electric field 

(b) understand the ocigin of the upthrust acting on a 
body ln a fluid 

(c) showaqualitati,·eunderstandlngoffrictional 
forcesandvisoousforcesincluding airresistance 

(d) understand that the weight of a body may be 
taken as acting at a single point known as the 
centre of gravity 

S.2 (a) define and apply the moment of a force 
(b) understand that a couple is a pair of forces that 

tends to produce rotation only 
(c) define and apply the torque of a couple 

Starting points 

5.3 (a) stateandapply theprinclpleofmomerus 
(b) understand that , whenthereis noresultanl force 

and no resultant torque , a system is in equilibrium 
(c)useavectortriangletorepresentooplanarforces 

In equilibrium 
5.4 (a)defineandusedenslty 

(b)deflneanduse pressure 
(c) deri,·e , from the definitions of pressure and 

density, the equation Ap = pgAh 
(d) usetheequati011Ap:pgAh 

• Understand the concept ofweight astheeffectof a gravitationalfie ld. 
• Theuseofvector triangles toadd vectors. 
• For zero resu ltant force, the velocity of a body does not change {Newton's first law). 

5.1 Types of force 
Toe weig ht of a body ls an example of the force acting on a mass ln what ls called a 
field of force. Near the surface of che Eanh. the gravitational field ls appmxlmacely 

consrnm and uniform. This means th:u ln calculations we can take the .1:1me value of 

g. wha!evertheposltlonon thesurfaceof theEarthorforashort dlsla nce(compared 

wlththeEarth"sradlus)abovelt . 

TheR'" are <Xher sons of fields of foi-:e. An Important example ls an electric field . An 

electrk:chargeexperlencesaforcelnanelectrk:flekl. Thellc'areslgnlflrnntslmllarllles 
betweenthebehavlourofamasslna grav1tatl011alfleldandanelectrk:chargeln an 

electrk:flekl . WeshallexploR'"theseslmllaritleslnlbpicl7. 
Frlc:Uonal forces are Important ln considering the mollon of a body (see lbplc 4). 

We use the term viscou s force to describe the frictional foi-:e ln a fluid (a llqukl or 

a gas). The property of the flu id determining this force ls the viscosity of the flukl. 

Anexampleof suchaforcelsalrreslslance. lnlbpk:4weronskleredthefactthat 

parachutlstsevemuallyfallwlthaCOflstant.termlnalvelocltybecauseofalrreslstance. 

When an cofect ls Immersed ln a flukl , l1 appears to weigh less Chan when Jn a vacuum. 
I! ls easier to lift large 51ones under water than when they aR'" out of !he '\\1lter. T1le reason 

forthlslschatlmmer.slonl n thefluklprovklesan upthrust orbuoyancyfom>. 

5.2 Moment of a force 
When a force acts on an object, the force may muse the object to move tn a 51ralght 

llne. lt cooklalsocausetheobjecttotumorspln(ro(ate). 
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Figures., Tumingeffectonametrernle 

,,~,_;\~,v--~--'f-
' I 
' I 
' I 
,'-, I 

' I 
' I '\, 

Flgure5.2firidingthemomentofalorce 
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Flgure5.3 
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Think abouc a metl\c' rule hekl ln the hand ac one end so that the rule ls horizontal 
(Flgul\c'5.1). lfawelghllshungfromtherulerwecanfeelaturnlngeffecconthe 

ruler. The turning effect lncl\c'ases lf the welgtu ls Increased or It ls moved fun her from 
the hand along the ruler. The cumlng effecc acts at the hand whel\c' the metre rule ls 
pJ\uced. Keeping the ·weight and Its distance along the rule constam, the rurnlng effect 

canbechangedbyholdlngtheruleratanangletothehortzomal. The turning effect 
becomes smaller as !he rule approaches Che ver!lcal position. 

The turning effect of a lo= is called the moment of the lo= 

The momem of a foR:e depends on the magnitude of the foR:e and also on the 
distance of the foR:e from the pJ\uc or fulcrum . This dlsrnnce mu51 be defined 
precisely. In the simple experiment above. we saw that che momem of che force 
depended on the angle of the ruler to the horlzomal. Varying this angle meam chac the 
llne of action of the foR:e from the plv<X varied (see Flgul\c' 5.2). The distance !ftIUlred 
when finding the momem of a force ls the perpendicular distanced of the llne of 
actlonoftheforcefromtheplVO(. 

The momeot of a force is defined as the product of the forw and the perpeodKUklrdistana! 
ofthelineolactionofthelorcefmmthepiYCll 

Referring co Figure 5.2, the foR:e has magnitude F and acts ac a point distance I from 
the plnJI: . Then, when the ruler ls at angle Bto the horizontal, 

1110111entofjbrce = Fxd 

Since force ls measured ln newtons and distance ls measured in meues, the unit of the 
moment of a force ls newton-metre (Nm) 

Example 

In Figure S.3, a light rod AB of ler.gth 4San is held at A so that the rod makes an ar.gle of 
65° to the vertical. A vertical force ol lSN acts on the rod at B. Cakulate the moment of 
thelorceabouttheeodA 

moment of force"' force x perpendkulardistilnce from pNOt 

(Remember that the distance must be in metres.) 

:6.1Nm 

Now it 's your turn 
l Referring to Figure 5.3. calrnlate the moment of the fora! about A for a vertical force of 

2SNwiththerodatanangleol30°tothevertical 

Couples 
When a screwdriver ls used. we apply a curnlng effecc to the handle. \Ve do not 
apply one force to the handle because this \vould mean the screwdriver would move 

sideways. Rather, we apply two forces of equal size but opposite direction on opposite 
sldesofthehandle(seeFlgul\c'5.4). 



Flgure5.6Tightenirigawh('!'lnut 
requ irestheapplkatiooofatorque 

5.3Equilibriumofforces l 

A coup le consi51s of two for{es. equal in magnitude but opposite in direction whose lir.es 
ofactiondonotrnindde. 

§ 
F handle of 

Flgure5.4Twoforc:esacting 
as a couple 

F1gure5.5T&queofacouple 

OJnslder the tv.u parallel forc:es. each of magnitude F acting as shown in Figure 55 on 
opposlce ends of a diameter of a disc of radius r. Each force produces a moment about 
the centre of the disc of magnllude Fr In a clockwise dlrecllon. The coca I ntomem 
abouc the centre ls F>< 2ror F><perpe1uitwlardtsuma! bet11re11 the.forces. 

Although a turning effecc ls produced, this turning effect ls nOI called a moment 
becauseklsproducedbytwoforces,n01one.lnS1ead.thlscurnlngeffecclsreferred 
to as a to rque . Toe unit of corque ls the .1ame as that of the momem of a forc:e, I.e. 

Thetorqueofarnupleistheprodl}(to/oneofthefon:esandtheperpeodiculardistance 
betw('!'ntheforCES 

ltlslntereSllngconotechat,lnenglneerlng, thetlghtnessofnutsandboltslsoften 
Sl:Ued as the maximum torque co be used when scre\vlng up Che nuc on Che bolt 
Spannffsusedforthlspurposearecalledcorquewn>nchesbecausetheyhaveascale 
onthemtolndlcatethecorquethatlsbelngapplled. 

Example 11'.l 

Calculate the torque produced by two forces, eadi of magnitude 30N, acting in opposite 
directionswiththe irlinesofactionseparatedbyadistanceof25an 

torque:force><:5epiltationofforces 

:30><:0.2S(distan{einrnetres) 

Now It 's your turn 
2 The torque produced by a person using a mewdrivef is 0.18N rn. This torque is appl ied 

tothehandleofdiameter4.0{rn.Cakulatethe!Ofceappliedtothehi!ndle 

5.3 Equilibrium of forces 

The principle of moments 
A metre rule may be balanced on a pivot so that the rule ls horizontal. Hanging a 
weigh! on the rule will make the rule ro(ate abouc the pivot. Moving the weight to the 
Olher side of the pl1IO( wlll make the rule ro(ate In the opposite dlR'C!lon. Hanging 
weights on both skles of the pl1IO( as shown ln Figure 5.7 means that the ruler may 
ra:ate clockwise, or antlclockwtse, or II may remain horlzomal. In this horizontal 
posltlon. there ls no re.'iUllant turning effect and so the tO!al turning effect of the forces 
ln the clockwise direction equals che cotal turning effect In the anticlockwise direction. 
YoucancheckthlsveryeasllywlththeapparacusofFlgun>5.7. 
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Flgure5.7 

When a body has no tendency to change its speed of rotatlon. lt ls sald to be ln 
rotational equilibrium. 

The principleofmomentsstates that,forabodytobeinrotaticmalequilibrium,the 
sum of the clockwise moments about any point must equal the sum of the antidockwi'i!' 
moments about that Silme point. 

~xample 

Some weights are hung from a light rod AB as shown in Figure S.S. The rod is pivoted 
CakukitethemagnitudeoftheforceFrequi1edtobalancetherodhorizontally. 

j 35cml 

~.,_-1".~-I 
2.5N 

Figures.a 

Sumofdockwisemoments :(0.2Sx 1.2)+0.35F 

Sumofantidockwisemoments:0.40x2.S 

Sytheprincipleofmoments 

(0.25 x 1.2)+0.3SF:0.40x2.S 

Now It 's your turn 
3 Some weights are hung from a light rod A Bas shown in Figure 5.9. The rod is pivoted 

Calculate the magnitude of the forre Frequired to balance the rod horizontally 

i~'"·--'f 
~ ,0cm---1,o ,mi 

5.0N 

Ftgure5.9 
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5.3Equilibriumofforces l 

Centre of gravity 
An object may be made to balance at a panlcular polm. When lt ls balanced at this 

point. the obJect does nO! cum and so all the weight on one side of the plVO! ls 

balanced by the weight on the O!her skle. Supponlng the obJect at the plVO! means that 

the only force which has to be applied at the pivot ls one co stop the obJecl falllng -

that ls, a force equal to the weight ofche obtect. Although all pans of the object have 
weight, the whole weight of the object appears to aa at this balance point . This point 

lscalledthe centreof gravity (C.G.) oftheobject. 

Thecentreofgravityolanobjectisthepointatwhichthewholev,,,eightoltheobjectmay 
bernmideredtoact 

Toe weight of a body can be shovm as a force acting vertically downwards at the 

centre of gravity. For a uniform body such as a ruler. the centre of gr:wlty ls at the 

geomet:rlcal centre. 

Equilibrium 
Toe principle of moments gives the condition necessary for a body to be ln rorntlonal 
equlllbrlum. Ho,vever, the body could stlll have a resultant force acllng on ll which 

'l\uuld cause ll to accelerate llnearly. Thus, for compleie equilibrium. there cannot be 

any nc-sultant force ln anydlrectlon 
lnlbplcl weaddedforces (vectois)uslngavectortrlangle. Whenthreeforcesacton 

an object the condition for equlllbrlum ls that the vector diagram for these forces forms 

a closed triangle. When four or monc- fon:es aa on an object the same prlndples apply. 

For equlllbrlum. the closed vector triangle then becomes a closed vector polygon. 

Forabodytobe inequilibrium 
1 Thes.umoftheforcesinanydirectionmustbezero 
2 The s.um of the moments of the forces about any point must be zero 

Example 

TheuniformrodPQshowninFigure5.10ishorizontalandinequilibrium 

i 
' 

Flgure5.10 

The weight of the rod is SON. A force of 29N that acts ateod Q is 60°to the horizontal 
TheforceateodPisla~le<lX.Drawavectortriangletorepreseottheforcesactingonthe 
rod and determine the magnitude and direction of force X. 

Theforceskeeptherodinequilibriumand™-'flceformaclosedtriangleasshowninFigull'S.11 

A scale diagram can be drawn to show that x is 29N and acts at 60° to the horizontal 

Now it's your turn 
4 The same uniform rod PQ is in equil ibrium, as in the above example 

(a) CO Show that the upward forces equal the downward forces. 
(ii) ShowthatthehorizootalforcetotheleftequalsthehOOzontal forwtotheright 

(b) ThelengthoftherodinFigu1eS.10i1100cm.DeterminetheforceXbytaking 
momeots about Q 
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Flgure5.12Columnolliquid 
abovethe.ireaA 
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5.4 Density and pressure 
In this section we wlll bring cogether density and pressure co show an lmix>nam llnk 

Thedensityofasubstanceisdelinedasitsma11perunitvolume 
p:m/V 

The symbol for density ls p (Greek rho) and lt5 SI unit ls kg nrl. 

Example 

An iron1phereofradius0.18mhasmass190kg.Calrnlatethedensityofiron. 

First calculate the volume of the sphere from V= 'lrnr3. This works out at 0.024ml 
Application of the formula !Of demitygivesp= 7800kg m..,J . 

Pres'illreisdefinedasfom!perunitarea,wherethelorceFactsperpeodio.JlarlytotheareaA. 
p:FIA 

The symbol for pressure ls p and Its SI unit ls che pascal (Pa). which ls equal to one 
newton per square me(!\'" (N m--1). 

The llnk between pressure and density comes when we deal with llqulds or with 
tluldslngeneral.Considerapolmatadepthhbelowthesurfaceofallquldlna 
container. Wha! ls the pressure due co the llqukl? Very simply. the pres.suR'" ls caused by 
che ·weight of the column of liquid above a small area ac chat depih, as shown in 
Flgul\.'" 5.12. The weight of the column ls w = mg = pAhg, and che pressure ls W/A = pgh. 

P=pgh 

The pressure ls proportional co the depih below the surface of the llqukl. If an external 
pressure, suchasatmospherlcpressure, actsonthesu1faceofthellquld. thlsmustbe 
taken tmo accoum ln cakulatlng the absoluce pressuR'". The absolute pres.sure ls the 
sum of the external pres.sure and the pressure due to the depih below the surface of 

thellquld. 

Example 

Calculate the e)({ess pressure over atmospheric at a point 1.2 m ~ow the rurface of the 
water in a swimming pool. Thedensityofwateris 1.0x 1Qlkg m-l 

Thisi1a'ilraightforwardcakulatioofromp:pgh 
Substitllling,p: 1.0x 1Qlx9.8x 1.2: 1.2 x 104Pa 

lfthetotalpre11urehadbeen1equired,thisvaluewooldbeaddedtoatmospherkpre1rure 
p ,...Takingp,..tobe 1.01 x 105Pa,thetotalpresrureis1.13x 101Pa 

Now It 's your t urn 
5 Cakulatethedifferet1cein blood pressurebetweenthetopoftheheadar.dthesoles 

oftheleetofastude<it1.3mtall,standingupright.Takethedensityofbloodas 
1.1 xlOlkgm-l 

Upthrust 
When an object ls lmmer.sed ln a tluld (a liquid or a gas). il appears co weigh less than 
when Jn a vacuum. [( ls easier to llft large stones under water than when they al\'" out 
of the water. The reason for this ls that Immersion in the tluld provides an upthrust 
or buoyancy force 

\Ve can see the reason for the up1hrust when we think about an object. such as the 
cyllnderlnFlgure5.13, inwater. Rememberthacthepn"ssurelnallquldlncreases\\1th 
dept.h. Thus. che pre.1SUre ac the bcxtom of the q1lnder ls greater than the pressure at 
the top of the cyllndff. This means that there ls a bigger torceactlng upwa!ds on the 



Flgure5.130r~in ofthe 
buoyancylorc:e(upthrust) 

5.4Densityandpressure l 

base of the cyllnder. than there ls acting downwards Ofl the top. Tlk'" difference ln these 
forceslstheupthrustorbuoyancyforceFb. LooklngatFlgure5.13.\vecanseethal 

Fb = F..,., - Fdown 

and , since 

p:pgh:FIA 
Fb = pgA(hl - Ii,)= pgAI 

=pgV 

where /ls the length of the cylinder, and Vis Its volume. The upthrust ls simply the 

weight of the liquid displaced by the Immersed object. This relallon has been 
derived for a cyllnder. but lt wlll also apply to objects of any shape. 

The rule chat the upt.hrust acting on a body Immersed In a fluid ls equal co the 
weight of the fluki displaced ls known as Archimedes' principle. 

Example 

Calrulate(a)theforceneededtoliftametalcylindefwheninairand(b)theforceneeded 
toliltthecyl inderwhenimmersedinwater 

The dens.ity of the metal is 7800kg m-l and the demityol water is 1000kg m-l. The 
volumeofthecylinderisO.SOml 
(a) force needed in air=weightofcylinder:0.SOx 7800x9.81 = 3.8 x 104N 
(b) !Ofceneededinwater=weightofcylinder-upthrmt 

:O.SOx 7800x9.81 -0.SOx 1000x 9.81 : 3.3 " 104N 

Thediffefl'flceinthevaluesin(a)and(b) istheupthrustonthemetalcylinderwhen 
immersed in water 

[Theupthrustofthecylinderinairwasneglectedasthedens.ityofair isverymtKhlessthan 
that of the metal.] 

Now It 's your turn 
6 Expla in why a boat made of metal is in equilibrium when stafonaiy and floating on water 

• The moment of a force is a measure of the turning effect of the force 
• The moment of a force is the product of the force and the perpendicular distance of 

thelineofactionoftheforcelromthepivot. 
• A couple consists of two equal forces acting in opposite directiom whose lines of 

action do not coincide 
• Thetorqueolacouplei1ame<1Sureofthetumingeffectofthecouple 
• Thetorqueofacoupleistheproductofoneofthefor{esandtheperpendicular 

distaocebetweenthelir.esofactionoftheforces 
• The priociple of moments states that the sum of the dock wise moments about a 

point is equal to the sum of the anticlockwise moments about the point. 
• The centre of gravity of a body is the point at which the whole weight of the body 

maybe considered to act 
• Forabodytobeinequil ibrium 

- thesumofthefor{esinafl-jdirectionmustbezero, 
- the sum of the moments of the forces about any po4nt must be zero 

• Demity p is defined by the equation p = mlV. where m is the mass of an object and 
Visits volume 

• l'fessurepisdelir.ed bytheequationp= FIA. where Fis the force acting 
perpendkularlytoanareaA 

• Thetotalpressurepatapo4ntatadepthhbekrwthesurfoceolafluidofdensityp 
i1p=p1,+pgli,p,,,beingtheatmospheri{pressure;thedifferenceinpressu1e 
betweenthesurfacear.dapointatadepthliispgh 

• Theupthrustonabodyimmersedinalluidisequaltotheweightofthefluid 
disploced 
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Examination style questions 
1 A uniform rod of length 60cm has a weight of 14N. It is 

pivotedatoneendandheld inahorizontalpositionby 
a thread tied to its other end, as shown in Fig. S.14. The 
thread makes an angle of S0° with the horizontal. Cakulate: 

a the moment of the weight of the rod about the pivot, 
b the tension Tinthethreadrequiredtoholdtherod 

horizontally. 

/ 
~-- eo,m--~4_ __ _ pivot<======== ----­

Flg.5.14 

2 Arulerispivotedatitscentreofgravityandweightsare 
hungfromtherulerasshowninfig. 5.1S.Calculate: 

a the total antidod::wise moment about the pivot, 
b themagnitudeoftheforceF. 

Ftg. 5.15 

3 A uniform plank of weight 120N restsontwostoolsas 
shown in Fig. 5.16.Aweightof80N is placed on the 
plank, midway between the stools. Calculate: 

a theforceactingonthest<XllatA, 
b theforceactingonthest<XllatB. 

Flg.5.16 
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4 A nut is to be tightened to a torque of 16N m. Calculate 
theforcewhichmustbeappliedtotheendofaspanner 
oflength24cminordertoproducethistorque. 

5 Thewaterinastoragetankis15maboveawatertapin 
the kitchen of a house. Calculate the pressure of the water 
leavingthetap.Densityofwater=l.0>< 101 kgm-l. 

6 Showthatthepres.surepduetoaliquidofdensitypis 
proportional to the depth Ji below the surface of the liquid 

7 a Definecentreofgravity. {2] 
b A uniform rod AB is attached to a vertical wall at A. 

The rod isheldhorizontallybya string attached at B 
andtopointC,asshowninfig.S.17. 

string 

Flg.5.17 

The angle between the rod and the string at Bis S0°. The 
rod has length 1.2 m and weight 8.5 N. An object o of 
massM is hung from the rod at B. The tension Tin the 
stringis30N. 

i U5etheresolutionoflorcestocalculatethevertical 
componentofT. 

ii State the principle of moments. 
iii U5e the principle of moments and take moments 

about A to show that the weight of the object 

/1/ 
/11 

Ois19 N. 00 
iv Hencedeterminethemass.Moftheobjecto. {1J 

c U5e the concept of equilibrium to explain why a force 
mustactontherodatA {2] 

Cambridge International AS and A level Physics, 
9702/22 May/June 2013 Q 3 

8 a Explain what is meant by centre of gravity. 
b Definemomentofaforce. 

w 
/1/ 

c Astudentisbeingweighed. Thestudent,ofweight W. 
stands 0.30m from end A of a uniform plank AB, as 
shown in fig. 5.18. 



' " 
0.20m 

' 
~ BON 70N ! 

Flg.5.18 

The plank has weight 80N and length 2.0m. A pivot P 
supports the plank and is O.SOm from end A. 

A weight of 70N is moved to balance the weight of the 
student.Theplankisinequilibriumwhentheweightis 
0.20mfromendB 

i Statethetwoconditionsnecessaryfortheplanktobe 
in equilibrium {2] 

ii Determine the weight wofthestudent {3] 

ii i If only the 70Nwe1ghtismoved, there is a maximum 
weightofstudentthatcanbedeterminedusingthe 
arrangementshowninfig.5.18.Stateandexplain 
o nechangethatcanbemadetoincrea:;ethis 
maximum weight {2] 

Cambridge International AS and A Level Physio, 
9702121 May/June 2011 Q 3 

9 a Distinguish between the moment of a force and the 
torque of a couple. {4] 

b One type of weighing machine, known as a steelyard, is 
illustratedinFig.S.19 

Flg.5.19 

Thetw:islidingweightscanbemovedindependently 
along the rod. 
With no load on the hook and the sliding weights 
at the zero mark on the metal rod, the metal rod is 
horizontal. Thehookis4.8cmfromthepivot 
A sack of flour is 5Uo;pended from the hook. In order 
to return the metal rod to the horizontal position, the 
12 N sliding weight is moved 84cm along the rod and 
the2.5Nweightismoved72cm. 
i Calculate the weight of the sack of flour. {2] 

ii Suggest why this steelyard would be impre<ise when 
weighingobjectswithaweightofabout25 N [1J 

Cambridge International AS and A level Physics, 
9702/02 Oct/Nov 2008 Q 3 

Examination style questions I 
10 a Definethetorqueofacouple. 

b A uniform rod of length 1.Sm and weight 2.4N is 
showninfig.5.20 

rcpeAB.ON 

''S., 
weight2.4N 

8.0N ropeB 

Flg.5.20 

The rod is supported on a pin passing through a hole 
in its centre. Ropes A and B provide equal and opposite 
forcesofS.ON 

i Calrulate the torque on the rod produced by ropes A 
and B. [1J 

ii Discuss,briefly,whethertherodisinequilibrium. [2J 
c The rod in bis removed from the pin and 5Upported by 

ropesAandB,asshowninfig. S.21 

i 

'~'""" ',.,,., 
I 0.30m 

P weight2.4N 

Flg.5.21 

Rope A is now at point P 0.30m from one end of the 
rod and rope Bisattheotherend. 

i CalculatethetensioninropeB. 
ii CalculatethetensioninropeA. 

/21 
/1] 

Cambridge lmemationa/ AS and A Level Physics, 
9702121 Oct/Nov2011 Q 2 

11 a Defineden'iity. [1J 
c A paving slab has a mass of 68 kg and dimensions 

50mm" 600mm" 900mm. 
i Calrulate the density, in kg m-1, of the material from 

which the paving slab is made. {2] 

ii Calrulate the maximum pres5Ure a slab could exert on 
the ground when resting on one of its surfaces. {3] 

Cambridge International AS and A level Physics, 
9702/21 Oct/Nov 2011 Q 1 parts a and c 
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6 Work, energy, power 

~ By the end of this topic, you will be able to: 
6.1 (a) glve examples of energy in different fonns, 6.3 (a) deri,-e, from the equations of motion , the formula 

kinetic energy Ek= 'l.tmv" its oom·ersion and conservation and apply the 
principle of conservation of energy to simple 
examples 

(b) recall and apply the formula Ek= '1lm1,2 

6.2 (a) understandtheconceptofworkintem1sof 
the product of a force and displacemem in the 
direction of the force 

(c) distinguish between gravitational poternial energy 
and elasticpoternial energy 

(d) understand and use the relationship between 
force and potentill.l energy in a uniform field to 
soh·eproblems (b) calculate the work done in a number of situations, 

including the work dooe by a gas which is 
expanding against a constant external pressure: 
W:pAV 

(c) recall and understand that the effkiency of a 
system ls the ratio of useful energy output from 
thesystemtothetotalenergyinput 

(d) show an appreciation for the implications of 
energylossesinpracticaldevicesandusethe 
concept of efficiency to sol\·e problems 

Starting points 

(e) deri,·e, from the defining equation w = Fs, the 
formula AEP = mg!:,.h foc potential energy changes 
near the Earth's surface 

(t) recall and use the formula AEP = mg!:,.h foc 
potential energy changes near the Earth's surface 

6.4 (a) define power as work dooe per unit time and 
deri,-e power as the product of force and velocity 

(b) ~o~,~~roblems using the relationships P = ; and 

• Know that there are various forms of ene rgy. 
• Understand that energy can be converted from one form to ,mother. 

1·m gofngtonvrl!today. 
• Machines enable us to do useful work by converting ene rgy from one form to 

another. 

Wbere do you work?' 

1'Ved-OIU!SOIIU/WOrlllntbegarden.· 

'Lotso/11urkwasdo11e/fjtfng tbebox. 

1'Ved-One mybomeworl.!.· 

F1gure6.1 Theweight-rnteru">eSakltof 
energytolifttheweightsbuttheyc.anbe 
mlledalongthegroundwith littleeffort 

8-0 

6.2 Work 
The words ·v.urk', 'energy' and "po,.ver' are in use Jn everyday English language but 
Chey have a variety of meanings. In physics, they have very precise meanings. The 
wo!d work has a definite tmerpretatlon. The vagueness of the cerm 'work" ln everyday 
speech causes problems for some studems when they come to give a pR'Clse sdemlfk 

WOfk is done when a force moves the point at whkh it acts fthe point of application) in the 
direction of the force 

wnrkdone:force x distancemovedbytheforreinthedirectionoftheforre 

11 ls very lmponam to Include direction in the deflnitlon of work done. A car can be 
pushed horlzomally quite easily but, if the car ls to be llfted off its wheels. much more 
wolkhastobedoneandamachlne.suchasacar-jack,lsused. 

\1:'henaforcemovesltspolntofappllcatlonlnthedlrectlonoftheforce.theforce 
does work and the work done by the foit:e ls sakl to be posmw. Conversely, If che 



6.2Work l 
direction of the force ls opposite to che direction of movement, work ls done on che 
force. This '\\U!k done ls then said co be negalfve. This ls lllustraced in Figure 6 .2 . 

initialpcsition 

finalpcsition 

F1gure6.2 

directionofmOYi!meot 
ofthelorce 

wonrisdonelly thefo,ce 

direction of movement 
of the force 

linalpositioo 

initial position 
----------• 

An akernatlve name for distance moved ln a pantcular direction ls disp lacement. 
Displacement ls a vector quantity, as ls force. However. '\\'Ofk done has no dlR'Cllon. 
only magnitude (size), and ls a scalar quantity. U ls measured ln loules (f). 

Wheoaforceofooene'Wtonmovesitspcintofapplicationbyor.emetreinthedirectionof 
Flgure6.3Theusefulworl:doriebythe theforce,onejouleofworl:isdone 
1malltug-boati1foundusingthecomponeot 
oftheterisioointhernpeakmgthedirection 
of motkln of the ship work done In joules = force In mm.wns >< distance mowd 111 metres fn the 

~ --

Flgure6.4 

Flgure6.5 

dfrectfo110/thejbrce 

11 follov.'S that a joule 0) may be said to be a newton-mecre (Nm). If the foit:e and the 
dlsplacemem are not boih ln the same dlrealon. chen the component of the force ln 
the direction of the displacement muSI be foond . Consider a foit:e Facllng akmg a line 
at an angle (} co the displacement , as shown ln Figure 6.4. The componem of the force 

along the dlrectlo n of the dlsplacemem ls F cos 9. 

work done for dlsplacernem x = F cos (} x x 

NOie chac the component Fsln 9ofthe foit:e ls at rlghc angles to the displacement. 
Since there ls nodlspL1cemem Jn the direction ofthls component. no work ls done Jn 

Example ~ 

Achildtowsatoybymei!nsofastringasshowninFigure6.S 

Thetensioninthestringis 1.SNandthestringmakesanang~of2S 0 withthehorizontal. 
Calculate the work done in moving the toy horizontally through a distaoce of 265an 

worl:done:hon"zontalcotTlpO{)entoftensionxdistancemoved 

:1.Scos2Sx1§ 
100 

:3.6J 

Now It 's your turn 
1 Aboxweighs45N.Calculatetheworkdoneinliftingtheboxthroughavertical 

height of 
Cal 4.0m, 
(b) 67cm 
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2 Alon:eof36Nactsatanangleof55'tothevertical.Thefoo:emovesitspointof 
applicatiooby64cminthedi1ectionofthelorce.Calculatethew01kdoneby: 
(al thehorizontalcompooentofthelon:e, 
(b) theverticalcompooeotofthelorce 

Work done by an expanding gas 
A bulkllng can be demollshed with explosl\·es (Figure 6.6). When the explosives are 
detonated. largequantltlesofgasat h.lghpressureareproduced. Asthegasexpands, l! 
does \vork by breaking down the masonry. In this section. we will derive an equation 
fortheworkdonewhenagaschangesltsvolume. 

Consider a gas cornalned ln a q1lnder by means of a frictionless plSlon of area A. 

as 5hown In Figure 6.7. The pressure p of the gas ln the cyllnder ls equal co the 
mmospherlc pressure outside the cyllnder. This pressure may be thought !o be con&ant. 

Figure 6.6 Expkl1ives produce large quantitK'I of high-Pfessure gas When the g.11 expands. it does work in demo Iii hi rig the building 
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Flgure6.7 

Since pressure = 1::::. thegasproducesaforceFontheplstonglvenby 

F = pA 

When the gas expands at constant pressure, the piston moves outwards through a 
dlstancex. So. 

work done by the gas = force x distance mol..'ed 

W = PAI: 

However. A.\" ls the increase ln volume of the gas ~V. Hence, 

W = pt.V 

When !he volume of a gas changes at conslant pressure, 

wakdone=pressure x diangeinvok.Jme 

When the gas expands, work ls done by the gas. If the gas contmcts. then work ls 
done011thegas. 



6.1 Energy l 

Flg ure6.8 1tisexpa!ldinggasespushingonthepi<;tomwhichca11seworl:tobedone 
bytheenginelna{ar 

Remember that the unil of work done ls the joule Q). The pressure muse be ln 

pascals (Pa) or newtons per metre squared (N m- 'J and the change ln volume 
lnmetrescubed (m.l). 

Example 

A sample of gas has a vo lume of 750cml. The gas expands at a rnmtant pressure of 
1.4 x 101Pa so that its volume becomes 900anl. Calculate the work done by the gas 

during the expansion 

Now it's your turn 

changeinvolume,'IV:(900-750) 

= 1SOanl 

:1S0x10-6m1 

work done by (]<3S = ptlV 

:(1.4x10l)x{1S0x10-6) 

: 21J 

l TheYOlumeofairin atyreis9.0x 10-lml.Atmospherkpressureis 1.0 x 101Pa 
Calculate the WO<k dorie agaimt the atmosphere by the a ir when the tyre bursts and 
theairexpam!stoavolumeof2.7x 10-lml 

4 High-pressuregasinaspray-canhasavolumeof2SOanl.ThegaseKilpesinto 
theatmos.pherethroughanozzle,sothat itsfinalvolumeislourtimesthevolume 
ofthecan.Cak:ulatetheWOOdonebythegas,giverithatatmos.phericpressureis 
1.0xlOIPa. 

6.1 Energy 
In order co wind up a spring, v.urk has co be done because a foice muse be moved 
throughadlscance. \1:'henthesprlnglsreleased, ltcandov.urk;forexample,maklng a 
chlld's toy move. When che spring ls wound. It scores the abillty co do work. Anything 
thatlsabletodoworklssaklcohaveenergy. 

A body which can do work must have energy. 

Fig ure 6.9 The lpfing stores energy a,; itis A body with no energy ls unable to do work. Energy and work are both scalars. Since 
stretched. re~aling the energy a1 It returris to v.urk done ls measured in toules 0), energy ls also measured In joules. Table 6.1 lists 
its original shape somecyplcalvaluesofenergy. 
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Table6.1 TypKalenergyvalues 

radioactivedecayofanucleus 

§Oumlofspeechonearforl!;l'{ond 

moonlightoofac:eforl !;l'{Ofld 

bumingamatOl 

large cream cake 

energyrelea'iedlrom100kgofrnal 

Earthquake 

ordltt"ofrnagnltude 
of-rgy/J 

10-• 

energyrec:eivedonEarthlmmtheSuninoneyear Hl'' 

mtationalenergyoftheMilkyWaygalaxy 

estimatedenergyofformationoftheUniverse 

Energy conversion and conservation 
Newspapers sometimes refer co a "global energy crisis". Jn che near fucure, Chere may 
well be a shortage of fossil fuels. Fossil fuels are sources of chemical energy. U would 
be more accurace co refer to a "fuel crisis'. When chemical energy ls used, the energy 

ls transformed Into cxher forms of energy, some of which are useful and some of 

whlcharencx. Eventually.allthechemlcalenergylslikelytoendupasenergythat 
ls no longer useful to us. For example. when petrol ls burned ln a car engine. some 
of the chemical energy ls converted Imo che klnetlc energy of the car and some ls 

wasted as heat (thermal) energy. When the car Slops, Its klnetlc energy ls converted 

lntolnternalenergylnthebrakes. Thetemperarnreofthebrakeslncreasesand heal 
energy ls released. The ouccome ls thac the chemical energy has been converted Imo 
hea! energy which dlsslpa!Cs Jn !he atmosphere and ls of no further use. However. 
chetcxalenergypresem lntheUnlversehasremalnedconstant. Allenergychanges 
are governed byche lawof conservation o f energy. Thlslawstatesthat 

Eneigycanootbecreatedordestroyed.ltcanoolybeconveftedlromonefo«ntoar.other. 

Tllere are many different forms of energy and you will meet: a number of these during 
your A/AS Level Physics &udles. Some of the more common forms are listed In Tobie 6.2. 

Table 6.2form1ofenergy 

gravitational potential energy energy due topositionofam.iss inagravit.i~onalliekl 

kinetKenergy energy due to motion 

elastic potential energy energystoredduetostretching or rnmp1es1ing.inobject 

elec:tricalenergy energy.irnxiatedwithmovingOlargecarriersdueto;i 

potential difference 

ek>ctrost.itkpotenlialenergy energyduetothepositionofaOlargeinanelec:trkheld 

§Oundenergy energytramferredfrompartidetopartideaslO(iatedwitha 
sound wave 

elec:tromagnetk radiation energy JSIO(iated with waves in the electromagnetic spectrnm 

§Clar energy eiectromagnelic radiation from the S.Un 

intem.ilenergy rallOOmkinelicandpotentialenergyofthemoleculesinanobject 

diemkalenergy energyre~asedduringdiemKalreactions 

nuclear energy eoergyassociatedwithpartidesiotheoucleiof.itoms 

thermal energy eoergytransferredduetotemperaturediflerence 
(sometimes called heat energy) 



Ftgure6.10Whenthemassf.llls,itgaim 
kinetkel\l'rgy;mddrivesthepHeintothe 
ground 

6.3Kineticenergy l 

~xample 

Mapollltheenergychangestakingpli!Cewhenabatteryiscoonectedtoalamp. 

Chemkalenergy-->electrkalenergy-->lightenergyandintemalenergy 
in battery ofthelamp 

Now It's your turn 
5 Mapoutthefollowingenergychanges 

{al a child swinging on a swing, 
(b) anaerosolamproducinghairspray, 
(cl a lump of day thrown into the air which subsequently hits the ground 

6.3 Kinetic energy 
As an object falls, lt loses gravitational po1entlal energy and. ln so doing, It speeds up. 
Energy ls associated with a moving object . In fact. we know that a moving object can 
be made to do •••ork as lt slows down. For example. a moving hammer hits a natl and, 
as It stops. does work to drive the nall Into a piece of wood. 

Kine& energy i5 energy We to motion. 

OJnslder an object of mass m moving with a constant aa:eleratlon a. In a distances, 
the object accelerates front velocity II co velocity 11. Then. by referring to the equatlons 
of moUon (see Topic 3), 

1il = 1i' + 2as 

By Newton·s law (see Topic 4), the foice F glvlng rise to the acceleratkm a is given by 

OJnJblnlngthesetwoequatlons, 

If' = 11' + 2f,s 

Re-arranging, 

nuil = mu' + 2Fs 

2FS = mlf' - 11111' 

Fs = i1711fl - i171u' 

By definition. the term Fs ls the work done by the force moving a distances. Therefore. 
since Fs represents walk done. then the other terms ln the equatkm. fmv> andfm11', 
must also have the units of work done. or energy (see Topic I). The magnitude of 
each of these tenns depends on velocity squared and so fmiil and fmu' are tenns 
representlngenergywhlchdependsonvekx:lty(orspeed). TheklnetlcenergyEkofan 
objeaofmassmmovlngwlthspeed11lsglvenby 

E,:=tfml 

For the kinetic energy to be in Joules, mass must be ln kllograms and speed ln metres 
per second. 

The full name for the tenn Ek = fmv> ls 1m11slalfonal kfnetlc enefRV because 
ltlsenergyduetoanobjectmovlnglnastralghtllne. Ushouldberemembered 
that rotatlng objects also have kinetic energy and this form of energy ls known as 
rota/1011alklnettcenergy. 
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F1gure6.11Thecarsootherollercoaster 
h.ive1toredgravit.1tkmalpotentl.ilenergy 
Toisenergyisreleased.istheursfall 
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~xample 

Cakutatethekinetkenergyofacar ofmass900kgmovingataspeedof20ms-1.State 
the form of energy from which the kir.etic energy is dl'fived 

kinetkenergy:}1111,1 

= f x900x2CY 

: 1.8 x 105J 

Thisenergyisderivedlromthechemicalenergyofthefu~ 

Now it 's your turn 
6 Calrulate the kineticl'fll'fgyol a car of mass 800kg moving at 100 kilometres per hour 
7 Acyde and cyclist have a rnmb4ned mass of 80kg and are moving at 5.0m s-1 

Calculate 
(al thekinelicl'fll'fgyofthecydeandcyclist, 
(b} theinueaseinkineticl'flergyloraninueaseinspeedofS.Oms-1 

Potential energy 
Potentialenergyistheab41ityofanobjecttodo'NOfkasaresultolitspositiooorshape. 

Wehavealreadyseenthatawound-upsprlngstoresenergy. Thlsenergylspo(entlal 
energy because the spring ls slfalned. More spedflcally, the energy may be called 
elastic (or strain) pote ntia l energy. Elastic po(entlal energy ls stored in objects 

whlchhavehadthelrshapechangedelasllcally. Exampleslncludestretchedwlres, 
twisted elastic bands and compressed gases. 

Newton's Jaw of gravitation (see lbplc 8) tells us that all masses attract one an()(her. 
We rely on the force of gravity to keep us on Eanh! When c,vo masses are pulled 
apan. work ls done on them and so they gain gravitational potential energy. If the 
massesmoveclosertogether.theylosegrav:ltatlonalJX)temlalenergy. 

Gravitatior.1lpotl'fltiale<1ergyiser.ergypossessedbyamassduetoitspositionina 
gravitatior.1lfield. 

Changes Jn gravltatlonal JX)temlal enffgy are of panlcular lmponance for an object 
near to the Eanh"s su1face because we frequently do work raising masses and. 
conversely, the energy stored ls released when the mass ls Jcr.vered again. An object of 
mass m near the Eanh"s surface has weight mg, where g ls the acceleratlon of free fall. 
This weight Is the foR:e with which the Earth auraas the mass (and the mass anracts 
cheEarch).lfthemassffiO\·esavertfcaldlstanceh. 

11!Qrl.!done = farce><dtstance1110veri 

= lllgh 

When the mass ls r.ilsed, the wOfk done ls stored as gmvftatfonai potential enecyy and 
thlsenergycanberecoveredwhenthemassfalls. 

It ls lmponam co remember that , for the energy co be measured ln to,.iles, the mass 111 
mustbelnkllograms.theaa:eleratlonginmetres (second)-1 andthechangelnhelgtu 

NO(lce that a zero point of gr.ivltatlonal potential energy has n()( been stated. We aR'" 
concernedwlthc.bang,eslnJX)tentL1lenffgywhenamassrlsesorfalls. 



6.3Kineticenergy l 

1 Map oot the energy changes taking place when an object moves from its lowest point 
toitshighestpcintootheendolaverticalspririgaherthes.pringisstretched 

{maximum)el<1sticpotentialeoergyinst1etchedspring->gravitahonalpote<1tialenergy 
andkineticeJlefgyand(reduced)elasticpotentlal energyolobject(asitmovesup)-, 
{maximum)grnvilatiooalpotentialenergy(zerokineticer.ergy)andelasticpotential 
eoergyinthernmpressedspringatitshighestpoint 

2 A shop assistant stacks a shelf with 25 tim of OOilns, each ol mass 460g (Figure 6.12} 
Eachtinhastoberaisedthrnughadistanceof 1.8m.Cakulatethegravilationalpotential 
eoergygainedbythetimofbe;ms,giventhattheiKcelerntionoffreefallis9.8ms-1 

totalma'iliraised:2Sx460: 11500g 

:11.Skg 

increaseinpote<1tialenergy:m xg xh 

Iii ---.. __ 

F1gure6.12 

Now it 's your tu rn 

:11 .Sx9.8x1.8 

:200J 

8 Theaccelerationofffeefalli19.8ms-1. Calculatethediar.geingravitat ior.al potential 
energy when 
(a) a person of mass 70kg d imb5a ditto/ height 19m, 
(b) abookofm,m9409i5raio;edvertiu111ythroughadi5lanceof130cm, 
(c) anaimahoftotalma552.Sx 10lkgdescendsby980m 

Efficiency 
Machines are used to change energy from one form into some O!Jx.>r more useful form. 
ln most energy changes some energy ls 'lost ' as heat (thennal) energy. For example, 
whenaballrollsdownaslope,thetO!alchangeln gravllatlonalpotentlalenergylsnOI 
equaltochegaln lnklnetlcenergybecause h.eat(chermal)energyhasbeenproduced 
asaresultoffrlcrlOllalfoR:es. 
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Efficiency gives a measure of how much of the 10ml energy may be considered 
usefulandlsno( 'lost'. 

ffic' usefu/ene,g;~ 
e iency !otalene,g; input 

Efflclencymaybeglveneltherasa ratloorasapeR:entage.Slnceenergycann()(be 
created. efficiency can never be greater than 100% and a ·perpetual motion" machine ls 
n()(posslble(Flgure6.13). 

FJgure6.1lAnattempttode1ign;imachinetogetsomething 
fornoth ingbybreabngthel<1Nofrnmervationofenergy 

Example 

A man lihs a weight of 480N through a vertical distance of 3.Sm using a rope and some 
pulleys. The man pulls on the rope with a force of 200N arid a length of 10.Sm of rope 
passesthroughhishands.Calru~tetheeffidencyolthepulleysystem. 

wotk done by man= fOf"Ce x distance moved (in direction of the force) 

:200x10.5 

:2100J 

wakdoneliftinglood:480x 3.5 

:1680J 

asenergyistheabilitytodoworkandlrom thedefinitionofefficiericy, 

efficiency= work got ourtwotk put in 

= 1680/2100 

Now it 's your turn 
9 Anelectricheaterconvertselectricalenergyintoheatenergy.Suggestwhythisprocess 

maybe 100%efficient 
10 Theelectricmotor of anelevator(lift)uses630kJof electricalenergywhenrnisirigthe 

elevatorandpassenge<s,of totalweight 12500N,throughaverticalheightof29m 
Calrulatetheefficiencyoltheelevator. 



6.4Powe, I 
6.4 Power 
Machines such as wind turbines or engines do work for us when they change energy 
into a useful form. However, n()( only ls the avallablllty of useful forms of energy 

lmponanc. but also the race at which ll can be cotwened from one form to an<Xher. 
Toe rate of convening energy or using energy ls known as power. 

We have seen that energy ls the ablllty co do \VOrk . Consider a famlly car and a 

Grand Prix racing car which bol:h contain the same amount of fuel. They are capable 
of doing the same amount of work, but the racing car Is able to travel much faster. This 
isbecausetheenglneoftheraclng carcanconvercthechemlcalenergyofthefuelimo 
useful energy at a much faster rate. The engine Is said to be more powerful. Pmver ls 
the rate of doing work. Power ls given by the formula 

Toe unit of po\ver ls the wan (symbol W) and ls equal to a rate of working of I joule 
per second. This means thm a light bulb of power I W will cmwer! IJ of electrical 
energy to other forms of energy (e .g. light and hea(l every second. Some typical values 

of power are shown ln Table 6.3. 

Table 6.3 Va lue1ofpowe1 

powertooperateas.mallcakulator 

IK]htpowerfromatorch 

loudsp{'akefoutput 

manu.illJbourerworkingrnntinuom!y 

waterbulfaloworkingrnntinuom!y 

hair dryer 

motorc.irengine 

electric itygener.itingst.itkmoutput 

Power,llkeenergy,lsascalarquantlty. 
care mu.It be taken when referring to pmver. u ls common Jn everyday language 

to say that ascrongper.,onls"pmverful". lnphystcs, scrength.orforce,andpowerare 

not the same. Large forces may be exerted without any movemern and thus no wad. 

ls done and the power ls zero! For example, a large rock resting on the ground ls not 

moving, yet: It ls exenlng a large foR:e. 
Consider a foR:e F which moves a distance x ac con.starn velocity v Jn the direction of 

the foR:e. in time/. Toe \\'OTk done Wbythe foR:e ls given by 

DMdlng both sides of this equation by tlme t gJ\,es 

T=FT 
Now, T ls the rate of doing work. I.e. the pmver P and f = v. Hence, 

power= force x velocity 
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~xample 

A small electric motor is used to lift a weight of 1.SN throogh a vertk:al distance of 120cm 
in2.7s.Calculatetheuselulpowerolllputofthemotor. 

W<Ji"kdone:forcexdistaricemoved 

:1.Sx1.2(thedistancemustbeinmetres) 

power= work done/time taken 

:(1.812.7) 

Now it 's your turn 
11 Calculatetheelectricalenergyconvertedintothermalenergywlll'f1anelectricfire. 

rated at 2.4kW, is left switched on for a time of 3.0 minutes 
12 Theootplllpoweroftheelectricmotorsofatraini:s3.6MWwlll'f1thetra inistravel li ng 

at30ms-1 . Calculatethetotal lorceopposingthemotionofthetrain 
1l A boy of mass 60kg runs up a flight of steps in a time of 1.8s. There are 22 steps and 

&Khoneisofheight20cm.Calculatetheusefulpcrwerdevelopedintheboy"slegs 
{Theacceleratklnoffreefalli:s10ms-1.) 

The kilowatt-hour 
Every household has to pay the "elearlclty bill'. Electrldly ls vltal Jn modem IMng and 

chts energy does noc come free of charge. II ls lmponarn co realise thac whac ls pakl for 
ls electrical energy. nOl electrical pcl',',"er. Since many electrical appliances ln the home 
have a pcl',',·er of the older of kllowatts and we use them for hoors, Che joule, as a unit of 

energy, ls 10() small. For example, an electric fire of po,.ver JkW. used for 2 hours wookl 

use3()00x 2x6ox 6o = 216ooOOOjoules.l.e. 21.6 mllllonjoolesofenergy! [nstead, ln 

manypansofthe,.,.urld.elearlcalenergylspurchasedlnkllmvatt-hours(kWh). 

One kilowatt-hour is the energy expended when work is done at the rate of 1 kikmatt for a 
timeollhom. 

= IOOOWx36oOs 

3.6 x1a6 w s(lWslsequJvalerntolJ ) 

The kllowan-hour ls sometimes referred to as the Unit of energy. Electrlclty meters In 

the home (Figure 6.14) are often shown as measuring Units, where I Unll = I kW h. 

Example 

Calcutatetheco1tof using an electric fire, rated at 2.SkWfora time o/6.0 hours, if 1 kWh 
ofenergycosts7.0cents 

energyused:2.Sx6.0:15kWh 

Now it 's your turn 
14 Atelevi:sionsetisratedat280W.Calrnlatethecostofwatchingathree-hourlilmif 

1 kilowatt-hourofelectric.alenergycosts8cents 
15 Anelectrickettleisratedat2.4kW.Electric.alenergycosts8centsperkWh. Thekettle 

takes 1.0 minute to boil sufficient water for two mugs of coffee. Calculate the cost of 
makingthisamountofcoffeeonthreeseparateoccasions 

Hi Electrical energy generating companies sometimes measure their outplll in gigawatt­
years. Calculate the number of kilowatt-hours in 6.0 gigawatt-years 



Examination style questions I 
• Whro a foo:e moves its point of applkatkm in the d irectioo of the lorce, work is done 
• Worl:done"' Fxcos o, where Oisthe angle between the direction of the force F 

andthedisplacementx 
• Wheoagasexpam!satcoristantpressure: 

won: done= pre55Ure x diange in volum e, 0< W,. p!J.V 
e EnergyisneededtodowtlfX;energyistheabilitytodo1NOrk 
• Potentialenergyistheeflefgystoredinabodyduetoitspo'>ftiooorshape;examples 

areelasticpotentialenergyandgravitationalpotentialenergy 
• When an object of mass m moves vertica lly through a distance llh, then the diar.ge 

in gravitational potential energy is given by: !J.Ep,. mg!J.h where g is the acceleration 
of free/all 

• Kineticenergyistheenefgystoredinabodyduetoitsmotion 
• For an ob;ect of mass m moYir.g 'With spero z,, the kirietk l'm>rgy is given by: E, = 1mv1 
• Energy canoot be created or de5troyed. It am only be converted from one form to 

another. 
e Elficieocy:usefuleoe<gyoutputltotalenergyinput 
• Power is defined as the rate of doing work or work done per unit time 
• Work done"' power x time taken 
• Theunitofpoweristhewatt(W) 
• lwatl:cljoulepersecor.d 
• Power:cforcex velocity 
• Electricalenergymaybeffil'ilsuredinkilowatt-hours(kWh). 
• 1 kWh is the energy expended when work is done at the rate of 1000 watts for a 

time ofl hour.1kWhisequivalentto3.6MJ. 

Examination style questions 
1 A force F moves its point of application by a distance x in 

a direction making an angle 8with the direction of the 
force,asshowninFig.6.15. 

~ ---4 

Flg.6.1 5 

The force does an amount Wof work. Copy and complete 
the following table. 

2 Anelasticbandisstretchedsothatitslengthincreasesby 
2.4cm.Thelorcerequiredtostretchthebandincreases 
linearfyfrom6.3Nto9.SN.Calculate: 

a theaverageforcerequiredtostretchtheelasticband, 
b theworkdoneinstretchingtheb.-md 

3 When water boils at an atmospheric pres.sure of 101 kPa, 
1.00cm1 of liquid becomes 1560cm, of steam. Calculate 
the work done against the atmosphere when a saucepan 
containing 550cm, of water is allowed to boil dry. 

4 Name each of the following types of energy: 

a energyusedinmuscles, 
b energystoredintheSun, 
c energyofwaterinamountainlake, 
d energycapturedbyawindturbine, 
e energy produced when a firework explodes, 
f energyofacompressedgas 

5 A child of mass 35 kg moves down a sloping path on a 
skate board. The sloping path makes an angle of 4.5° with 
the horizontal. The constant speed of the child along the 
pathis6.Sms-1.Calc.ulate: 

a theverticaldistancethroughwhichthechildmoves 
in1.0s, 

b therateatwhichpotentialenergyisbeinglost 
{g= lOms--1). 
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6 A stone of mass 120g is dropped down a well. The ~ace 
ofthewate,inthewel is9.Sm below ground level. The 
acceleration of free fall of the stone is 9.8m s....i. Calwl.ate, 
forthestonefallingf,orngrooodle...eltothewater 

""=· 
a the loss of potential energy, 
b its speed as rt hits the water, assuming all the potential 

energyhasbeenconvertedintokineticeoergy. 
7 An ai,crah of mass3.2 x 1oskg accelerates along a 

runway. Cllkulatethecha,ngeinkineticenergy,inMJ, 
when the aircraft accelerates: 

a fromre,otolOm s-1. 
b from30ms- 1 to40m s-1. 
c from60ms- 1 to70ms-1 

8 lnordertostrengthenherlegs, an athlete 51epsuponto 
a box and then down again 30 times per minute. The girl 
hasmass50kgandtheboxis3Scmhigh.Theexercise 
lasts 4 .0minutesandasaresultoftheexercise, her leg 
muscles generate 120kJof heatenergy.Calculatethe 
efficiencyofthelegmuscles(&= 10ms....!J. 

9 By accident. the door of a refrigerator is left open. Use 
thelawofconservationofenergytoexplainwhetherthe 
temperature of the room will rise, stay constant or fall 
aftertherefrigeratorhasbeenworii;ingforafewhours. 

10 The lights in a school Jabofatory have a total power of 
600W and are left on for 7.0 hours each day. In order to 
reduce fuel b~ls. i1 is decided to have the ~ghts 5Witched 
on only when there are people in the laboratory. This 
amounts to a total time of 4 .5 hours per day. A5suming 
thatthelaboratoryisusedfor200dayse«hyear, 
cakulatethesaving.iflkWhofenergyc05ts7.0cents. 

11 Aca, travels in a straight ~ne at speed 11 along a horizontal 
road. The car moves against a resistive force Fgiven IP/" the 
-tion 

where Fis in newtons, ,, in m s-1 and Ii is a constant. 

At speed 11 = \Sm s-1, the resi51ive force F is 1100N. 

a Calculate,forthiscar: 
i the power necessary to maintain the speed of 15m , ,, 
ii thetotalres.ist~forceat aspeedof30ms- 1. 
iii the power required to maintain the speed of 30m s-1• 

b Determinetheenergyexpendedintravelling 1.2 kmat 
a constant speed of: 
i 1Sms- 1. 
ii 30ms-1. 

c Using your answers to part b, suggest why, during a 
fuelshortage,themaximumpermittedspeedofcars 
maybe reduced 

12 a Distinguish between gravitational potential energy 

" 

andelas1icpoten1ialenergy. (2} 
b A ball of mass 65g is thrown vertically upwards from 

grooodlevelwithaspeedof16m s-1. Airresistanceis 
negligible. 

Calculate,forthebal, 
1 thenitialkineticenergy, 
2 themaximumheightreached. 

/2/ 
/21 

ii The bait takes time, to reach maximum height. For 
timetl2afterthebalhasbeenthrown,cakutatethe 

potential energy of ball 
k.rietJcenergyo/6.ill 

iii Stateandexplaintheeffectofairresistanceonthe 
time taken for the bal to reach maximum heiglt. /I} 

Cambridge International AS and A level Phy.ics, 

9702123 Oct/N<N 2013 0 4 

13 a Explain what is meant IP/" work done. {I} 
b Acar istravellingalongaroaclthathasauniform 

doYmhill gradient. as sho,,.,n in Fig. 6.16. 

Ftg.6.16 

Thecarhasatotalmassof850kg.Theangleoftheroad 
to the horimntal is 7.5°. Calculate the component of the 
weight of the car down the slope (2} 

c The car in b istravellingataconstantspeedof 
2Sms-1. ThedrN"erthenappl>esthebrakestostopthe 
car. The constant force re-sisting the motion of the car 
is4600N. 
i Showthatthedecelerationofthecarwiththebrakes 
~is4.1m s-2. (2} 

ii CalClM!e the distance the car travels from when the 
brakes a,e applied until the car comes to rest. {2} 

iii Calculate 
1 thelossofkineticenergyofthecar, {2} 
2 thev.Qrkdonebytheresistingforceol4600N. /I} 

iv Thequ;nritiesirl iii pa,1 1 ardirl iii pa,t 2 arenot~. 
Explain ....tiy these two quantities are not equal . }I} 

Cambridge ln~mationa/ AS and A level Phy.ics, 
9702121 May/June 2011 Q 2 

14 a Di51inguish between gravitational potential energy and 
electric potent ial energy. {2} 

b A body of mass m moYes vertically through a distance h 
near the Earth's surface. Usethedefiningequationfor 
work done toderiveanexpressionforthegravitat ional 
potentialenergychangeofthe body. (2] 

c Water flows down a 51ream from a reservoir and then 
causes a water wheel to rotate, as shown in Fig . 6.17. 

Flg.6.17 

As the water falls ttv-ough a vertical height of 120m, 
gravitationalpotentialenergyisconvertedtodifferent 
forms of energy, including kinetic energy of the water. 



At the water wheel, the kinetic energy of the water is only 
10% of its gravitational potential energy at the reservoir. 

i Showthatthespeedofthewaterasitrei!Chesthe 
,...,..._lislSm,1. {2] 

ii Therotatingwaterwheelisusedtoproduc:ellOkW 
of electrical power. Calculate the mass of water 
flowingpersecondthroughthewheel,as~mingthat 
theproductionofelectricenergyfromthekinetic 
energyofthewateris25%efficient. {3] 

Cambridge International AS and A level Physics, 
9702121 Oct/Nov 2011 Q4 

15 A ball is thrown vertically down towards the ground 
withaninitialvelocityof4.23m,1. Theb.-illfollsfora 
time of 1.51 sbeforehittingtheground.Airresistanc:eis 
negligible 

a i Show that the downwards velocity of the ball 
whenithitsthegroundis 19.0m,1. {2] 

ii Calculate,tothree!.ignificantfigures,thedistanc:e 
theballfallstotheground {2] 

Examination style questions I 
b Theballmakesoontactwiththegroundfor12.5ms 

and rebounds with an upwards velocity of 18.6m s-1• 

Themassoftheballis46.5g 
i Calculatetheaverageforceactingontheballon 

impact with the ground {4] 

ii Useconservationofenergytodeterminethe 
maximum height the ball reaches after it hits the 
ground {2] 

c Stateandexplainwhetherthecollisiontheballmakes 
withthegroundiselasticorinelastic. {I] 

Cambridge lntemational AS and A level Physics, 
9702121 May/June 2012 Q 2 
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9 Deformation of solids 

By the end of this topic, you will be able to: 
9.1 (a) appreciate that deformation is caused by a force 

and that, in one dimension, the defom1ation can 
be tensile or compressive 

9.2 (a) distinguish between elastic and plastic 
deformation of a material 

(b) understand that the area under the force-­
extension graph is equal tol\-urkdone (b) describe the behaviour of springs in tenns of 

load, extension, elastic limit , Hooke's law and the 
sprlngconstam(forceperunitextension) 

(c) deflneandusethetermsstress,strainandthe 
Young modulus 

(d) describe an experiment to determine the Young 
modulus of a metal in the form of a wire 

Starting points 

(c) deduce the strain energy in a deformed material 
fromtheareaundertheforce-extensiongraph 

• When !Ofces are applied to a solid body, its shape or size may change. 
• Thechangeof'>hapeorsizeiscalleddeforma tio n. 
• Thedeformationiscalledatens ile deformationifanobjectisstretchedora 

compress ivedeformationif theobjectsqua'>hed 

9.1 & 9.2 Force and deformation 
Hooke's law 
A hellcal spring, attached co a fixed point. hangs venlcalty and has weights anached to 

Its lower end, as shown in Figure 9.1. As the magnitude of the weight ls Increased the 
spring becomes longer. Toe Increase ln length o( the spring ls called the exten s ion of 

thesprlngandthewelghtanachedtothesprlnglscalledthe load. 

lftheloadlslncreasedgreatly,thesprlngwlllchangeltsshapepermanemly. 
However, for small loads. when the load ls R.'moved, the spring R.'turns to Us orlglnal 

length. The spring ls said to have undergone an e last ic ch a nge. 

In an elastic change, a body returns to lls original shape and size when the load on 

lllsremoved. 

Flgure 9.1 Aloadl.'dhelical1priog Flguff'9.2showsthevarlatlonwlthloadoftheextenslooofthesprlng.11lesectlond 

thellnefromtheortglntotheJX)lnt P lsstnlght. ln this region, theextenslofl of thesprlng 

lspropoctlonaltotheload. llleJX)lntPlsreferredtoasthe proportion ality limit. llle 

polntElsR"ferredtoasthe elast ic limit andlsusuallyjustbeyondthepolntP. llle 

spring ls deformed permanently and the change ls said to be p lastic for points beyond E. ,1 / iL. 
o loild 

F1gure 9.2 Extemicmofaloadeds.pring 
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The elastic: limit is the maximum force that can be applied to a wire/spring such that the 
wire/spring returns to its or~inal Jength when the lorre is removed 

ThefactthattheR"lsastralghtllnerelatlonshlpbetweenloodandextenslonls 
expressed ln Hooke"s law. Jt shoukl be appreciated that. although we have used a 

spring as an illustration, the law applies to any object, provkled the proJXJltlonallty 

llmlthasnotbeenexceeded. 



9.1&9.2Forceanddeformation l 

Hool:e'slawstatesthat,providedtheproportionalitylimitisnotexceeded,theextensiooof 
abodyisproportionaltotheappliedload 

Toe law can be expressed ln the fonn of an equation 

Removing the proponlonallty slgn gives 

wheR' k ls a constant , known as the spring consta nt (or foR:e constam). 

Thespringconstantistheforr.eperunitextensioo. 

Toe unit of the constant ls newton per metR' (N nr'). 

Example 

Anelasticcordhasanunextendedlengthof 25an.Whenthecordisextendedbyapplying 
aforceate.Khend,theleogthofthecordbecomes40anforf0fcesof0.75N.Cakulate 
theforcecof151:antofthecord 

extensionofcord:15cm 

forceconstant:0 .75/0.15(extensiooinmetres) 

: 5.0 Nm-1 

Now it 's your turn 
1 Exp lain what is mrunt by extended elastirnl/y. 
2 Cakulate the spririg constant for a spring which extends by a distarx.e of 3.San whefi a 

loadof14N ishunglromitsend 
3 A steel wire extends by 1.Smmwhen it is under a tension of 4SN. Calrnlate 

(a) theforcernnstantofthewire, 
(bi thetensionrequired toproduceanextensionofl.8mm,asS1Jmingthatthe 

proportklna litylimit isnotexceeded 

Strain energy 
When an object has Its shape changed by forces acting on It the object ls said to be 

st rained . Work has to be done by the forces co cause this Slraln. Provided that the 
elaSilc llmll ls n()( exceeded, the object can do work as lt returns to Its original shape 

when the forces are removed. Energy ls Slored in the txxly as potential energy when U 

lsSiralned. Thlspartlcularformofpotentlalenergylscalledelasilcpotentlalenergyor 

Slralnpotentlalenergy, orslmply s t ra in e nergy. 

Elasticpotentialer.ergy{strainenergy)i:senergystOfedinabodyduetochangeofshape 

OJnsldff the spring shown ln Figure 9.1. To produce an extension e, the force applled 
m the Jc:,,,ver end of the spring Increases linearly with extension from zero co a value F. 

Toe average force ls 'hF and the work done Wby the force ls therefore 

W = az:-emgefarcex e:xtenston(seeToplc 6, page SO) 

Ho,vever, the force constant k ls given by the equallon 

Therefore, substllutlng for F, 

strainenergyw=}kil 

Toe energy ls ln toules lf k ls ln newtons per metre and e ls ln metres. 
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a Deformation of solids 

FJgure9.35trainenergyisgiVi'nbythearea 
under the graph 

Flgure9.45tress--straingraph 
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Agraphofload(y-axls)agalnS1extenslon(x-axls)enablesS1ralnenergytobefound 
even when the graph ls nol Hnear (see Figure 9.3). We have shown that Slraln energy ls 
glvenby 

stralnenergy =fFe 

Theexpressl011fFen>pR""Sentstheareabel:weentheS1r.1lghtllne0111'lgure93andthe 
x -axis. This means that Slraln energy ls represented by the area under the llne Oil a 
graphofload(y-axls) pic.tedagalnSlextenslon(x-axls). 

Example 

Aspringhasaspringrnnstant65Nm-1andisextendedela!i!icallyby1.2cm.Calrnlatethe 
strainenergystoredinthespring. 

Now It 's your turn 

slTainenergyW=j°kel 
= f x65x{1.2x10-l}l 

: 4.7 x 10-l J 

4 AwirehasafOfceconstantof 5.Sx 10'Nm-1 . ltisextendedejasticallyby 1.4mm 
CakulatethestrainenergystOfedinthewire. 

5 A rubber band has a force constantol 180N m-1. The work done in extending the band 
is0.16J.Cabilatetheextensionoltheband. 

The Young modulus 
Thedlfflcukywlthusingtheforceconsiantlsthattheconstantlsdlfferentforeach 
sped men of a material having a different shape. U woukl be far more convenient lf 
we had a C011stant for a panlcular material which woukl enable us to find extensions 
knowing the constant and the dimensions of the specimen. This ls possible using the 
Young modulus. 

We have already mentioned the term s train. When an object of original length I.,, ls 
extended by an amount e. the strain (£) ls defined as 

strain = a,:::s~ 

e = e/L,, 

Stralnlstheratlooftwolengthsanddoesn()(haveaunlt. 
Thestralnproducedwlthlnanobjectlscausedbyastress. lnourcase,weare 

deallngwlthchangeslnlengthandsothestresslsreferredtoasa tensilestress. 
When a tensile force Facts normally to an area A, the stress (ci) ls given by 

U = F/A 

The unit of tenslle stress ls newton per square melre (N m--1). This unll ls also the unil 
ofpressureandsoanallematlwunl1forstressls1hepascal(Pa). 

lnFlgure9.J.wepic.tedagraphofloadagalnstextensiOfl. Slnceloadlsrelatedto 
stressandex1enslonlsrelatedt0S1raln,agraphofstresspl0(tedagalnS1S1raln·would 
have 1he same basic shape, as shown ln Figure 9.4. Once again, there ls a stralgtu line 
reglonbel:"•eentheorlglnandP,theproportlonalltyllmlt.lnthlsnc'glon.changesof 
strain with stres.s an> proponlonal. 



Ta ble 9.1 Youngmodulusfor 
differentmalefia!s 

YoungrnodulusE/Pa 

glass 4.1 X 1010 

9.1&9.2Forceanddeformation l 

lnthereglonwherethechangesareproponlOflal. ltcanbeseenthat 

or.removlngtheproponlonalltyslgn, 

The con.slant E ls known as the Yoong modulus of the m:uerL1l. 

Young mcxiu/us E = :~ 

The unit of the Young modulus ls the same as that for stress because strain Is a ratlo 
and has no unit . 

This deflnltlon for the Yoong modulus can be used co dfflve the expresskm 

E = lf/A)x (L,je) = (FL,)!(Ae) 

This expression ls used to determine the Young modulus of a metal. 

Figure 9. 5 Simple experiment to measure the Young modu lus of a wire 

The Young modulus of a metal ln the form of a wire may be measured by applying 
loads to a wlreand measurlngtheexcensloflscaused. Theorlglnallengthandthe 
cross-sectional area must also be measured. A suitable laboratory arrangemem ls 
shown ln Figure 9.5. A copper wire ls often used. This ls because, for wires of the 
same diameter under the same load. a copper wlR' will give larger. moR' measurable. 
extensions than a steel wlR'. (Why ls this?) A paper flag wlth a R"ference marl.;: on It ls 
anached to the wire at a distance of approximately o ne metR' from the clamped end. 
The original length I.,, ls measuR'd from the clamped end to the reference mark. using 
a meue rule. The diameter d of the wlR' ls measuR'd using a mlcrometer screw gauge, 
and the cros.s-sectlonal aR"a A calculated from A = ~,:P . Extensions e are measured 
as masses m aR' added to the mass-carrier. (fhlnk of a suitable way of measuring 
these extenslOfls.) The load Fis calculated from F = mg, A graph of F(}·-axt.v agalnsi 
e (le-axis) has gradient £4/I.,,, so the Young modulus E ls equal to gradient x (L.,/A). 

This method ls only applicable wheR' Hooke's law ls valid and the graph ob!alned ls 
a straight line. care shook! be taken no( to exceed the llmll of proponlonallcy when 
excendlngthewlR'. 

Some values of the Young modulus for dlffeR'nt materials aR' shown in Table 9.1. 

Example 

Astel!lwireofdiameter 1.0mm and length2.Sm issus.pendedfromafixed pcintanda 
mass of weight 4SN is suspended from its frel! end. The Young modulus of the material of 
thewireis2.1 x 1Q11Pa. Assumingthattheproportionalitylimitofthewireisnotexceeded, 
calculate· 

(a) theapplied51:ress, 
(b) thestrain, 
(c) theextensionofthewire. 
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a Deformation of solids 

(al area,.1tx(O.Sx10-l)l 

,.].9x10-lml 

51:fl'SS:lorce/area 

,.4Sf7.9x10-1 

,. s.7 x 101 Pa 
(b) strain=stress/Youngmodulus 

:S.7x10712.1x10II 

=2.7x 10-4 
(c) extension=strainxlength 

Now it 's your turn 

:2.7x10-4x2.5 

,.6.8x10-4m 

6 A copper wire of d~meter 1.78mm and length 1.40m is suspended from a fixed point 
and a mass of weight 32.0N is suspended from its free end. The Young modulus of the 
material of the wire is 1.10 x 1011pa. Assuming that the proportionalitylimitofthewire 
isnote)({eeded,cakulate 
{al the applied stress, 
(b) thestrain, 
(c) theextens.ionofthewire 

1 An elastic band of area of aoss-section 2.0mml has an unextended length of 8.0cm 
When stretched by a force of0.40N , its length becomes 8.3cm. Calculate the Young 
modulus of the elastic 

• Forresonanobjectc.ancausetensiledelormation(stretching)orrnmpressive 
deformation(squashing). 

• An elastic change occurs when an object returns to its original shape and size when 
the load is removed from it 

• Hooke'slawstatesextensionisproportional tolOildprovidedthelimitol 
proportionality is not exceeded. 

e lhespringconstant(lorceconstanl)kistherntioollorcetoextension. 
e Elasticpotential energy(stra inenergy)isenergystoredinabodyduetochange 

of shape. 
e SITainenergy:j"kel 
e Tensi/estrain:extension/original/ength 
e Tensi/estress:force/cross-sectionalarna 
• Young modulus= stress/strain 

Examination style questions 
1 Aspringhasanunextendedlengthof12.4cm.When 

aloadof4.5Nissuspendedfromthespring, its length 
becomes13.3cm.Calculate: 

a thespringconstantolthespring, 
b thelengtholthespringforaloadol3.SN 

2 Theelasticcordofacatapulthasaforceconstantof 
700Nm-1.Cakulatetheenergystoredintheelasticcord 
whenitisextendedby15cm. 

3 Two wires each have length 1.Smand diameter 1.2mm. 
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One wire has a Young modulus of 1.1 >< 1011 Paandthe 
other2.2 >< 1011 Pa.Oneendofeachwireisattachedto 
thesamefixedpointandtheotherendofeachwireis 

attachedtothesameloadof75N50thateachhasthe 
same extension. Assuming that the proportionality limit of 
thewiresisnotexceeded,cakulatetheextensionofthe 

4 Explain what is meant by p/;Jstic deformation. 

5 a Explain what is meant by strain energy 
(elastic potential energy). {2] 

b A spring that obeys Hooke's law has a spring 
constantk. {3] 

Show thattheenergy Estoredin thespringwhenithas 
beenextendedelasticallybyanamountxisgivenby 

E= ~kx1. 



c Alightspringofunextendedlength 14.2cmis 
!.Uspendedverticallyfromafixedpoint,asillustratedin 
Fig.9.6 

Flg.9.6 

Flg.9.7 

Flg.9.8 

Examination style questions I 
A mass of weight 3.BN is hung from the end of the 

spring,asshowninFig.9.7. Thelengthofthespringis 

AnadditionalforceFthenextendsthespringsothatits 
lengthbecomes17.8cm,asshowninfig.9.8. 
The spring obeys Hooke's law and the elastic limit of 

thespringisnotexc~ded. 
i Show that the spring constant of the spring is 

1.8Ncm-1. 

ii Fortheextensionofthespringfromalengthof 
16.3cmtoalengthof17.8cm, 
1 cakulatethechangeinthegravitationalpotential 

energyofthemassonthespring, {2] 

2 ~thatthechangeinelasticpotentialenergyof 
thespringis0.077J, [1J 

3 determine the work done by the force F. {1J 

Cambridge International AS and A level Physics, 
9702122 Oct/Nov 2009 Q 4 

6 a Oefine,forawire, 
i stress, 
ii strain. 

b A wire of length 1.70m hangs vertically from 
afixedpoint,asshowninFig.9.9. 

Thewirehascross-5eetional 
areaS.74>< 1Q-11m1 andismade 
ofamaterialthathasaYoung 
modulus of 1.60>< 1011ra.A 
loadof2S.0Nishungfromthe 

i Calrulatetheextension 
of the wire. {3] 

ii The same load is hung from 
a5eeondwireofthesame Flg.9.9 

material.Thiswfreistwicethelengthbutthesame 
volume as the first wire. State and explain how the 
extension of the second wire compares with 
thatofthefirstwire. 

/1/ 
11/ 

Cambridge International AS and A Level Physics, 
9702121 May/June 2011 Q 4 
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a Deformation of solids 

7 a StateHooke'slaw. /1/ 
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b The variation with extension xof the force Flor 
a spring A is shown in Fig. 9 .10 
Thepointlonthegraphistheelasticlimitofthe 

x110- 2m 

Flg.9.10 

i Describe the meaning of eidstic limit. {I] 
ii CakulatethespringconstantkAlorspringA. {1J 
iii Calculatetheworkdoneinextendingthespring 

withaforceof6.4N. {2] 

c AsecondspringBofspringconstant2kAisncmjoined 
tospringA,asshcmninFig.9.11 

A force of 6.4 N extends the combination of springs. 

Forthecombinationofsprings,calculate 

i the total extension, 
ii thespringconstant. 

/11 
/1/ 

Cambridge International AS and A Level Physics, 
9702121 Oct/Nov 201 I Q 6 
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AS Level 

14 Waves 

4' By the end of this topic, you will be able to: 
14.1 (a) describewhat ismeantbyw:l\'emotionas 

illustrated by vibration in ropes, springs and 
ripple tanks 

(b) understand and use the terms displacement, 
amplitude , phase difference, period, frequency, 
wavelength and speed 

(c) deduce, fromthedefinitionsofspeed,frequency 
and w:welength, the equation v =fa 

(d) recallandusetheequation v =/A. 
(e) understandthatenergyistransferredduetoa 

progressive wave 
(f) recall and use the relationship Intensity is 

proportional to (amplitude)' 
14.2 (a) compare transverse and longitudinal waves 

(b) analyseandlnterpretgraphicalrepresentatlonsof 
transverse and longitudinal wa,·es 

Starting points 

14.3 (a) determlnethefrequencyofsoundusinga 
callbratedcathode-rayoscilloscope (c.r.o) 

14.4 (a) understand that ·when a source of waves mo,-es 
relaliveto a stationary observer, there Isa change 
in observed frequency 

(b) usetheexpressionfo=J.v1<.11:1:11J forthe 
observedfrequencywhenasourceofoound 
·wavesmo,-esrelativetoastatlonaryobserver 

(c) appreciate that the Doppler shift is observed with 
all wa\·es , including sound and light 

14.S (a) state that all electromagnetic waves travel with 
thesamespeedinfreespaceandrecallthe 
orders of magnitude of the wavelengths of the 
principal radlations from radio wa,-es to }'rays 

Note: 14.3 (b) is cxwered in AS Level Topic 15. 

• Review b.a sic properties of w,wes 
• Review knowledgeofthe e lectromagnetic spectru m. 

14.1 Wave motion 
This topic will Introduce wme general propenles of waves. We \\1ll meel two broad 
classlflcatlonsofwaves,transverseandlOflgltudlnaLbasedOfl !hedirectlon inwhlch 
the partlcles vibrace relative to Che direction Jn which the wave transmits energy. 
We will define !erms such as amplitude. wavelength and frequency for a wave, and 
derlvetherelatlonshlpbel:weenspeed.frequency andwavelength. \Vewlll look at 
demonstrallons of oome properties of waves, such as R""flectlon and refraction. 

Wave motion ls a means of moving energy from place co place. l'or example, 
electromagneilc waves from the Sun carry the energy thac plants need to survive and 
grow. The energy carried by sound waves Gtuses our ear drums !o vibrate. The energy 
carrledbyselsmtc,vaves(earthquakes)can devastalevast areas.causlnglandlomove 
and bulldlngs to collapse. Waves which move energy from place lo place wlthouc the 
transferofmanerarecalled progressi,·e waves. 

Vlbratlngobjectsaccasoouri:esofvraves. For example, avlbratlngtunlngfork sets 
the air close co 11 lnto osclllaUOfl, and a sound wave spreads ouc from the fork. l'or a 
radlowave,thevlbratlngobjeasareelectrons. 

TheR'" are t'l\'O main group,<; of waves. These are transve rse waves and 
longitudina l waves. 

A tr.-msverse wave is ooe in which the vibr.-itions of the particles in the WiNe are at right 
ang lesto thed irec:tioninwhichtheenergyolthewaveislriNell ing 
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Figure 14.1 shows a transverse wave moving along a rope. The pan Ides of the rope 
vlbrace up and down. wh.HSI the energy travels at right angles to this, from A co B. 
There ls no transfer of matter from A to B. Examples of transverse waves Include llgtu 
waves, surface water ,.vaves and secondary seismic ,,,aves (S-v,aves). 

Flgure14.1Tramversewaveonampe 

A kmgitudinal wme is one in which the direction of the vibrations ol the particles in the 
WiNe is along the direction in which the eoergy of the wave is trme lling 

Figure 14.2 shows a longlludlnal wave moving along a Slretched spring (a 'slinky'). 
Thecollsofthesprlngvlbracealongthelengthof!hesprlng.whllsttheenergytravels 
along the same llne, from A to B. NOie that the spring Itself does nol move from A to 
B. Examples of longltudlnal waves Include sound \vaves and primary seismic waves 
(P-waves). 

mOYemeotof 

"'"" -~~ = 
Flgure14.2Longitudinalwaveonaslinky1pring 

14.2 Graphical representation of waves 
The displacement ofa particleonawaveisitsdistanceinaspecilieddirKtionfrom its 
rest position. 

Displacement is a waor quantity; lt am be positive or negative. A transverse wave may be 

representedbyplc:xt1ngdlsplacementy0flthey-axisagalnS1dlstancexalongchev.11H•.ln 
che direction of energy travel. Of\ the x-axis. Tots ls shown in Figure 14.3. ll can be seen 
thacthe graphlsasnapshOlofwhmlsactuallyd>sef\"edCobeatransversewave. 

Figure 14.l Dilplacement-distance graph for a tramver1e wave 

For a longitudinal wave. the displacement of the panlcles ls along the direction of 
energy travel. However, lf these displacements are plol:ted on the y -axis of a graph of 
dlsplacemem agalnSI distance, the graph has exactly the same shape as for a tran~'•erse 



14.2 Graphical representation of w;,;es I 
\vaw (see Figure 14.J). This ls very useful. tn chat one graph can n.-presem boih types 

of wave. Using this graph, wave properties may be treated without refeR.'nce to the 
cypeofwave. 

Thl' amplitude of the WiNe motion is defined as the maximum displacement of a partide in 
thewaw>. 

Also,ltcanbeseenthatthe·waverepeatsltself. Thatls, the,•ravecanbeconSlructed 

by repealing a section of the wave. 11le length of the smallest repetition unit ls called 
the wa\·elength. 

Thewave!eogthistheshortestdistar.cebetv.oeentwope;iksortheshortestdistarice 
between two troughs. It is the shortest distance ~ween points which are vibrating in 
phase {see below) w;1h &Kb other. It is the distaflCe moved by the wavelront during one 
oscillationolthesourceofthewaves 

The usual symbol for wavelength ls ,t the Greek lener lambda. 

AnOlher way co repR'Sfflt boih waves ls to pkll: a graph of displacement y of a point 

on the \vave against time /. This ls shown ln l'lgure 14.4. Again. the wave repeats 

Itself after a cenaln trnerval of tlme. lbe time for 011e complele vibration ls called the 

period Tofthe\\':!Ve. 

The period of the wave is the time for a partide in the WiNt' to wmp!ete or.e vibration, or 
or.ecycle 

Flgure14.4 Disp1.ic:ement-timegraphforawave 

The number of complete vibrations (cydes} per unit time is ca lled the frequency /of the WiNt' 

For waves on ropes and springs, dlsplacemern and amplltude are measured ln mm, m 
or Olherunitsoflength. Perlodlsmeasuredlnseconds (s). Frequeocyhastheunll 

perserond(s-')orhenz(Hl"} 

A term used to describe the relative po.sltlons of the crests or troughs of two different 
waves of the ,ame frequency ls phase. When the crests and troughs of the !'WO waves 

al\.' allgned , the ,.vaves are said to be in phase. When crests and troughs are nOI allgned 

the waves are said to have a phase difference. When a crest and a trough of two 
\vaves al\.' aligned the waves are said to be ln antiphase. The quantitative measure of 

phasedlffereocehastheunltofangle (radlansordegrees). Thus, whenwavesal\.'out 

of phase with a Cl\.'51 aligned with a trough. one wave ls half a cycle behind the other. 

Sinceonecyclelsequlvalentto21tradlansor360°,thephasedlffereocebetweenwaves 
thatareexaalyoutofphase(lnantlphase) lsitradlansorl80°. 

Consider Figure 14.5, ln which there are two waves of the same frequency, but with 

a phase dlffel\.'nce belwft.'n them. The period Tcorresponds to a phase angle of 
21t rad or .}60<>. The two waves are out of step by a time t. Thus, phase difference 

ls equal to 2it(t/T) rad = 360<.tm0
• A similar argument may be used for waves of 

wavelengthA.whlchareout ofSlepbyadlstancex. lnthlscasethephasedlfference 
ls21t(x/A.)rad = 3ffi(x/A.)". 
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Flgure14.5 f'hasedifference 

One of the characteristics of a progressive wave ls thac It carries energy. The a mourn 
ofenergypasslngthroughunltarea perunlltlmelscalledthe inte nsity ofthewave. 
Thus the lrnenslty of a wave ls the pcw,er per uni! area . Toe lrnenslty ls proportional 
to the square of the amplitude of a wave. Thus, doubling the amplltude of a ,,,ave 
Increases the Intensity of the ,,,ave by a factor of four. The Intensity also depends on 
the frequency: Intensity ls proponlonaltothesquare of the frequency. 

For a WiM! of amplitude A and lrequmcy.f. the intensity !is proportkmal to A ljl 

If the waves from a point soo.:m:e spread oot equ.1Jty ln all directions. we have what ls 
called a spherical wan . As the wave travels furcher from the soo.m:e, the energy it 
carrlespassesthroughanlncreaslngtylargearea. Slncethesurfaceareaofasphere 
ls 41U", the Jruenslly ls W/41U", where Wls the power of the source. The Jruenslty of 
the wave thus decreases with Increasing distance from the source. The Intensity/ ls 
proponlonaltol/r'.whererlsthedlstancefromthesource. 

This relationship assumes thac there ls no absorption of wave energy. 

Wave equation 
Front the definition of ,.vavelength ..1.. Jn one cycle of the source the wave energy moves 
a distance ..l.. Toe time taken for one cycle ls the tlme period T. Referring to Topic 3, 
speedvlsthedlstancentO\/edperunlttlme. Therefore 

V= A/T 

If /ls the frequency of the w.1ve. then/ 1/T. Therefore 

/! =ft 

speed=frequeocy x wavelength 

Thls ls an lmponam relatlon5hlp between the speed of a wave and Its frequency and 
wavelength. 

1 A tuning fork of frequency 170Hz produces sound waves of wave~gth 2.0m. 
Cak ulatethespeedof sound 

Usingv=ft,wehave v =170x2.0= 340m s-1 

2 The amplitude of a w ave in a rope is 1Smm. lf the amplrtudeW{>(e changed to 20mm, 
ke{'ping the frequency the same, by what factor would the pc)W{!t carried by the r~ 
change? 

lntensity isproportklnal tothesquaieof theamplitude.Heretheamplitudehasbeen 
incieased byafactoro/20/15,so thepowercarriedbythewaveincreasesbyafactorof 
(20115}1= 1.8 



14.2 Graphical representation of w;,;es I 
Now it's your turn 
1 Water waves of wal'e!ength 0.080m have a frequem:y 5.0Hz. Calculate the speed of 

these water waves 
2 ThespeedofMlUndis340ms-1.Calculatethewave\engthofthesoundwaveproduced 

byaviolinwheo anoteoflreql.'ef1cyS00Hzisplayed. 
l A sound wave has twice the intemity of armthef sound wave of the same frequency. 

Cak:ulatetheratiooftheamplitudesolthewiNe-i 

4' Properties of wave motions 

Flgure14.6Rippletank 

Flgure14.7Rippletank 
pattemsforlow-andhigh­
fr~querxyvibratiom 

Although there aR' many different types of waves (light waves, sound waves. elearlcal 
waves, mechanical waves, etc.) there are some basic propenles which they all have Jn 
common. All ,,.aves can be reflected and refracted . All waves can be diffracted, and 

can produce lnterfeR'oce panems (see Topic 15} 
These propenles may be demonsuated using a ripple tank similar to that shown Jn 

FigUR' 14.6. AS the molar turns, the wooden bar vibrates, creating ripples on the surface 

of the water. l1le ripples are lit from above. This creates shadows on the viewing 

screen. Tbe shadows show the shape and movement of the ,vaves. Each shadow 

corresponds to a panlcular point on the ,vave. and ls referR'd to as a wavefront. 

V
a<~ 

el&tric 
motor 

viewing 
screen 

Flgurel4.7lllustratesthepauernofwavefrontsproducedbyalow-frequencyvlbrator 
and one of higher frequency. NO(e that for the higher frequency the wavelength ls less. 

slncewavespeedlsconstantand11= /:i. 
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Circular waves may be produced by replacing Che vibrating bar with a small dipper, or 
by allowing drops of wacer to fall Imo the ripple cank. A dicular wave ls llluscrated Jn 
Figure 14.8. This pattern ls characterl.11:lc of waves spreading ouc from a poln! source. 

~ 
Flgure14.8Rippletankpattemfora pointsourc:e 

Flgure14.10Rippletonkp.11tem1howtng 
refraction 
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We shall now see how the ripple tank may be used to demonscrate the wave 
propenlesofreflectlonandrefractlon. 

Reflection 
As the \vaves.11:rlke a plane barrier placed tn !he water, !hey are reflecced. The angle 
of reflect Jon equals the angle of Incidence. and chere ls no change ln wavelengch 
(seel'lgure 14.\)3). lfacurvedbarrlerlsused.the\vavescanbemadetoconvergeor 
dtverge(Flgurel4.9b). 

l~ti 11+wl =~ 
:~7er wavefront waveffoot 

Figure 14.9Rippletankp.1ttem1howingrellec~on.iti)aplane1u1fac:e.indb).icurvedone 

Refraction 
If a glass block ls submerged in che wacer. this produces a sudden change ln the depth 
of the wmer. The speed of surface ripples on water depends on the depth of che water: 
the shallower the water, the slower the speed. Thus, the waves move more slowly as 
cheypaSSO\'ertheglassblock. Thefrequencyofthewavesremalnsconstam,and 
so the wavelength decreases. lfchewavesarelncldentatananglecothesubmerged 
block, theywlllchangedlrectlon,asshown lnl'lgurel4.10. 

The change In direction of a wave due to a change ln speed ls called refractio n . 



Flgure14.12Me;r;uremefitofthe~me 
perlodfrnmtheu.o.trace 

14.3 The determination of the frequency of sound using a calibrated c.r.o. I 
As the waves re~ncer the deeper water, their speed lncR'ases co the fonner value 

andtheychangedlrectlononceagaln. 

14.3 The determination of the frequency 
of sound using a calibrated c.r.o. 

A cathode h ray oscllluscope (c.r.oJ with a callbr.ued time-base may be used to 
de1ermlne the frequency of sound. A me'lhod of measuring the frequency of sound 
waves Is llluslfated ln Figure 14.11. A signal generator and loudspeaker al\" used to 

produceanoceofastnglefrequency. ThemlcrophonelsconnectedtotheY-platesof 

lbe microphone de'lects the sound and a trace on the c.r.o. can be dJ!alned by adjusting 
the Y-plate sensltlvlty and the tlme-base seltlngs. A cyplcal trace Is shown ln Figure 14.12. 

lbe distance between peaks or troughs ls measured using the scale on the c.r.o. display. 
lbe time-base selling ls used to de1ermlne the tlme period Tand frequency of the 
sound. The cakulaced value can be compared with thm shown Ofl the signal generator. 

Example 

Thetime-ba1e1ettinglorthec.r.o.usedtoobtainthetraceinF~urel4.12is 
2.0msan-1.Detl'ITTlinelorthesound 

Ca) the t ime period. 
Cb} thefrequenc:y. 

(al Thedistan(l'/oratimeperiodisJ.Ocm 
Hen(l'theperiod:3.0x2.0x10-l:6.0 x 10-ls 

(bi The frequency: 1/timeperiod: 1/6.0x 10- 1 : 1Hz 

Now It's your turn 
4 Thetime-bdseonac.r.o.issetooO.SOmscm-1.Thetrarnobtainedfora1oundwave 

shows three complete t ime periods in 7.2cm. Calrnlate 
(a) thetime period. 
(b) thefrequenc:y. 

to) 
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Flgure14.13The'>Ourceemit1wave1of 
wavelengthJ.Theotaerveri11tationaryand 
rec:eive1wave1withthe1amewave!englh.<. 

Flgure14.14Sourc:eof'>Oundmoving 
towardsastatiooaryobserver 
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14.4 Doppler effect 
Thewhlstleofatralnortheslrenofa pollcecarappearstolncreaselnfrequency 
as ll moves tmvards a stationary observer. The frequency change due to the relative 
mouon between a source of sound or Hght and an observer ls known as the 
DoppleretTect . 

When the observer and soun:e of sound are bot:h stationary, the number of waves per 
serondreachlngtheobserwrwlllbethesamefrequencyasthesouice (seeFlgure 14.13). 

stationary 

When the souice moves cowards the observer the effect ls to shonen the 1•ravelengch of 
the\\':tvesreachlngtheobserver (see Flgure\4.14). 

Letvbethespeedofsoundlnalr. Asourceofsoundhasafrequencyf.and 
wavelength A.. The soun:e moves towards an observer al a speed 11,. 

The JX'flod of osdllallon of the source of sound ls T (= 1/f.). In the time of one 
osdllatlon the source mo,,es towards the observer a distance v, T. Hence the 
wavelength ls shortened by thlsdlstance. The wavelength of the sound received by the 
observerlsA. - 1•,T. 

Hencethefrequencyobservedfo = v/(A. - 1,, T) = v/(z,U, - v,ff.) 

lo =f.1'/(11- vJ 

The soun:e would move a\\-11y from a stationary obserwr at position P on the left-hand 
side of Figure 14.14. The observed wavelengths would lengthen. 

For a source of sound moving away from an observer the observed frequency can 
be shown to be 

lo =f.v/(v + 11J 



Flgure14.150Killatin.gell'(tricand 
m.igneticfieldslnanelectromagnetkw;,ve 

14.5 The electromagnetic spectrum I 
Toe above expressions apply only when the source of waves ls sound. However, a 
change of frequency (Doppler shift) ls observed with all waves, Including light 

ln astronomy, the wavelength tends co be measured rather than the frequency. 
1f the measured wavelength of an observed spectral line (see Topic 25) ls less than 

thatmeasuredforastatlonarysource,chenchedl&ancebelweenchesource (star) 
and detector ls decreasing (blue shift). If the measu!W wavelength ls greater than 

the value of a stationary source. thffl the source ls moving av,ay from the detector 
(red shift). The blue and red shifts are referred to In this way as red has the longest 

v..ivelengthlnthevlsiblespectrumandbluetheshorcesi. 

Example 

Apolicecartravelstowardsa1tationaryobsefverataspeedof1Sms-l .Thesirenonthe 
caremitsasoundoffrequency2S0Hz.Calrukitetheobservedlrequency.Thespeedof 
soundis340ms-1. 

ObserYedfrequer,cyfo=f,vl{µ-1.,,),.2sox340/{340-15) 

Now it 's your turn 
5 The sound emitted from the ~reo of an ambuklnce has a frequency of 1500Hz. The 

s.peedofsoundis340ms-t.Calrnkltethedillerenceinfrequencyhe<lrdbyastationary 
observer as the ambulance trav~1 towards and then away from the observer at a speed 
of30ms-1 

14.5 The electromagnetic spectrum 
Vlslble light ls just a small Ac'glon of the elec tromagnetic spectrum. All 
electromagne'llc waves are transverse waves, consisting of electrlc and magnetic flekls 
whlchosclllateatrlghcanglestoeachotherandtochedlrectlonlnwhlchthe\\-11vels 
travelllng. This ls Illustrated ln l'lgure 14.15. Electromagnetic (e.m.) waves show all the 
propenles common to wave motions, they can be llc'flected and refracted. They can 
bedlffracced and they obey the princ:lpleofsuperposltlon andproducelnterfellc'nce 
pauerns (see TOplc 15). In a \":lcuum (free space) all electromagnetic waves travel a! the 
same speed. 3.0 >< 108m s-1. 

Toe complete electromagnetic spectrum ls dMded into a series of regions based on the 
propenles of electromagnetic waves Jn these regions. as Ulustrated in Flgullc' 14.16. It 
shoukl be noted that there ls no clear boundary between regions. 
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Frequency/Hz 

H>' "' "' 1010 1012 10" 10'" 101• "'" "'" "'" 
Wavelengthlm 

H>' "" "' 10-> "'" "'' '"' 10-10 10-" 10-" 10-10 

microwaves intra-red 

application: diagnosis 

Flgure14.16Theelectromagneticlpl'(trum 
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Table 14.1 Wave~ngths of the Pfincipal radiations al tile electromagnetic '>JX'(trum 

approxlm~tewavelengthr.inge/m 

10- '"- 10-1•andsh0<ter 

X-rays 10-•- 10-»andshorter 

10-1- 1o• andlonger 

1 CalrulatethefrequencyinMHzofa radiowaveofwavelength2SOm 

Thespeedofal l0ectromagnetkwavesis3.0x 108ms-1. 

F0<awave v =P. 

f =3x 1QllnS0:1.2x106Hz= 1.2 MHz 
2 Calrulatethewavelength innmofanX-raywaveoflrequency2.0x 1Q18Hz 

Forawavev=P. 

.l:3xH)8nx10'8=1.S x10- '°=0.1 5 nm 

Now It's your t urn 
6 Thespeedoflightis3.0x108ms-1.Cak:ulatethelrequeflCyofredlightofwavelength 

6.Sx10-1m. 
1 A be.lm of red light has an amplitude that is 2.S times the amplitude of a 'il'Cond be.lm 

ofthesamernloor.Caku@tetheratiooftheintensitiesofthewaves 
8 Calculate the wavelength of miuowaves of fr!!Quency 8.0GHz 

• A progressive wave tra~s outwards from the source, carrying energy but without 
tramferringmatter. 

• lnatransversewave,theoscillationsofthepartidesareatrightanglestothe 
directiooinwhichthewavecarriesenergy. 

• lnalongitudinalwave. theoscillationsofthepartidesarealongthedirectionin 
whichthew<Necarriesenergy. 

• Theintensityofawaveistheenergypassingthroughunitareaperuniltime.lntensity 
isproportiooaltothesquareoftheamplitude(andtothesquareoftheffequeocy) 

• Thespeedv,lrequeflCyjandwavelength.lofawavearerelatedby v =P. 
• Whenasourceolwavesmovesrelativetoastationaryobserverthereisachangein 

theobservedfr!!Quency. 
• TheOopplershiftisobservedwithallwaves,indudingsoundandlight 
• Propertiesofwavemotion{reflectionandrefra,ction)canbeobsefvedinarippletank 
• All wavelengths of 0ectrormgnetic radiation have the same speed in free s.pace 

c:3.0x 1Q8ms-1 . 



Examination style questions 
1 A certain sound wave in air has a speed 340m s-1 and 

wavelength1.7m.Forthisw.we,calculate 

a thefrequency, 
b the period. 

2 The ~eed of electromagnetic WiNes in vac:uum {or air} 
is3.0x 108ms-1. 

a Thevisiblespectrumextendsfromawavelengthof 
400nm(bluelight)to700nm(redlight).Calculate 
therangeoffrequenciesofvisiblelight 

b Atypicalfrequencyforv.h.f.televisiontransmissionis 
250MHz.Calculatethecorrespondingwavelength 

3 Two waves travel with the same speed and have the 
s.imeamplitude,butthefirsthastwicethewavelength 
ofthesecond.Calculatetheratiooftheintensities 
transmitted by the waves. 

4 A student stands at a distance of 5.0 m from a point 
sourceofsound,whichisradiatinguniformlyinall 
directiom.Theintemityofthesoundwaveatherear 
is6.3x1Q-6Wm-l . 

a Thereceivingareaofthestudent'searcanalis 1.Scml. 
Calculate how much energy passes into her ear in 
lminute. 

b Thestudentmovestoapoint1.8mfromthe50urce. 
Calculatethenewintensityofthe50und. 

5 Assume that waves spread out uniformly in all directions 
fromtheepicentreofanearthquake. Theintensityofa 
particularearthquakeww.eismeasuredas 
5.0 x 106 Wm-1 atadistanceof40kmfrom the 
epicentre.Whatistheintensityatadistanceofonly2km 
from the epicentre? 

6 a i Define,fOfawave, 
1 wavelength,l, [1J 

2 frequency/ [1J 
ii Useyourdefinit ionstodeducether~ationship 

between A.Jand the speed vofthe WiNe. [1J 

FLg.14.18 

Examination style questions I 
b Planewavesonthesurfaceofwaterarerepreseotedby 

Fig.14.17atoneparticularinstantoftime. 

Flg.14.17 

Thewaveshavefrequency2.5Hz.Determine,forthe 
waves, 
i theamplitude, {1] 
ii thespeed, {2] 
iii thephasedifferencebetweenpointsAandB {1] 

c Theww.ein b wasproducedinarippletank.Describe 
briefly, with the aid of a 'i.ketch diagram, how the ww.e 
maybe observed. {2] 

Cambridge lntemational AS and A level Physics, 
9702/23 Oct/Nov 2013 Q 5 

7 Astudentisstudyingawaterwaveinwhichallthe 
wavefronts are parallel to one another. The variation with 
time t of the displacement x of a particular particle in the 
wave is shown in Fig. 14.18. 

Thedistancedoftheoscillatingparticlesfromthe50urce 
of the waves is measured. At a particular time, the 
variationofthedisplacement x withthisdistancedis 
showninFig.14.19. 

a Define, for a ww.e, what is meant by 
i ri,;placement, {1] 
ii WilVelength. {1] 

b Use Figs. 14.18and 14.19todetermine, for the water 
wave, 
i the period Tofvibration, 
ii theww.~engthA, 
iii thespeedv. 

/1] 
/1] 
/21 
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Flg.14.19 

Usefigs.14.18and 14.lgtostateandexplain 
whether the w.we is losing power as it moves aw.ry 
from the source. {2] 

ii Determinetheratio 

lntem.ityofwaveatsource 
lntensityofww.e6.0cmfromsource {3] 

Cambridge International AS and A Level Physin, 

9702122 Oct/Nov 2010 Q 5 

8 a Stateonepropertyofelectromagneticw.westhatis 

b Thesevenregiomoftheelectromagneticspectrumare 
representedbyblockslabelledAtoGinfig.14.20. 
A typical wavelength for the visible region Dis 500nm 

i Nametheprincipleradiationsandgiveatypical 
w.welengthforeachoftheregions8, Eandf. {3] 

ii Cakulatethefrequenc:ycorrespondingtoa 
w.welengthofSOOnm. {2] 

Cambridge lnterniJtiona/ AS and A Level Physic5, 

9702/23 Oct/Nov 2012 Q 5 

not common to other transverse ww.es {1] 9 a By a reference to vibrations of the points on a WiNe 

Ill 

andtoitsdirectionofenergytransfer,distinguish 
betweentransversewavesandlongitudinalw.wes. {2] 

b The variation with distance x of the displacement y 
ofatransversewiNeisshcmninfig.14.21 

waveleogthd1creasin11:------------

Flg.14.20 

Flg.14.21 



UseFig.14.21 to determine 
1 theamplitudeofthewiNe, 
2 the phase difference between the points 

labelledAandB {2] 

ii Determine the amplitude of a wave with twice the 
intensityofthatshowninFig.14.21. {I] 

Cambridge lntemational AS and A Level Physio, 
9702/23 Oct/Nov 2011 Q 5 

10 a Atransverseprogressivewavetravelsalongastretched 
stringfromlefttoright. Theshapeofpartofthestring 
ataparticularinstantisshowninFig.14.22. 

Flg.14.22 

Examination style questions I 
Thefrequencyofthew.weis 15Hz 

Forthiswwe,useFig.14.22todetermine 

i theamplitude, {1] 
ii thephasedifferencebetweenthepointsPandQon 

the string, {1] 
iii thespeedofthewave. {2] 

b TheperiodofvibrationofthewaveisT. 
The w,we moves forward from the position shown 
infig. 14.22foratime0.25T.Sketchthenew 
position of the wave. {2] 

Cambridge International AS and A Level Physics, 
9702123 May/June 2011 Q 6 

'" 
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15 Superposition 

By the end of this topic, you will be able to: 
14.3 (b) de1em1ine the wa,·elength of sound using 

stalionarywa,·es 
15.3 (a) understand the terms interference and cohef('nce 

(b) show an understanding of experiments which 

demonstrate two-source interference using water 
ripples, light and microwa,·es 

15.1 (a) explain and use the principle ofmperposltion in 

simple applications 
(b) show an understanding of experiments that 

demonstr:ue stationary wa,·es using microwaves, 
stretchedstringsandaircolunms 

(c) explain the formation of a stationary wave using 
a graphical method and identify nodes and 
antinodes 

(c) understandtheconditioosrequirediftwo-source 
interferencefrlngesaretobeobsen·ed 

(d) recall and solve problems using the equation 
A= ax/D for double-slit interference using light 

15.4 (a) recall and solve problems using the fomrula 
dsin8= nA 

15.2 (a) explain the meaning of the term diffraction (b) describe the use of a diffraction grating to 
detem1ine the wa,·elength of light 
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(b) show an understanding of experiments which 

demonstrate diffraction including the diffraction 
of water waves in a ripple tank with both a wide 
gapandanarrowgap 

-
Flgure15.1 

Starting points 
• Basicpropertiesofwavessuchasreflectionandrefraction 
• Knowledgeofthetermsusedtodescribewaves 
• GraphicalrepresentationofwifVes 
• Thepropertiesofwaves,interlerenc:eanddiffractionareintroducedinthistopic. 

15.3 Interference 
Any moment now the unsuspecting ftsherrmm ln Figure 15.1 ls going to experience 
the effects o( Interference. The amplltude o( osdllatlon of his boat "-ill be slgnlflcantly 
affected by the two approaching waves and their lnt{'f:JCtlon when they reach his 
positlon. 



Flgure15.2Theinterferencepattem 
obtained u~ng two point IDJrce1 to prcxllKe 
cirrnlarw.rterwaw1in a ripple tank 

Flgure15.3Two-1oorce interfl'1enceof 
circular waves 

Flgure15.4Comtnic~veinterfereoce 

15.31nterference l 

If t"'O or more waves overlap, the resultant dlsplacemem ls the sum of the lndlvldual 
displacements. Remember cha! dlsplacemem ls a vector quantlty. The o,,erlapplng 
\vavesaresaklto interfere. Thismayleadtoaresultantwaveofeltheralargerora 
smaller dlspL1cement than ell her of the two componem waves. 

Interference can be demons!rated in a ripple tank (see Topic 14) by using two 
point sources. l'lgure 15.2 shows such an Interference pattern. and Figure 15.3 shows 

Figure 15.4 shows two waves arriving at a polm at the same tlme. If they arrive in 
phase - that Is, lf their creSls arrJ\,e at exactly the same tlme - they wlll Interfere 
constrncti\'ely. A resultam wave wlll be produced which has creSls much higher than 
either of the two lndMdual waves, and troughs which are much deeper. If the !\VO 
Incoming ,;vaves have the same frequency and equal amplitude A, the resultant \vave 
produced byconstructlveinterferencehasanamplltudeof2A. The frequency of the 
resultantlsthesameasthacofthelncomlngwaves. 

VV V 

VV V 

ffi (\ (\ vvv 
lfthe two waves arrive in antiphase (with a phase dlffeR'nce of n radians or 180") the 
peaks of one wave arrive at the same time as the troughs from the Olher and they wlll 
lnterfeR' destructi\·ely. The resultant wave wlll have a smaller amplltude. In the case 
shown ln FlgUR' 15.5. where the Incoming waves have equal ampll!ude. the resultant 
\vavehaszeroamplltude. 

lt5 
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Figure 15.50e<;tructiveinterference 

Flgure15.6Pmdudng;m 
interference pattern 

V\.JV 

This sltuaUOfl ls an example of the principle of superposition of waves. The 
principle describes how \\":Ives, which mee1 ac the .1ame point Jn space, Interact. 

The priOOpk> of :;uperposition states that, when two or more waves meet at a point, 
theresu!tantdisplacemeotatthatpointisequaltothesumofthedisplacemerrt~ofthe 
individualwavesatthatpoint. 

Bec!use dlsplacemem ls a vector. we mUSl remember to add the lndMdual displacements 
caklngaccoontofthelrdlrectlons.Theprlnclpleappllestoalltypesofwave. 

If ·we conskler the effect of superposition at a number of points in space, we can 
build up a pattern showing some areas where there ls constructt\·e Interference. and 
hencealargewavedlsturbance,andotherareaswherethelmerferencelsdestructlve, 
andthereislluleornowavedlsturbance. 

Figure 15.6 Ulustrates the lmerference of waves from two point sources A and B. The 
point c ls equldlsrnm from A and B: a \vave travelling to c from A mo,,es through che 
same distance as a wave travelllng co C from B (path difference ls zero). If the waves 
staned ln phase ac A and B, they wlll arrive ln phase ac C (phase difference ls zero). 
They combine coll5iructlvely, producing a maximum disturbance at c. 

AC other pL1ces, such as D. the waves wlll have travelled different distances from 
the two soo.m:es. There ls a path difference between the waves arrMng ac D. lf 
chls path difference ls a whole number of wavelengchs (l,l, 2A, 3,l, etc.) Che waves 
arrive In phase and l!Ufffere constructively. producing maximum dlstmbance again. 
The equlvalem phase differences becweeri the waves are 2it, 41t, 61t. etc. or 36<)0

• 

720°. 1080°, eic. However. at places such as E, the path difference ls an odd number 
of half-wavelengths (l/2. 3A/2, 5A/2, elc.). The waves arrive at E Jn antlphase. and 
Interference ls destructive, producing a minimum resultant dlstu!bance. The equlvalem 
phase differences between the waves are 1t. 31t . 51t eic. or 180°, 540°, 900°. eic. The 
maxima and minima dlstu!bances are called fringes. The collecllon of fringes produced 
bythesuperposltlonofoverlappingwaveslscalledan interferencepattern.Onels 
showninFlgure15.2for\\.1Cer\\":1Ves. 



Flgure15.7Demomtt.itionol 
in!erferencewilh'iOundwaws 

Producing an interference pattern 
with sound waves 

15.31nterference l 

Figure 15.7 shows an experlmernal arrangement to demonstrate Interference with 
sound waves from two loudspeakers connected to the same signal generator 

andampllfler,sothateachspeakerproducesanOleofthesamefrequency. The 
demonstration ls bes! carried ouc ln the open air (on playlng-ftelds, for example) 
co avoid reflections from walls, but It should be a windless day. Moving aboot ln 
thespacearoundthespeakers. youpassthroughplaceswherethe·waveslntelfere 
construcllvelyandyoucanhearaloudsound. lnplaceswherethewaveslnterfere 
desiructlvely.then{)(elsmuchquleterthanelsewherelnthepattem. 

) 
interference 

pattern 

J 
Producing an interference pattern with light waves 
1f you cry to sec up a demonstration with rwo separate llght so1.m:es, such as car 
headlights, you will find thac il ls no( possible to produce an OOservable lrnerference 
panern (Figure 15.8). A slmllar denKJ11stratlon works with sound waves from two 
loudspeakers. each connected to separace signal generators. What has gone wrong? 

}
;.=:· 
1>3tternis 
producedhete 
whete the ligt,t 
waves Imm the 
headhghts 
overlap 

Flgure15.8failureofan headl ights 
interferencedemon1trationwithllght 

lb produce an observable interference pauern, the two wave sources must have the 

same single frequency, nOI a mixture of frequencies as ls the case for llghc from 
car headlights. They must also have a constant phase relationship. In the sound 
experiment , the waves from the two loudspeakers have the same frequency and a 

constant phase reL1tlonshlp because the loudspeakers are connecced to the same 
oscillator and ampllfk>r. If the waves emlued from the speakers are ln phase when the 
experiment begins. they stay In phase for the whole experiment. 

WiNe soo.m:es which maintain a constant phase relationship are described as coherent 

It) 
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Flgure15.9Coherentwavetroim 

Ftgure15.101nrnherentlighttraim 

Flgure15.11Young'1double-1lit 
experiment 

CoherernsourcesarellluSlr:uedtnl'lgure 15.9. 

C\C\C\C\C\C\( 
\...J \...J \...J \...J \...J \..J 

Light ls emlned from sources as a series of pulses or packets of energy. These pulses 
last for a very shore time, about a nanosecond (I0--9s). Bet'l\"ft'll each pulse Chere ls an 
abrupt change ln the phase of the waves. Waves from two separace sources may be Jn 
phase at one Jnsiant. but ouc of phase In the next nanosecond. The human eye cannot 
copewlthsuchrapklchanges,sothepanernlsnotobsef\/able.Separatellghtsources. 
even of the same frequency, produce Incoherent waves (Flgul\.'" 15.10). 

abrupt change 

D C\ r-- r--
10~ \, r-- C\ v ~~v v~v c 

D 0--('70- 0- 0- C\ I 
~ \J ~v 

abrupt change 
in phase 

lbobtalnobservabletrnelferencepanems,lllsnotesserntalfortheampllludesofthe 
waves from Che cwo sources to be the .1.1me. However, lf the ampllludes are not equal. a 
complel:elydarkftingewillneverbeobtained,andthecorurastofthepanernlsreduced. 

Young's double-slit experiment 
In 1801 Thomas Young demonstraced how llght waves could produce an lntetference 
panern. The experimental arrangement ls shown Jn Flgul\.'" 15.11 (not to scale). 

m~oc••-"'' I light source 



Flgure15.12 fringepattemi11Yrnmg·s 
experiment 

Figure 15.1l Celklbeingbowed 

15.l Stationarywaves l 

A monochromatic llght source (a source of Ofle colour. and hence one wavelength A) 

ls placed behind a single sllc co create a small. well defined source of light Light from 
this source ls diffracted ac the slit (see Topic 15. page 126), pfOOudng rwo llght sources 
ac the double slit A and B. Because chese two llght sources Oflglnace from the same 
prlmarysource,theyarecoheremandcreateasustalnedandobservablelmerference 
pauern,asseenlntheph()(ographofthedarkandbrlghtlnterfellc'ncefrlngesln Figure 
15.12. Brlghtfrlngesareseenwhellc'constructlvelnterfellc'nceoccurs - thatls. where 
the pach difference becween the t\\-u diffracted waves from the sources A and B ls 
nA, where n ls a whole number. Dark fringes are seen where destructive Jmerference 
occurs. ThecondltlonfOfadarkfrlngelsthatthepathdlfferenceshould be (n + i)A. 

Th.edlstancexonthescreenbetweensucces.stvebrlghtfrlngeslscalledthefrlnge 
width. The fringe width ls relaced to the wavelength A of the llght source by the 
equation 

where D ls the distance from the double silt to che screen and a ls che distance 
between the cemres of the slits. Ncte that. because the wavelength of light ls so small 
(of the order of 10-lm), to produce observable fringes D needs co be large and a as 
smallaspos.slble. (Th.lslsanctherreasonwhyyoucouldneverseeaninterfellc'nce 
pattern from cwo sources such as car headlamps) See che Example below. 

Although Young·s original double-silt experlmem was carried out with llght, the 
conditions for constructive and destructive lmerference apply for any cwo-source 
sltuatlon. The same formula applies for all cypes of wave, Including sound waves, wmer 
waves and microwaves. provided that the fringes allc' de!ecled al a distance of many 
wavelengths from the two sources. 

Example 

Calcutatethe observed fringe widthfora Young'sdouble-slitexperimentusinglightof 
wavelength 600 nm and slits 0.50mm ap.i rt. The distance from the slits to the scree<i is 
0.80m 

Usingx:).I)/a,x:600>< 10--1lx0.8QI0.50x 1Q-l:9.6x 1Q--4m 

Now It 's your turn 
1 Calculate the wavelength of light which produces fringes of width 0.50mm on a screen 

60cm from two slits 0.75 mm apart. 
2 Radar waves of wavelength 50mm are emitted from two aerials and create a fringe 

pattern 1.0km from the ae!'ials. Calcutate the distance between the aerials if the fringe 
spacingis80cm 

White-light fringes 
If the two silts ln Young·s experlmem are lllumlnated with white llght, each of the 
different ,vavelengths making up the white light produces Us own fringe paaem. At 
thecentre of thepauern.wherethepathdlfferenceforallvraveslszero, therewlll 
be a white maximum wilh a black fringe on each side. Thereafter, the maxima and 
minima of the different colours overlap In such a way as to pfOOuce a pauern of 
coloored fringes. Only a few wHI be visible; a shon distance from the centllc' so many 
wavelengths overlap chat they combine co pfOOuce what ls effectively white llgtu again. 

15.1 Stationary waves 
Toe n()(es we hear from a cello are created by the vibrations of Its Slrlngs (Flgullc' 15.13). 
Toe wave patterns on the vibratlng strings are called stationuy waves (or standing 
wn·es). The waves ln the air which carry the sound to our ears transfer energy and are 
therefollc'calledprogress ii·ewaves. 
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Flgure15.17firstfavrmodesofv;brationof 
a string 
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FlgUR'" 15.14 shows a single transverse pulse traveJHng along a "slinky" spring. The 
pulse ls reflected when liR""achestheflxedend. lfasecondpulselssentalongthe 
sllnky (Figure 15.15), the R""flected pulse wlll pass through the outward-going pulse, 
creatlng a new pulse shape. Interference will take place between the outward and 
reflected pulses. 

lfthelntef\/albetweenoutwardpulseslsieduced.aprogres.slvewavelsgenerated. 
When the wave reaches the fixed end, l! ls reflected. We now have two progR'"ssJ\,e 
waves of equal frequency and amplitude travelllng ln oppmlte dlrectlons Oil the same 
spring. Tlle waves lnterfeR'", producing a \vave panem (FlgUR'" 15.16) In which the crests 
and troughs do not tne1"e. This pauern ls called a stationarr or stamling wani. 

A 1tillionarywave is the result of interference between two waves of equal ffequency and 
am~itude, trave lling along the xime line with the xime speed but in oppo'iite directioos 

outward 
pulse --~:: 

Flgure15.14<;jng\etr.mwero;epul1etr.vellingalonga1linky 

outward 
pulse --

pulse 

Figure 15.15Rellededpulse;iboutto meet an outward-going pulse 

Figure 15.16 A 1tatio11ary wave is created wtien two waves travelling in opposite directions 
interfere 

Stationary waves on strings 
If a string ls plucked and alluwed to vibrate freely, there are cenaln frequencies at 
which lt wlll vibrate. Toe amplitude of vibratlot1 at these frequencies ls large. This ls 

ltlS!X)SSlbletolnvestlgateslatlot1arywaveslnamorecontrolledmanneruslng 
a length of string under tension and a vibrator driven bya signal generator. As the 
frequency of the vibrator ls changed, different standing wave patterns aR'" formed . 
Some of these are shown ln Figure 15.17. 



Flgure15.18Fund;mientalmode 
ofvibr.ihonofa1tretc:tied1tring 

Flgure15.19Sl'Condmodeof 
vibrationofastretdledstring 

Ftgure15.20Thirdmodeof 
vibrotionofastrell'.hed1tring 

15.l Stationarywaves l 

Figure 15.18 5hows the slmplesi way Jn which a stretched string can vibrate. l1le wave 

panem has a single loop. This ls called the fundamental mode of vibration. or the 

first harmonic. At the ends of the string there ls no vibration. These points aR' called 
nodes. At the centre of the string. the amplitude ls a maximum. A potm of maximum 
amplltude ls called an antinode. Nodes and antlnodes do n<X mon, along the &ring. 

The 'l\.!Velength ,l. of the standing wave ln the fundamental mode ls 2L. From the 

'l\.lveequatlonc =J)., the frequency/, of the n<Xe produced by the string vtbratlngln 

ltsfundamentalmodelsglvenby/, = c/2L, whereclsthespeedoftheprogresslve 
'1\.1\"l'"SWhlchhavelntelfeR'dtoproducethestatlonarywave. 

FlgUR' 15.19 shows the second mode of vtbratlon of the string. The stationary wave 

pauern has two loops. This mode ls sometimes called the first overtone, or the 
second hannonk (don·t be confused!). The wavelength of this second mode ls L. 

Applylngthewaveequatlon, thefrequencyfilsfoundtobec/L. 

Figure 15.20 5hows the third mode (the second ovenone, or third harmonic). This ls a 

pauernwlththreeloops. Thewavelengthls2L/3,andthefrequency/3 ls'3C/2L. 

Toe general expression for the frequency In of the mh mode (or the mh harmonic, or 
(n - 1)1:hovenone) ls 

n=l,2,3, .. 
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Flgure 15.21 formationofastationarywave 
bysuperpositklnoltwopmgressivewaves 
travelllng inopposited irectiom 
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The key f&1tures of a statiooarywal'e pattern ori a string, which distinguish it from a 
progressivewave,areasfol!ows 
• Theamplitudeofvibrationvaneswithpositiooakmgthestring:itiszeroatanode,and 

maximum at an antinode. In a progressive w<Ne, all points have the same amplitude 
• The nodes and anti nodes do not move along the string, wher&1s in a progressive WiM!, 

thecrestsar.dtroughsdomovealong it. 
• Betweeni!d}il(mlnode5,all pointsofthestatiooarywiM'.vibrate in phase.Thati:s,al l 

partidesofthe string are atthew-maximumdisplacement atthesameinstant. lnaprog~ 
WiM'.,phasevariescontinuouslyaklngthewiM'..Allnei!tibouringpointsaloogthewiM'.are 
outofphasewitheadiothef,theyreachtheirmaximtmOspiacementatdifferrottimes 

• ThereareootycertainlrequenciesolstatklnarywiM!Spossibleorithestring.Theal!ov,,,ed 
frequendesdependoothell!flgthLofthestringandc,thespeedofthepmgres1ive 
wavesthatlormthestatiooarywave. 

Stationary waves explained by interference 
Letusexplalntheformaclonofascatlonary,vaveuslngtheprlnclpleofsuperpositlon. 

The set of graphs ln Figure 15.21 represems two progressive waves of equal amplitude 
and frequency travelllng in opposite dlrectlons. The red-dashed line ls travelling from 

left to right. and the blue-dashed line ls going from right to left When the scrlng ls 
clamped(attherlght-handend),theeffffloftheclamplstochangethephaseofthe 

reflffted1••aveby1trad(lB0"). 



15.l Stationarywaves l 

Toe top grJph cacches the waves ac an lnSlant at which they are ln phase. 
Superposlllonglvesthepurplecurve,whlchhastwlcetheamplltudeofeltherofthe 

progressive graphs. The second graph ls the situation a quaner of a period (cycle) 
later, whffi the two progressive wan.•s have each moved a quarter of a wavelength ln 

opposite directions. This has brought th<'lll to a situation where the movement of one 

relative to the 01her ls half a wavelength , so that the waves aR' exaaly out of phase. 
Theresultanc.obl:alnedbysuperposltlon, lszeroevffywhere. lnthethlrd graph.ha lf 
a period from the stan. the waves are again tn phase. with maximum dlsplacemem for 
the resultant. The proces.s corutnues through the founh graph. showing the ne....:t out­
of-phase slluatlon. wlth zem dlsplacemem of che resulcam everywhere. l'lnally, the fifth 

graph. one period on from the fir.It, brings the waves Into phase again. 
We can see how the!\.' are some positions, the nOOes N, where the dlsplacement 

of the resultant ls zero tbrougboutthecycle. The displacement of the resultant at the 
anllnodes A fluctuates from a maximum value when the two progres.stve waves are ln 

phasetozerowhentheyareoutofphase. 

Stationary waves in air 
Figure 15.22 shows an experlmem to demonSlrate the fonnatlon of Slallonary waves 
in air. A fine, dry powder (such as cmk duSI or lycopodium po,,;der) ls sprinkled 
evenlyalongthetransparenttube.Aloudspe:ikerpmveredbyaslgnalgeneratorls 

placed at the open end. The frequency of the sound from the loudspeaker ls gradually 
Increased. At certain frequencies, the pmvder fonns itself into evenly spaced heaps 

along the tube. A Slallonary wave has been set up Jn the air, caused by the Interference 
of the sound wave from the loudspeaker and the wave reflected from the clooed end 

of the tube. At nodes (positions of zero amplitude) there ls no dlslu!bance. and the 

puwder can seltle Into a heap. At anllnodes the dlSluJbance ls at a maximum. and the 
powder ls dispersed . 

wi,~~r 
signal 
generator heapsofpaNder 

Figure 15.22 Demonstration of 1t.it~mary w.1ve1 in air 

For Slatlonary waves In a closed pipe. the air cannot move at the closed end. and 
so this muSI always be a node N. Hchvever, the open end ls a position of maximum 

dlSlu!bance. and this ls an anti node A. On fact. the antlnode ls slightly outside the 
open end. The dlSlance of the antlnode from the end of the tube ls called the end­
correctlon. The value of the end-correction depends on the dtame1er of the tube.) 

Figure 15.23 shows the simplest way in which the air ln a pipe. closed at one end, 
can vibrate. Figure 15.233 llluSlratesthemotlonofsomeofthealrpartlcleslnthetube. 
Their amplitude of vibration ls zero at the closed end. and increases with dl.'ilance 
up the tube to a maximum at the open end. This representation ls tedious to draw, 
and Figure 15.23b ls the conventional way of showing the amplltude of vibration: the 
amplitudesalongtheaxlsofthetubeareploctedasacontlnuousrurve.Onedangerof 

uslngdlagrarnsllkeFlgurel5.23blsthattheyglvethelmpresslonthatthesound·wave 
ls transverse rather than longitudlnal. So be \\"amed! The mode lllu.'ilrated ln 
Figure 15.23 ls the fundamrntal mode (the flrSI harmonic). The wavelength of this 
.'ilatlonary wave (Ignoring the end-<Urrectlofl) ls 4L, where L ls the length of the pipe. 
Using the ,.vaw equation, the frequency f, of the fundamental mode ls given by 

/, = c/4L, whereclsthespeedofthesoundlnalr. 
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Flgure15.24Sernnd 
modeofvibrationofair 
inadmedpipe 

Flgure15.25Thi/U 
modeofvibfationof.iir 
in.idosed~pe 
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a) 11111 
11111 
11111 
!!!!! 

[

~-~!£i:l"·:I!::· 
Thisisanantioode. 

A.tthispointth.•.eisno 
v1bfat1onofthea1r 
molecules. Th1s1sanode. 

Figure 15.21 fundamental mode of vibration of air in a closed pipe 

Othff modes of vlbratlon are poi;slble. Figures 15.24 and 15.25 show the second mode 
(the first ovenone, or second harmonic) and the third mode (the second ovenone, 
or thi!d harmonic} The corresponding ,vavelengths are 4L/3 and 41/5, and the 
frequenclesare/, = 3C/4Land/j = 5cfiL. 

The general expression for the frequency I,, of the nth mode ofvlbratlon of the air In 
theclosedtube(themhharmonlc,or the (n l)thovenone)ls 

·=~ Jn 4L 

This ls an()(her example of resonance. The panlcular frequencies at which statlonary 
,vaws are obtained In the pipe are the resonant frequencies of the pipe. The panlcular 
frequencies of stationary waves possible ln the pipe depend on the length L of the pipe 

andc,thespeedofsoundlnalr. 

Stationary waves using microwaves 
Stationary ,;vaves can be demonstrated using microwaves. A souR:e of microwaves 
faces a metal reflecting plate, as shown in Figure 15.26. A small detector ls placed 
between source and n.>flector. The n.>flector ls moved towards or away from the souR:e 
umilthesignalplckedupbythedetectorfluctuatesregulartyasltlsmovedslowly 
back and f011h. The minima are nodes of the stationary wave panem, and the maxima 
are antlnodes. The distance moved by the deteaor between successive nodes ls half 
thewavelengthofthemlcrowaves. 

probe detector 

Figure 15.26 Uo;ing mi::rowave1 ta demonstrate stabonary waves 

14.3 Measuring the speed of sound using 
stationary waves 

Tlleprlndpleofresonance ln a tube closed at one end can be used to measure the speed 

ofsoundlnalr. Aglasstubelsplacedlnaq1lnderofwater. Byraislngthetube, the 
Jengthoftherolumnofalrcanbelncreased. AvlbratlngtunlngforkofJmo,.,.·nfrequency 



Flgure 15.27Sp1.'edofsoundbythe 
resooancetube method 

Flgure15.28 
Speed of sound using 
st.itionaryw.ivesin 
free air 

14.3 Measuring the speed of sound using stationa~ WiI'les I 
/Ls tield at,o,,e tile open rod of the glass tube. causing the air In It to vibrate. 1be tube 

Lsgraduallyralsed,Jncf{':lslngthelengthofthealrrolumn. Aiacertalnposltlonthenote 

beromesmuchb.Jder.Thlslsknownastheflrotposltlooofresonance, andoccurswhena 
statlooary wave corresponding to the fundamental nude Ls eotabll5hed Inside the tube. The 

length L, Uthe alrmlumn Ls noted. The tube ls raised funherumll a second resonance 

position Ls found . This corresponds to the second mode c1 vlbratloo. The length L,. at this 

position ls also noted . n.e two resonance positions are IUuotrated ln Figure 15.27. 

vibrating 
tuning fork 

first position 

-=~ : t-- ::'::'::..:' 
~ r 

::~:~:!n 

Al the flrs1 posltlon of resonance. A/4 = L, + e. where e Ls the end--correctlo n of the 
cube(roallowforthefactthattheamlnodelssllghtlyat:ovetheopenendofthetube). 

Al!hesecondposltlonofresonance,3,l/4 L, + e. Bysubtractlngtheseequatlons,we 

canellmlnace e coglve 

.VZ = Li - 4 

Fromthewaveequatloo, thespeedci'soundclsglvenbyc =J).. Thus 

Figure 15.28 Hlustrates a meihod of measuring the wavelength and the speed of sound 
uslngstatlonarywaveslnfreealr.r.Itherthan Ina resonance!Ube. Theslgnalgenera!or 

andloudspeakerproduceanOleofknownfrequency/ 
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Figure 15.29 R'pple tank pattem showing 
diffractionota)awidegap,b)or1arrowgap 
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The reflector ls moved slowly back and fonh until the trace on the oscilloscope has a 
minimum amplitude. When this happens, a statlonary wave has been set up with one 
of its nodes In the same position as the microphone. The microphone ls now mQ\/ed 
along the llne lxiween the loudspeaker and the reflector. The amplltude of the trace 
on the oscilloscope wlll locrease to a maximum. and then decrease to a minimum. 
The microphone has been moved from one node, through an antlnode, to the next 
node. The distanced lxiween these po51tlons ls measured. We know that the distance 
between nodes ls A/2. The speed of sound can then be calculated using c = fa. gMng 

2/d. 

Examples 

1 A string 75cm long is fixed at one rod. The othereod is moved up and down with a 
frequencyof15Hz.Thislrequencygivesastationarywavepatternwiththreecomplete 
loopsonthestring. Cakulatethespeedoftheprog1essivewaveswhichhaveinterfe1ed 
toproducethestationarywave. 

Theth ree-looppattemCOO'espoodstothesituation\MleretheiengthLofthestringis 
3)J2(seeFigure15.20).Thewav~eogth.listhus2x0.7513=0.S0m.Thefrequeocyof 
thewaveis15Hz,sobythewaveequationc=fe=15x0.S0= 7.5m s·1 

2 Find tr>e fundameotal lrequeocy and first two overtones for an organ pipe which is 
0.17mkmg anddosedatoneeod. Thespeedolsoondinairis 340ms-1 

Tr>l!frequericiesolthe lundameotaland firsttwoovertonesolatubeofiengthl, dosed 
atooeeod,a red4L,3d4Land5d4L(seeFigures1S.23- 1S.25).ThefreqtJer1Ciesarethus 
340'4x0.17= 500Hz,3x340'4x0.17= 1500Hz and5x340/4x0.17= 2500Hz 

Now it's your turn 
3 Aviolinstringvibrateswithalundamentallrequencyof440Hz.Whata1ethe 

frequenck>sofitsfirsttwoovertones7 
4 Thespeedolwavesonacertainstretchedstringis48ms-1.Whenthestringisvibrated 

atfrequencyof 64Hz,stationarywavesaresetup.Findtheseparationofsuccessive 
nodesinthestationarywavepattem 

5 Yoo can make an empty lemona<le bottle resonate by blawing across the top. What 
lundameotal frequency of vibration would you expect for a bottle 25cm deep) The 
speedolsoondinairis340ms-1 

6 Acertainorganpipe,closedatoneend.canresonateatcoosecutivelrequenciesof 
640Hz,896Hzand 1152Hz.Deduceitslur.dameotalfrequency 

15.2 & 15.4 Diffraction 
Whenl'.-avespassthroughanarrowgap,theyspreadout.Thlsspreadlngoutlscalled 
d iffnction . The extent of diffraction depends on the wklth of the gap compared with 
thel'.-avek.>ngth.. UlsmostnoUceableifthewldthofthegaplsapproxlmatelyeqtJal 
to the wavelength. Diffraction can be demonstrated In a rlppk> tank (see Topic 14) by 
uslngtheapparatusshowninFlgures 14.6and 14.7. 

DlffractlonlslllusumedlnFlgurel5.29.Notethatdlffractloomayal.looccuratanedge. 

Diffraction is defined as the spreading of a waYe into regions where it woo kl not be seen ii 
it moved only in straight lines a her passing throogh a narrow ,;lit or past an ~e 



Flgure15.30 Huygen1·rnmtructionfora 
cirrn\ar wavefront 

15.2& 15.4Diffraction l 

Although we often hear che scatemem 'light travels in scraighc lines', there are occasions 
when this appears nOI: co be the case. Newton tried co expL1ln the fact that when Ugh! 
travelsthroughanapenure,orpassestheedgeofanobstacle,ildevlacesfromthe 
scraighl-on direction and appears co spread out. We have seen from the rlpple tank 
demonscrauon (Figure 15.29) that wacer \vaves spread out when they pass through an 
apenure. This 5hows thac water waves can be diffracted. The face thac llght undergoes 
diffraction ls powerful evklence that light has '\\11ve propenles. Newcon's auempl 
to explain diffraction was no1. Jn face, based on a ,,,ave theory of light. The Dutch 
sclentlSl Chrlsclan Huygens, a contemporary of Newton, favoored the wave theory, and 
used ll to accoom for reflection, refraction and dlffractlon. Ot was no1 untll 1815 that 
the French sclemtsc Augusctn Fre5llel developed the wave theory of Ugh! to explain 
dlffractlonlndetall.) 

The experiment illustrated ln Figure 15.29 shows chat the degree ro which '\\11ves are 
diffracted depends upon the size of the obstacle or apenure and the wavelength of the 
wave. Toe great CS! effects occur when the wavelength ls about the same size as the 
apenure. The wavelengch of llghc ls very small (green light has ,,,avelength 5 x 10-7m), 
andthereforedlffractloneffectscanbedlfflculttode1ect. 

Huygens' explanation of diffraction 
If we Jet a single drop of water fall Into a ripple tank. ll will create a circular 
'\\11vefront which wlll spread outwards from the dlSluJbance (Figure 14.8). Huygens 
puc f0f'\\11rd a wave theory of light which ,,,as based on che way in which clicular 
'\\11vefrontsadvaoce. He suggested that. acanylnscam.allpolmsonawavefrontcould 
be regarded as secondary d tscuJbances, giving rise to their own outward-spreading 
drcuLu wavelets. The envelope. or tangent curve, of the wavefroms produced by Che 
secondary .IOUrces gives the new position of the original wavefront. This conscructlOfl 
Jsillusi:r.uedlnFlgure 15.3Qforaclicularwavefrom. 

"'"'""~) 
wavefront 

secondary 

Now chink about a plane (SlralghO wavefrom. If the ,,,avefrom ls re51rlcted In any 
way, for example by passing through an apenure ln che form of a silt. some of the 
'\\11vele1s making up the wavefront are removed. causing the edges of the wavefront 
co be curved. If the wavelength ls small compared with the size of the apercure, the 
wavefronts which pass through the apenure show curvature only at chelr ends, and the 
dlffractloneffectlsrelatlvelysntall.lftheapenurelscomparablewlththewavelength, 
the diffracted '\\11vefronts become circular, cemred on che sllc. NOl:e that there ls no 
changeofwavelengthwlthdlffractlon. Thlseffect tsllluscracedlnFlgure 15.29. 

Flgure15.31 showsthedlffractlonpanerncreatedbya singleslitlllumlnatedby 
monochromatic light. The cemral region of the pan em ls a broad. bright area wilh 
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narrow. dark fringes on either side. Beyond chese ls a funher succession of bright and 
dalk areas. The brlgtu areas become less and less Intense as we move away from the 
centre. 

This single-slit diffraction panern has many feacures that we assodate with an 
lmerferencepanern. Buchowcanasingleslltproduceanlnterference-typepauern? 
The explanation thac follows ls based on Huygens· ,;vavelec Idea. 

Figure 15.32 shows plane wavefronts arriving at a single slit of width a. Each 
point on the wavefrom passing through the slit can be considered to be a source of 

secondary wavelets. 
One such source ls m A. at the top edge of the slit, and a second ls ac B, at the centre 

of the sllt, a distance a/2 along the wavefront from A. These two sources behave like 
che sources ln a two-source lntelference experlmem. The waveleis spreading ouc from 
these points overlap and create an intelference panern. ln thes1ralght-0n direction. 
Chere ls no path difference between the waves from A and B. Constructive Interference 
occurs ln this direction. gMng a bright fringe ln the cemre of the pattern. To either 
sldeofthecentralfrlngecherearedlrectlonswherethepathdlfferencebecweenthe 

figure 15.31 Diffraction of light at a single \\-11H'S from A and B ls an odd number of half-wavelengths. This ls the condition 
slit for desirucllve tmerference, resulting Jn dark fringes. The condition for constructive 

Flgure15.32Ughtleavinga1ingle1lit 

intens ity 

Flgure15.33Ughtintensitygraphforsingle 
1litdiffraclkln 
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Interference ls chat the path difference shoukl be a whole number of wavelengths. 
Thus.thedarkfrlngesakernatewlthbrlghtfrlnges. 

This argument can be applled to the whole of the silt. Every wavelet: spreading out 
from a poim in the top half of the slit can be paired with one coming from a point 
a/2 below It ln the lower half of the slit . When wavelets from points right across the 
apenure are added up, we find that there are cenaln directions ln which cons1rucllve 
imerferenceoccurs,andctherdlrectlonsinwhlchthelnterferencelsdestrucllve. 
Figure 15.33 ls a graph of the Intensity of the diffraction pauern as a funcuon of the 
angle8acwhlchthellghclsvlewed. 1tshowschatmos1ofthelntensltylslnthecentral 
area,andthacthlslsflankedbydarkandbrlghcfrlnges. 

\Ve can use Figure 15.32coderlwanexpresslonfor theangleatwhlchtheflrstdark 
fringe ls obtained. Rememberthacchecondltlonfordes1rucllvelnterferencelsthacthe 
path difference between the two rays shoukl be half a wavelength. The path difference 
between Che two rays shown ln Figure 15.32 ls~ sin 8. If this ls to be iA, we have 

This ls the condition to observe the first dark fringe at angle 8. More generally, 

sinO=-¥-

wherenlsawholenumbercalledtheorrierofchedarkfrlngebelngconsidered, 
countlngool\\-11rdsfromthecemre 

Although"'<' have been concentrating on a diffraction pauem obtained with llghc, the 
derlvatloflatx,,.eappllestoanytypeofwavepasslngchrougha rectangularapenure. 

The wavelength of llgtu ls generally small compared with the width of slits or ()(her 
apertuR'"s, so the diffraction angle Bis also small . Provided chm 8lsonly a kwdegrees 
(less than aboot 5"), the approximation sin 8 = 8maybe used (remember chm 8mu.1t be 
Jn radians!). Very often. the single-slit diffraction equation for Ugtu ls expressed ln the form 

making use of the sin 8approxlmatlon. But take care! This approximate form may 
n()( apply for the diffraction of ()(her types of wave. such as sound or wacer waves, 
where the wavelength may be closl'r In magnilude to the width of the apenure. and 
dlffractlooanglesarelarger. 



15.2& 15.4Diffraction l 

~xample 

Calculate the angle between the cet1t1e of the diffractioo pattern and the first min imum 
when light ofwavele rigth 600nm paso;es through a slit 0.10mm wide 

Us.ingt1s.in(J:n.l,wehavesin0:11).la.Substituting,s.inO: 1 x6.0x 10-711 .0x 10-4 

(don't forget to convert the nm and mm tom}= 0.0060, and O: 0.34° 

Using thl' sin 6= Oapproxlrnation, we would have obtained 
6= 11:Ala= 1 x 6.0 x 10-111.0 x 10---4 = 0.0060rad (which is equal to 0.34°) 

Now It's your turn 
7 Calculate the angte between the centre of the diffrilclion pattern and the first minimum 

wheo a sound wave of wavelength 1.0m passes through a door 1.2m wkle 
8 Calculate the wavelength of water waves whkh, on passing throogh a gap 50cm wide, 

cre.rteadiffractionpattem :;uch thattheangle betwel!ntheceotreofthepattemand 
the second-order minimum is 60° 

The diffraction grating 
A diffraction grating ls a plate on which Chere ls a very large number of parallel , 
ldentlcal, very ck>sely spaced sills. If monochromatic light ls lncldem on this plate. a 
pauem of narrow bright fringes ls produced (Figure 1534). 

parallel beam of 
monochromatic light 
Of laser light 

diffraction 
grating 

Flgure15.34Arrangementforobtainingalringepattemwithadifffactiongrating 

Although the device ls called a d(jfractkm gratlng. we shall use Slralghtforw:ml 
superposltkm and lmerference Ideas ln obtaining an expression for the angles at which 
the maxima of lmenslty are obtained. 

Figure 15.35 shows a parallel beam of llght lncldenc normally on a dlffractlon grating 
Jn which the spacing between adjacem slits ls d . Consld{'f first rays I and 2 which allc' 
Incident on adjacent silts. The path difference between chese rays when they emerge 
acanangle8lsdsin (J, Toobl:alnconSlrualvelnterferencelnthlsdlrectlonfromthese 
cwo rays, the condition ls that the path difference should be an lmegral number of 
wavelengths. The pach difference between rays 2 and 3, 3 and 4. and so on. will also 
bed sin 8. The condition for conSlrualve Interference ls the same. Thus, the condition 
foramaxlmumoflntcnsltyacangle(Jls 

where A ls the wavelength of che monochromatic llghc used, and n ls an lmeger. 
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Flgure15.36Maximainthediffr.ic:tion 
pattern of .id~frn:tion grating 

J·""'""'" 

Flgure15.l5 

When 11 = o, sin 8 o and Bis also zero: this gives the &might-on direction. or what 

ls called the ze10-order maximum. Whffl II I. we haw the flrSl-o!dff diffraction 

maximum. and so on (FlguJ't' 15.36). 

Example 

Monochromatic light is incident normally on a grating with 7.00 x 105 lines per metre. A 
second-ordef maximum is observed at an angle of diffraction of 40.0'. Calculate the 
wav~engthoftheincidentlight 

Theslitsonadiflractiongratingarecreatedbydrawingparallellinesonthesurfaceofthe 
ptate. The reiationsh ip between the slit spacing d and the number Nol lines per met~ is 
d: 1/N.Forthisgrating,d: 1/7.00x 105: 1.4:l x 1Q-6m. Using 1"1.:dsin 8, 
A.:(d/n)sin8={1.43x10-6n)sin40.0": 460nm 

Now it's your tu rn 
9 Monochromatic light is incident normally on a grating with 5.00 x 105 lines per metre 

A third-ordef maximum is observed at an angle of diffraction of 78.0°. Calculate the 
wavelengthoftheincidentlight 

10 Light of wavelength S.90 x 10-rm is incident normally on a diffraction grating with 
8.00x lQSlinespermetre.Calrnkltethediflractionanglesofthefirst-andsecond­
orderdiflractionimages. 

11 light of wavelength 590nm is incident nrnmaHy on a grating with spacing 
1.67 x 10-6m. How many ordel'> of diffraction maxima can be obtained I 

The diffraction grating with white light 
If while light ls lnddent on a dlffractloo graUng, each wavelength ,1. m:tklng up the while 

Jlghtlsdlffractedbyadlfferentamoont,asdescrlbedbytheequatlonnA = dsin8.Red 

j 
JlghtbecausellhasthelongeS1,vavelengthinthevlslblespectrum,lsdlffractedthrough 

the largest angle. Bluellghchastheshortest"ravelength.andlsdlffractedtheleast. Ttms. 
2nd od the while light ls spilt Into Its componem colours, producing a OJfltlnuous spectrum 
order der (Figure 15.37). Thespectrumlsrepeatedlnthedlfferernocder..ofthedlffractlonpanern. 

Depending on the grating spacln& thel\c' may be some overlapping of different orders. 
1st order 1st order For example, the red component of the fl!Sl-o!der Image may overlap with the blue end 

"'· (white) 

Flgure15.37Productionoftlle1pectrumof 
wtiitelightwithadiffractiongrating 
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of the second-older spectrum. 

An lmponam use of the diffraction grating ls lo a spectrometer. a piece of 

apparatus used to lnveSllg:ne spectra . By measuring the angle at which a partlcuLu 

diffracted Image appears. the wavelength of the light producing that Image may be 



Examination style questions I 
• The principle of ,;uperposition of waves states that, wlieo w;wes meet at the same 

point in space, the resultant dis.placement is given by the sum of the displacements 
oftheindividtJalwaves. 

• Constructiveinterferenceisobtainedwlirothewavesthatmeetarecompletelyin 
phase,sothattheresultanlwiNeisofg1eateramplitudethananyofitsconstitueots 

• Destructive interference is obtained when the WiNe-5 that meet are completely out of 
phase(inantiphase) 

• ToproduceasustainedarKlobservableintederencep;1ttemthesoorcesmu'>lbe 
monochromatkandcoherent(haveacon51antphaserelationship}. 

e CoherentsourceshaveaconstantphasediffererKebetwel!nthevibrations ofthe 

• Young'sdouble-slitexperiment 
- cooditionlorcomtnx:tiveinterference:pathdiffereoce:n-l. 
- conditionfordestructiveinterference:pathdiffetence(n+j°).l. 
- fringe width x,. ).[)la, where a is the separation of the source slits and Dis the 

distanceofthesueenfromtheslits 
• A stationarywiNe is the result of intl'rference behveen two progressive waves of 

equal lreqlie!lcyandsimiklramplitudl.'travellingaloogthesamelinl'withthesame 
speed,butinoppositedirections 

• Points of zero am~itude on a statioflilry wave are called nodes; points of maximum 
amplitudearecalledantinodl.'s 

• Forstatiooarywavesonastretchedstring,lrequencyJ.ofthenthmodeisgiven 
byJ.:11c/2L,wherecisthl'speedofp1ogressivewavesonthestringandlisthe 
length of the string 

• Forstatiooarywavesinagasinatubeclosedatoneend,lrequeocy/0 ofthe11th 
mode is given by/0 : Qn - 1)c/4L, where cisthl' speed of sound in air and Lis the 
length of the tube 

• Dilfractionisthesp<eddingoutolwavesafterpassingthroughanapertureor 
meeting the edge of an obstacle. It is most obvioos when the sizl' of the aperture 
and the wavelength of the wave are approximately the same 

• Propertiesolwavemotion(diffractionandinterference)canbeobservedina 
rippll'tank 

• lnterfereoceanddiffractioooflightisl'Vidl'ncethat lighthaswaveproperties 
• Singleslitdiffractioo: theconditionforminimaisasin 6:n.l.,whereaisthewidth 

of the slit 
• TheconditionforadilfractionmaximuminadilfrilCtiongratingpattemis 

dsin 6= 11.l., where dis the grating spacing, 6is the angle at which the diffraction 
maximum is observed, 11 is an integer (the order of the image), and .l. is the 
wav~engthofthelight 

Examination style questions 
1 Compare a two-source experiment to demonstrate the 

interferenceofsoundwaveswithaYourig'sdouble-slit 
experimentusinglight.Whatarethesimiklritiesand 
differences between the two experiments? 

2 a Explainthetermcoherenc:easappliedtowaveslrom 
two sources. 

b Describe how you would produce two coherent sources 
of light. 

c Adouble-slitinterferencepattemisproducedusing 
slitsseparatedby0.45mm,illuminatedwithlight 
of wav~ength 633 nm from a laser. The pattern is 

projected on toawall 2.SOm from the slits. Calculate 
thefringeseparation 

3 Fig.15.38showsthearrangementlorobtaining 
interferencefringesinaYoung'sdouble-slitexperiment. 
Describeandexplainwhatwillbeseenonthescreenif 
thearrangementisalteredineachofthelollowingways 

a theslitseparationaishalved, 
b thedistanceDfromslitstoscreenisdoubled, 
c the monochromatic light source is replaced with a 

white-light source. 

Ill 
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monochromatic 
light source 

Flg.15.38 

1 
4 StateandexplainfourwaysinwhichstationarywiJVes 

differfromprogressivewiJVes 

5 Asourceofsoundoffrequency2000Hzisplacedinfront 
of a flat wall. When a microphone is moved w-Nwt from the 
source towards the wall, a series of maxima and minima 
are detected. 

a Explainwhathashappenedtocreatethesemaximaand 

b Thespeedofsoundinairis340ms- l.Cakulatethe 
distance between successive minima. 

6 Astringisstretchedbetweentwofixedsupporb 
separatedby1.20m.Stationarywavesaregenerated 
on the string. It is observed that two stationary WiJVe 
frequencies are 180Hzand 135Hz;thereisnoresonant 
frequency between these two. Calculate: 

a thespeedofprogressivewavesonthestretchedstring, 
b thelowestresonantfrequenc:yofthestring. 

7 B1ueandredlight,withwiJVelengths450nmand6S0nm 
respectively, isinc:identnormallyona diffraction grating 
whichhas4.0>< 105 1inespermetre. 

a Calculatethegratingspacing 
b Calculate the angle between the second-order maxima 

for these wavelengths 
c Foreachwavelength,findthemaximumorderthatcan 

be observed 
8 Discussanydifferenc:ebetweentheinterlerencepatterns 

formed by 

a twoparallelslits lµmapart, 
b adiffractiongratingwithgratingspacinglµm,when 

illuminatedwithrnonochromaticlight. 
9 Lightofwavelength633nmp<15sesthroughas.litSOµm 

wide.Calculatetheangularseparationbetweenthe 
central maximum and the first minimum of the diffraction 
pattern. 

10 Astringisstretchedbetweentwofixedsupport53.5m 
apart.Stationarywilvesaregeneratedbydisturbingthe 
string. One possible mode of vibration of the stationary 
WiJVes is shown in Fig. 15.39. The nodes and antinodesare 
labelledNandArespectively. 
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a Distinguish between a node and an antinode in a 
stationarywilve 

slitseparatioo 
D - distancefromslits 

~ 
Flg.15.39 

b Statethephasedifferenc:ebetweenthevibrations 
ofparticlesofthestringatanytwoneighbouring 
anti nodes 

c Calculatetheratioofthefrequencyofthemodeof 
vibrationshowninFig.15.39tothefrequencyofthe 
fundamental mode of vibration of the string. 

d The frequency of the mode of vibration shown in 
Fig.15.39is 160Hz.Cakulatethespeedofthe 
progressive waves which produced this stationary 

11 Avibratingtuningforkoffrequenc:y320Hzisheldover 
theopenendofaresonanc:etube. Theotherendofthe 
tubeisirnmersedinwater.Thelengthoftheaircolumnis 
graduallyincreaseduntilresonancefirstoccurs.Takingthe 
speedofsoundinairas340ms-1,calculatethelengthof 
theaircolumn.(Neglectanyend-correction.} 

12 Wecanhearsoundsroundcorners.Wecannotseeround 
corners. Bothsoundandlightarewaves. Explain why 
sound and light seem to behave differently. 

13 Fig. 15.40 shows a narrow beam of monochromatic laser 
lightincidentnormallyonadiffractiongrating.Thecentral 
brightspotisformedato. 

:~,~.14 : 
d1ffract1on screen 
grating 

Flg.15.40 



a Write down the relationship between the wavelength 
,lofthe lightandtheangle9forthefirstdiffraction 
imageformedatB.ldentifyar(fothersymbolused 

b Thescreenis1.1mfromthediffractiongratingand 
thegratinghas300linespermm.The laserlighthas 
wavelength 6.3 " 10-7 m. Find the distance OB from 
thecentralspottothefirstbrightimageatB 

c The diffraction grating is now replaced by one which 
has600linespermm.Forthissecondgrating,calculate 
thedistancefromthecentralspottothefirstbright 
image. 

14 a Statet\lllOfeaturesofastationaryw.wethatdistinguish 
itfromaprogressivewave. {2] 

b Alongtubeisopenatoneend.ltisdosedattheother 
endbymeansofapistonthatcanbemovedalongthe 
tube,asshovminFig. lS.41 

Aloudspeakerproducingsoundoffrequency550Hzis 
heldneartheopenendofthetube 

Thepistonismovedalongthetubeandaloudsoundis 
heardwhenthedistanceLbetweenthepistonandthe 
openendofthetubeis45cm. 

Flg.15.41 

Thespeedofsoundinthetubeis330ms-1. 

i Showthatthewavelengthofthesoundinthetubeis 
60cm. [1J 

ii OnacopyofFig.15.41, markallthepositionsalong 
the tube of 
1 thedisplacementnodes0abelthesewiththe 

letterN), {1J 

2 the displacement antinodes Oabel these with the 
letter A}. {2] 

c The frequency of the sound produced by the 
loudspeakerinbisgraduallyreduc:ed 
Determinethelowestfrequencyatwhichaloudsound 
will be produced in the tube of length L = 45cm. {3] 

Cambridge lntemational AS and A Level Physics, 

9702122 May/June 2010 Q 4 

Examination style questions I 
15 a Statewhatismeantbythediffractionofawi"Ne. 

b Planewavefrontsareincidentonaslit,as!.hownin 
Fig.15.42. 

111 · 

Flg.15.42 

piston 

/2/ 

Complete a copy of Fig. 15.42 to show four wave fronts 
thathaveemergedfromthe!.lit. {2] 

c Monochromatic light is incident normally on a 
diffractiongratinghaving650linespermillimetre,as 
!.howninfig.15.43. 
Animage{thezeroorder)isobservedforlightthathas 
anangleofdiffractionequaltozero. 

For incident light of w<Nelength 590nm, determine 
thenumberofordersofdiffractedlightthatcanbe 
observedoneachsideofthezeroorder. {3] 

d The images in Fig. 15.43 are viewed, starting with the 
zeroorderandthenwithincreasingordernumber. 
Statehowtheappearanceoftheimageschangesas 
the order number increases. {1J 

Cambridge International AS and A Level Physics, 

9702121 Oct/Nov 2010 Q 5 
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Flg.15.U 

monochromatic 
light 

grating 

16 a Fig. 15.44 5hows the variation with time tof the 
displac:ementyof a wave Was it passes a point P. 

Thewavehasintensity/. 
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Flg.15.44 

A second w.we X of the same frequency as w.we W 
alsopassespointP.Thisw.wehasintensityY:i/.The 
phase difference between the two waves is 60°. On a 
copyofFig.15.44,sketchthevariationwithtimetof 
thedisplacement y ofwaveX. {3] 

b lnadouble-slitinterferenceexperimentusinglight 
ofwavelength540nm,theseparationoftheslitsis 
0.700mm.Thefringesareviewedonascreenata 
distance of 2.75 m from the double slit, as illustrated in 
Fig.1S.4S(nottoscale). 

Ftg.15.45 

Calculatetheseparationofthefringesobserved 
on the screen {3] 

c Statetheeffect,ifany,ontheappearanceofthe 
fringes observed on the screen when the following 
changes are made, separately,tothedouble-slit 
arrangementin b 
i Thewidthofeac:hslitisincreasedbutthe 

separation remains constant. {3] 

ii Theseparationoftheslitsisincreased {2] 

Cambridge International AS and A level Physics, 
9702/02 Oct/Nov 2007 Q 5 

17 a Explain the term interference. 
b Arippletankisusedtodemonstrateinterferenc:e 

betweenwaterwi"Nes. 
Describe 

i theapparatususedtoproducetwosourcesof 
coherentwavesthathavecircularwavefronts, 

ii how the pattern of interfering waves may be 
observed. 

/11 

/2/ 

/2/ 



c A Wi'Ne pattern produced in b i5 shown in Fig . 15.46. 
So1idlinesonFig.15.46representcrests. 

OnacopyofFig.15.46, 

draw two lines to show where maxima would be seen 
OabeleachoftheselineswiththeletterX), [1J 

Flg.15.46 

ii dr;iw ooe line to 5how where a minimum would be 
seenOabelthislinewiththeletterN). {1J 

Cambridge International AS and A Level Physics, 
9702121 May/June 2011 Q 7 

Examination style questions I 
18 Fig.15.47showsastring'>lretchedbetweentwofixed 

pointsPandQ. 

string 

vibrator_:8 
\ 

Flg.15.47 

AvibratorisattachednearendPofthestring. EndQis 
fixedtoawall.ThevibratorhasafrequencyofSOHzand 
causesatransversew,wetotravelalongthestringata 
~dof40ms-1 

a i Calrulatethewavelengthofthetransversew<Neon 
the string. {2] 

ii Explain how this arrangement may produce a 
stationarywaveonthestring. {2] 

b ThestationarywiIVeproducedonPQatoneinstantof 
timetis'>howninFig. 15.48. Eac:hpointonthestringis 
at its maximum displacement. 

Ll _________ Ll -------------v -------------
Flg.15.48 

i OnacopyofFig. 15.48,labelallthenodeswiththe 
letter N and all the antinodes with the letter A {2] 

ii Use your answer in a i to calculate the length of 
stringPQ {1] 

iii OnacopyofFig. 15.48,drawthestationaryw.weat 
time {t + 5.0 ms). Explain your answer. {3] 

Cambridge lntemational AS and A level Physics, 
9702/22 May/June 2013 Q 5 
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17 Electric fields 

4' By the end of this topic, you will be able to: 
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(a) understand the concept of an electric field as an 17.2 (a) recall and use E = AV/l!.d to calculate the field 
example of a field of force and define electric field stfffigth of the uniform field between charged 
strength as force per unit positi,·e ch arge acting parallel plates in terms of potential difference and 
on a stationary point charge separation 

( b) represent an electric field by means of field lines ( b) calculate the forces on charges ln uniform electric 
fields 

(c) describe the effect of a uniform electric field on 
the motioo of charged particles 

Starting points 
• There aretwo typesofcharge ,posit ive a ndnegative 
• Objectscanbechargedbyfrictionorinduction. 
• Electric forces hold electrons in atoms, a nd bind atorm toge ther in molecules and 

in solids. 

17.1 Electric forces and fields 
Some effects of Slatlc electrldty are famlllar in everyday llfe. For example, a balloon 
rubbed on a woollen Jumper will Sllck to a wall , a TV screen that has been polished 
actractsdusi,dryhalrmckles(andmayactuallyspark!)whenbrushed,andyoumay 
feel a shock when you touch the metal door-handle of a car on gettlng out after a 
journey Jn dry wemher. All these are examples of lnsula!ed objects that have gained an 
electrlcchargebyfrlctlon - thatls,bybelngrubbedagalnstOlherobjects 

lnsuL1tor.s thm are charged by frlctlon wlll anract Olher objects. Some of the effects 
have been known for cemurles. Greek scientists experlmemed with amber that ,vas 
charged by rubbing It with fur. our wo!ds electron and electrlclly come from the GR't'k 
\\-'Old ~ which means amber. Today, electrostatics experlmems are often carried 
outwithplastlcmaterlalswhlcharemolslure-repellemandsiaychargedfor longer. 

Charglng byfrlclloncanbehaza!dous. Forexample, a lorrywhlchcarrlesa bulk 
pmvder muSI be earthed before emptying Its load. Otherwise, electric charge can 
build up on the tanker. This could lead to a spark from !he tanker to eanh, causing 
an explosion. Similarly, the pipes used for movement of highly flammable liquids (for 
example. petrol), are metal-clad. An aircraft moving through the air wlll also become 
charged. To prevent the first person touching the aircraft on landing from becoming 
serlouslylnjured, thetyresaremadecoconducc, sothatthealrcraftlosesltscharge 
on touchdown. 

There are two kinds of electric charge. Polythene becomes negatively charged 
when rubbed with wool. and cellulose acetate becomes positively charged, also when 
rubbed with wool. To under.stand why this happens, we need to go back to the model 
of the acorn. An atom conslSIS of a positively charged nucleus with negatively charged 
electrons orbiting lt . 'When the polythene ls rubbed with wool, friction causes some 



F1gure 17.2Achargedrod 
canimluc:echargesinan 
undmgedobjed 

17.l Electricforcesandfields l 

electrons to be transferred from the wool to the polythene. So the polythene has a 
negattvecharge,andthewoollslef!wlthaposittvecharge. Celluloseacetatebecomes 
posltlve because It loses some electrons to the wool when It ls rubbed. Polythffl<' and 
celluloseacetatearepoorlyconducrlngplasllcs,andthechargesremalnSlatlcOflthe 
surface. 

Punlng two charged polythene rods close to each cther, or rwo charged acetate 
rodsdosecoeachcther.shmvschatslmllarchargesrepeleach01h(>r(Flgure 17.1). 
Conversely, unlike charges attract. A charged polythene rod attracts a charged 

Flgure 17.1 Likechargesrepel 

Tolslsthebaslclawofforcebecweenelectrlcchargesc 

Ukechargesrepel,unli kechargesattract 

Charged rods ,;,,1JJ also attract uncharged objects. A charged polythene rod will pick 
up small pieces of paper, for example. The presence of the negative charge on !he rod 
causesaredlSlrlbutlonofthechargeslnthepaper. l'reeelectronsarerepelledtothefar 
sldeofthepaper.sothatthesldenearesttherodlsposltlveandls,therefore,actracted 
!o the rod (Figure 17.2). The paper ls said to be charged by induction. When !he rod 
lsremoved, thefR't'electron.swlllmO\.·ebackandcancelthepo51tlvecharge. 

Electric fields 
Electrlcchargesexercforcesoneachcther, evenwhen!heyareseparatedbya 
distance. The Idea of an electricfield lsusedtoexplaln!hlsacrlonatadlstance. 
Anelecrrlcflekllsareglonofspacewhereastatlonarychargeexperlencesaforce 

Electrlcfleklsarelnvlslble, buccheycanberepresentedbyelectrlcllnesofforce. 
just as magnetic flekls can be represented by magnetic lines of force (see Topic 22). 

Toedlrectlonoftheelectrlcfleldlsdeflnedasthedlrectlonlnwh.lch apo,l!J\·echarge 
would move If It were fR't' to do ,n So the lines of force are drawn with arrmvs that 
gofromposltJ\·echargetonegatJ\·echarge. 

Fo1anyelectlicfield 
e thelinesofforce1tartonapositivecharge,anderKlonanegatM!cha1ge 
• the linesoffllfceare1omoothrnrwswhkhnevertoochorcro11 
• thestrengthoftheelectric:fieldisir.dicatedbythedosenessoftheline-;: thedoserthey 

are,thestroogerthelield 

+ 

Flg ure 17.3Apparatusforinvestigatingelectli(fieldpattems 

Toe apparatus ln Figure 17.3 can be used to show electric fleld pauerns. Semolina 
ls sprinkled on a non-corx:luctlngoll and a high voltage supply ls connected to the 
conducrlngplates. Toe semolina becomeschargedbyinducrlonandlinesupalong 
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che lines of force. Some electric field panems are lllustraced ln Figure 17.4. The panern 
for the charged conducting sphere (Figure 17.4c) ls of panlcular lmporcance. Although 

Chere are no electric flekl lines Inside the conductor. the flekl llnes appear to come 
from the centre. Thus,thechargeonthesurfaceofaconducllngsphereappearsaslf 
lt ls all concentrated at the centre. This means that small conducting spheres may be 

used as an approxlmatlon to point charges. 

Flgure17.4 Someelectri( fieldpatte rns 

Palm spnylng makes use of some of the principles of electrostallcs. It can be wasteful 
ifthepaintlsno(sprayedwhereltlsneeded. Buclfthespraylsglvenacharge.and 

theobjecttobepalrnedlsglvenanopposltecharge.thechargeddropletsfollowthe 
llnes of force and end up Oil the surface. Thlsls lllustrated ln Figure 17.5. 

l
~rtoc,., 
be sprayed 

. 
Flgure17.5 Paintsprayi11g 

Induced fields and charges 
Therelsnoresultantelectrlcfleldlnaconductor (unlessasourceofe.m.f. lsconnected 
across lt). The reason for this ls thac electrons are free to move ln the conductor. As 

soonasachargedtxxlylsplacedneartheconductor. theelectrlcfleklofthecharged 
txxly causes electrons ln the conductor co move ln the opposlle direction to the flekl 
(bectuseelectronshaveanegallvecharge). Thlslslllustraledln Figure 17.6. The.se 

charges create a flekl ln theopposltedlrealoncoche flekl due co the charged bcxly. 
The Induced charges wlll stop moving when the cwo fields are equal and opposite. 

Hencetherelsnoresukarnfk>kllnaconductor. 



Flgure17.8 
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Flgure17.61nduceddlarge1 

This effect may be used co charge a body by Induction. The process ls llluscrated ln 
Flgurel7.7. lfaposltlvelychargedrodlsplacednearanlnsulatedconductor,lnduced 
chargesappearontheconductor,as shownlnFlgure 17."?a. lftheconductorlsnow 
earthed. as ln Figure 17.7b, electrons mo,,e from eanh co neutralise the Induced 
posltlvecharge. Theelectronsareheldlnposltlonbytheposltlvelychargedrod. When 

theearthconnectlonlsremoved, thenegath'echargelsstlll heldlnposltlonbyche 
posltlvelycharged rod, aslnFlgure 17.7c. Removalol'thechargedrod meansthacthe 
electrons wlll dlsulbuce themselves over the surface of the sphere, as ln Figure 17.7d. 
NOie th.:u lf a posltlvely ch.:11ged rod ls used , the final charge on the sphere ls negative: 
lfanegatlvelychargedrodlsused,thespherebecomesposttlvelycharged. 

"" 0 Q---- 0 0 
a) b) !• c) d) 

Flgure17.7Cha19in9byind11ction 

17.2 Electric field strength 

The electricfield strength atapointisdefinedasthelorreperunitchargeoctirigona 
smallstationarypositivechargeplacedatthat point 

lftheforceexperlencedbyaposltlvetes1charge..-Qplacedlnthefleldlsl-;thefleld 
strength Eis given by 

E: !_ 
Q 

(Be careful nOI to be confused by the symbol E for field strength.. E may also be 
used for energy.) A unit of field strength can be deduced from chls equation: force ls 

measured ln newtons and charge ln coulombs. so the SI unit of field strength ls N C-1. 
We shall see later that there ls another common SI unit for electric fleld strength, V m->. 
Toesetwounltsareequlvalent. 

A uniform electric field 

Aunilomifieldiswhe«>theelectriclieklstreogthisthelilmeatallpointsinthe lield 

lnFlgurel7.4a.theeleccrlcfleldpattembecweencheparallelplacesconslstsol'parallel 
equallyspacedllnes,except neartheedges ol' theplates. Thlsshowschatthefleld 
between charged parallel plates (as, for example, ln a capacitor, see lbplc 18) ls 

uniform. This means that the force experienced by a charge ls the same no maner 
where the charge ls placed ln the uniform field. 

Figure 17.8HlustratesparallelplacesadlstancedaparcwlthapO!enllaldlfference 
V between them. A charge ..-Q Jn the uniform field between the plates has a force F 

139 



m Electricfields 

140 

acting on It. lb move the charge towards the posltlve plate 'l\"OUld iequlre wod;: to be 

done on the charge. Wod;: ls given by the product o( foR:e and distance. lb move the 

charge from one plate to the O!her iequlres work w given by 

Fromchedeflnltlonol"po1emlaldlffeR"nce(pagel48). 

W = VQ 

Thus W = Fd = \IQ.or,rearranglng. 

F/Q = V/d 

ButF/QlsthefoR:eperunltcharge.andthlslsthedeflnlllonol"electrlcfleldstrengch. 
Thus. foraunlformfleld.thefleldstR'ngthEls glvenby 

This equation gives an altematlve unit for electric field SIR'ngth (remember that we 

havealR"adyderlvedNC-'fromtheJdeaofforceperunltcharge).lfweusethe 
expresslonforaunlformfleld, cheunltofpoientlaldlfferencelsthevokandtheunlt 
ofdlstancelsthemetR',soanctherunltforelectrlcfleldstrengthlsvoltspermetre 
(V m->). The two units N C-1 and V nr' are equivalent. 

Example 

Two metal plates 5.0cm apart have a poteotJill diflereric:e of 1000V betwei!n them 
Caku!ate 

(a) the1trengthoftheelectriclieldbetwei!nlheplates, 
(b) the force on achargeo/5.0nC between the plates 

(al From E= Viti, E= 1000/5.0 x 10-1 = 2.0 x ,o•v m-1 

(b) Fmm F= EQ, F= 2.0 x 104 x 5.0 x 10-g = 1.0 x 104 N 

Now It's your turn 
1 A glass rod rubbed with silk becomes positively charged. Explain what has happefled to 

theg!ass.Explainalsowhythechargedrodisabletoattractsmallpiecesofpaper. 
2 (a) Explainwhatisme;intbyanelectriclield 

(b) Sketchtheelectricfieldpatterns 
(I) betwei!n two negatively charged particles, 
41 i) betweenapoint pos.itivechargeandanegativelychargedflatmetalplate 

3 Apos.itiveandanegativechargeofthe:;amemagnitudeareonthe:;amestraightline 
asshowninFigure17.9.Statethedirectionofthee~ricfield1trength 
(al atpointA. 
!b) atpointB, 
(c) atpointc. 
(dl atpointD 

B + A C 

---0-------0---
positiw negative 
charge charge 

Flgure17.9 

,t Two metal plates 15 mm apart have a potential differeoce of 7S0V betweeo them. The 
force on asmall chargedsphereplaced between the plates is 1.2 x 10-7N. Calculate 
(a) thestrengthoftheelectriclieldbetwei!nlheplates, 
(b) thechargeonthesphere 



Flgure 17.10PtincipleofMilli K;m·s 
experiment fore 

17.2Electricfieldstrength l 

The electron charge 
A unlfonn electric field was used by MUHkan In 1912 to measure the electron charge. U 
involvesthebalandng ofthe gravltatlonalforceonatlny, chargedspherebyanelectrlc 
forcelntheopposltedlrectlon. so thatthesphereremalnsstatlonary. lnMllllkan's 
original experlmern. the sphere was an oil droplet , which became charged by friction 
as U passed out of the let of a spray. If you do this experlmem ln a school laboratory 
now. you wlll probably use a very small polystyrene sphere 

Mll llkan's arrangemern ls sketched In Figure 17.10. Tuu hor17.ontal and parallel metal 
platesareconnectedtoasourceofpo1entlaldlfference. Thlsamtngementproducesa 
uniform electric field between the plates. The electric flekl can be altered by varying 

thepo1entlaldlfferenceacrosstheplates. Thechargeddropletsaresprayedthrougha 
small hole ln the top plate. The tendency ls for a droplet to fall under Its own weight. 
mg. Theobserverconcemratesononedropletandadjuststheelectrlcflelduntllthe 
weight ls exactly balanced by the electric force qE ln the opposlte direction. This gives 
the equlllbrlum condition qE = qV/d = mg. Mllllkan found that the charge q was always 
an Integral multlple of a fundamental quantity of charge eequal co 1.6 x 10-19c. This 
fundamental cha rge was ascribed to the charge of the electron. The experimental 
result that the charges on the droplets seems to be only In Integral multlples of e 
means that charge ls quantised. or exists only ln discrete amounts. 

Example 

A negatively diarged polystyrene s.phereof mass 3.3 x 10-1skg is held at rest betweeo two 
parallel plates separated by S.Omm when the potent~! difference betWe{'n them is 170V. 
HowmanyexcesseJectronsareonthesphere? 

Apply the equation lo1 the equilibrium condition, qV!d =mg. This gives 
q=3.3x10-15 x9.8x5.0x10-1/170=9.Sx10-19C.Takingtheelectroncharge e a1 
1.6x 10-19C,qmrrespondstoS.9excesselectrom. Becauseyoucan"thave0.9ofan 
e~ron, the answer must be 6 excess electro ns. The discrepancy must be due to 
expelimental inacrnracy or to round ing erron; we have be{>n working to only two 
s.ignilicantligures 

Now It's your turn 
5 Thechargeds.phereintheexampleabovesuddenlylosesoneofitsexcesselectrons 

The potential difference betweeo the plates remains the same 
(a) Describetheinit@lmotionofthes.phere 
(b) Calcu!atetheinit@lacceleration 

Motion of a charged particle in an electric field 
Motionofchargedpartidemovingparalleltotheelectricfield 
Achargedpartlcleatrestormovlngalongthedlrectlonofanelectrlcfleldexperlences 
an electric force. The dlrecllon of the force depends on the sign of the charge. A 
panlcleofcharge-l-{/lsacceleratedlnthedlrectlonoftheelectrlcfleklbytheforce. 
Foraunlfonnfleldtheforceand. hence,theacceleratlonareconsrnm. Hence. the 
equations of unlfonn acceleration given In Topic 3 can be used to determine the 
motlonofthechargedpartlcle. 
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AunJfonnelearlcfteklElsproducedbyapa:entlaldlffeR"nce Vacrossmu 
horizontal and parallel me1al plates separa!ed by a distance das shown ln Figure 17.11. 
A charge of .,q ls Introduced m the cop place and moves to the b«tom plate. The ftekl 
doesworkoothechargeandthechargegalnsklnetlcenergy. 

cha.-ge +q 

----- \ 

- ~ 

' 

-•---

_J_ 

Flgure17.11 

The work done = Fd Eqd = Vt'f 
Hencethegalnln kinetic energy Vq 

The moUon of the charged panlcle can also be determined using the llnk becv,een 

workdoneandchangelnenergy. 
A negatively charged panlcle ls accelerated ln the opposJ!e direction to the electric 

field. 

Motionofchargedparticlewithinitialvelocityperpendicularto theelectricfield 
A charged panlcle +q encers an electric flekl with a veloclty 11 ac right angles to the 
dlrectlon of the flekl(see FlguR' 17.12). Toe panlcleexperlencesa force at right 
anglestoltsJnltlaldJRc'Ctlon.lftheftelddJrectlonJsvenlcalandthelnltlaldlrectlonls 

horizontal. the panlcle will follow a parabolic path as It passes through the fteld . 

pathgfparticle, 
charge + q 

velocity~ 

Flgure17.12 

The analysis of the m()(Jon ls similar to thm of a particle of mass m moving ln a 
gravltatlonal ftekl with a uniform velocity Jn one dlRc'Ctlon and a uniform acceleration 

Jn a perpendicular direction (as described for projectile moUo n Jn lbplc 3). 



Examination style questions I 
~xample 

A particle of mass 6.7 x 10-l7kg and charge +3.2 x 10- ,~C is placed ne.-irthe top plate in 
anelectrkfieldsimilartothatshowninFigtJre 17.11.Thepotentialdifferroceacrossthe 
plates is600V,mdtheseparatiooofthe plates is 12mm. Determir.e 

Cal theforceontheparticle, 
(b) theaccelerationofthepartkle, 
(cl thespeedofthepartidewhenit1e.1Chesthebottomplate 

(al force= Eif= Vqld= (600 x 3.2 x 10-1~)/12 x 10-1 = 1.6 x 10-14 N 
(b) acceleration:force/mass:23x10- ll/6.7 x 10-11,, 2.4>< 1012 m s-2 
{c) vl:0+2as:2x2.4x101lx12x10-1 sospeedv:2.4 x 105m s-1 

Now It's your turn 
6 An electron enters an electric fiekl similar to that shown in Figure 17.12 with a 

horizontalvelocityof7.0x107ms-l.Theh00zontallengthoftheplatesis2.0cm.The 
electric fie kl 51:rength is 3.2 x 105V m-1. Calculate the vertical displacemeot of the 

electrooforthetimeitisbetweentheplates 

• lmulatorsmaybechargedbyfriction 
e likechargesrepel;unlikechargesattracteachother 
• WheochargedobjKlsare~acednearconductms,theycamearedistributionof 

chargeintheconductor,therebyinducingcharges 
• An elKtric field is a region of space where a stationary charge experiences a force 
• Electricfieldstrengthistheforceperunitpositivecharge:E:F/Q 
• Theelec:triclieldbetweenparnllelplatesisuniform.Thefieldstrengthisgivenby· 

E: Vld 
• The motion of a charged partide moving in the direction of the elKtric field can be 

analysedusingtheequationsolconstanta{celeration 
• The motion of a charged partide moving with a uniform vekx:ity in one direction 

andauniformauelerationinaperpendiculardirec:tionisp;1rabohc 

Examination style questions 
1 Calculatethespeedofanelectronac{eleratedfromrest 

through a distanc:e of 40mm by a uniform electric field of 
3.0>< 101NC- 1. 

2 An electron starts from rest from the bottom plate in 
Fig.17.11.Thepotentialdiflerenceacrosstheplatesis 
1600Vandtheseparationoftheplatesis15mm.Calculate 
thetimetakenfortheelectrontoreachthetopplate 

3 Fortheelectroninquestion2calculate: 

a theworkdonebythefieldontheelectron, 
b thegaininkineticenergy, 
c thespeedoftheelectron. 

4 a Two horizontal metal plates are connected to a power 
supply,asshowninfig.17.13 

.! ~ 
Lrn ~]L__---=-----,;:=;;;;;;<., ,,.;;Jo mm 
Flg.17.13 

Theseparationoftheplatesis40mm. The!.Witchsis 
thendosedsothatapotentialdiflerenceof 1.2kVis 
applied across the plates 
i Ona{opyoffig.17.13,drawsixfieldlinestorepresent 

the electric: field between the metal plates [2J 
ii Calculatetheelectri{fieldstrengthEbetweenthe 

plates {2] 
b The switchsisopened and the plates losetheir{harge. 

Two very small metal spheres A and B joined by an 
insulating rod are placed between the metal plates as 
showninfig.17.14. 

1
---------, m;talplate 

1.2 kV ~ ~~ .l~cmm ; : 140 mm 

~ ---
metal plate 

Flg. 17.14 
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SphereAhascharge-eandsphereBhascharge+e, 
whereeisthechargeofaproton. ThelengthABis 
15mm. The rod is !.Upported at its centre C so that the 
rod is horizontal and in equilibrium. 
Theswitchsisthendosedsothatthepotential 
difference of 1.2kVis appliedacrosstheplates. 
i Thereisafon::eactingonAduetotheelectriclield 

between the plates. Show that this force is 

i the horizontalac:celerationoltheelectron, {2] 

ii the time to travel the horizontal distance of 2.50cm 
between the plates {2] 

c Explainwhygravitationaleflectsontheelectron 
neednotbetakenintoconsiderationinyour 
calculation in b. {2] 

Cambridge International AS and A level Physic 5, 

9702/21 May/June 2009 Q 6 

4.Bx 1Q-15N 

ii TheinsulatingrodjoiningAandBisfixedinthe 
{2] 6 a Oefineelectricfieldstrength. {I] 

positionshcr,vninfig.17.14.Cakulatethetorqueol 
thecoupleactingontherod {3] 

ii i Thein!.Ulatingrodisnr:»1releasedsothatitislreeto 
rotate about c. Stateandexplainthepositionofthe 
rod when it comes to re~. {2] 

Cambridge International AS and A level Physics, 
9702123 Oct/NCN 2013 Q 7 

5 Twoverticalp;irallelmetalplatesaresituated2.50cm 
apart in a vacuum. Thepotentialdiflerencebetweenthe 
platesis3SOV,asshr:»1ninFig.17.15. 
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Flg.17.15 

Anelectronisinitiallyatre~dosetothenegativeplate 
andintheuniformelectricfieldbetweentheplates 

a i Cakulatethemagnitudeoltheelectricfield 
between the plates. {2] 

ii Shr:»1thattheforceontheelectronduetothe 
electricfieldis2.24x1Q-l5N. {2] 

b The electronaccelerateshorizontallyacrossthe sp;ice 
between the plates. Determine 

b Two flat p;irallel metal plates, each of length 12.0cm, 
areseparatedbyadistanceof 1.5cm, asshr:»1nin 
Fig.17.16 

speed :.':xtr:, m s-1 --------------------- -~]1.5 cm 

Flg.17.16 

Thespacebetweentheplatesisavacuum.The 
potentialdiflerencebetweentheplatesis210V.The 
electric field may be assumed to be uniform in the 
regionbetweentheplatesandzerooutsidethisregion. 
Cakulatethemagnitudeoftheelectricfieldstrength 
between the plates {I] 

c Anelectroninitiallytravelsparalleltotheplatesalonga 
line mid-way between the plates, as shown in 
Fig.17.16.ThespeedoftheelectronisS.Ox 107m,-1. 
Fortheelectronbetweentheplates, 
i determinethemitgnitudeanddirectionolits 

ao::eleration, {4] 

ii calculatethetimefortheelectrontotravela 
horizontaldi~anceequaltothelengthol 
the plates. {I] 

d Use your answers in c to determine whether the 
electron will hit one of the plates or emerge from 
between the plates. {3] 

Cambridge International AS and A level Physics, 
9702/02 May/June 2007 Q 2 



AS Level 

19 Current of electricity 

By the end of this topic, you will be able to: 
19. 1 (a) understandthatelectriccurrentisaflowof 19.2 (a) define potential difference and the volt 

(b) recall and use V= \o/Q charged carriers 
(b) understandthat thechargeonchargecarriersis (c) recallanduseP = VI, P=I2R 

19.3 (a) deflneresistanceandtheohm quantised 
(c) define the coulomb 
(d) recallanduseQ = /1 

(b) recall and use V=IR 

(e) deri,·eanduse, foracur~t-carrylngcooductor, 
the expression l = Amq, where n ls the number 
density of charge carriers 

(c) sketchanddiscussthe/- Vcharacteristlcsofa 
metallic conductor al constant temperature, a 
semiconductor diode and a filament lamp 

(d) state Ohm's law 
(e) recallanduseR=pl/A 

Star ting points 
• Thisto picconsidersfunda mentalideasaboutelectric chargeand electric curre nt. 
• Examples olelectriccurrentsare in householdwiring a nd electrical applianc:es 
• A potentialdiffere nceisrequiredfor energy changes to occur in acircuit 
• Resistancecontrols the flow ofchargeina circuit 

19.1 Charge and current 
All matter ls made up of tlny panlcles called atoms, each consisting of a poslllvely 
charged nucleus with negallvelychargedelectronsrnovlngaroundlt. 

Oiarge ls measured in units called coulombs (symbol C). The charge on an electron 
ls - 1.6 >< 10-19c. Normally atoms have equal numbers of positive and negative charges, 
so that their overall charge ls zero. But for some acorns ll ls relatively easy to remove 
an electron. leaving an acorn with an unbalanced number of poslllve charges. This ls 

calleda positi\·e ion . 
Roben Millikan in 1912 performed an experiment to determine the charge on an 

electron using charged oll droplets (see Topic 17). The experlmental result showed 
that , no maner whm the charge on the droplets, It seemed to occur only ln Integral 
mulllplesofe. thechargeon anelectron. Theconcluslonv,.11s thatchargelsn()( 
continuous but quamlsed, or exlsls only ln discrete amounts. The ph()(on ls anoiher 
example of a quantised phystcal quantity. tmroduced ln Toplr: 25. 

Atoms ln metals have one or more electrons which are not held tlghtly to the 
nucleus. These free (or moblle) elect ro ns wander at ra ndom throughout the metal. 
However, when a bauery ls connected acr05S the ends of the metal the free electrons 
drlft t01wrdscheposltlve cermlnalofthebanery.produclngan elec trkcurrent. 

Theslzeoftheelectrlccurrentlsglvenbytherateofflawof charge. Electrlccurrem 
ls an SI base quantlty (see Toplr: I). The SI base u nit of current ls the ampere (or amp 
for shon), with symbol A. The SI units of all the ()(her electrlr:al quantltles are derived 
fromcheS! baseunlts. 
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F1gure19.1Atomsrnnsistofapositiwlychargednudeuswithriegativeelectromoutskle 

posiliYilion 

Figure 19.2 An atamwith one or more l.'ll'Ctrom missing is a positive ioo 

A currem of 3 amperes means th:u 3 coulombs pas.s a point ln the clrcull every second. 
lnSseconds,atoialchargeoflScoulombswlllhavepassedthepolnt. So, 

charge:rurrentxtime 

Q=ll 

where the charge Q ls ln coulombs when the currem I ls ln amperes and the Ume t ls 
Jn seconds. This gives a deflnltlon of the coulomb as follows . 

The coulomb is that chi119e p;1ssing a point in a circuit wheo there is .-i current of one 
ampere for one second 

Example 

The current in the filament of .-i torch bulb is 0.03A. How much chi119e flows through the 
bulbin1 minute? 

Using Q= It, Q= 0.03 x 60 (remember the time must be in seconds}, so Q= 1.8 C. 

Now it 's your turn 
1 Calculate the current when .-i charge of 240C passes .-i point in a circuit in a time of 

2minutes 
2 lnasilver-platingexperiment.9.65x10'Cofchargeisneededtodepositacertain 

mass of silver. Calculate the time taken to deposit this mass of sil= when the current is 
0.20A 

l Thecurrentinawkeis200mA.Calculate 
(al thechi!rgewhichpassesapointinthewire inSminutes, 
(b) thenumberofelectronsneededtocarrythischarge 

(electronchargee:-1.6x10-1gC) 



19.1 Chargeandcurrent l 

Conventional current 
EartystudlesoftheeffectsofelearlcllyledsclenUststobellevethacanelectrlccurrem 
istheflowot·somethlng '. lno!dercodevelopafunherundersi:mdlngofelectrlclty, 

they needed to know the dlrectlOfl of flow. re \\-.IS deck:led that this flow ln the dicult 
shouk:l be from the poi;ltlve terminal of the banery to the negative. This current ls 

called!hernnve ntion a l cu !l'ent.andlsinthedlrectlonofflowofposltlvecharge. 

We now know, In a me1aL that the electric current ls the flow of electrons ln the 

opposite direction, from the negative terminal co the positive terminal. Hmvever, 

Jaws of elearlclly had become so firmly fixed ln the minds of people that the idea of 

conventlonal current has persisted. But be warned! Occasionally we need to take Imo 

accoumchefactthatelectronflowlslntheopposlledlrecllontoconventlonalcurrffit. 

Conduction in a current-carrying conductor 
Flgul\." 19.3 shows pan of a conductor of cross-secUonal area A through which theR' ls a 
curlfflt/. lnFlguR'l9.3,'lthechargecarr1er.,areposltlveandlnFlgurel9.3bthecharge 
carrlffs aR' negative. The current ln each of the conductor., ls from right to left but the 
charge carr1er., move In opposite dl!Kllons shown by the drift speed u 

positive charge carriers J 

A > <----1 'L, ·, ·,j 
: •q v•q •q •q ' 

(.i)positivechargecarriers 

F1gure19.3Conductioninarurrenl·carryingrnnductor 

(b)negativechargecarriers 

Toe currffit ls due to the 1novemffit of the charge carrier., along the conduaor. The 
flow of charge carrier., ls characterised by an average drift speed. The average drifl 
speed of the charge carriers in the conductor ls 11and !he number density (the number 
perunltvol.ume)ofthechaigecarrierslsn. Thechargeoneachofthechargecarriers 
lsq.(SeeFlgure19.3a) 

The number of charge carriers ln a length x of the conductor ls 11Ax. The amount of 
charge that leaves this volume through the left-hand side of the conductor In a tlme / ls 
nAXq. 

WheR"!hellmelntervaltlsx/v 

charge/Ume = '~;,q 

l=nAvq 

Toe same expression ls obtained lf the negative charge carriers are consklered in the 
conductorshownlnFlgure 19.3b. 

~xample 

Awpperwirehas8.5x 1Ql8chargec.arrie!'S(fre{>electrons)m-l.Thewi rehasaruire<1tof 
2.0Aandacross-,;ectkmalareaof1.2mm1. Cak:ukltetheaveragedriftspeedoftheelectrons. 

I!= llnAe= 2/(8.S x 1()18 x 1.2 x 10-6 x 1.6 x 10-1 ~) 

Now It's your turn 
4 The average drift speed in a metal wire is 6.S x 10-4m s-1 when the curre<1t is O.BOA 

The diameter of the wire is 0.50mm. Cak:ulate the number of '/re{>" electrons per unit 

volume in the wire 
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Figure 19.4 A240V, 100Wmaim I.imp 
ismuchbrfghterthana12V.SWc.rl~hl. 
butbothhavethe1.1mernrre11t.(D0oottry 
th11experimentyour1elfasitinvo~e1alarge 
volt.ige .) 
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19.2 Potential difference 
A cell makes one end of the cll'C\Jlt poslllve and tbe cther negative. The cell ls said to 
set up a po tentialditie re nce acrossthedrcult . Potentlaldlfference(p.d.forshon) 
ls measured ln volts (symbol V), and ls often called the voltage. You should never 
talk about the po1entlal dlffercnceorvoltagetbrougha device. because It lsln fact a 
dlffercnceacrosstheendsofthedevlce. Thepo1entlaldlfferenceprovldestheenergy 
tomovechargethrougbthedevlce. 

The po1entlal difference between any two points ln a clrcull ls a measure of the 
electrlcalenergytransferred. orthe\\ulkdone,byeachcoulombofchargeasllmoves 
fromonepointtothectber.Wealreadyknowthattheunltofpo1entlaldlfferencels 
thevolt(V).EnergyWlsmeasuredlntoules,andchargeQincoulombs. 

potential difference= energy t!"arderred [from el~~~ other fW115] (ex woo.'. dme) 

w 
Q 

Wecanturnthlsrelatlon roundtogetanexpres.slonfortheelectrlcalenergy 
transferred or convened when a cbarge Q ls moved through a po1entlal difference V: 

energy transferred (wo1* donf') = potential difference x charge 

W:VQ 

Therelatlonglvesadcflnltlonofthevok as follows. 

Onevolt i1thepotentialdiffereocebetweeotwopointssuchthattheenergytransferred 
fromelectricaltootherformsisonejoulepercoulombolelec:tricchargepas'>ir.glromone 
point to the other. 

In Flgun> 19.4, one lamp ls connected toa 240V malnssupplyandthecthertoa 12V 
car banery. Bo!h lamps have the same current. yet the 240V lamp glows more brightly. 
This ls because the energy supplled to each coulomb of charge ln the 240V lamp ls 
20tlmesgreaterthanforthe 12Vlamp. 

~xample 

Electronsin aparticulartelevi'>ion tubeareacceleratedbyapotential differeoceof 20kV 
betweenthefilament andthemeeo. The chargeof theelectron is-1.6x 10-1gc 
Caku!ate thegaininkineticeoergyofeadielectron 



19.3Resistance l 

Since V = WIQ, then W"' \IQ. The electrical energy trnmferred to the electron !JiO'Ws itself 
asthekineticenergyoftheelectroo.Thus, 

kineticroergy= VQ=20x 10lx 1.6x 1Q-19 

: 3.2 x 10-15J 

(Don'tforgettotumthe20kVintovolts.) 

Now1tsyout turn 

5 An electron in a partide auelerator is said to have 1 MeV (1 mega-electronvolt) of 
roergy when it has been accelerated through a potential difference of 1 mill ion volts 
Cak:ulatetheeoergy,injoules,gainedbytheelectron 

6 Atorrhbulbisrated2.2V,0.25A.Cakulate· 
(a) thechargepassingthroughthebulbinonesernnd, 
(b) theeoergytramferredbythepassageofeachcoulombofcharge 

Electrical power 
Jn lbplc 6 we defined power Pas the race of doing yoork. or of transferring energy. 
Toedefl.nltlonofpolentlaldlfference Vglvesenergytr:msferredperunltcharge. 

Then>fore P = W/t and v W/Q 

orP = VQ/t 

SinceQ/1 = / 

power= potential difference >< current 

Toe power ls measured In ,vans (W) when Che po(entlal dlffeR"nce ls in volts (V) and 
the curR"nt ls Jn amperes (A). A voltmeter can measure the p.d. across a device and an 
ammeterthecurrernthroughil:theequatlonabovecanthen beusedtocalcul:uethe 
power in the device. 

19.3 Resistance 
OJfmectlng wires In circuits are often made from copper, because copper offe15 
Hale opposition to the movemern of electrons. The copper wire ls said to have a low 
electrlcal reslSlance. In other \\"Olds. copper ls a good conductor. 

Some materials, such as plaSilcs, are poor oonductolS. These nl.'.lterlals are said to be 
lnsulato1S, because under normal clrcumSlances they conduct little or no currern. 

The res istance RofacorKluctorisdelinedastheratioolthepotrotialdillere<ice VilCross 
thecooductortothernrrrot/init. 

V -,-

where the reslSlance ls Jn ohms when the po(entlal difference ls Jn volts and the 
currern ln amperes. The symbol for ohms ls the Greek capllal leuer omega, n . 

TherelactongJ\,esadeflnltlonoftheohm as follows. 

Oneohm isone voltperampere 

We have defined resistance for a conduccor, but nl.'.lny devices have reslSlance. The 
general term for such adevlcelsa res istor. (Notethatthereslstanceofareslstorls 
measured ln ohms, juSI as the volume of a tank ls measured ln m3. We do not R"for to 
the "ml•of atank, ortothe 'ohms"of a resistor.) 
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F1gure 19 .5Cirniilfof 
plottinggraph1ofrur1ent 
agaimtvoltage 

F1gure19.6Current..gaiml 
valtageforafiiamentlamp 
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The relation between reslsiance, po(emlal difference and current means that, for a 
given po(entlal difference, the reslsiance comrols the size of the current ln a drcult. A 
high resistance means a small current. whlle a low reslsiance means a large currem. 

~xample 

The current in an electric immenkm heater iri a school experiment is 6.3A when the p.d 
across it is 12V.Caku!atetheresistanceoftheheater. 

SinceR: V/l,theresi1tanceR: 12/6.3: 1.90 

Now It 's your turn 
7 Thecu/fenl in a light-emitting diode is 20mA when ii has a potential difference of 2.0V 

acrossit.Calculateitsresistance 

Electrical heating 
Whenanelectrlccurrempassesthroughare.slsi:or,llgetshot.Thlsheatlngeffectls 
sometimes called J oule h eating. The electrlrnl pmver P produced (dls.slpated) ls given 
by P "' VI. We can obtain alternative expressions for puwer ln terms of the resistance R 

oftheresistor.SlnceR V/J,then 

P:PR 

p,,yl/R 

ForagJ\/enreslstor,theJX"''erdls.sipateddependsonthesquareofthecurrent. Hence, 
lf the current ls doubled, the power wlll be four tlmes as great. Slmllarly, a doubling of 
voltagewllllncreasetheJX"''erbyafactoroffour. 

Example 

An electric immersion heater used in a school experimerit has a current of 6.3A when the 
p.d. across it is 12V. Cakulate the power of the heater 

SinceP: VI. power: 12 x 6.3 : 76 W. 

Now it 's your turn 
8 Show that a 100W lamp connected to a maim sup~y of 240V will have the same 

currentasa5Wcarlampcormectedtoa12Vbattery.{SeeFigure19.4onpage148.) 
9 An electric kettle has a power of 2.2kW at 240V. Calculate 

(a) thernrrentirithekettle, 
(b) theresistanceofthekettleelement 

Ohm's law 
The relatlon between the potentlal difference across an electrlcal component and the 
current through lt may be Investigated using the dn:ult of Figure 19.5. l'or example, lf a 
filament lamp ls to be ltweSllgated, adjust the voltage across the lamp and measure the 
corresponding currents and voltages. The variation of current with po(entlal difference 

ls shown in Figure 19.6. 
The resistance R of the lamp can be calculated from R "' \.71. At flrsi, the resistance 

lsconstant (wherethegraphlsa.1tralghtllne), butthenthereslstancelncreaseswith 
current(wherethegraphcurves). 

lfthelamplsreplacedbyalengthofcotlSlantanwlre,thegraphoftheresultsls 
as shown In Figure 19.7. U ls a Slralght llne through the origin. This shows that, for 
constantanwlre. thecurrentlsproportlonaltothevol.tage. Thereslstanceofthewire 
lsfoundto.staythesameasthecurrentlncreases. ThedlfferencebetweenFlgures 19.6 



Flg ure19.7 Currentagaimt 
YDltagelorarnmtantanwire 

F1gure1 9.8 GeorgOhm 

circuit symbol for a diode 

Flgure 19.9 Currentagairr,t 
YDltageforadiode 

19.3Resistance l 

and 19.7lsthacthecemperacureoftheconstamanwlre,;vasconstaruforallcurrents 
used Jn the experiment, whereas the tentper:uure of the filament of the lamp Increased 
to about 1500°c. 

Graphs like Figure 19.7 would be obcalned for wires of any mecal , provided that !he 
cemper:uure of the wires did no1 change during the experiment The graph lllus!rates a 
Jaw discovered by the German scientist Georg Simon Ohm (Figure 19.8). (Ohm's name 
lsnowusedfortheunltofreslstance.) 

Ohm's law states that, for a conductor at rnnstant temperature, the curreot in the 
cooductorisproportionaltothepotentialdiffereoceilUOSSit. 

OJnductors where the cum.•nt against voltage graph ls a stralghc llne through che 
origin, llke that ln Figure 19.7, are said co obey Ohm"s law. It ls found thac Ohm"s law 
applies to metal wires, provided thac the current ls not too large. What does 'too large' 
mean here? U means thac che current must not be so grem thac there ls a pronounced 
h.eatlng effect.causinganlncreaselntemperatureofthewlre. 

A lamp fllameru consists of a thin metal wire. Why does ll no1 obey Ohm"s la\\-1 
(Figure 19.6 showsthacthecurl\c'ntagalnstvoltagegraphlsnotastralghtllne.) Thls 
ls because, as sta!ed previously, the temperaCUl\c' of the fllameru does not remain 
constant. The Increase In currem causes the temperacure to incl\c'ase so much eh.al the 
filament glows. 

Current-voltage characteristics of a diode 
When a diode ls tested in the same way as the fllamem lamp (see the clocult ln Flgul\c' 
19.5), the current- voltage graph shown in Figure 19.9 ls obtained. 

Diodes are made from semiconducting material. The diode conducts when the 
curreru ls ln the direction of the arrowh.ead on the symbol. This condition ls called 
forward bias. The potential on the left-hand side of the diode ls mol\c' positive than 
thepotentlalontherlgh!-handslde. \Vhenthevoltagelsreversed,therelsnegatlve 
bias. This ls called rei·erse bias. Flgul\c' 19.9 shows chls lmponam difference ln the 
curreru-volcage graph when the voltage ls reversed. The diode does not conduct when 
inthel\c'ver.seblascondlllon.Asaresulc,dlodesareusedtochangealtematlngcurrent 
lntodlrectcurrentlndevlcescalled rectifiers (seeToplc24). 

Diodes do not obey Ohm's law. The resistance of the diode ls very high for low 
voltages ln Che forward bias condition. The diode conducts with a forwa!d bias vokage 
of about 0.5v. For volcagesabove eh.ls value, the resistance of the diode decreases. The 
straight Hoe pan of the graph tn this region does not follow Ohm"s Jaw as the llne does 
not go through theorlglnand, cherefore, chereslSlance ls not constant Thecurreru ls 
notproponlonaltothep.d .. 

Resistance and temperature 
All solids are made up of atoms that constantly vlbrace abouc their equlllbrlum 
posltlons. The higher the temperature, thegreatertheampllrudeofvlbratlon. 

Electrlccurrentlstheflowoffreeelectronsthroughthematerlal.Astheelectrons 
move, they collide with the vlbratlng acorns, so their movement ls Impeded. Th.e mol\c' 
the acorns vibrate, the greacer ls the chance of collision. Th.ls means that the current ls 
les.sandthereslSlancels gl\c'aler. 

Atemperaturerlsecancauseanlncreaselnthenumberoffreeelectrons.lfthere 
al\c' more eleccrons free to move, this may oucwelgh the effect due to the vlbra!lng 
atoms, and thus the flow of electrons, or the current. wlll Increase. The reslSlance ls 
therefol\c' n>duced. Th.ls ls the case in semlconductor.s. lnsulmors, too, show a reduction 
lnreslstancewlthtemper:uurerlse. 

For metals there ls no Increase ln the number of free electrons. The Increased 
amplicude ofvlbratlon of !h.e atoms makes the resistance of metals increase wllh 
cemperature. 
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Resistivity 
All m:uerlals have some R"Slstance to a flow of charge. A po(entlal difference across 
thematerlalcausesfreechargesinskletoaccelerate. AsthechargeslllO\-·ethrough 
the material. they collkle with the atoms of the materlal which get in their way. They 
transfersomeorallofthelrklne'llcenergy, andthenacceler.neagaln. ltlsthlstransfer 
ofenergyoncolllslonthatcauseselectrlcalheatlng. 

Asyoumayhavethought.thelongera wlre.thegR"ateritsR"slstance. Thlsls 
because the charges have funher to go through the material; there ls moR" chance of 
colllstonswlththeatomsofthem:uerlal.lnfactthereslstancelsproponlonaltothe 
Jengthofthe,;,,ire,orR~I. 

Also, thethlckerawlre.thesmallerltsreslSlance. Thlslsbecausetherelsablgger 
area for the charges to travel through, with less chance of colllslon. In fact the 
resiSlance ls Inversely proponlonal to the cross-sealonal area of the wire, or R ~ I/A . 

TheserelatlonsarellluS1ratedlnFlgures19.10and 19.11. 

Figure 19.10 The longe< th~ room. the gre.iter the res.istaric:e the waiter meet1 

Flgure19.11Thewidertheroom. theeas.ieriti'iforthe 
waite1topa11thmugh 

Flnally, theresiSlancedependsonthetypeofmaterlal.Asprevlouslystated, copper 
ls a good conductor, whereas plaS1lcs are good lnsuL1tors. Puttlng all of this together 
gives 

R="::f-

where p ls a constant for a pattlcular material at a particular temperature. p ls called 
the resistivlty ofthemmerlalatthattemperature. 

Theres.istivily polalTli!lef,al is numericallyequal to theresistancebetween oppos.ite faa.>s 
of acube of thelTli!terial, olunitleogthandunitcross-sectional area 

So lf p = RA/I and with the reslSlance ln ohms, the cross-secUonal area ln metres 
squared and the length ln metres, then the resistivity ls ln ohm metres (nm). 



Table 19.1 Resistivity of some 
material1atroomtemperatu1e 

l reslstlvttym m 

l 1.7><1Q-1 

gol d 11.4" 10- • 

l l.6><10- • 

germanium(pure) lo.6 

silicoo(pure) 11.3><10" 

g!,m 

per1opex l about10" 

polyethylene l about10" 

l about10" 

19.3Resistance l 

Remember that A ls the cross-sectional area through which the current ls passing, nO( 
the surface area . 

\1:'ehavealreadyseenthatthereslslanceofawlredependsontemperature. Thus, 
reslSIMty also depends Oil temperature. The reslSIMty of a me1al Increases "1!h 
Increasing temperature, and the resiSIMty ot a semlconduaor decreases very rapidly 
\\1thlncreaslngtempernrure. 

The values of the reslSllvlty of some materials at room cemperarure are given in 
Tablel9.I. 

Note the enormous range of reslstlvlty spanned by the materials In thls llSI - a range 
of23C>ro('rsofmagnltude. from 10-•o mto 1015nm. 

Note, too, that the reslstlvlty ls a propeny of a material. while the reslsiance ls a 
propenyofapanlcularwtreordevlce. 

~xample 

Calculate the resistance per metre at room temperature of a constantan wire of diameter 
1.25 mm. The resistivity of constant an at room temperature is 5.0" 10-7 O m 

Theuoss-sectionalareaofthewireiscalculatedusing1trl 

Area:1t(~J:1.23><10- 6ml 

(don'tlorget tochange theunitsfrommmtom.} 

The resistance per metre is given by Rf/, and R/1"' p!A. So 

resistancepermetre:5.0>< 10-7/(1.23><10-6)=0.410m-1 

Now It's your turn 
10 Find the length of copper wire, of diameter 0.63mm, whidi MS a resistance of 1.000 

The resistivity of copper at room temperature is 1.7" 10-so m 
11 Find the diameter of a copper wire which has the s.ame resistance as an aluminium wire 

of equal length and diameter 1.20mm. The resistivities of copper and aluminium at 
room temperature are 1.7" 10- 80 m and 2.6" 10- 80 m respectively. 

• Electriccurreotistherateofflowolcharge:/:Q/1 
• Conventionalcur1er1tisaflowofpositivechargefrompositivetonegative.lnmetals, 

currentiscarriedbyelectrom,whichtravelfromnegativetopositive 
e Chargeonchargecarriersisquantised 
• ThecouJombistheunitofchargeandisanamperesecond. 
• ChargecanbecalculatedusingQ=II 
• Foracurrent-carryingconductor/=nAvq 
• Potentialdifference{orvoltage)measurestheelectricaleoergytranslerredbyeach 

coulombofdiarge:V:W/Q 

• ResistanceRofaresistorisdefinedas:R= Vil 
• ElectricalpowerP= V/:/ 1R= vi/R 

• Ohm"slaw:foraconductoratconstanttemperature,thecurrentintheconductoris 
proportionaltothepotentialdifferenceacrossit . 

• Theresistanceofameta llicconductorincreaseswithincreasingtemperature;the 
resistanceofasemiconductordecreaseswithincreasingtemperature. 

• A diode has a low resistance when connected in forward bias, and a very high 
resistance in reverse bias 

• Resistivity pot a material is the resistance between opposite laces of a unit cube of 
thematerial:R:pl/A. 

153 



m currentofelectricity 

Examination style questions 
1 A 240V heater takes a current of 4.2A. Calculate· 

a thechargethatp;m;esthroughtheheaterin3minutes, 
b therateatwhichheatenergyisproduc:edbythe 

heater, 
c theresistanceof theheater. 

2 Asmalltorchhasa3.0Vbatteryconnectedtoabulbof 
resistance150 

a Calculate: 
i thecurrentinthebulb, 
ii thepowerdeliveredtothebulb. 

b Thebatterysuppliesaconstantcurrent tothebulbfor 
2.Shours. Calculatethetotalenergydeliveredtothe 
bulb 

3 Thecapacityofstoragebatteriesisrated inampere-hours 
(Ah}.An80Ahbatterycansupplyacurrentol80Afor 
1 hour, or 40A for 2 hours, and soon. Calculate the total 
energy,inJ, stored in a 12V, BOAhcarbattery. 

4 Anelectrickettleisratedat2.2kW,240V.Thesupply 
voltage is reduced from 240V to 230V. Calculate the new 
power of the kettle 

5 Theelementofanelectrickettlehasresistance260at 
room temperature. The element is made of nichrome wire 
of diameter 0.60mm and resistivity 1.1 x 10--00 mat 
room temperature. Calculate the length of the wire 

6 Thesearevaluesofthecurrent/throughanelectrical 
component for different potential differences V across it: 

VN O 0.19 0.48 1.47 2.92 4.56 6.56 8 .70 

VA O 0.20 0.40 0.60 0.80 1.00 1.20 1.40 

a Draw a diagram of the circuit that could be used to 
obtain these values 

b Calculatetheresistanceofthecomponentateach 
value of current 

c Plotagraphtoshowthevariationwithcurrentofthe 
resistance of the component 

d Suggestwhatthecomponentislikelytobe, giving a 
reason for your answer. 

7 The current in a 2.50m length of wire of diameter 1.5mm 
is0.65Awhenapotentialdifferenceof0.40Visapplied 
between its ends.Calculate: 

a theresistanceof thewire, 
b theresistivityofthematerialofthewire. 

8 A household electric lamp is rated as 240 V, 60 W. The 
filament of the lamp is made from tungsten and is a wire 
ofconstantradius6.0x 10-6 m. The resistivity of tungsten 
at the normal operating temperature of the lamp is 
7.9x10-1nm 
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a Forthelampatitsnormaloperatingtemperature, 
i calculatethecurrentinthelamp, 
ii show that the resistance of the filament is 960'1. {3] 

b Calculatethelengthofthefilament. {3] 
c Comment on your answer to b. {1] 

Cambridge International AS and A level Physics, 
9702/02 May/June 2004 Q 7 

9 a Tworesistors,eachofresistanceR,areconnectedfirst 
inseriesandthen inparallel.Showthattheratio 

combined resistance of resistors 
connected in series 

combinedresistanceofresistors isequalto 4. {I] 

connected in parallel 

b Thevariationwithpotentialdifferenc:e Vofthecurrent 
/inalampisshowninFig.19.12 

m 
m 
!If 

C 0 ~ 
31! ffi 
m 

;t m 

!If 
m 

,¥-~~~~~~~~~~ 
0 

Flg.19.12 

Calculatetheresistanceofthelampforapotential 
differenc:eacrossthelampof 1.SV. {2] 

c Two lamps, each having the /~Vcharacteristic shown 
inFig.19.12,areconnectedfirstinseriesandthenin 
parallelwithabatteryofe.m.f.3.0Vandnegligible 
internal resistance. 
Completeacopyofthetableoffig.19.13forthe 
lampsconnectedtothebattery. 

lampscoonected . 

lampscoonected 
in parallel 

Flg.19.13 

p.d.across resistance of 
eachlamp/V eachlampla: 

resistance 
ollampsllJ 

/4/ 

d i UsedatafromthecompletedFig.19.13tocalculate 
the ratio 

combinedresistanceoflampsconnected inseries 

combinedresistanceoflampsconnectedinparallel 

ii Theratiosin a and d i arenotequal. 

11/ 

ByreferencetoFig.19.12,stateandexplain 
qualitativelythechange intheresistanc:eofalampas 
thepotentialdifferenc:eisc:hanged. {3] 

Cambridge International AS and A level Physics, 
9702/22 Oct/Nov 2009 Q 6 



Examination style questions I 
10 a Theoutputofaheateris2.SkWwhenconnectedtoa 11 a Definecharge. {/] 

220Vsupply. b Aheaterismadefromawireofresistance 18.00 
i Calculatetheresistanceoftheheater. {2] andisconnectedtoapowersupplyof240V. The 
ii The heater is made from a wire of cr=-5ectional heater is switched on for 2.60Ms. 

area2.0x 10-7m1 andresistivity1.1 x 10-60m Calculate 
Useyouranswerin i tocalculatethelengthof 
the wire. {3] 

b Thesupplyvoltageischangedto 110V. 
i Calculate the power output of the heater at this 

voltage,assumingthereisnochangeinthe 
resistance of the wire. [1J 

ii Stateandexplainquantitativelyonewaythat 
thewireoftheheatercouldbechangedtogive 
thesamepowerasina. {2] 

Cambridge International AS and A Level Physics, 
9702/21 May/June2012Q4 

i the power transformed in the heater, {2] 
ii thecurrentintheheater, {1] 
iii the charge passingthroughtheheaterin 

this time, {2] 

iv thenumberofelectronspersecondpassing 
agivenpointintheheater. {2] 

Cambridge International AS and A Level Physics, 
9702/22 May/June 2013 Q 6 
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2 Q D.C. circuits 

By the end of this topic, you will be able to: 
20.1 (a) recall and use appropriate circuit symbols (c) deri,-e, using Kirchhoft's laws, a fonnula lbr the 

combined resistance of two or more resistocs in 
series 

(b) draw and interpret circuit diagrams containing 

sources, switches, resistors, ammeters and 
voltmeters and,lor any other type of component 
referredtointhesyllabus 

(c) define electromotive force (e.m.f.) in terms of the 
energytransferredbyasourceindrlvingunit 
charge round a complete circuit 

(d) distinguish between e .m.f. and potemial 
difference (p.d.) in terms of energy considerations 

(e) understand the effects of the internal resistance 
of a source of e .m.f. on the terminal potential 
difference 

(d) solve problems using the formula for the 
combined resistance of two or more reslstor:s ln 
series 

(e) derive, using Kirchhoffs laws, a formula for the 
oombinedresistanceofrnoormoreresistor:sln 
parallel 

(f) soh-eproblemsusingthefornmlaforthe 
combined resistance of two or more resistors in 
parallel 

20.2 (a) recall Klrchhofrs first law and appreciate the link 
to conservation of charge 

(g) apply Kirchhoffs laws to soh·e sin1ple cirruit 
problems 

20.3 (a) understand the principle of a potential divider 
cirruitasasourceofvarlablep.d. 
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(b) recall Klrchhoffs second law and appreciate the 
link to conservation of energy 

Starting points 

(b) recall and solve problems using the principle 
of the potentiometer as a means of comparing 
potential differences 

• Basic knowledge of appropriatecircuit symbols. 
• Methods for drawing and interpreting circuit diagrams 
• Electriccurrent is the rateofflowofcharge. 
• A potential difference is required to provide energy to move charge through a device. 

20.1 El ectrica l circuits 
When n>ponlng an electrical experiment, or describing a circuit, ll ls essential to 
know exactly how the components an> oonnected. This could be dOfX.'" by rnklng a 
phocograph. but this technique tiasdlsadvantages; the ph{)(ograph ln Figure 19.4, for 
example. ls n{)( clear and does noc show all the components. You couki sketch a block 
diagram, ln which the components an> Indicated as rectangular boxes labelled "cell', 
·ammeter', ·reslslor'. etc. The bkx:ks would then be oonnected with lines to Indicate 
the wiring. This ls also un.1:1tl.1factory: ll takes a lot of lime to label all the boxes. It ls 
much better to draw the dn:ult d iagram using a set of symbols that ls recognised by 
everyoneandwhlchdonocneedtobelabelled. 

Flgun>20.l showsthesymbolsthac you an>llkelyto needinschoolandcollege 
wmk, and which you wlll meet ln examination quesllons. (You wlll have met many 
of them aln>adyJ U ls Important that you learn these so that you can recognise them 
straight away. The only labels you are likely to see on them wlll be the values of the 
components, forexamplel.5Vforacellor220fora n>slstor. 



20.1Electricalcircui~ I 

-+--- ~ 
battery relay lamp 

--<D- --0- :::::J I C :::::J C -r 
galvanometer 

galvanomete< 

Figure 20.1 Ci rrnlt1ymbol1 

transformer 
(iron core) 

transforme< 
(air core) 

Electromotive force and potential difference 
When charge passes through a power supply such as a banery, It ga ins electrlctl 
energy. The power supply ls said to have an electromoti,'e force, or e.m.f. for 

short The electromollH.' force measures, in volts. the electrical energy gained by 

each coulomb of charge that pas.ses through the power supply. Nole that ln spite of 
llsname,thee.m.f. lsnotaforce. The=rgygalnedbythechargecomesfromthe 
chemlcalenergyofthebauery. 

emf. = Metq)ICOflVf!rtedfroma:::}:rfOITTl5 toelectrical 

Whenchargepassesthroughares!Slor.ltselectrlcalenergylsconvertedtoheatenergy 
ln the restscor. The resistor has a po tential difference (p .d .) across II . The po1entlal 
difference measures, lnvolts,theelectrlcalenergyconvercedforeachcoulombof 
chargethatpassesthroughlt . 

. d. enen,ywnvertedfrom electricaltoothet-forms 
p diarge 

Example si 

Twolampsarecoonectedinseriestoabatlef)'.Statethel.'Oergytramfomiatkmthatoa:ursin 
(a) thebattery, 
(b) thelamps 

(a) chemicalto~ectrical 
(b) electricaltothefmal(hedt}andlight 

Now It's your turn 
1 Each lamp in the example above has a res.i51ance Rand the e.m.f. of the battef)' is E. 

Thecurrentinthecircuitis/.Statetherateofenergytransformationin 
(a) thebattery, 
(b) alamp 
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Ftgure20.2 

Flgure20.3Effectof 
cirrurtrurrentonterminal 
potential difference 

"' 

Internal resistance 
WhenacarenglnelsS1anedwlththeheadlightssw1tchedon,theheadlights 
sometimes dim. This ls because the car bauery has reslSlance. 

All power supplles have some resistance between !heir terminals, called internal 
resistance. Thlscausesthechargedrculatlnglntheclrculttodlsslpatesome 
eleartcal energy ln the power supply Itself. The power supply becomes 'I\.Jrm when lt 
dellversacurrenc. 

Figullc' 20.2 shows a power supply which has e.m.f. E and Internal resistance r. It 
delivers a currem I when conneaed to an external res!Slor of resistance R (called the 
load). VRlsthepocemlaldlfferenceacrosstheload,and V,lsthepocemlaldlfference 
acrossthelmemalres!Slance. Usingconservatlonofenergy, 

Thepo(entlaldlfference v.acrosstheloadlsthusglvenby 

VR ls called the terminal potential difference. 

The te rmiflill potenttal dilfelffiCe is the p.d. belweefi the termiflil ls of a cell when a rurrent 
is being delivered 

The terminal potential dlffellc'nce ls always Jess than the electromoUve force when the 
prnversupplydellversa current. This lsbecauseofthepo(entlaldlfference across the 
Internal resistance. The po1emtal dlffellc'nce across the lmemal reslSlance ls sometimes 

calledthe lostvolts. 

/ostvolts: e.m.f.-terminalp.d 

lncontraS1.theeleccromotlveforcelsthetermlnalpocent1aldlfferencewhenthecell 
ls on open circuit (when no curllc'nt ls delivered). This e.m.f. may be measured by 
connectlngaveryhighreslSlancevol.tmeteracrossthetermlnalsofthecell. 

You can use the circuit ln Figure 203 to show that the greater the current delivered 
by the power supply, the lo,.ver its termlnal po1entlal difference. As more lamps are 
connected In parallel to the power supply. the current Increases and the lost volts 
glvenby 

/ostvolts:rurrentxintemalresistance 

will Increase. Thusthetermlnal po1entlaldlfferencedecreases. 
To return to the example of Slanlng a car with its headlights switched on. a large 

current (perhaps IOOA) ls supplied to the Slaner motor by the bauery. There wlll then 
bealargepo1entlaldlfferenceacrossthelmernalreslS1ance,thatls,thelostvol.cagewlll 
belarge. Thetermlnalpocentlaldlfferencewllldropandchellghtswilldlm. 

In the cermlnology of Figure 20.2. vR = IR and V, = lr, so E = vR + v, becomes 

E:/R+lr,orE:/(R+r) 

The maximum current that a power supply can deliver wlll be when Its terminals 
allc'shon-clrcuiledbyawlreofnegllglbleres!Slance.sothatR = O.lnthlscase,the 
pa:entlal dlffellc'nce across the lmemal reslSlance wHl equal the e.m.f. of the cell. The 
terminal p.d ls then zero. Warning: do not try out this experiment, as the wire 
gets \·ery hot; there is also a danger of the battery exploding. 

Quite often, ln problems, the imernal reslSlance of a supply ls assumed to be 
negligible. so that the po1entlal difference VR across the load ls equal co the e.m.f. of 
the power supply. 
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Flgure20.4Cirruitlarinve1tig.ating 
powertramfertoanextemalload 

20.2 Kirchhoff's fi~t and second laws I 
Effect of internal resistance 
on power from a battery 
The power delivered by a banery to a variable external load resistance can be 
investigateduslngtheclrcullofFlgure20.4. Readlngsofcurrent/andpoWntlal 

difference VRacrosstheloadaretakenfordlfferentvaluesofthevarlableloadresiSlor. 

Toe product VR/ gives the power dissipated ln the load, and the quouem VHil gives the 

Figure 20.5 shows the varlatlon with load resistance R of the J>O""ff VR/ dissipated. The 

graph indicates chat there Is a maximum power delivered by the banery at one value of 
theextemalresistance. Thtsvaluelsequaltothehuemalreslstancerofthebauery. 

Flgure20.5Grapllof powerdeliveredtoextemalklad.igaimt 
loadre1i1tance 

A battery delivers maximum po,Nef to a circuit when the 103d resistaoce of the circuit is 
equaltotheinterrlillresistaoceofthebattery. 

Example llj 

A high-resistance voM:meter reads 13.0V when it is connected ilCTOSS the terminals of a 
battery. The voltmeter reading drops to 12.0V when the battery delivers a current of 3.0A 
to a lamp. State the e.m.f. of the battery. Calculate the potential difference across the 
interrlill resistance {the lost volts) when the battery is cormected to the lamp. Calculate the 

interrlillresistanceofthebattery 

Thee.m.l.is 13.0V,sin{ethisisthe vo!tmeterreddingwhenthebatteryisdeliveiing 
negligiblernrrent 

Using V,:E- V11,lostvolt1: V,"13.0-12.0: 1.0V. 

Using V,:lr,r" 1.0/3.0 .. 0.330 

Now it 's your turn 
2 Threeidentkal{ells, ea{hofe.m.l. 1.SV. arernnnected in series to a lSO!amp. 

Thernrrentinthedrcuitis0.27A.Cakulatetheinternalresistan{eolea{h{ell 
3 A{ellofe.m.l.1.SVhasaninternalresistan{eof0.500. 

(a) Calculate the maximum current it can deliver. Under what drcumstances does it 
deliverthismaximumrnrrent? 

(b) Calculate also the maximum power it {an de live!" to an external load. Under what 
circumstances does it deliver this maximum power? 

20.2 Kirchhoff's first and second laws 

Conservation of charge: Kirchhoff's first law 
A se ries circuit ls one in which the components are connected one after anOlher. 
forming one complete loop. You have probably connected an ammeter at different 

Figure 20.6 The rnrrent at each point in a points In a series clit:ull co show that ll reads the same curff'nt at each point (see 
1eries{irrnitisthe1ame Flgure20.6). 

'" 
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Flgure20.7Thecurrent 
divide';inaparalleldmirt 

' - 1-'' ---------c= ,, 
l=l, + t, + t, t, 

Flgure20.8 

Flgure20.10 

Flgure20.11 

Flgure20.12 
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A parallel circuit ls one ·where the current can take alternative routes In different !cops. 

lnaparallelclrcult,therum'!ltdlvldesatajunctlon,buttherurrententertngthejunctlon 
ls the same as the rurrent lem1ng It (see Figure 20.7). Toe fact th.1t the current does nOI gel 

'usedup' atajunctloo.lsbecausecurrentlstherateofflowofcharge,andchargescan!IOI 
acrumubteorge1"usedup· atajunctloo.. Theconsequenceofthlsc:onservaUooofelectrk 
charge ls kr,a,;,.'ll as Kirchhoft's first law. This law ls usually stated as tolbws. 

Thesumofthecurreotseoteringajunctioninacircuitisalwaysequaltotheo;umofthe 
currents leaving it 

AttheJunctlonshownlnFlgure20.8. 

l = l, + l, + /J 

Example 

For the circuit of Figure 20.9, state the redd irigs of the ammeters A 1. Ai and Ai 

F1gure20.9 

A1 would read 175mA, as the current entering the power supp~ m\151 be the same as the 
curreritleavingit 

Ai would read 75 - 25 = 50 mA. as the total current enteririg a juriction i1 the same as the 
total current leaving it . 

A3would read 175- 75= 100mA 

Now it 's your turn 
,t Thelamps inFigure20.10a re identical. Thereisacurrentof0.S0Athroughthebattery. 

What isthecurreritineachklmp? 
5 Figure 20.11 shows one ju11Ctior1 in a circuit. Calculate the ammeter reading 

Conservation of energy: Kirchhoff's second law 
Chargeflowlngroundaclrcuitgalnselectrlcalenergyonpasslngthroughthebattery 
andloseselectrlcalenergyonpasslngthroughtherestofthedicult. Fromthelaw 
of conservatlon of energy, we know that the tOlal energy must remain the same. The 
consequence of this conservation of energy ls known as Kirchhoft's second law. 
This law may be stated as follows. 

Theo;umoftheelectromotiveforcesiriadosedcircuitisequaltothesumofthepotential 
differences 

Figure 20.12 shows a dicult containing a banery. lamp and resistor In series. Applying 
Klrchhoffs second Jaw. the electromOllve foice In the dicult ls the e.m.f. E of the 
banery. The sum of the pocemlal differences ls the p.d. v, across the lamp plus the 
p.d. Iii across the resistor. Thus. E = V. + V2. If the currem In the dicult ls I and the 
resistances of the lamp and resistor are R, and R, respectively, the p.d.s can be wrluen 
as V, = IR, and v, = IR, . so E = IR, + IR, . 



Flgure20.13 

20.2 Kirchhoff's fi~t and second laws I 
1t shoukl be remembered that txxh electromoUve force and po1entlal difference have 

direction. This must be considered when working ou! the equatlon for Klrchhoff"s 
secondlaw. Forexample.lnthedrcultofFlgure20.13,twocellshavebeenconnected 
in opposlllon. Here the total electromotive force ln the circuit ls E, E,. and by 
Klrchhoff"s second law E, - E, = v, + v, = IR, + IR, . 

Resistors in series 
Figure 20.14 shows cwo restsior., of reslsiances R, and R, connected ln series, and a 
single reslsior of resistance R equivalent to chem. The current I in the resistors. and ln 
thelrequlvalentslnglerestsior,lsthesame. 

' ' ~ui;:1~ 

t ..... y,... '. ..... y ••• 

Flgure20.14Re1istorsinll'1ie1 

Toe tornl po1entlal difference Vacross the c,;,.u restsior., muSI be the same as that acruss 
theslnglereslSlor. lfV1 and v,arethepo1entlaldlfferencesacrosseachreslS1or. 

V = V, + V, 

Butslncepo1entlaldlfferencelsglvenbymult1plylng thecurrencbythereslstance. 

IR = IR,+IR, 

Dlvldlngbythecurrent/, 

R = R, + R, 

Tolsequatloncan be extended so that the equivalent reslSlanceRofseveral resl.\tors 
connectedinserlesls glvenby!heexpresslon 

R=R,+R,+RJ+ ... 

Thecomb.nedreli51:anceofrelistors insefiesi1the1umofalltheindividualresi1tances 

Resistors in parallel 
Now consider l\\'O reslsior., of reslsiance R, and R, connected ln parallel. as shown ln 
Flgure20.15. Thecurrentthrougheachwlllbedlfferent, buttheywllleachhavethe 
same po1entlal difference. The equlvalent single reslSlor of resistance R wlll have the 
samepo1emlaldlfferenceacrosslt.butthecurrentwlllbethetornlcurrentthroughthe 
separa!eresiSlors. 

,, 

equ~:le~ 

: : '.---- v ----' 

'--------- v --

Flgure20.15Re1istoo;inparallel 
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ByKlichhoff"sfirsilaw, 

l = l, + /2 

anduslngreslsrnnce = p.d.,kurRc-m,so/ = V/R 

V/R = V/R, + V/R, 

DtvkllngbythepolentlaldlffeRc-ncev; 

1/R = 1/R, + 1/R, 

ThlsequatloncanbeextendedsothattheequtvalemreslS1anceRofseveralreslS1ors 

connectedlnparallellsglvenby 

J_ = _l_ + _J__ + _J__+ .. 
R R1 R-; RJ 

Theredprocalofthernmbinedresistanceofresistorsinparallelis thesumofthereciprocals 
ofa lltheindividualres.istances 

Note that 
1 For two identical resistors in paral lel. the comb4ned resistance is equal to hall of the va lue 

ofMChone 
2 For resistorsinparallel,thecombinedres.istanceisafv.;ay:slessthanthevalueof the 

smal~tindividual resistance 

Example 

. 

C ak. uklte the.equivalent resistance of the arrangemen.· t of resi.stors in Figur.e 20.16 
The arrangement 1s equivalent to two 60 resistors in parallel, m the combined resistance R 

isgivenbyl/R= 116+ 116=216.{Don"tforgettofmd thereaprocalofth1svalue.) 

Thu:sR= 30 

Now it's your turn 
Figure 20.16 6 Calculate the equivalent resistance of the arrangement ol resistors in F~ure 20.17. Hint· 

~ fio<fiodd;e"'"'°"of <h,pacal-'rnmbioa<ioo ',,' w '::;;;:---"'-·•·"""'··-· 
._:,, ' . .:~ : ~·· 

'h] "'"'''°" ' 20.3 Potential dividers and 
potentiometers 

R1 R, 
TuureslSlorsconnectedinserleswlthacelleachhaveapo1entlaldlffeRc-nce They 

may be used to dlvkle thee m f of the cell This ls llluSlra!ed ln FlguRc- 20 19 
, , ~-v,-------. The current In each reslSlor ls the same because they aRc- in series Thus v, IR, 

Figure 20.19 The potential divider and V2 = IR, . Dividing the flr.st equatlon by the second gives V,/V, = R,!R, . The ratlo of 
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Flg ure 20.20Potentiometercircuil 

Flgure 20.21 1nternalandextemal views 
ofapotentiometw 

20.3Potential dividersandpotentiometers l 

thevoltagesacrossthetwo reslstorslsthesameastheratloofthelrreslstances.lfthe 

potemlal difference aaoss the comblnatlon were 12V and R, were equal to R,. then 

each resistor \vould have 6V across lt. If R, were twice the magnllude of R,. then v, 
would be 8V and V2 would be 4V. 

A pote ntiom ete r ls a contlnuously variable potentlal divider. In Topic 19. a variable 
voltage supply was used to vary the wllcage across different circuit components. A 

variable resistor, or rheostat, may be used to produce a contlnuously variable voltage. 

SUchavarlablereslstorlsshownlnFlgure20.20. TheflxedendsABareconnected 
acrossthebaueryoothactherelsthefullbatteryvoltageacrossthewholereslstor. 

As with the potential dMder. the ratio of the voltages across AC and CB wlll be the 

same as the ratio of the resistances of AC and CB. When the sllding contact C ls at the 
end B, the output voltage v_ wlllbe 12V. When cheslldlngcontacc ls at end A. then 

the output voltage will be zero. So, as the sliding contact ls moved from A to B, the 
output voltage varies contlnuously from zero up to the battery voltage. In terms of the 

cermlnal p.d . Vofthe cell, !he output v..,, of the potentlal divider ls given by 

V00 r = ~ 

Where R1 is the resist.-mce of AC and R1 i:s the re'iislance of CB. 

A variable resistor connected ln this way ls called a JXXentlome!er. A type of 

potemlometer ls shown ln Figure 20.21. Ncte the three connections. 
Tfadevlcewlthavarlablereslstancelsconnectedlnserleswithaflxedreslstor, and 

the comblnmlon ls connected !o a cell or bauery to make a potential dMder. then 
'1\-e have the sltuatlon of a potentlal dMder that ls varlable between cenaln llmlts. 

Toe device of variable resistance could be, for example. a light-dependent resistor or 

a!hermlstor. Changeslntheillumlnatlonor!hetemperacurecauseachangelnthe 
resistance of one component of the potential divider, oc, that the potemlal difference 

across this com1x:ment changes. The change in the potential difference can be used to 

operate comrol circuitry lf. for example. the Hlumlnatlon becomes coo low or too high , 

or the temperature falls outside cenaln limits. These two components are studied ln 
detallassenslngdevlceslntheAlevelcourse. 

A potentlometer can aloo be used as a means of comparing potemlal differences . 

Toe circuit of Figure 20.22 lllustratestheprlnclple. lnthlscl1rnltthevarlable 

potemlometer resistor consists of a length of uniform resistance wire, stretched along 

a metre rule. Contact can be made to any polm on this wire using a sliding contact 

Suppose that !he cell A has a known e .m.f. EA. This cell ls switched Into the circuit 
using the two-way swltch. The sliding contact ls then moved akmg the wire untll !he 

cemre-zero galvanometer reads zero. The length IA of the wire from the common zero 

end to the sliding contact ls nOl:ed. Cell B has an unknown e .m.f. E8. Tots cell ls then 

switched Into the circuit and the balancing process n>peated. Suppose that the position 

m which the galvanome!er reads zero ls then a distance /9 from the common zero co 

theslldlngcontaa. Theratloofthee.m.f.slstheratlo ofthebalancelengths-.thatls, 

Ee/EA = /,JI,. , and E9 can be d{'{ermlned Jn !erms of the known e.m.f. EA . 

Flg ure 20.22Potentiometeru,;edtocomparecell emf.1 
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Flgure20.23 

9.0V 

[;~ 
Flgure20.24 
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1 A light-emitting diode (LEO) is com1ected in series with a resistor to a 5.0V 5Upply. 
{al Calcu!atetheresistar.c:eoftheseriesresistorrequiredtogiveacurrentintheLEOof 

12mA,withavcitageacrossitof2.0V. 
(b) Calcu!atethepoteot!aldifferenceaaosstheLEDwheothe1eriesresistorhas 

resistance 5000. Assume the resistance of the LEO rema ins constant 

(•) tfthesupplyvoltageisS.OVandthep.d.ilCTOssthelEDis2.0V,thep.d.aaossthe 
resis!Ofmustbe5.0-2.0=3.0V.Thecurreotthrooghtheresis!Ofis12mAasitisin 
sefieswiththelEO.UsingR:V//, theresistanceoftheresis!Ofis3.0l12x 10· 1 : 2500 

(b) Theresistar.c:eoftheLEDisgivenby 

R= V//:2.0112 x 10-1,. 1670.tfthisresistanceisinserieswithaSOOOll.'Sistor 
anda5.0Vsupply,thep.d.acros1theLEOisS.Ox 167/1.167+500)= 1.25 V 

The e.m.l.s of two cells are compared using the slide-wire circuit of Figure 20.22. Cell A 
has a known e.m.f. ol 1.02V; using this cell, a balance point is obtained when the slider 
is37.6cmfromthezeroofthescale.Usingcell8,thebalancepointisat55.3cm. 
(al Calcu!atethee.m.f. ofcellB 
(b) Statetheadvantageofusingthisnullmethodtocomparethee.m.f.s 

Cal Thisisastraight!OfWardapplicationolthelormulaforthepotentiometer, 
Er/EA=lfY/A.Substitutingthevalues.£1 : 1.SOV 

lb) When comparing the e .m.l.s of cells, it is necessary to arrange tor the cells to be on 
opencircuitsothatthereisnodropinterminalpoteotialdifferer.c:ebecauseofa 
curreot passing through the internal resistance. When the poteotiometer is balanced, 
there is no curreot from the cell under test, which is exactly what is requ ired 

Now It's your turn 
8 Figure 20.23 shows a varia~e resistor R corml'<:ted in series with a 10k0 resistor and a 

12Vsup~y.Calcu!ate 
(al the p.d. Vacross R when it has resistance 8.0MO. 
(b) thep.d. VacrossRwhenitishasresistanceSOOO, 
(cl the resistance of R which makes the p.d. Vaaoss R equal to 4.0V. 

9 Theresi1t01RinthepotentiajdMderdrruitofHgure20.24hasarl'Sislaocewhichvaries 
between 1000 and 6.0kO. Calculate the potential difference Vacross R when its resistance is 
{al 1000, 
(b) 6.0k0 

• The electromotive force (e.m.f.) ol a supply measures the electrical energy gained 
perunitofchargepassingthroughthesup~y. 

e Thepotentialdifference(p.d.)acrossaresistormeasurestheelectricalenergy 
convertedperunitofchargepassingthroughtheresistor. 

• Thevcitage acrosstheterminalsofasupply{theterminalp.d.)is always less than the 
e .m.f.of thesupplywhenthesup~yisdeliveringacurrent,becauseofthelostvolts 
acrosstheintemalresistar.c:e 

• Fora supply of e.m.f. £which has internal resistance r, E= /{R + rlwhere Risthe 
externalcircuitresistar.c:eand/isthecurrentinthesup~y. 

• A supply delivers maximum power to a load when the kiad resistar.c:e is equal to the 
internal1e1i1tanceofthesupply. 

• Atanyjunctioninacircuit,thetotalcurreotenteringthejunctioniseqtJaltothe 
rnrreotleavingit.ThisisKirchhofl"slirst!aw,andisarnnsequenceofthe!awof 
conservatiooofcharge 

• lnanyclosedloopofacircuit. thesumoftheell'Ctromotivelorcesisequalto 
thesumofthepotentiald ifferences . ThisisKirchholf'ssernndla,,v,andisa 
consequenceofthela,,vofconservationoferiergy. 

• TheequivalentresistanceRofresistorsconnectedinseriesisgivenby· 
R=R, +R1+R1+ 

• Theequivalentresistar.c:eRofresistorsconnectedinp;ira llelisgivenby 
1/R: 1/R1 + 1IR1+ 1IR1+ 

• Two resistors in series act as a poterit!al divider, where V,tV1 = R,JR1. If Vis the 
supply voltage: Vi,ut= VR,l(R, +R1) 

• Apotentiometerisavariableresistorrnnnectedasapotentialdividertogivea 
continuously variable output voltage 



Exam style questions 
1 The internal r~tance of a dry cell inaea!ieS gradually 

with age, even if the eel is not being ~ - However, the 
e.m.f. remains approximately constant. You cilfl check 
the age of a cell by coonecting a low·rtsistance ammeter 
across the cell and measuring the a.rent. For a new 1.5V 
cellofacertaintype,theshort-circuitrurrent~dbe 
about30A. 

a Calculate the internal resistance of a new cell. 
b A student carries out this test on an older cell. and finds 

theshort-circuitcurrenttobeonlySA.Calru!atethe 
internajresistanceofthiscell. 

2 Aton::hbulbhasa~rsupplyoftwo1.5Vcells 
connected in selits. The potential difference across 
thebulbis2.2V, anditdissipatesenergyattherateof 
SSOmW.Cakulate: 

a thecurrentthroughthebulb, 
b theinternalresistanceofeachcell, 
c theheatenergydissipatedineachcellintwominutes. 

3 Twoidenticallightbulbsareconnectedlirstinseries, 
andtheninparallel.acrossthesamebattery{assumed to 
hi!V4!'negligibleinternalresistance). UseKirchhoff'slaw.;; 
todecidewhichofthesecoooectionswillgivethegreater 
total light output. 

4 YouMegiventhreeresistorsofresistance220,470and 
1000. Calculate: 

a the maximum possible resistance, 
b the minimum possible resistara, 

that can be obtained by combining M'f or all of these 
resistors 

S lntheci-cuitoffig. 20.25,lheaxrents/1 and/iareequal. 
Cakulate: 

a theresistanceRoftheunkrtONnresistor, 
b thetotalaxrent/l. 

e
,,100 

' 

' 

Flg.20.25 

6 Fig. 20.26 shows a potential divider circuit, designed to 
pn:::Nide p .d.sof 1.0Vand 4 .0Vfrom a battery of e.m.f. 
9.0V and negligible internal resistance. 

a Calculatethevak.JedresistanaeR. 
b State and eJo:Plain what happens 10 the voltage 

at terminal A when an additional 1.00 resistor is 
connected between termir.als Band C in parallel with 
theS.OOresistor. Nocalo.Aationsarerequired. 

Exam style questions I 

Flg.20. 26 

7 A student designs an electrical method to monitor the 
positionofasteelsphererollingontwoparallelrails. Each 
rail is made from bare wire of length 30cm and resistance 
200.Theposition-sensingcircuitisshONninFig.20.27. 
Theresistanceofthesteelsphereandtheinternal 
resistanceofthebatteryarenegligible 

... -· Flg.20.27 

a Statethevoltageacrossthe100resistorwhenthe 
'iphere is at A, where I= 0. 

b Wrth the sphere at end B of the rails, calculate: 
i thetotalresistancedthecircuit, 
ii theaM"rentinthe lOOresistor, 
ii theoutputvoltage V. 

8 Twoequationsforthepo,,1erl'dissipatedinaresistor 
are P= l1Rand P= yl/R. The first suggests that the 
greater the resistance R of the resistor, the more power 
isdissipated. Thesecondsuggemtheopposite:the 
greatertheresistance. thelessthepower.Explainthis 
inconsistency. 

9 State the minimum number of resistors, each of the s.ame 
resistance and power rating of O.SW, which must be used 
to produce an equivalent 1.2k0, SW resistor.Calculate 
theresistanceofeach,andstatehowtheyshouldbe 
connected 

10 lnthecircuitshownin Fig. 20.28thecurrentinthe 
battery is 1.SA. The battery has interr.al resistaoce 1.00. 
Calculate· 

a thecombrledresistanceoftheresistorsthatare 
ronnectedinparallelinthecircuito!Fig. 20.28, 

b thetotalresistanceofthedrcuit, 
c theresistanceofresistorY, 
d thecurrentttvoogh1he60resistor. 
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Ftg.20.28 

11 Thecurrentinthestartermotorofacaris160Awhen 
startingtheengine.Theconnectingcablehastotallength 
1.3m,andcons.istsof 15strandsofwire,eachofdiameter 
1.2mm.Theresistivityofthemetalofthestrandsis 
1.4>< 10-8 om 

a Calculate· 
i theres.istanceofeachstrand, 
ii thetotalres.istanceofthecable, 
iii thepowerlossinthecable 

b Whenthestartermotorisusedtostartthecar, 700C 
ofchargepassthroughagivencross-sectionofthe 
cable. 
i As.sumingthatthecurrentisconstantat 160A, 

calculate for how long the charge flows 
ii Cakulatethenumberofelectronswhichpassagiven 

cross-sectionofthecableinthistime.Theelectron 
chargeeis-1 .6><10-igc. 

c Thee.m.f.ofthebatteryis 13.6Vanditsinternal 
res.istanceis0.0120.Calculate: 
i thepotentialdifferenceacrossthebatteryterminals 

whenthecurrentinthebatteryis 160A, 
ii the rateofproductionofheatenergyinthebattery. 

12 Acopperwireoflength 16mhasaresistanceof0.850. 
Thewireisconnectedacrosstheterminalsofabatteryof 
e.m.f.1.SVandintemalresistance0.400 

a Calculate the potential difference across the wire and 
thepowerdissipatedinit 

b lnanexperiment,thelengthofthiswireconnected 
acrosstheterminalsofthebatteryisgraduallyreduced 
i Sketch a graph to show how the pm.ver dissipated in 

thewirevarieswiththeoonnectedlength 
ii Cakulate the length of the wire when the power 

dis.sipatedinthewireisamaximum 
iii Cakulate the maximum power dissipated in the wire. 

13a i StateKirchhoff'ssecondlaw. {1] 
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ii Kirc:hhoff'sseoondlawislinkedtothe 
conservationofacertainquantity. 
State this quantity. {1] 

b ThecircuitshowninFig. 20.29isusedtooompare 
potential differences. 

Flg.20.29 

The uniform resistance wire XY has length 1.00m and 
resistance 4.0 0. Cell A has e.m.f. 2.0 V and internal 
resistance0.500.ThecurrentthroughcellAis/.CellB 
hase.m.f.Eandinternalresistancer. 
ThecurrentthroughcellBismadezerowhenthe 
ma.,ableconnectionJisadjustedsothatthelengthof 
XJis0.90m.ThevariableresistorRhasresistance 
2.50. 

i ApplyKirchhoff'ssecondlawtothecircuit 
CXYDC to determine the current /. 

ii Calculatethepotentialdifferenceacrossthe 
lengthofwireXJ. [2] 

iii Useyouranswerin ii tostatethevalueofE. [1J 

iv Statewhythevalueoftheinternalresistance 
of cell Bis not required for the determination 
of£ m 

Cambridge lnremational AS and A level Physics 
9702121 May/June 2012 

14 Athermistorhasres.istance39000at0°Candres.istance 
12500at30°C. Thethermistorisoonnectedintothe 
circuit of Fig. 20.30 in order to monitor temperature 
changes 

Flg.20.30 

Thebatteryofe.m.1.1.SOVhasnegligibleinternal 
resistanceandthevoltmeterhasinfiniteresistance. 
a The voltmeter is to read 1.00 Vat 0°C. Show that the 

res.istanceofresistorRis78000. {2] 



b The temperature of the thermistor is increased to 30°C. 
Determinethereadingonthevoltmeter. {2] 

c ThevoltmeterinFig.20.30isreplacedwithonehaving 
aresistanceof78000.Calculatethereadingonthis 
voltmeterforthethermistoratatemperatureof0°C.{2] 

Cambridge International AS and A level Physics, 
9702102 May/June 2004 Q 8 

15 Acarbatteryhasaninternalresistanceof0.0600. ltis 
re-chargedusingabatterychargerhavingane.m.f.of 
14Vandaninternalresistanceof0.100,asshownin 
Fig.20.31 

battery 
charger 

Flg.20.31 

a Atthebeginningofthere-chargingprocess, the 
currentinthecircuitis42Aandthee.m.f.ofthe 
batteryisE{measuredinvolts}. 

Forthecircuitoffig.20.31,state 
1 themagnitudeofthetotalresistance, 
2 thetotale.m.f.inthecircuit.Giveyouranswerin 

terms of E. {2] 

ii Use your answers to i and data from the question 
todeterminethee.m.f.ofthecarbatteryatthe 
beginningofthere-chargingprocess. {2] 

b Forthemajorityofthechargingtimeofthecarbattery, 
thee.m.f.ofthecarbatteryis 12Vandthecharging 
currentis12.5A.Thebatteryischargedatthiscurrent 
for4.0hours.Calculate,forthischargingtime, 
i thechargethatpassesthroughthebattery, {2] 
ii theenergysuppliedfromthebatterycharger, {2] 

iii thetotalenergydissipated intheinternalresistance 
ofthebatterychargerandthecarbattery. {2] 

c Useyouranswersin btocalculatethepercentage 
efficiencyoftransferofenergyfromthebattery 

Exam style questions I 
16 A circuit used to measure the power transfer from a 

battery is shown in Fig. 20.32. The power is transferred to 
avariableresistorofresistanceR. 

f- ' -1 f---r--;-i---+--~ 

Flg.20.32 

Thebatteryhasanelectromotiveforce{e.m.f.}Eandan 
internal resistancer. There is a potential difference(p.d.} V 

acrossR.Thecurrentinthecircuitis/. 

a Byreferencetothecircuitshowninfig. 20.32, 
distinguishbetweenthedefinitionsofe.m.f. 
andp.d. {3] 

b UsingKirchoff'ssecondlaw,determineanexpression 
forthecurrent/inthecircuit. {/] 

c The variation with current I of the p.d. V across R is 
!.howninfig.20.33. 

chargertostoredenergyinthecarbattery {2] Flg.lO.n 

Ctmbridge International AS and A level Physio, 
9702/02May!June2007Q6 Use fig. 20.33todetermine 

i thee.m.f.E, {1] 
ii theinternalresistancer. {2] 

d i Usingthedatafromfig. 20.33,calwlatethepower 
transferredtoRforacurrentof 1.6A {2] 

ii Use your answers from c i and di tocalwlate the 
efficienc:yofthebatteryforawrrentof1.6A. {2] 

Cambridge lntematioml AS and A Level Physics, 
9702/23 Oct/Nov 2012 Q 4 
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2 6 Particle physics 

By the end of this topic, you will be able to: 
26.1 (a) infer from the results of the ci.-particle scattering 

experiment the existence and small size of the 
nucleus 

(g) show an understanding of the nature and 
properties of et·, P· and y-radiations (both p- and 
Ware included) 

(h )statethat(electron)antineutrinosand(electron) 
neutrinosareproducedduringJJ- andlJ•decay 

26.2 (a) appreciate that protons and neutrons are not 
fundamental particles since they contain quarks 

(b) describe a simple quark model of hadrons in 
terms of up, down and strange quarks and their 
respectJ,·eantiquarks 
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(b) describe a simple model for the nuclear atom to 
Include protons, neutrons and orbital electrons 

(c) distinguish betweennucleonnumberandproton 
number 

(d) understandthatanelementcanexlstlnvarlous 
isotopic forms , each with a different number of 
neutrons 

(e)usetheusualnotationfortherepresentationof 
nuclides 

(f) appreciate that nucleon number, proton number 
andmass-energyareallconservedinnuclear 

Starting points 

(c) describeprotonsandneutronsin tem1sofa 
simple quark model 

(d) appreciatethatthereisaweaklmeraction 
between quarks , giving rise to P decay 

(e) describefJ- andfJ•decay lntermsofasimple 
quark model 

(t) appreciate that electrons and neutrinos are leptons 

• The atom con'>ists of a very small nude us containing protons and neutrons, 
surroundedbyorbitingelectrons 

• Thedecay ofunstable nucleileads toemissions. 
• Appreciatethatprotonsandneutrons arenotfundamental partides 

26.1 Atomic structure and radioactivity 
The atoms of all elements are made up of three particles called protons, neutrons, 
andelectrons. Theprotonsandneutronsareatthecentreornuc:leusoftheatom 
Theelectrons orbitthenudeus 

We 5hall see later that the diameter of the nucleus ls only about 1/10000 of the 
dlamecerofanatom. 

FlgUR'" 26.1 Illustrates very simple models of a helium atom and a Hthlum atom. 
The pro!ons and neutrons both have a mass of about one atomic mass unit u 

(lu = l.66x 10-llkg). The atomlcmassunlt ls defined and used in the A level course ln 
Topic 10. By comparison. the mass of an electron ls very small, about 1/2000 of I u. The 
vastmaJorltyofthemassoftheatomlstheR'"forelnthenucleus 
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The basic properties of the pTCXOll, neutron and elearon are summarised ln Tobie 26.1. 

•> ::;i.:O";:;;:' @O) ;~~';',\'~;!.:,';l""' 
the nucleus of e - 1.6 x 10- 19c 
an atom 

protons carry a positive 

~""'" :::: __ 
Flgure 26.1 Struc:turesofa).1heliumatomandb)alithiumatom 

approx.lm.ite 
charge position 

'"""" 
orbiting nucleus 

Atoms and ions 
Atoms aR' uncharged becmse- they contain equal numbers of pro(ons and electrons 

and the charge on an electron ls equal and opposlle to the charge on a pro1on. lf 
an atom loses one or more electrons, so thm It does no1 contain an equal number of 
pro(ons and electrons, lt becomes charged and ls called an io n. 

For example. if a sodium atom loses one of Its electrons, ll becomes a poslllve 

Na -> Na• + e-
sodlumatom sodlumlon electron 

1f an a!Om gains an electron, It becomes a negative Ion. 

Proton number and nucleon number 

The numbef of protons in the nucleus of an atom is called the proton number (or atomic 
number)Z. 

Thenumber ofprotonstogetherwiththenumberofneutroosin thenudeusiscalJedthe 
nucleonnumber (or mass number)A. 

A nucleon is the name gwerl to either a proton or a neutron in the nucleus 

The dlffeff'nce between !he nucleon number (A) and the prolOn number (Z) gives the 

Representation of nuclides 
If the chemical symbol of an elemem ls X. a particular atom of this elemem. a nuclide, 
lsrepresentedbythenota!lon 

The ek.>ment changes for every z number and the symbol X changes. A nuclide ls the 
11.'.lme given to a class of atoms whose nuclei COfllaln a specified number of protons 

andaspeclflednumberofneutrons. Thenuck.>usofoneformofsodlumcontalns 
11 protons and 12neutrons. TllerefoR'"ltspro!OnnumberZls 11 and the nucleon 
number A ls 11 + 12 = 23. This nuclkle can be 5hown as ;;Na. All atoms 'l'-ith nuclei 
that comaln 11 protons and 12 neutrons belong cothls cL1ss and are the same nuclide. 
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Nuclldes with nuclei that have the same atomic number Z but a different mass 
number are isotopes of the same element. 

Example 

An oxygen nuclrus is represented by 1iO. Describe its atomk structure 

Thenucleushilsaprotoonumbefof8andanucleonnumberof16.Thm,itsnucleu1 
contains 8protons and16-8: 8neutrons.The1earealso 8electro ns(equaltothe 
numberofprotons)orbitingthenudeu1. 

Now It's your t urn 
1 Write down the proton number and the nucleoo number for the potassium nuclem 

1iK.Oeducethenumberofneut ronsin thenucleus 

Isotopes 
Sometimes acorns of the same element have different numbers of neutrons ln their 
nuclei. The moot abundant form of chlorlne contains 17 pr«ons and 18 neutrons ln its 
nucleus,glvingltanucleonnumberof 17+ 18 = 35. Thlslsofcencalledchlotine-35. 
AnOlherformofchlorlneCOfltalnsl7pr«onsand20neutronslnthenucleus.glvlnglt 
a nucleon number of 37. This ls chlorlne-37. Chlorlne-35 and chlorlne-37 are sakl to be 
isotopes of chlorine. 

Isotopes are different forms of the same elemeot which have the same number of protons 
butdilferentnumber.iofneutronsintheirnuc~ 

Some elements have many Isotopes, but Oihers have very few. For hydrogen. the most 

common Isotope ls hydrogen-I . Its nucleus Isa single proton. Hydrogen-2 ls called 
deuterium, Its nucleus contains one pr«on and one neutron. Hydrogen-3, with one 
pr«onandcwoneutrons.lscalledtrltlum. 

Note that the term Isotope ls also used to describe nuclei with the same pr«on 
number (that ls, nuclei of the same element) but with different nucleon numbers. You 
mayalsocomeacrosstheterm nuclide. 

Anuclideisonetypeolouclruswithaparticularnucleonnumberandaparticularproton 
number. 

a -particles, ~-particles and y-radiation 
Some elements have nuclei which are unsiable. That ls, the combination of pr«ons and 
neutrons ln the nucleus ls such that the forces acting o n the nucleons do not balance. 
In order to become more siable, they emit particles and/or electromagnetic radlallon. 
The nuclei are sald to be radio actii·e, and the emission ls called radioactivity. The 
emlsslonsaR'"lnvlslbletotheeye, butthelrtrackswereflrstmadevlslblelnadevlce 
called a cloud chamber. The photogr.iph ln Figure 26.2 shows tracks created by one 
cypeofemlsslon,ct-panlcles. 

lnvestlgatlonsofthenatuR""andpropertlesoftheemluedpanlclesorradlatlon 
show chat there are three different types of emission. The three types are a -particles 
(alpha-parllcles), IJ-partlcles (beta-particles) and y-radlatlon (gamma radiation). All three 
emlsslonsorlglnatefromthenucleus. 
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Flgure26.2 Trac:k1of a-partides 

a-partides 
Like a helium nucleus. an a -particle coruatns two pro(ons and c,vo neutrons and 
h.ence.carrlesachargeof +Ze.a-partlclestravelatspeedsofuptoabout to7ms-' 
(about 5% of the speed of lighQ. a -particle emission ls the leasi penetrating of the three 

types of emission. It can pass through very thin paper, but ls unable to penetrate thin 

card. Its range ln air ls a few cemlrnetres. Because a -particles are charged. they can be 

deflectedbyelectrlcandmagnellcflelds. 

Arla-particleisidentical to the nudeu1 of aheliumatom. 

ln terms of symbols: 

Atla-particleiswrittenasiHe 

As a -particles travel through maner, they Interact with nffirby atoms causing them to 

lose one or more electrons. The Ionised atom and the dislodged electron are called an 
lonpalr. TheproductlonofanlonpairrequiR"stheseparatlonof unllkecharges.and 
thlsp11XessrequlR"Senergy. a -partlcleshavearelat1velylargemassandcharge,and 
consequently they are efficient Ionisers. They may produce as many as 1oS Ion pairs 
for every centimetre of air through which they travel. Thus. they Jose energy relatively 
quickly, and have low penetratlng power. 

When the nucleus of an atom emits an o.-parclcle, lt ls said to undergo o.-<lecay. The 
nucleus loses two prctons and two neutrons ln this emission. 

In o.-decay, the proton number of the nucru decreases by two, and the nudeoo number 
dearesesbyfoor. 

Each element has a panlcular pro!Oll number, and therefore o.-decay causes one 
element to change Into ancxher. (fhls process ls sometimes called transmutatlonJ The 
original nuclide ls called the parent nuclide. and the new one the daughter nuclide. 

For example, uranlum-234 (the parent nucllde) may emit an o.-parllcle. The daughter 
nucllde ls thorlum-230. In addltlOII, energy ls released. This emission ls represented by 
thenuclearequatlon 

't~ ----) ~h + !He + energy 

n.e atomic mass of the decay products ls less than the mass of the parent nuclide ftU). 
Toe energy equivalent of the difference ln the mass appears as kinetic energy of the 
o.-parclcleandtherecotllngdaughternucllde(',!Zfh)anda-y -phol:011. Therefore, 
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mas.s-energy ls conserved. Linear momernum ls also conserved ln this type of nuclear 
reaction. The same amourn of energy ls released ln the decay of each nucleus of 'Mu. 
T1le a -pattldes emitted from a pattlcular radioactive nuclide have the s.1me kinetic energy. 

~-partides 
A radioactive nucleus chat decays by ll decay may emit a negative (II-) or poslllve (W) 
electron. The positive elearon (II') ls also known as a positron or an antlelearon (e). 

Jl-p.-irtidesarefastmovingelectroos,p- ,orpositrons,11• 

II-particles h:lve speeds Jn excess of 99% of the speed of light. These particles have 
half the charge and very much Jess mass than u-partlcles. Consequently, they are 
much lesseffklern than u -partlcles ln producing Jon pairs. They are, thus. far more 
penetratlng than u -partlcles, being able co travel up co about a met!\'" Jn air. They can 
penetrate c3Td and sheets of aluminium up to a few mllllmetres thick. Their charge 
means that they are affected by electric and magnetic flekls. Ho'\\'ever. the!\'" are 
Important dlffeR'"nces bet,.veen the behaviour of u - and II -particles ln these flekls. 
II-particles may carry negative charge or posltlve charge. and thus may be deflected 
ln the s.1me direction or opposite direction to the posltlvely charged u -partlcles. 
II-particles experience a much larger deflection when mo.'lng at the s.1me speed as 
u -partlcles, bKause the mass of a II-particle ls much Jess than that of an a -particle. 

A p- particle may be emitted from a lead-214 nucleus (the parent nuclide). The 
daughter nuclide ls blsmuth-214 and. ln addition, energy ls released. The emission ls 
represemedbythenuclcarequatlon 

'~1Pb--+ ~Bl + Je + ~V + energy 

A W particle may be emitted from a phosphorus-30 nucleus (the parent nucllde). The 
daughternuclldelsslllcon-30andenergylsalsoreleased. Theemlsslonlsrepreserned 
by the nuclearequatlon: 

~ --+ r.'Sl + fe + gv + energy 

The symbols ~11 and gt, represern a neutrino and an antlneutrlno respectively. These 
panlcleshavenoelectrlcalchargeandllnleornomassandareemlttedfromthe 
nucleusatthes.1metlmeasthel3-partlcle. 

11 was stated on page 168 that the nucleus COfl!alns prcXons and neutrons. What. 
then. ls the origin of II -particle emission? Each II -particle certainly comes from a 
nucleus. no( from the electrons outside the nucleus. The process for this type of decay 
ls that. Ju51 prior to p- emls.ston. a neutron ln the nucleus fonns a proton, a negative 
elearon and an antlneutrlno. The ratio of pr<Xons to neutrons In the nucleus ls 
changed and this makes the daughter nucleus more stable. 

In fact,/ree neutrons are known to decay as follows: 

A similar process happens ln the nucleus. ln p- decay, a negatlve elearon and 
antlneutrJIX) JJ are emlned from the nucleus. This leaves the nucleus with the .1.1me 
number of nucleons as before, bu t with one extra proton and one fewer neutron. 

In W emls.ston, a proton in the nucleus forms a neutron. a positive electron and a 
neutrl!X). Thlsprocessagalnchangestheratloofprotonsconeutronslnthenucleus 
andmakesthedaughlernucleusmorestable. 

In p+ decay the proton ls considered co transfonn Itself as followS: 

[P --+ tn + ~e + gv + energy 

lnp+decay, theposltlveelecrronandaneutrlnoareemlnedfromthenucleus. Thls 
leaves the nucleus with the .1.1me number of nucleons as before, but with one extra 
neutronandonefewerproton. 

In 11- decay (negative electron), a daughter nuclkle is formed with the proton number 
increasedbyone,butwiththesamenucleonnumber. 
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lnJl• decay(positiveelectror,},adaughte<nuclideisftxmedwiththe prntonnumber 
deue.,sed by one, but with the xime nucleon number. 

The antimatter panlcle. the posltlve electron. very quickly meets Its equlvalem mauer 
panlcle, the negative electron. The two panldes annihilate each cxher co produce 
y-radlatlon. Thlsmakestheposittveelectrondlfflcuktodetect. 

The atomic mass of the decay producrs ls less than the mass of the parent nucleus. 
Toe energy equivalent of the difference Jn the mass ls shared between the klne'llc 

energyofthefl-panlcleandtherecolllngdaughcernucleusandtheenergyofthe 
neutrino or antlneutrlno. Therefore mass-energy ls conserved. Toe same amount 
ofenergylsreleasedinthedecayoteachpanlc:ularparentnucleus.Hmvever,the 
electrons emtued from a panlcular radioactive nucllde haw varying amounts of klnetlc 
energy. The amoum depends on the way the tornl energy available ls shared between 
theeleccronandtheneucrlno. Thesumoftheelectron'senergyandtheneutrlno·s 

energylsconstantforthedecayofapanlcularnucllde. 

Kineticenergyofthesubatomic particles 
TheSJunltofenergylsthetoule.Theenerglesln nuclearreactlonsareverysmall 
compared to the toule. A more convenient uni! co use ls the electron-volt (eV). Thls ls 
theworkdone (energygalned)byanelectronwhen acceleracedthroughapo(entlal 
difference of one volt. Since v.urk done equals po(entlal difference x charge, one ev ls 
equlv:ilem to uS02 x w-'9J. One mega electron-vole (MeV) ls 10"ev or 1.6o2 x 10- '3J. 

1 A strontium-90 atom (the parent nuclide) may decay with the emission of a Jl-partide to 
form the daughter nuclide yttrium-90. The decay is repre,;ented by the nu dear equation 

~Sr ---+ ~Y+Jl+x+energy 

StateandeJ<Pain'Nhetherthe JI-particle isanegativeorpos.itiveelectron. State the type 

ofpartic~representedbyx 

Theprotoonumberhasincreasedbyone,heocea negativeelectron isemitted.Thex 
isan antineutrinoasthispartic~isemittedwitha negative electron 

2 Cak:ulatetheeoergyinjoulesof1GeV. 

potent ialdiffereoc:e:energytransformed/charge 

eoergy:109 (Vlxdiargeonelectron(e):1.6x10· 10J 

Hence 1GeV: 1.6x 10· 10 J 

Now It 's your turn 
2 The mass of strontium-90 in the eXilmple above does not equal the total mass of 

particles formed alter the reaction. Expla in why mass seems not to be conserved 
l Theenergyreleasedintheexampleabovei13.6MeV.Calculatetheenergyinjoules 

y-radiation 

r-radiat ioo is part of the electromagnetic spectrum with wavelengths between 10-11 m and 
to· 13 m. 

Sincer-radlationhasnocharge, ltslonlslngpmverlsmuchlessthanthatofeltherct- or 
Jl-panlcles. y-radlallon peneiraces almo61 unlimited thlckne.sses of air, several metres of 
concff'teorseveralcentlmetresoflead. 

a - and Jl -panlcles are emltted by unstable nuclei which have excess energy. The 
emlsslon of these panlcles R'sults ln changes ln !he ratloof proions to neutrons, but 
the nuclei may stlll have excess energy. The nucleus may ff'turn to Its unexdced (or 
ground)statebyemlttlngenergylntheformof y-radla!lon . 

ln1-emislion,nopartidesareemittedandthl'feis,therelore,nochangetotheproton 
numberornudeonnumberofthepareotnudide 
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For example, when uranlum-23,8 decays by emlnlng an a-panlcle, the resulting nucleus 
ofthorlum-234comalnsexcessenergy(ltlslnanexcltedS1ate) andemltsa phO!on 
ofy.radlatlontol\.'turncothegroundsiate. Thlsprocesslsrepresemedbythenuclear 
equation 

'~Th" ~ ~Th + y 

The• next to the symbol Th on the left-hand side o( the equation shows that the 

thorlumnucleuslslnanexcltedsiace. 
NO!ethatlnallradlooctlvedecayprocesses (and, lnfact. lnallprocessesofnuclear 

reactions) nucleon number and prO!on number are conserved. Hence, for all equations 
representing nuclear reactions, the sum o( the numbers at the top o( the symbols oo 
the left-hand side of the equation (the sum of the nucleon numbers) ls equal to the 
sumo( the nucleon numbers Ofl the right-hand side. Similarly. the sumo( the numbers 
at the bouom o( the symbols on the left-hand side (the sum of the proion numbers) 

lsequaltothesumof! hepro1onnumbersoocherlght-handskle. Energyandmass 
takentogether.arealsoconservedlnallnuclearprocesses. 

Summaryofthepropertiesofradioactiveemissions 
Table 26.2 summarises the propenles of a -panlcles, ~-panlcles and y.radlatlon. 

a-p,11rtlc le p-partkkt 

oegativeorpositM> 

{2pmtom+ 
natunt 2neutrons) 

~ uptoo.osc 

penetrating po-r few mm of aluminium 

relative Ioni sing 

affects photographlc yes 
fllm7 

defktctedbyel«trlc, ye1.seeHgure26.3 ye1.1ee Figure26.3 
mill!ln•tkftelds7 

51\ort-w.iveleogth 
electromagnetic waves 

Figure 26.3 lllusiraces a hypO!hetlcal demonstratloo o( the effect o( a magnetic flekl on 
a , p- andyemlsslons. Thedlrectlonofthemagnetlcfleldlsperpendlcularlylntothe 

page. y-radlatlon ls uncharged. and ls nOI deflected by the magnetic field . Because a ­
and JJ--panlcles have opposlte charges, they are deflected ln opposlte dlrectlons. Note 

chat the devlatlOfl o( c:t-panlcles ls, ln general, much less than that o( ~-panlcles and 
!he relative deflections al\.' nOI shown to scale. The a-panlcles from a panlcular nuclide 
all deviate by the same amount. The IJ-panlcles from a panlcular nuclide, by contrasi. 
havearangeotdeflectlonslndlcatlngtha!theyhavearangeotenergles.Deflectlons 
can be observed with an electric field. (Make sure that you can confirm that an electric 

fleldshouldbelntheplaneofthepaperand\\1thadlrecllonhorlZOfltalandtothe 
left ln order to obtain the deflections ln the same dlrectlOfl as those obtained with 
the magnetic field) NOie. W-partlcles would be deflected ln !he same dlrectlOfl as the 
a -panlcles.wlthaslmllarpattemtothat ofthelJ·-partlcles. 

Radioactive decay series 
The daugh!er nucllde o( a radioactive decay may, Itself. be unstable and so may emit 
rad iation to give another dlffel\.'nt nucllde. Thls sequence of radioactive decay from 

paR'mnuclldethroughsucceedlngdaughternuclkleslscalleda radioactinidecay 
series . Theserlesendswhenasiablenuclldelsreached. 



Table 26.3 P.irtofthedecaym~sof 
uranium·138 

'l.t,Th _. ' 11Pa + ~e + y ~-. y 

'ttPa_.'lW+ )e+y ~-.y 

'~u -- 'l.1,Th + ~He+y 

'ilRn _. 'J&Po+jHe 

Flgure26.5Fllm badgedosimeter 
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Pan of such a radioactive decay series, the uranium series, ls shown ln Tobie 26.3. 

Detecting radioactivity 
Some of the methods used co detect radioactive emissions are based on the Ionising 

propenlesofthepanlclesorradlatlon. 

The Geiger counter 
Figure 26.4 Hluslfa!es a Gelger-Muller cube with a satler connected to It . When 

radlatlon emer.; the window, lt creates ton pair.; ln the gas ln the tube. These charged 

panlcles,andpanlcularlytheelectrons. areacceleracedbythepotffltlaldlfference 
between the cemral wire anode and the cyllndrlcal cathode. These accelerated 

panlclesthfflcause funherlonlsatlon . The ff'suk ofthlscontlnuous p11Xess ls 

described as an ava lanch e effect. That ls. the entry of one panlcle into !he tube and 
the production of one Jon pair results ln very large number.; of electrons and Jons 

arriving a! the anode and cathode respectively. This gives a pulse of charge which ls 

ampllfted and counted by the scaler or ratemeter. (A scaler measures the coral coum of 

pulses In the tube during the time tha! the scaler ls operating. A racemeter continuously 

monllorsthenumberofcountsperst'OJfld.) OncethepulsehasbeenreglSlered. che 
charges are remO\/ed from the gas ln readiness for funher radlatlon entering the tube. 

~~:cylindrical argon gas at 
lowpressore 

Flgure26.4 Geiger-MUllertubeandsc:aler 

Photographic plates 
WhenaradloactlveemlsslonSlrlkesaphotographlcfllm, thefllmreactsaslfllhad 

been exposed co a small amount of visible llghl. When the film ls developed. fogging 

orblackfflinglsseen. Thlsfogglngcanbeusedtodecect. noronlychepresenceof 

radloactMty, butalsothedoseoftheradlatlon. 
Figure 26.5 shuws a film badge dosimeter. re contains a piece of phorographlc film 

which becomes fogged when exposed to radiation . Workers who are at risk from 

radlatlon wear such badges to gauge the type and dose of radiation co which they have 

been exposed. Theradlatlonpassesthroughdlfferentfllter.;beforereachlngthefllm. 

OJnsequffltly, the type of radla!lon, as well as the quantity, can be assessed. 

The scintillation counter 
Early workers wlth radioactive materials used glass screens coated with zinc sulflde to 

detect radlatlon . When radiation ls incident on the zinc sulflde, lt emits a tlny pulse of 

llght called a scintillation. The rate at which these pulses are emlued Indicates the 

lntensltyofcheradlatlon. 
The early researcher.; worked In darkened rooms, observing the Zinc sulfkle screen 

by eye through a microscope and coumlng the number of flashes of llgtu occurring ln 
a cenaln tlme. Now a sclmlllatlon coumer ls used (Figure 26.6). 

Often asclntlllacorcrystallsusedlnsteadofa zlncsulfldescreen. The crystal ls 
mounted close to a device known as a photomulllpller. a vacuum-tube device which 

uses the prlnclple of photoelectric emission (see Topic 25). Flashes of light cause the 

emission of phO!oelectrons from the negative electrode of the phoromultlpller. The 

photoelectric currfflt ls ampllfled lnskle the tube. The output electrode ls connected to 
a satler or racemeier, as wlth the Gelger-Moller tube. 
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Flgure26.81oomicro'>rnpephotograph 
of iridium 
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Flgure26.6Sdntillatioornunter 

Background radiation 
R.'.ldloactlvlty ls a natural phenomel}()fl . Rocks such as granite contain small amounts 
of radioactive nuclkles, some foods we eat emit radiation. and even our bodies are 
naturally radioactive. Although the atmosphere provides life on Eanh with some 
shlekllng, the!\'" ls, nevenheless, some radiation from outer space (co,mlc radiation). 
In addltlon to this natural radloactMty, we are exposed to radiation from man-made 
sources. These are found ln medicine. In fallout from nuclear explosions, and In leaks 
from nuclear power stations. The sum of all this radlatlofl ls known as background 
radiation. Flgure'l.6.7lndlcatestherelallveproportlonsofbackgroundradlatlon 
comlngfromvarloussources. 

radonanditsdaugt,terproductsarereleasedintotheairlollowing 
lhedecayofnaturallyoccuringuraniumisotopesloundingranite 

suchasX·rays 

internal sources from the cosmicra:,sfromouterspace 

::\~~ 8:~1~1~: ~e!;!k 
Flgure26.7Sourcesolbackgroundradiatioo 

In canylng out experiments with radioactive sources, lt ls Important to take account 
ofbackgroundradlallon. lnordertode!ermlnethecount-rateduetotheradloactlve 
source, the background coont-rate must be subtracted from the total measured coont­
rate. Allowance for background radlatlon gtves the corrected coont-rate. 

Thespontaneousandrandomnatureofradioactivedecay 
Detection of the coom-rate of radioactive sources shows that the emission of radlatlon 
ls both spontaneous and random. U ls a spontaneous process because It ls not affected 
by any external factor.s, such as cemperacure or pressul\.'". Decay ls random ln that lt ls 
not posslbletopredlctwhlchnucleuslnasamplewilldecaynext. TileR'"ls, hov,.·ever,a 
constant probablllty (or chance) thac a nucleus wlll decay In any fixed period of time. 
We will look at this in more deiall In the A level coorse Topic 26. 

Probing matter 
Figure 26.8 shows a phOlograph taken with an Ion microscope, a device which makes 
use of the de Broglie wavelength of gas Jons (see lbplc 25). U sho,.vs a sample of 

Iridium at a magnlflcatlon of about five mllllon. The positions of lndlvldual lrkllum 
atoms can be seen. 

Photographs like this reinforce the Idea that all mauer ls made of very small particles 
chat we call atoms. Advances tn science at the end of the nineteenth and the beginning 
of the twentieth century led most physicists to believe that atoms themselves are 
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made from even smaller particles, some of which have positive or negative charges. 

Unfortuna!ely, even the most powerful microscopes canna show us the Internal 

structure of the atom. Many theories were put for.va!d about the structure of the atom. 
but lt was a series of experiments carried out by Ernest Ruthelfo!d and his colleagues 

around 1910 that Jed co the birth of the model we now know as the nuclear ato m . 

Probing matter using a -particles 
l n 1911, Rutherford and t\\-"O of his aswclmes, Gelger and Marsden, fired a beam of 

a -particles at a very thin piece of gold foil. A Zinc sulflde detector was moved arou nd 
the folltodetectthedlrectlooslnwhlchthe ct-partlclestravelledaf!ers1rlklngthefotl 

(Flgure26.9). 

@
m,o=°"' 

zinc sulfide 
detector 

' 

Figure 26.9«-scatterir,ge,:periment 

TheydiscDYl.'fedthat 
• thevastrnajorityofthea-p.irticlespassedthrooghthefcilwithverylittleOfnodeviatioo 

frnmtheirorigir..1lpath 
• illffiilll numberofparticlesv,,oeredeviatedthrooghanangleofmorethanaboot10' 
• anextroo.elysmallnumberofparticles{ooeintenthous.and)weredeflectedthroughan 

anglegreaterthan90' 

Fromtheseobservatlons,chefollowlngconcluslonscouldbedrawn. 

• The majority of the mass of an atom i1 concentrated in a ve<y small vclume at the centre 
oftheatom.Mosta-particleswould,therefore,passthrooghtheloilundeviated 

• Thecentre(ornucleus)ofanatomischarged.a-particles,whicharealmcharged, 
passing dose to the nucleus will experierK:e a repulsive force causing them to deviate. 

• Onlya-particlesthatpassve<ydosetothenudeus,almoststrikingrthead-on,wil l 
expefiencelargeenooghrepu!siveforcestocausethemtodev~tethroughanglesgreater 
than90". Thelactthat'iO/ev,;particlesdid'iOconfirmsthatthenucleusisve<ysmall, and 
that most of the atom i1 empty ~ce 

Figure 26.10 shows some of the possible trajectories of the a -panlcles. Using the 
nuclear model of the atom and equatlons to describe the force bef,veen charged 
panlcles. Rutherfordcalculacedthefractlonof a -panlcles thachewouklexpect tobe 
de\'lated through various angles. The cakulatlons agreed with the results from the 
experiment. This confirmed the nuclear nxxlel of the atom. Rutherford calcul.:ued that 
the dtameierofthe nucleus ls abou! 10--,sm, and the diameter of the whole acorn about 
10-10m. Flgure 26.llshowsthefeaturesofthenuclearnxxlelofanltrogenatom 

Some years L1ter, the a-particle scanerlng experiment was n>peated using a -panlcles 
with higher energies. Some discrepancies between the experimental results and 
Rutherford's scanerlng formula were observed. These seemed to be occurring 
becausethe hlgh--energy a -panlcleswerepas.stngwryclose to !henucleus,andwere 
experiencing, not onlytherepulslveelectrosrnuc fon:e, but also a strong attractJ\leforce 
which appears to act over only a very shoJ1 range. This became known as the st rong 
nuclear force. Thlslstheforcetha! holdsthe nucleus together. 
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Flgure26.10 

Flgure26.11 Thediameteiof.1nitrogenatomismorethan30000 
timl'5biggerth.1nthediameterofit1nude111 

Probing matter using electrons 

• protoo 
e neutron 

Elearons are nct affeaed by the suong nuclear fooce. lt was suggeSled that they mighl. 

therefore, be a more effective tool \\1th which to Investigate the Slructure of the atom. 
The A level course in Topic 25 shows that moving elearons have a wave-like propecty. 

If a beam et electrons ls directed at a sample of powdered crystal and the elecaun 

wavelength ls comparable with the tmeratomlc spacing lo the crystal. the electron waves 

are scauered from planes et atoms in the tiny crystals, creating a dlffractloo panern (figure 

26.12). The fact that a dlffractloo pauem ls obtained confirms the regular arrangemern of 

the atoms ln a crystalllne solid . Measurements of the angles at which .ltrong scauerlng ls 

obtained can be used to calculate the distances beiween planes of atoms. 

lftheenergyoftheelectronbeamlslncreased.thewavelengthdecreases. 
Evemually, the electron wavelength may be of the same order of magnitude as the 
dlameterofthenucleus. Problngthenucleuswlthhlgh--eneigyelearons, rather than 

Figure 26.12 Ek>ctron diffracfon pattern of a -panlcles, gives a fun her Insight 11110 the dimensions of the nucleus. and also gives 
a sample of pure titanium Information about the dlstrlbutlon of charge ln the nucleus Itself. 
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26.2 Fundamental particles 
In the nineteenth century, the atom 'I\.JS considered to be the fundamental panlcle 
from which all matter was composed. This klea 'I\.JS used to explain the basic structure 

of all elements. Experiments perfonned at the end of the nlneteemh cemury and 

beginning of the twemleth cemury provkled evidence for the structure of an atom. The 
conclusions were that all atoms have a nucleus containing protons which ls surrounded 

by electrons and that the nucleus was very small compared with the size of the atom. 

The neutron was lmroduced to explain the discrepancy between the mass of the 

atom and the mass from the number of protons (number of positive charges). Jn 1932 
Chadwick discovered the neutron and the fundamemal panlcles were then considered 

to be the proion, the neutJOII and the electron. The structure of the atom was then 
considered to be similar to that shown In Figure 26.1. 



M u ,c.,oo(~) 
Rgure26.13 Hydmgen.itom 

26.lfundamentalpai!icles l 

Th.e panlcles ln an atom must experience forces ln older co maintain Its strucluR'. 
The foit:es v,ere the grav:Uatlonal force that acts between all masses (see Topic 8) 

and the elearo51atlc foKe that acts betwft.'11 charged objects (see Topic 17). The 
electrost:utcforceofrepulslonlsapproxlmatelyto36tJmesgreater!hanthegravltatlonal 

force of attraction belween p!Uons. AnOlhff attractive force muSI keep the pro!ons 
togeiher in the nucleus. This foKe ls known as the strong fo rce and acts b«\veen 
nucleons. The foKe does nOI seem to have any {'fleet outside the nucleus and ls, 

therefon.-, considered to be very shon range (a little more eh.an the diameter of nuclei , 
10-14m). There appears to be a llmltlng spacing between nucleons which ls similar ln 

different nuclelandthlssuggeSlsthal the foit:e ls R'pulslve as soon as the nucleons 

come close together. Thestrong foit:edoesnOlactonelearons. 

Thestrongforceactsonprotonsandneutronsbut not onelectrom 

Figure26.13illustratesahydrogenatomwithanelectronorbitingthenudem 
{a} State,fortheforresactingontheelectronandtheprotoo, 

CO theirnature, 
(ii) thei1d irection 

(bi Expkciinwhyastrongforcedoesnotactoothe~ectronorproton. ,,, 
(il gravitatiooalforce{duetothemassoftheelectronandproton),electrostatic 

force(duetothechargeontheelectrooandproton) 
(Ii) bothforresareattractiveand,therefore,directedfromtheonepartide 

towards the other particle 
(b) Theelectronisnotanocleonand,hence.i1notaffectedbythe1t10ngforre. There 

isonlyonenocleon andthestronglorreactsbetween nucleons 

Now it's your turn 
4 Statethelorcesactingonthenucleonsofah~iumnudeu1 

Hadrons and leptons 
The discovery of antlmauer In cosmic radiatlon supponed the theory developed from 

the speclal theory of R'lattvlty and quantum theory that all fundamental particles 
h.ave a corresponding antimatter particle. 11le mauer and antlmaner particles have the 

same mas.s but oppo1,lle charge. The following panlcles were required to support the 

theory: the antlproton , the antlneutron and the antlelectron. The symbols used for th.e 

antlpanlcle are pfortheantlproton, l'lforthe antlneutron and ~forth.eantlelectron. 

The antlelectron or positive electron was Introduced In ~-particle decay on page 172. 

ltlsalsoknownastheposltron. 
Many cther particles were discovered In co,mlc radlatlon throughout the twentleth 

century,gMngsupportfortheldeathattheelectron,protonandneutronwerenotthe 
only fundamental particles. 

The numerous types of particles are placed Into t\HJ main categories. Those affected 

bythestrongfoi-:earecalled h adrons,forexampleprotonsandneutrons, and 

those not affected by the strong force are called lepto ns , for example electrons and 

positrons. 
The many different particles disco,,ered In C05llllc radiation have be-en reproduced 

In hlgh~nergy colllslons using accelerators such as those at Stanford In caHfomla and 
CERN In Switzerland during the second half of the twentle'lh century. A vast number of 

collisions were carried oot and a large number of hadrons ·were produced. 1\vo o( the 

• thetctalelectrlcalchargeremainsconstant 

• the tctal number of nucleons normally remains constant . 
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The quark model of hadrons 
The problem of what were considered to be fundamental particles was resolved by 
che quark model for hadrons. In this model, che hadrons an> made up of three smaller 
particles called quarks. Thetypesofquark.calledfl.woor.sofquark. are up (u), 
down (d) and strange (s). The quark flavour.s have charge and strangeness as shmvn 
lnTable26.4. 

Table26.4 ChargeandstrangenessvalueslorthethreeqtJarb .... ,. strangenes 

up(u) ·t 
down(d) -1 
strange(s) -1 

Therearethreeantiqu arks,u.dandJ: chcsehavecheoppo51cevaluesofchargeand 
strangeness. 

Prolonsandneutronsconslstofthreequarks 

proton· 

charge +1 +j +j" j charge O +j -j -j 
!ilrangeness O 0 0 stranger,ess O 0 

ln!itronginteractions,thequarkflavoorisrnnserved 

Example 

Statethevaluesolchargeand!itrangenesslortheantiquarksll,anda 

charge "j strangeoess O 

andd charge +1" strangeoess 

Now It 's your t urn 
5 Showwhetherthelollowingreactioncanoccur. 

p+p-->p+!}+n 

4' Leptons 
Leptons are particles that an>n()( affected by the strong force. The electron and 
neutrJIX)andthelrantlmanerpanner.s, theposltronandantlneutrlno,areexamplesof 
lepions. These types of particle don()( appear co be composed of any smaller particles 
andare.therefon>,consideredtobefundamentalpartlcles. 

The emission of electrons or posl!rons from nuclel was discussed eartler In chls coplc 
(IJ-decaypage 172). Durlngthedecayofaneutron ln!henucleus.a proionlsformed 
and an electron and antlneutrlno emltted. In cerms of the fundamental particles, 
quarks,thereactloncanbeshownasfdlows: 

Jn-4 /p +_fe + l:i, 

The quark flavour ls not consen,ed as a down quark has changed co an up quark. The 
reaction cann()( be due to the strong force. The P-decay must be due to an()(her force. 
This fo1t:e ls called the weak fo rce or weak inte raction. 
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Thetotalieptonnumberbeforeareactk>nisequaltothetotalleptonnumberaft!'rthe 

Toe lepton number ls +1 for the panlcle and - 1 for the amlpanlcle. 
The total lep!On number before the reaction ls zero ln the 11- -decay above. Toe 

leptonnumber.;forthepartlclesafterthereacllonare +I fortheelectronand - 1 for!he 

antlneutrlno,gtvlngatornlofzero. 

Example 

Describe the reaction where a proton in the nudws tums into a neutron ar.d emits a 
Jl-p.-irtide in terms of the quarl< model 

iP---->6n+je+8v 

" d 
d d 

Anupquarl<changesintoadownquark 

Now1tsyourturn 

6 What is the difference betweeo a hadron and a lepton? 

• Anatomconsistsofanucleuscontainingprotonsandr.eutronssurrmmdedby 
orbiting electrons 

• Most of the mass of an atom is contained in its nudeus 
• An atom is neutral as it (Ofl\a ins an equal number of protons and eJectroos. 
• Atomswhichhavegainedorlosteiectroosarecharged,,rndarecalledions 
• The nudeoo number A of a nudem is the number of nucleons {protons ar.d 

neutrons)inthenucleus 
• Theprotonnumberzofanucleusisthenumberofprotonsinthenucleus;hence 

thenumberolneutronsinthenucleusisA-Z 
• A nucleus (chemical symbol X) may be represented by: ~ :::::x 

• Isotopes are different forms of the same element, that is, nuc~i with the same 
protonnumberbutwithdifferentnucleonnumbers 

• An a-p;irticle is a helium nucleus (two protons and two neutrons) 
• AJl-particleisala'>l-movingele<:tron. 
• r-radiationconsistsofshort-wavelengthelectromagneticwaves 
• lnnuclearnotationtheemissionsarerepresentedas:a-particle jHe;Jl· ·p;irticleje 

orJl•-particleJe;r-radiation%r. 
• a-emissiooreducesthenucleonnumberoftheparentnucleusby4.ar.dreducesthe 

protonnumberby2 
• Jl-emissioocausesnochangetothenucleonnumberoftheparentnudeus,and 

increasesorde<:reasestheprotonnumberby1 
• r-emissioncausesnochangetonucleonnumberorprotonnumberoftheparent 

nucleus . 
• Radioactivedecayisaspontaneous,randomprocess 
• The Rutherford a-particle experiment confirmed the nuclear model of the atom 

the atom consists of a small, positively-charged nucleus, surrounded by negative!y­
charged ele<:trons in orbit about the nucleus and that the vast majorily of the mass 
oftheatomisinthenucleus 

• The diameter of the nucleus is about 10-11 m; the diameter of the atom is about 

• Electron diffraction gives evidence for the regular arrangement of atoms in uy'>lals. 
and allows the measurement of the di'>lance between planes of atoms in solids 
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• For every type of subatomic p;1rticle there is an antimatter particle which has the 
x1meffiil5sbutoppositeelectricalcharge. 

e The,mtiparticleofthee~rooiscalledtheposilron 
• Protoosaridneutronsarehadromandarealfectedbythestroogforce 
• Dllringhadronreactions,chargeandstrangenessarecooserved 
• The sim~e quarl< model has three flavotJrs of quark (llp, down and strange) together 

withtheirarrtiquarks 
• Protons are composed of qtJarks llp, llp and down, and neutrom of qll3rks up, 

downanddown. 
• Electronsandneutrioosareleptonswhicharefllndamentalparticlesandare 

alfectedbyaweakinteractioo. 
• Dllringl\- decay:6n--->1P+Je{electron)+&,1(antineutrino) 
• Dllring 11• decay: \p---t 6n + ~e (positron)+ 8v{neutrino} 
• The eriergy of StJbatomic particles is ofteri medSllred in eVor MeV. 

Examination style questions 
1 You are provided with a radioactive source which could 

beemittingct-Ofl\-particles,Ofy-radiation,orarrt 
mmbination of these. Describe a simple experiment, 
based on their relative penetrating qualities, you might 
carryouttodeterminethenatureoftheradiation{s)being 
emitted. 

2 Explainthechangesthattakeplacetothenudeusofan 
atom when it emits: 

a anct-particle, 
b all-particle, 
c y-radiation 

3 Complete the following radioactive series 
1{iU---t~+ 1He 

~---t}Z+je 

}2---t}Z+/? 

4 Calculatethespeedof 

a anelectronwithkineticenergyof 1.SkeV, 
b anct-particlewithkineticenergyof 1.SkeV. 

5 A stationary raditJm micletJs C1ilRa} of mass 224ll 
spontaneously emits an a-particle. Thea-particle is 
emittedwithanenergyof9.2x 1Q-11J,andthereaction 
givesrisetoantJcleusof radon(Rn). 

a WritedownanucleareqtJationtorepresenta-decayof 
theraditJmntJcleus. 

b Showthatthespeedwithwhichthea-particleis 
ejected from the raditJm ntJdetJsis 1.7 x 107 m s-1 

c Calculate the speed of the radon nucleus on 
emission of the a-particle. Explain how the principle 
of conservation of momenttJm is applied in your 
calctJlation. 

6 Whenanct-particletravelsthrotJghair,itlosesenergy 
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byionisationofairmolecules.FOfeveryairmolerule 
ionised,approximately5.6x 10-18 Jofenergyislostbythe 
a-particle. 

a Suggestatypicalvaluefortherangeofanct-particlein 
air. Hence estimate the ntJmber of air molectJles ionised 
permillimetreofthepathofthea-particle,giventhat 
thect-particlehasinitialenergy9.2 x 10- nJ 

b lthasbeendiscoveredthatthentJmberofionisations 
perunitlengthofthepathofanct-particlesuddenly 
inc:reasesjustbe!Ofethect-particlestops. State.with 
areason,theelfectthatthisobservationwillhaveon 
your estimate. 

7 a Theradioactivedecayofsomenucleigivesrisetothe 
emission of a-particles. 
State 
i whatismeantbyanct-particle, {1] 
ii t\llJOpropertiesofa-particles. {2] 

b Onepossiblenudearreactioninvolvesthe 
bombardment of a stationary nitrogen-14 
nucleus byan a-particle to form oxygen-17 
and another particle 

Copyandmmpletethenuc:learequationforthis 
reaction {2] 

1,4N + ····· u----> i;Jo + .. 

ii The total mass--energy of the nitrogen-14 mx:leus 
andthect-particleislessthanthatofthep;irticles 
resulting from the reaction. This mass~energy 
dilferenc:eis1.1MeV. 
1 Suggesthowitispossible!Ofmass--energy 

tobemnservedinthisreaction. {1] 

2 Calrulatethespeedofanct-partidehaving 
kineticenergyofl.1 MeV. {4] 

Cambridge International AS and A level Physics, 
9702122 May/June 2010 Q 7 

8 a Evidence for the nuclear atom was provided by the 
ct-particlescatteringexperiment.StatetherestJltsof 
this experiment {2] 

b GiveestimatesfOfthediameterof 
i anatom, {1] 

anuc:leus. {1J 

Cambridge International AS and A level Physics, 
9702/02 Oct/Nov 2007 Q 7 



Examination style questions I 
9 a Uranium (U} has at least fourteen isotopes. Explain 11 Uranium-236 ft\u) and uranium-237 (1i1u) are both 

what is meant by isotopes. {2] radioi!Ctive. Uranium-236 is an a-emitter and uranium-237 
b One possible nuclear reaction involving uranium is is a P-emitter. 

i Statethreequantitiesthatareconservedinanudear 
reaction {3] 

ii FOfthisreaction,determinethevalueof 
1 Z, {1J 

/II 
Cambridge lntern<1tional AS and A level Physics, 

9702/21 Oct/Nov 2010 Q 7 

10 a P-radiation is emitted during the spontaneous 
radioactivedecayofanunstablenudeus. 
i StatethenatureofaP-particle. [1J 
ii State two properties of P-radiation. {2] 

ii i Explainthemeaningof,;pontaneousritdioactive 
decay. [1J 

b Thefollowingequationrepresentsthedecayofa 
nucleus of hydrogen-3 by the emission of a IJ-partide. 
Copyandcompletetheequation 

tH --+ ::: ::::: ~ 

c ThelJ-particleisemittedwithanenergyofS.7 x 11YeV. 
CalculatethespeedofthelJ-partide. {3] 

d A different isotope of hydrogen is hydrogen-2 
(deuterium).Oesc:ribethesimilaritiesand 
differences between the atoms of hydrogen-2 
and hydrogen-3. {2] 

Cambridge lnternittional AS itnd A level Physin, 
9702/230ct/Nov2012Q6 

a Distinguish between an a-particle and a P-partide. {4] 

b The grid of Fig. 26.13 shows some proton numbers 
Zonthex-axisandthenumberNofneutronsinthe 
nucleus on they-axis. 

~149~~~~~~~~~ 
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protonnumberz 
Flgure26.13 

The a-decay of uranium-236 c11~U) is represented on the 
grid. This decay produces it nucleus of thorium (Th). 

i Write down the nudear equation for this a-decay. {2] 

ii Copy Fig. 26.13, mark the position for a nudeusof 
1 Uritnium-237(markthispositionwiththeletterU), 

2 Neptunilnl, the nucleus produced by the P-decay 
ofuritflium-237{markthispositionwiththe 
letters Np). {2J 

Citmbridge International AS and A level Physics, 
9702/02 May/June 2008 Q 7 
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7 Motion in a circle 

By the end of this topic, you will be able to: 
(a) define the radian and express angular 

displacememinradians 
(b) understandandusetheconceptofangularspeed 

to solve problems 
(c) recall and use v = rw to solve problems 

Starting points 

(a) describe qualitatively motion in a curved path 
due to a perpendicular force, and understand the 
centripetal acceleration in the case of uniform 
motion in a circle 

(b) recallandusecentripetalaccelerationequations 
a=rw'-anda=v•/r 

(c) recall and use centripetal force equations 
F=mral-andF=m1,2/r 

• Velocity is instantaneous speed ina given direction. 
• An acceleration is change in velocity brought about by a resultant force 
• Newton's laws of motion 

length of 

CT1 
7.1 Radian measure and angular 

displacement 
lnclrcularmoUon, lllsconvenlentcomeasureanglesln radians ratherthandegrees. 
One degree ls, by tradition, equal co the angle of a compl«e d1de dMded by 360. 

One radi,m (radl is defined as the angle 5Ubtended at the centre of a circle by .tn il!C equal 
inlengthtotheradiusofthedrcle. 

Thus, to obl:aln an angle ln radl.'.lns, we divide the length of the arc by Che radius of the 
Ftgure7.1 0 inradiam.arUr.ldiu1 
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d1de (seel'lgure7.1). 

Theanglelnradl.'.lnslnacomplececlrcle'l\-uuldbe 

8 citrumfer~:i:: the circle ~r 2!1: 

Since the angle of a compl«e d1de ls 360°, chen 

2nrad:360° 

1rad:57.3' 

Angular speed 
For an object moving in a circle: 

The angular speed is defined as the angle swept out by the radius per Ullit time. 



Flg u re 7.2Ang11la1 
~ocityw•Vlr 

Flgure 7.3 Ab.illswungin;i 
drdeon!heendofastfing 

7.2Centripetalaccelerationandcentripetalforce l 

Toe ang ula r velocity ls the angular speed Jn a given dlrectlon (for example 

clockwise). The unit of angular speed and angular velocity ls the radian per second 

(rads-1). 

angular speedw=-¥i-

Flgure7.2showsanobjecttravelllngmconstantspeedvlnaclrcleofradlusr. 
ln a tlme llt the COject mo,,es along an arc of length /ls and sweeps out an angle M. 

M = l!,s/ror& = rM 

DMdlngbothsldesofthlsequatlonbyllt, 

lls/llt = rM//JJ 

Bydeflnltlon.for5maJJangles, l!,s/lltlsthellnearspeedvoftheCOject.andM/lltlsthe 

angular speed w. Hence , 

Example 

An aim aft in a display team makes a turn in a horizontal circle of radius S00m. It is 
travellingatas.peedof100ms-1 

Calrulatetheangulars.peedolthea iruaft 
From 11= rw. the angular speed wis lOOISOO= 0.2rad s--1 

Now It's your turn 
1 Acaristravelli ngalongaci rcular p;1thwithlinear s.peed 15ms-1andangular s.peed 

0.36rads-l .Whatistheradiu:solrnrvatureofthetrack? 

7.2 Centripetal acceleration and 
centripetal force 

Newton's flrSI Jaw of mollon (see Topic 4) tells us that an object with a resultant force 

ofzeroactlngon1twllle1thernotbemavlngatall.or1twlllbemovlnglnaS1ralght 
llneatconstantspeed (thatls, ltsvelocltydoesnotchange). TheCOject lssaldtobeln 

equlllbrlum. (Thefullconditlonsofequlllbrlumrequlretheretobenoresultarnforce 

and no resultarn moment acting on the body.) 

An COiect travelllng ln a circle may have a constant speed. but II ls not cravelllng 
lnaSlralgh! Une. Thevelocltylschanglngasvelocltylsaveccor(hasmagnltudeand 

dlrectlon) andltsdlrectlonlschanglng. Achangelnvelocltymeanstheobjectls 

accelerating. 

This acceleration ls towa!ds the centre of the Circle. It ls called the centripe tal 

acceleration. In order to make an COject accelerate, there muSI be a resukarn force 

actlng onlt . Thlsforcels calledthecentripetalfon.: e. The centripetal force acts 

cowards the centre of the circle. In the same direction as the acceleratlon. This means 
that the centripetal force always acts at right angles to the Instantaneous velocity of the 

"'*"· Consk:ler a ball on a Siring which ls being swung In a horlzonrnl circle. The tension 
intheSlrlngprovklesthecernrlpetalforce. 

Atanyinstant , thedlrectlon of theball"svelocltylsalongthetangenttothedrcle, as 

shownlnFlgure7.J . lftheS1rlngbreaksorlsreleased, theR'"lsnolongeranytenslon 
lntheSlrlngandhencenocentrlpetalforce. Theballwllltravellnthedlrectlonofthe 

tangenttotheclrcleatthemomentofrelease. 
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Flgure7.4 Diagram fo r 
pmofof<1•.J/r 

0 

[> ., ' 

' 

Flgure7.5 Vec tordiagr.im 
fo rpmof of<1•c"lr 
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FlguR""7.4shmvsanobjeccwhlchhastrawlledatconscamspeedvlnadn:ularpath 

from A co B ln lime l'!J. Al A. Its velcxlty ls VA, and al B the velcxlty ls v8 . Boih 11,. and 
L'8 arevecto!S. 

Thechangelnvelodtyl'>vmaybeseeninthevectordlagramofFlgure7.5. Avector 

tlli must be added co 11,. ln ord.>r to give the new velocity 118. 
The angle between the cwo radll OA and OB ls M. This angle ls also equal to the 

angle becween the vectors 1'A and 1.'8 • because !rlangles OAB and COE aR'" similar. 

Conskler angle Mto be so small cha! the an: AB may be approximated to a stralgtu 

llne. Then, using similar triangles. DE/CD = AB/OA, and t,1.'/11A = &fr or 

lw = M..11,Jr'J 

Thetlmetotravelei!herthedlstancel'lsortheangleMls/JJ. DJ\/kllngboihsklesof 

theequatloflbyl'!J, 

and from the deflnltkms of acceleration (a l'>v/l'!J) and speed (11 = &/l'!J = 11,. 1/yJ we 

havea =v(pfr)ora = ri'/r. 
This expression can be wrlttm ln cerms of angular speed w. Since 11 

centripetalitCceleratioo=f- rw2 

Now, fon:e F ls R""lated to acceleratlon a by the expression F ma, wheR'" m ls the mas.s. 

centripetalforce=m:
2 

mral-

Example 

The drum of a spin dryer has a rad ius of 20an and rotates at 600 revolutions per minute 
(a) Showthattheangular speedofthedrumisabout63rad,1 
(b) Calculate,forapointootheedgeofthe drum· 

m itslinear speed. 
(ll) itsaccelerationtowardsthecent1eofthedrum 

{a) 600 revolutions per minute is 10 revolutions per second. The time for one revolution 
isthus0.10s.Eachrevolutionis211rad,sotheangularspeed 
w=Oll=2it/U.10= 63 ra d s-1 

(b)(I) Using11:rw,11:0.20x63: 13 m s-1(12.6 m s-1). 
(I i) Usinga:v1/r,a={12.6)'/0.20= 800 m s-l . 

Now it 's your turn 
l A toy t rain moves round a circular track of diameter 0.70m, rnmpleting one revolution 

inlOseconds.Calcutate,forthi1train: 
(al thelinearspeed, 
(b) theangularspeed, 
(t) thecentripetalaa:eleration 

3 Astoneattachedtoastringismovinginahorizont<1lcircleolrndim 90cm.Thestone 
hasmass65gandcompletesor.erevolutionin0.70s.C<1lculatethetensioninthe 
string,keepingthestoneinitscircularpath 

Examples of circular motion 
When a ball ls whirled round on the end of a scrlng, you can see clearly that the 

!enslonlnthestrlnglsmaklngtheball acceleratetowardsthecentreoftheclrcle. 
However, in ()(her examples l! ls n()( always so easy to see what force ls provkllng the 

centrlpecalacceleraUOfl. 
As:uelllcelnEarcho!bltexperlencesgravltatlonalattracllontowardsthecentR'"of 

!heEanh. Thlsattractlveforceprovldesthecentrlpernlfon:eandcausesthesatelllteto 



weight 

Flgure7.7Comerlogooa 
banked track 

7.2Centripetalaccelerationandcentripetalforce l 

accelerate towards the centre of the Eanh, and so lt moves In a clrcle. We shall return 

co thlslndetall ln lbplc8. 

wlllbeconslderedlnmoredetalllnToplc22. 

Foracarcravelllnglnacurvedpath, thefrlctlonalforcebefweenthetyresandthe 

rood surface provldesthecentrlpetalforce. lfthlsfrlctlonal fo11:e ls nOI large enough. 
forexamplelftheroadlsoltyorsllppery,thenthecarcarrlesonm{}\/lnglnaSlralght 

A passenger ln a car that ls cornering appears to be flung away from the centre of 

the cl11:le. The cemrlpetal force required to maintain the passenger ln circular moUon ls 

provided through the seat of the car. Thls fo11:e ls below the centre of mass, M, of the 

passenger.causlngrOlatlonaboutthecentreofmass(Flgure7.6). Theeffectlsthmthe 
upper pan of the passenger moves oucwan:ls unless anOlher force acts on the upper 

pan of the body, preventing rorntlon . 

F1gure7.6Parn'flgerinacJrroundirigarnmer 

Forcornerlngwhlchdoesnc:xretyootyonfrlctloo.,theroadcanbebanked(Flgure7.7). 

Tlle road provides a resukam fon:e nonnal to Its surface th1U1gh COfltact bef"''eell the tyres 
arxl the road. This resultant fom> F ls at an angle to the vertical, arxl can be re;olved Into 

a venlcal COfllponenl Fv and a horlzootal component Fh, as sho<>,•n In Figure 7.7. Fv ls equal 
!Othewelght<:Jthevehlcle,thusmalntalnlng equlllbrlumlnthevertlcaldlrectlon. Tlle 

horizontal component Fh pro,1des the centripetal fom> tcm'ards the centre CJ the elide. 

Manyroadsarebankedforgreaterroadsafecy,soas!Oreducethechanceofloss<:Jcontrol 

ofvehlcles due to skidding UJtwards on the comer. arxl for greater passenger comfort. 
An aircraft has a llf! force caused by the different rates of flow of air above and below 

the wings. The llfl fo11:e balances the weight of the al11:rafi when It files on a straight , 

Jevelpath(Flgure7.8a).lnordertochangedlrectlon, theal11:raf!lsbankedsothatthe 
wings are at an angle to the horizontal (Figure 7.Sb). The llf! force now ttas a hortzomal 

component which pr{}\/ldes a centlipetal force co change the aircraft's direction. 

weight weight 

Flgure7.8Anairrralta)insttaight.levelllightandb)banking 
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A cemrifuge (Figure 7.9) ls a device chac ls used to spin oojects ac high speed abouc an 
axis. u ls used to separate panlcles ln mixcures. More mas.sive panldes require laigff 

cemrlpecal forces ln older to malmaln clicular motion than do Jess massive ones. 
As a result, the more massive panlcles tend co separace from less mas.sive particles, 
collecting funher a,,,ay from the axis of rorntlon. Space research centres. such as NASA. 
use centrifuges which are large enough to fO(ate a person (FlguR'" 7.10). Their purpose 
ls co Investigate the effects of large accelerations on the human body. 

Flgure7.9Separationofa1olidfromaliquid 
inal.lboratO!)'centrifuge 

Flgure7.10Centrilugete1tingtlleeffect ofacce!erationon 
the human body 

Motion in a vertical circle 
Some theme park rides Involve rotation ln a venlcal circle. A person on such a ride 
muSI have a resulcam force acting towa!ds the centR'" of the dicle. 

The forces acting on the person are the person's weigh!. which always acts vertically 
downwa!ds, and che reactlon from the seat, which acts at rlghc angles co the seat. 

Flgure7.11 Ferri1wheelatathemepa1k 



'M!ightW 

Flgu re7.12Fmcesona 
persononadrrularride 

7.2Centripetalaccelerationandcentripetalforce l 

Consider a per.IOI\ moving round a vertical d1de at speed r•. 
At the txinom of che rkle, the reaction Rb from !he sea! must provkle the centripetal 

force.aswellasoveicomlngthewelghtWoftheperson.Flgure7.121llustratesthe 
sltuatlon. 

Thecentrlpetalforcelsglvenby 

,m?/r = Rb - W 

Al the top of the ride, the weight wand the reaction force R, both ace downwa!ds 
cowardschecentreoftheclicle. Thecentrlpetalforcelsnow glvenby 

mz?/r = R,+W 

This means thm the force R, from che sem at the top of !he rkle ls less than the force Rt, 
ac che bouom. If the speed v ls n()( large, then at che top of the dicle the yoelghc may 
begreacerthanthecentrlpetalforce. Thepersonwouldlosecontactwlththeseatand 

~xample 

A rope is tied to a bucket of water, and the bucket is swung in a vertical cirde of radius 
1.2m. What must be the minimum speed of the bucket at the highest point of the circle ii 
thewatefistostayinthebucketthrooghoutthemotion? 

This example is similar to the problem of the theme park ride. Wale!" will fall out of the 
bucketifitsweightisgrealefthanthecentripetalforce.Thecritical speedvisgivenby 
mvllr=mgortil:gr. 

Here,11= J(9.8x1.2) = l.4m s-1 

Nowlt'syourturn 
,t Atan<1irshow,anaircraftdivingataspeedof170ms-l pullsoutofthedivebymoving 

inthearcofacircleatthebottomofthedive 
(a) Calculiltetheminimumr<1diusoflhi1circleifthecentripelalacceleralionofthe 

aircrallisnottoexceedlivetimestheaccelerationolfreefall 
(bi The pilot has mass 85kg. What is the resuM:ant force upwards on him at the instant 

wtientheaircraftisatitslowestpointl 

• Angles may be me;rsured in radians {rad). One radi,m is the angle rubteoded al the 
centreofacirclebyanarcofthecirdeequalinlengthtoitsradius. 

• Angular speed w is the angle swept out per unit lime by a line rotating about a 
point 

• Apartidemovingalongacircleofradiusrwith linearspeedvhilsangularvelocityw 
givenby11:rw. 

• A resultantforceactingtowardsthecent reolthecirde.calledthecentripetalforce, 
isrequired lomakeanobjectmoveinacirde 

• Anobjectmovingalongacircleofradiusrwithlinl'ilrspeed11andangular speedw 
hasanaccele1"ationatowardsthecent1e(thecent1ipetalaccelerat ion)givenby 
a:1?-lr=roi 

• For an object of mass m moving along a circle of rad ius rwith linear speed r1and 
angular speed w, the centripetal force Fis gil'efl by F= mrhr= mroJ. 

189 



a Motion in a circle 

Examination style questions 
1 State how the centripetal force is provided in the folkming 

examples: 

a aplanetorbit ingtheSun, 

b a child on a playground roundabout, 

c atrainonacurvedtrack, 

d a passengerinacargoinground a corner. 

2 NASA's20-Gcentrifugeisusedfortestingspac:e 
equipment and the effect of acceleration on humans. The 
centrifugecon!.istsofanarmoflength 17.Bm,rotatingat 
constant speed and producinganaccelerationequalto 
20 times the acceleration of free fall. Calculate 

a the angular speed required to produce a centripetal 
accelerationof20g, 

b therateofrotationofthearm{g:9.Bms- l). 

3 Asatell iteorbitstheEarth200kmaboveitssurlace. The 
acceleration towards the centre of the Earth is 9.2 m s- l. 
TheradiusoftheEarthis6400km.Calculate 

a thespeedofthesatellite, 

b thetimetocompleteoneorbit. 

4 A light rigid rod is pivoted at one end C so that the rod 
rotatesin a verticalcirdeatconstantspeedasshownin 
Fig.7.13. 

Flg.7.11 
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A small ball of mass m is fixed to the free end of the rod 
sothattheballmovesinaverticalcirde.Whentheball 
is vert ically above point C, the tension Tin the rod is 
given by 

T:2mg 

wheregistheao::elerationoffreefall. 

a i Explainwhythecentripetalforceontheballis not 
equalto2mg. {2] 

ii State, in terms of mg, 

1 themagnitudeofthecentripetalforce, {I] 

2 theten!.ion intherodwhentheballis 
vertically below point C. {1] 

b The distance from point C to the centre of 
theballis0.72m. 
Determine,fortheball 

i theangularspeed, 
ii thelinearspeed. 

Cambridge International AS and A Level Physiu 
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A Level 

8 Gravitational fields 4' 

By the end of this topic, you will be able to: 
(a) understand theconceptofagravitational field 

asanexampleofafieldofforceanddeflne 
gravitationalfieldstrengthasforceperunitmass 

(a) understand that , for a point outside a unifom1 
sphere, the mass of the sphere may be oonsidered 
tobeapointmassatitscentre 

(b) recall and use Newton's law of gravitation in the 

form F= Gm,m,Jr2 
(c) analyse circular orbits in inverse square law fields, 

including geostationary orbits, by relating the 
gravitationalforcetothecentripetalacceleration 

Starting points 

(a) deri,·e , from Newton's law of gravitation and 
the definition of gravitational field strength, the 
equationg= GM/r1forthegravitalionalfield 
strength of a point mass 

(b) recall and solve problems using the equation 
g = GM/r' for the gravitational field strength of a 
poimmass 

(c) show an appreciation that on the surface of the 
Earth,gisapproximatelyconstanl 

(a) define potential at a point as the work done per 
unit mass in bringing a small test mass from 
infinltytothepolru 

(b) solve problems using the equation 6 = -GM/r for 
the potential in the field of a point mass 

• There is a force of attraction between a ll masses. On Earth, the force attracting 
o bjects to the Earth is referred to as 'force due to gravity' and is called weight 

• Atthesurface oftheEarth, all o bjectshave thesameacceleration'M'lenina 

8.1 Gravitational field 
Weallc'famlllarwlththefactthattheEarth"sforceofgravltylsresponslble forour 

weigh(. the force which pulls us towards the Earth. Isaac NewtOfl concluded thm the 

Earth"s fo11:e of gravity ls also responsible for keeping the Moon ln orbit. 

We now know that every mass anracts every other mas.s. This force ls known as 
the fo11:e due to gravity - the gravitational force. The region around a mass w here this 

gravitational fo11:e ls felt ls known as a g r avit ation a l fi e ld . 

A gravi@tional field is a region of 5PiKf! where a mass experiences a force 

Force between masses 
Isaac Newton sho,,,.·ed that the Earth"s force of gravity extends Into space, but weake ns 

with dista nce accord ing to an Inverse squallc' law. That ls, the Earth"s fo11:e of gravity 

varies Inversely with the square of the distance from the centllc' of the Earth. If you go 

one Eart h radius above the Eanh·s surface, the fo11:e ls a quarter of t he fo11:e on the 

Earth"s surface. Th.ls ls pan of Newton 's law o f g r avit atio n . 
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Newton's Jaw of gravitation states that two point masses attract eadi other with a forre 
thati5proportionitltotheproductofrheirmas.sesand rlverselyproportionaltorhe 
squ;treoftheirseparation. 

Hence, lf F ls the force of anracllon belween cwo txxlles of mass 111, and 1112 
respectlvelywlthdlstancerbel·weenthelrcentres,then 

wheretheconstantofproportlonalltyGlscalledche gravitationa l constant . 
ThevalueofGls 6.67>< 10- 11 Nm' kg-" . 
Note: Ne"'1on's Jaw specifies thac Che two mas.ses are point mas.ses. However, the law 

stlll holds where the dlamecer/slze of the mas.ses ls small compared co their separation. 
For example, the Sun and the Eanh are no( polm masses. Newton·s law stlll applies 
because their separation (1 .5 >< lo"km) Is very large ln comparison to their diameters 
(Eanh. l.j>< !O'km;SUn, 1.4>< !cfkm). 

Notice thac this equation has a similar form co that for Coulomb's Jaw bel·ween two 
charges (page 275). Both Newton's Jaw and Coulomb"s law are inverse square laws of 
force. Wesaythattheequatlonsareanalogous,orcha!therelsananalogybelween 
chls aspect of electric flekls and gravitational fiekls. Hmvever. there are lmponam 

• The eleclrlc force acts on charges. whereas the gravilatlonal force acts on masses 
• The electrlc force can be attractive or repulsive. depending on Che signs of the 

Jmeracllng charges. whereas cwo mas.ses always attract each other. 

It ls possible !o measure the gravltatlonal constam G In a school laboratory, but the 
force of gravity belween laboratory-sized masses ls so small that il Is no( easy co obtain 

8.2 & 8.3 Gravitational field strength 
Any mass ln a gravl!atlonal flekl experiences a force. The magnitude of this force 
dependsonthe gravltatlonalfleldstrength. 

The grav itat io na lfie ld stre ngth atapointisdefinedastheforceperunitmassacting 
ooasmal/ma5splacedatthatpoint. 

This continues the analogy between electrlc and gravltatlonal fields. Remember thac 
electrlcfleldstrengthlsdeflnedasthefoiceperunilposillvecharge. 

The force per unit mass ls also a measure of the acceleration of free fall. By 
Newton·s second law of moUon F = ma (see page 56). Thus, the gravltatlonal field 
strength ls given by F/m = g, where F ls ln newtons and m ls Jn kilograms. This means 
that the gravitational flekl strength ac the Earth's surface lsabouc 9.SN kg-' . The unit 
N kg-' tsequtvalent to the unit of accelerallon, ms-" . (Rememberthac we had two 
equivalent units for electric field strength. N c -• and V m-1. Al!hough there ls a clear 
analogy bel";een N kg-1 and N c -1, there ls no direct /Ink between ms-' and V m->. 

The gravltatlonal field outside a spherical unlfonn mass ls radial. as shown ln Figure 8.1. 
This means that. from outskle the sphere, all the lines of gravlta!lonal force appear to 
rad tacefromthecentreofthesphere. 



8.2 & 8.3 Gravitational field strength I 

point mass 

F1gure8.1 Gravrtationolff!'ld'i 

uniform sphere 

For ii point outside ii sphere whose =sis unifOITT1f,; diwibuted, the sphere behaves as a 
pointmasswithitsmasscOflU!fllTiltedatitscenlre. 

~xample 

ThemassesoftheSunilndtheEarthare2.0x1030 kgand6.0x1024 kgres.pectively.The 
separationoftheircentresis1.Sx10skm. 

Cakulate the lo«:e of attraction between the Sun and the Earth. 

Theseparatiooislargeincomparison totheirradiiso,usJngNewton'slaw. 

F:Gm1mifrl 

F:(6.67x lQ-1 1 x2.0x 1Ql0x6.0x 1Ql4V(1.Sx 108x 103)' 

:3.6 x 10ll N 

Now It's your turn 
1 The!ThlssoftheplanetPlutois1.2x10llkg.CalculatetheforceofattractionbetWe{'n 

Pluto and the Sun when their separation is 5.9 x 10~ km 

Circular orbits 
Most planets ln the solar system have orbits which are nearly clrcuLu. We JXJW bring 
togelhertheldeaofagravltatlorullfoR:eandthatofacentripetalfon:e(seepage 186)10 

derive a ff'latlon between the period and the radius of the ocblt of a plane! describing a 
drcular path about the Sun. or a s:uelllte mo.1ng round the Eanh or an<Xher plane!. 

o:>nslder a plane! of mass m Jn clR:ular orbit about the sun, of mass M, as shown Jn 
Flguff'S.2. 

lftheradlusoftheo!bltlsr.thegravitatlonalforceF.,._betv.,eentheSunandthe 
plane! ls, by Newton·s law of gravitation 

F_.. = GAfm/r' . 

ltlsthlsfoR:ethatprovldesthecentripetalfoR:eastheplanetmovesinltsotblt. NOle 

that the plane! ls changing direction contlnuously and ls, therefore. nOI ln equlllbrlum. 
Toe gravitational force provldestheacceleratlng foR:e the centripetal foR:e. 

ThecentrlpetalforceF,a,clsgivenby 

wherevlsthelinearspeedof!heplanet.As tusJustbeensta!ed, 
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orbit of planet //-

(' 
\,~ 

',,, 

'J:: 
/ ___ ,,, 

FlgureB.2CirrnlJr orbitofJplanetabouttnesun 

GMm/r'" = nul-/r 

The period Tofthe plane! Jn Its orblc ls the Ume required for Che planet co travel a 

dlslance2nr.Ulsmcwlngatspeedv,so 

11= 2Y/T 

Puttlngthlslntotheequatlonabove,wehave 

GMm/r' = m(4~'r'(F)/r 

or.simpllfylng, 

AnOlher•arayofwrltlngthlsls 

Look at the right-hand side of this equation. Toe quantities II and G are consrnnts. If 
we are consklerlng the relatlon between rand r for planets ln the Solar System, then M 

lsthesameforeachplanetbecauseillsthemas.softheSUn. 
Thlsequatlonshowsthat: 

ForplanetsorxJtellitesdesuibingcircli<trorbitsitboutthe5d!TlecenlTitlbody, !hesquore 
oftheperirxlisproportionaltotherubeoftheradiusoftheorbit. 

This relatlon ls known as Kepler's third law of planetarr motion. Johannes 
Kepler (1571- 1630) analysed data collected brl)·cho Brahe (1546-16ol) on planetary 
observations. Heshmved that the observations fitted a Jaw of the form T' ~ T° . Flfly 
yearslaterNev.·tonsho,.,,'t'dthacanlnversesquarelawofgravltatlon.cheldeaof 

centripetal acceleration. and the second law of mOllon, gave an expression of exactly 
che same form. Newton cited Kepler's law in suppon of his Jaw of gravltaclon. In face, 

the o!bits of the planets are nOI circular, but elllptlcal, a fact recognised by Kepler. The 
derlvatlonlsslmplerforthecaseofaclrcularortJlt. 

Tobie 8.1 gives lnfonnatlon about T and r for planets of the solar system. The last 
column shows that the value of r>/ rl ls Indeed a constant Moreover. the value of 
T'/rl agrees very well with. the value of 4~'/GM which ls 2.97 >< 10--,,;yr' m-l . 



8.2 & 8.3 Gravitational field strength I 
planet 77(Earthyears) 

Mercury 

108.0 >< 10• 3.00x10-" 

Jupiter 

2 .87x109 2.98x10-" 

Neptune 

*Since2006,i'lutoha1beencla1s.ifil.'dasa·ctwarfp!anet· 

Satellites are wklely used ln telea»nmunlcallon. Many communlcatlon satellites are 
placed ln what ls called geostationa rr orbit. That ls. they are ln equmortal orbits 
with exactly the same period of rorn!lon as the Earch (24 hours), and mow in the same 
direction as the Eanh (weSI to east) so that they are always atx,,,e the same polm on 

theEquator. Suchsatellltesarecalled geostationa rysatellites. Detallsoftheo!bltof 
such a satelllte are worked out ln the example which follo"''S 

Flgure 8.3Communic..bonxitellite 

Example 

Forageostationaryxitellite,c.-ikulate 
(a) theheightabovetheEarth'ssurface, 
(b) thespeedinDfbit 

(rad iusofEarth:6.38x 106m;masso1Earth:S.98x 1014kg) 

(a) Theperiodofthesatelliteis24hours:8.64x104s. 
Using Tlfrl: 4-il-lGAI, we have 
rl:6.67x1Q-ll xS.98x1024x(8.64x10"}l/41tl ,giving 
rl:7.S4x102lml.Takingtr>!!rnberoot,theradiusroftheorbitis4.23x107m. 
Thedistaric:eabovetheEarth'ssurlaceis(4.23x 1Q7-6.38x106): 3.59 x 107m 

(b) Since11=21tr/T,thespeedisgivenby 
v:21tx4.23x10718.64x 104: 3070ms-1. 

Now it's your turn 
2 Theradiusol theMoon"sorbitis3.84x108m,anditspl!riodis27.4days.UseKepler"s 

lawtocalculatethepl!riodol theorb.tofasate lliteorbitir,gtheEarthjustabovethe 
Earth"ssurface(radiuso1Earth:6.38x106m) 
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Weightlessness 
Suppose that you are carrying out an experiment Jnvdvlng the use of a newton 

balance in a lift . When the llft ls statlonary. an object of mass 10kg. suspended from 
the balance, wlll give a weight reading of IOgN. If the llft accelerates upwards with 
accelerallonO.lg.thereadlngonthebalancelncR'asestollgN. lfthellftaccelerates 
downwa!ds with acceleratlon O.lg. the apparent weight of the obj(.>cc decreases to 9gN. 

If. by an unfortunate accklent. the life cable weR' co bR'ak and there weR' no safety 
restraints, the llft would acceJerate dowmva!ds with acceleration g. The reading on the 
newton balance would be zero. If. during the fall. you weR' to drop the pencll with 
whlchyouareR'COTdlngthebalancereadlngs, ltwouJdno(falltothefloorofthellfl 
but would remain Slatlonary with respect to you. Both you and the pencil are ln free 
fall . You aR' e.'Cperlenclng we ig htlessness. 

FlguR' 8.4 HluSlrates your predicament. U might be more coITect to refer to this 
slluatlon as flUJ(lrelll weightlessness. as you can only be truly \velghtless ln the 
absenceofagravltatlonalfleld - thac ts.ataninflnltedlSlancefromtheEanhorany 
Ol:heranractlngobject. 

Flgure8.4 Uftexperimentonweighlle11nes1 

A similar situation arises In a satellite o!bltlng the Eanh. The force of gravity, which 
provldesthecentrlpernlfooce,lscauslngthebc:xlytofalloutofltsexpectedstralghl­
llne path. People and objects lnsldethesatelllteareexperlenclnga free fallsltuatlon 
and apparent weightlessness. 

Gravitational field of a point mass 
We have already met the klea of a polm mass ln talking about the motion of a panlcle 
(see page 40). Of COtJrse. all the masses we come across ln the laboratory have a flnlte 

slze. BucforcalculatlonsinvoMng gravltatlonalforces,ltlsfonunatethataspherlcal 
mass behaves as lf It weR' a point mass at the centre of the sphere, with all the mass of 
the sphere concemraced at that polm. This ls very similar to the Idea that the charge on 
aconducllngspheR"canbeconsideredtobeconcemratedatthecentreofthesphere. 

From Newcon·s Jaw. the attractlve force on a mas.s m caused by anOl:Jx.>r mass M, "ith 
adlSlanceofrbet\veenthelrcentres.ls glven by 

F = GAim ,, 
This means that the force per unit mass or gravltatlonal field Slrength g ls glven by 

F GM 
g =-=-m ,, 



8.2 & 8.3 Gravitational field strength I 
Toe field strengths due co masses that you find in a laboratory are tlny. For example, 
the field strength one metre away from an Isolated mass of one kl logrnm ls only 
7 x 10-"N kg->. However, fleld strengths due to the masses of objects such as the 
Earth or Moon are much larger. We already know that the field Slrengch due co the 

Earth at the surface of the Eanh ls about ION kg-1. We can use this Information to 

deduce Information about the Earth. for example the mass of the Earth. Look at the 
example that follows. 

Example 

TheradiusoftheEarthis6.4x 106mandthegravitatiorallieklstreogthatitssurlaceis 
9.8Nkg-l 

(a) Assuming that the field is radial, cakukite the mass of the Earth 
(b) TheradiusoftheMoon'sorb.tabouttheEarthis3.8x 1osm.Cakukltethe 

strengthoftheEarth'sgravitatioflilllieldatthisdistance 
(d Themi1ssoftheMooni17.4x101lkg.Calculatethegravitatiooal attraction 

between the Earth and the Moon. (gravitatiooal constant G: 6.7 x 10-11 N ml kg-1) 

(a) U5ingg:GM/r1,wehave 
M: grl/G: 9.8x(6.4x 106)l/6.7x10-l l,.6.0 x 10Mkg 

(b) Using g = GM/fl, we have 
g :6.7xl0- 11 x6.0x10141(3.8x108}1: 2.8 x 10-l Nkg-1 

(c) Using F= GMmlfl, we have 
F:6.7x 10-11 x6.0x 101'x7.4 x 10111(3.Bx 108)1: 2.1 " 1020 N 

Now it's your turn 
3 Theffi3ssofJupiteris1.9x1Q11kganditsradiusis7.1x101m. Calcuknethe 

gravitationalfieldstrengthat thesurfaceofJupiter. 
{gravitationalrnnstantG:6.7x 10-11 Nmlkg-<) 

Acceleration of free fall 
For a body falling freely near the Eanh's surf.Jee, the acceleratlon ls given by farce/ mass 

wheretheforcelsthegravltatlonalattractlon. 
Wehavealreadyseenthatgravltatlonalfleldstrengthlsdeflnedasfori:eperunlt 

mas.s. Thus. 

gnwitationalfieldstrength g isequaltotheacceleraJionolfreefall. 

Foraunlfonnsphere, 
F GH g =-=-m ,, 

At the surface of Earth, we can assume that the Eanh ls approximately homogeneous 
and, therefore, theequatlonapplles 

The radius r of Eanh ls approximately 6.4 x !Olkm. If we move a few kilometres I, 

above the Eanh's surface. then the acceleration of free fall becomes 

f,/J, = Gllf/(r+ hY 

Now.hlsmuchsmallerthanrandso 

For small distances above the fitrth's wrface, g is approximatelyronstant and is called the 
acceleration of free fall. 
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Mass and weight 
In lbplc 4, mass was said co be a measure of the inenla of a body to changes 
in velocity. Unless the txxly ls trawlllng at speeds close to that of Ugh!. Its mass 

In a g,-;wi@b"onaJ field, by definWon, there is a force acting m the mass equal to the 
product of mass illldg,-;,vi@b"onal field strength. This force is called the w eight. 

For an obtect of mass m In a gravlca!lonal flekl of strengthg, che weigh! Wls given by 

welght = massxgm1.'l/atlonaljfeldstre11gth 

W:mg 

Although mass ls lnvarlam, weight depends on gravitational flekl strength. For 
example, a per.;on of mass 6okg has a weight of 6oON on Eanh, but only IOON on the 
Moon.althoughthemasslsstlll6okg. 

8.4 Gravitational potential and 
gravitational potential energy 

In Topic 17, we will meec Ideas about electric po(emlal energy and electric po(emlal. 
Therelsaverystronganalogybel:weengravlCatlonalandelectrlcflekls.andthlswlll 
help when we talk abouc electrical po(emlal energy and electrical po(emtal. 

Gravitatio nalpotential atapointinag,-avi@b"onaJfieldisdefinedasthewori:ckxle 
perunft=inbringingasmaJltest=frominfinitytothepoint. 

The symbol for gravltatlonal po(entlal ls O and its unit ls the joule J)('f kllogram 
O kg-1). For a field produced by a polm mass, the equatlon for the po(emlal at a polm 

NO!ethemlnusstgn. 
The gravilatlonal po(emlal at inflnily ls defined as being zero. The gravltatlOflal fooce 

ls always anractlve and so, as the te.lt mass moves from lnflnily. work can be done 
bythecestmassandasaresultltspo(emlaldecreases.Thegravltatlonalpo(emlalls 
negatlve. 

Thlslsentlrelyconslstemwlthcheelectrlcalcase.Wehaveanegallveelectrlc 
pa:emlalwhenthefleldlsproducedbyanegatlvecharge,sothactheforcebetween 
chenegatlveflekl-produclngchargeandcheposltlvetestchargelsattractlve.Herethe 
attractlvegravltatlonalforcebetweenflekl-produclngmassandcestmassalsoglvesa 
negatlveJX)lemlal. 

Gravltatlonal pctentlal ls wolk done per unit mass. For a body of mass m. Chen the 
gravltatlonal po(entlal energy of the body wlll be m tlmes as large as for a body of 

Gravitational potential energy= mass" g,-avi@tional potential 

Gravitationalpotentialenergy=mc= - G,~m 



Examination style questions I 
~xample 

How much work is dooe by the gravitatiooal fie kl in moving a mass m of 2.0kg from 
infinity to a point A, 0.40m from a masslllof 30kg? 

The work which would have to be done by an external for{e is simply the change in 
gravitationalpotrot~leoergy.Thepotentialroergyatinfinityiszero,so 

W:nlCA=-mGM/r:-2.0 x 6.7xlO-ll x 30I0.40:-1.0 x 10-!J 

This is the work which would be done by an external force and is negative, so the work 
donebythefieldispositiveandisequalto 1.0x 10-I J 

NotethesimilarityinthemethodolcalrulaHonwiththeelectricpotentialenergy 
calrukniononp;1ge277 

Now It's your turn 
4 TheEarthhasmass6.0x 10"4kgandradius6.4x 106m.Findthechangein 

gravitational potential energy of a meteorite of mass 150kg as it moves from an infinite 
distanc:etotheEarth'ssurface.Themeteoritestartsfromrest.Withwhatspeeddoesit 
striketheEarth) (gravitationalcoostantG:6.67 x 1Q-11Nffi"kg-1) 

• The attractive fufce between two point masses is proportional to the product of the 
masses and inversely proportional to the sqUilre of the distance between them. This 
is Newton's law of gravitation: F: Gm1mifrl 

• A gravitational field is a region round a mass where another mass feels a forre 
Gravitational field strength g is the force per unit mass: g "' Flm 
g i'ial'>Otheaccelerationoffreelall 

e Thegravitationalfieldstreogthatapointinthegravitationalfieidofapointrnass 
Mis g :GAl!il 

• ThegravitationalpoteotialatapointinagravitatioMlfieldistheworkdoneperunit 
mass in bringing a small test mass from infinity to the point 

• The potrotial at a point in a field produced by a point mass is: O"' -GAl/r 
• Gravitational potentialenergyatapointinalieidproducedbyapointmassis 

E,"' om"' -GAlmlr 
e Foraplanetor5iltelliteincirrularOl'bitaboutabody,thesquareofthepeliod 

isproportionaltothecubeoftheradius oftheorbit.ThisisKepler'sthirdlawof 
planetary motion 

Examination style questions 
1 The Earth's radius is about 6 .4 x 106m. The acceleration of 

lreelallattheEarth'ssurfaceis9.8ms-2. ThegravitatioMI 
constant G is 6.7 x 10-11 N ml kg- l . Use this information 
toestimatethemeandensityoftheEarth. 

2 ThetimesforMarsandJupitertoorbittheSunare 
687daysand4330daysre'>l)ectively. The radius of the 
orbitofMarsis228x 106km.Calculatetheradiusofthe 
orbit of Jupiter. 

3 Theweightofapassengerinanaircraftontherunway 
is W.Hisweightwhentheaircraftisllyingatanaltitude 
of 16kmabovetheEarth'ssurlaceis w •. The percentage 
change Fin his weight is given by F= 100{w. - W)!W% . 
TakingtheradiusoftheEarthas6.378x10lkm, 
calculateF. CalculatealsothepercentagechangePinhis 
gravitational potential energy. 

4 Fig.8.SillustratestheapparatususedbyCavendishin 
1798tolindavalueforthegravitationalconstantG.ln 
a school experiment using similar apparatus, two lead 
spheresareattachedtoalighthorizontalbeamwhich 
issuspendedbyawire.Whenaflaskofmercuryis 
broughtclo5etoeach'>l)here, the gravitational attraction 
causes the beam to twist through a small angle. From 
measurements of the twisting {torsional) oscillations of 
thebeam,avaluecanbefoundfortheforceproducinga 
measureddellection. G canthenbecalrulatedifthelarge 
and small masses are known 
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F1g. 8.5Cwendi1h'sexperimentlorG 

a In such an experiment, one lead sphere has mass 
6.22>< 10->kgandthemas.softhemercuryflaskis 
0.713kg.Calculatetheforcebetweenthemwhen 
theyare72.0mmapart .{Gravitationalconstant 
G:6.67>< 1Q-l1Nml kg-l) 

b Comment on the size of the force. 

5 ThegravitationalfieldstrengthatthesurfaceoftheMoon 
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is 1.62 N kg-1. The radius of the Mcxm is 1740km. 

a Showthatthemas.softheMoonis7.32>< 1012kg 

b The Moon rotates about its axis (as well as moving in 
orbit about the Earth). In the future, scientists may wish 
to put a satellite into an orbit about the Moon, such 
thatthesatelliteremainsstationaryaboveonepointon 
the Moon's surface 

i Explain why this orb.I must be an equatorial orbit. 
ii The period of rotation of the Moon about its axis is 

27.4days.Calculatetheradiusoftherequiredorbit. 
(G:6.7>< 1Q-11Nmlkg-l} 

~ 
V 
Flg.8.7 

6 a Define gravitational field strength. {1] 
b An isolated star has radius R. The mass of the star may be 

consideredtobeapointrna,;satthecentreofthestar. 

Thegravitationalfieldstrengthatthesurfaceofthe 
starisg, 

Onaropyoffig.8.6,sketchagraphtoshowthe 
variationofthegravitationalfieldstrengthofthestar 
with distance from its centre. You should consider 
distancesintherangeRto4R. /2/ 

1.08,,C-----+--+---+-

0.8/!. C-----+--+---+-

gravitational 0-68.C-----+--+---+­
lieldstreogth 

0.411, C-----+--+---+-

,.,,_C-----+--+---+-

ORL __ +-_-+ __ ~ 

Flg.8.6 

c The Earth and the Moon may be considered to be 
spheresthatareisolatedinspacewiththeirmasses 
concentrated at their centres 

The masses of the Earth and the Moon are 
6.00" 11Y~kg and 7.40 x 1012kg respectively. 

TheradiusoftheEarthisReandtheseparationof 
the centres of the Earth and the Moon is 60R£, as 
illustratedinfig.8.7. 

Explainwl-f;thereisapointbetweentheEarthand 
theMoonatwhichthegravitationalfieldstrength 

7.40xl022 kg 

Q 



ii Determine the distance, in terms of R£, from the 
centreoftheEarthatwhichthegravitationalfield 
strength is zero {3] 

iii Ontheaxesofacopyoffig.8.8,sketchagraphto 
show the variation of the gravitational field strength 
withpositionbetweenthesurfaceoftheEarthand 
thesurlaceoftheMoon. {3] 

Cambridge lntematioflill AS and A Level Physics, 
9702142 Oct/Nov 2010 Q I 

7 a A moon is in a cirrular orbit of radius r about a planet 
The angular speed of the moon in its orbit is w. The 
planet and its moon may be considered to be point 
mas,;esthatarei'iOlatedinsp;te:e. 

Show that rand warerelatedbytheexpression 

Fw2 :constant 

Explain your working. 

gravitational 
lieldstreogth 

Flg.8.8 

~-= of Earth 

/3/ 

Examination style questions I 
b Phobos and Oeimos are moons that are in circular 

orbits about the planet Mars. Data for Phobos and 
DeimosareshowninTableS.2. 

I Deimos 11.<J<J~ 107 I I 

U5e data from Table 8.2 to determine 
• the mass of Mars. {3] 

• theperiodofDeimosinitsorb.taboutMars. {3] 

ii TheperiodofrotationofMarsaboutitsaxisis 
24.6hours. 
Deimosisinanequatorialorbit,orbitinginthesame 
directionasthespinofMarsaboutitsaxis. 
Use your answer in i to comment on the orbit of 
Deimos /1/ 

Cambridge lnremationa/ AS and A Level Physics, 
9702142 Oct/Nov2011 Q 1 
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A Level 

1 Q Ideal gases 

By the end of this topic, you will be able to: 
10. 1 (a) Recall and solve problems using the equation 

of state for an ideal gas expressed aspV= nRT, 
(c) explain how molecular mo•,ement causes the 

pressure exerted by a gas and hence deduce the 
relationship PV= fNm(c 2 ) , ·where N = number of 
molecules[arlgorousderivationisnotrequired] 10.2 (a) infer from a Brmmian motion experiment the 

evidence for the movement of molecules 10.3 (a) recall th:n the Boltzmann oonstam k is gi\'en by 
theexpressionk=R/N,. (b) statethebasicassumptionsofthekinetictheory 

of gases 

Starting points 

(b) oomparepv:fNm(c•)withpV:NkTand hence 
deducethattheaveragetranslalionalkinetic 
energy of a molecule is proponional to T 

• All matter consists of ato ms or groups of ato ms called molecules 
• The spacing of these atoms/molecules and the forces between them determine 

whetherthematteris sol id, liquid or gas . 
• Gases haveno fixed volumeand nofixed shape 

10.1 & 10.3 Equation of state of an 
ideal gas 
Experiments ln the seventeeru h and eighteenth ceru urles showed that the volume, 
pressureand temperatureofa8lvenS1mpleofB:1sareallrelmed. 

For a Biven mass of 8:IS, Roben Boyle (1627- 91) found that 

The ',Ulume Vof a gas is irwer~ proportkmal to its pressurep, provkled that the 
temperaturei1heldconstant 

This relation ls known as Boyle's law. 
Expressed mathematically, lf Vis the volume of the 83S at pressure p, this ls 

v~l/P 

p V :cm5tant 

Flgure10.1RobertBoyle AnO! her ·wayofwrltlnB thlsequatlonls 

PiV, =P,V, 
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where p, and v, are the lnltla l pressure and volume of the 83S, and p, and v, are the 
flnal va luesafterachangeof pressureand~ulumecarrledout atCOflSla rute mperature. 

The effect of k.'mperature on the volume of a B:tS was lnvesllBated by the French 
sclentlSI Jacques Charles (1746-1823). Charles found that the graph of volume V 

aB:1inS1temperature 8 lsaS1ralgh1 ll ne(Flgure I0.2). BecauseB3sesllquefy when 



10.1 & 10.3 Equation of state of an Ideal gas I 
the tempern!UR' ls reduced, experlmernal points could no: be obtained below the 

llquefactlon temper.nure. Bu! lf the graph was projected backwards. lt was found that It 
cut the tempcratUR' axis at about ~273°C. 

Flgure10.2GraphofJTagaimt6 

Toeeffectoftempera!Ure011thepressuR'ofagas,,,asinvestig:ttedbyanOlher 
Freochman.JosephGay-Lussac(l77S--1850). 

The graph of pres.sure p agalnSI temperatunc' Bis a straight llne, which , if projected 
llke the volume-temperature graph, also mee'ls the temperature axis at about ~273°c 
(Figure 10.j). This fact wlll be used ln Topic 11 to introduce the thermodynamic scale 

oftemperacureandchekieaoftheabsolutezeroofcemperature. 

----
--

Figure 10.3Graphofpagaimt8 

1f Celsius temper.uures are convened to thermodynamic temperatures T, Charles' 
resultsareexpR'ssedas 

This ls Charles' law. Ano!her way of writing the equatlon ls 

where rts the !hffmodynamlc temper.nure and where v, and 1i are the lnltlal volume 
and temperanm.• and v, and T, are the final values . 

The corresponding relatlon berween pressure and cemperature lsp ~ T. where Tls 

the thennodynamk: temperatuR'". 
Th.ls ls Gay-Lussac's law, or Che law of pressures. Ano(her vray of writing the 

equatlonls 

where T ls the thermodynamic cemperature. \Ve can combine the three gas la\\"S Into a 
single relation between pressure p, volume Vand thennodynamlc temperacure Tfor a 

ftxedmassofgas. Thlsrelatlonls 

,OJ 
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pv~r 

The laws relme co a fixed mass of gas. Ano(her series of experiments coo kl be carried 
ouctofindouchowthevolumeofagas,heldatconstantpres.sureandcemperature, 
depends on the mass of gas present It \\"OUld be found thac the volume ls proponlonal 
to the mass. This woukl give the combined reL1tlon 

pv~mT 

wheR""mlsthemassofgas,or 

pV o= AmT 

wheR'" A ls a constam of proponlonallry. Hm,..ever. this ls no( a very useful way of 
expresslngtheR'"latlon.astheconstantA hasdlfferemvaluesfordlfferemgases. \Ve 
need to flnd a way of Including the quantlty of gas. The way to do this ls to express 
che fixed mass of gas In Bo}1e"s, Charles" and Gay-Lussac"s laws ln cerms of the number 
ofmolesofgaspresem. 

\Ve met the mole ln Topic I, asoneofthebaseSI units. andtheAvogadroconstant 
NA. The mole (abbrevtaced mol) ls the amoum of substance which contains as many 
elememary emltles as theR'" are atoms ln 0.012kg of carbon-12. The Arngadro 
constant NA ls the number of atoms ln 0.012kg of cartxm-12. Thac ls. It ls the number 
of atoms tn a moleotatoms. u hasthevalue6.02 x 10:umol- ' . 

The relative atomic mass A, ls the ratio of the mass o( an atom to one-twelfth of 
the mass of an acorn of cartx>n-12. Since the deflnltlons o( the mole and the Avogadro 
constantrelaceto0.012kg (or12g)of cartx>n-12,cherelatlveatomlcmasslsnumerlcally 
equal to the mass in grams o( a mole o( atoms. Similarly. the relative molecular 
mass M, ls the ratio of the mass o( a molecule co one-cwelfth of the mass o( an atom 
of cartx>n-12, and ls numerically equal co the mass In grams of a mole of molecules. 

Thus, a simple way of finding the mass of Ofle mole o( a panlcular elemem ls to 
takeltsnucleonnumber (seeToplc26)e.,;:pressedlngrams. For example.the nucleon 
numberofargoo(fg,\r)ls40. One mole of argon hasmass40g. 

Returning co the comblnatlon of the three gas Jaws and using the number n of moles 
ofthegas,weh.ave 

pv~nT 

or.puttlnglnanewconstamotproponlonallcy R. 

PV=nRT 

R ls called the molar gas constant (sometimes che universal gas constant. because 
llhasthesamevalueforallgases). lthasthevalue8.3J K-1 mol- ' . 

Sometimes the equallon pv = 11/?Tls expressed In che form 

wheR'" the molar volume Vm ls the volume occupied by one mole of the gas. 

pV:1','/ff 

wheR'" Nls the number of molecules ln the gas and I. ls a constant called the 
Boltzmann constant. It has the value 1.38 x 10-"3J K-> . The molar gas constant Rand 
the Boltzmann constant k are connected through the Avogadro constant NA. 



10.2 A microscop< model of a gas I 
Sl!ictly speaking, the Jaws of Boyle, Charles and Gay-Lussac are nOI really la\\-'S, as 

thelrvalklltylsreSlrlcted. Theyareaccurateforreal gasesonlylfthepressureofthe 
sample ls n<X too great, and if the gas ls well above Its llquefactlon temperalUR'. But 
they can be used to define an "Ideal' gas. 

An idea l gas is one v.hkh obeys the equation of state PV= nRTat all ,xeswres, KJlumes 
ilndtemperatures. 

For approximate calculatlons, the Ideal gas equaUon can be used with real gases If 
the gas ls well above the temperature at which ll would liquefy and the pres.sure ls 

nothlgh. 

1 Find the YOlume occupied by 1 mole of air at st andard temperat ure and pressure (273 K 
andl.01 x 1QIPa},takingRas8.3JK- I mol -1 for air. 
SincepV= nRT, V= nR11p. Substit uting the va lues n = 1 mol, R= 8.3J K-1 mol-1 , 
T:273K;mdp: 1.01 x 105Pa, V:{1 x8.3 x 273V1.01 x 105: 2.24 >< 10-2m1 

2 Findthenumbefofmolecule1percubicmetreofairat1tandardtemperatureand 
pressure 
We have jU51 shown that the volume ocrn,>4ed by one mole of air at standard 
temperature and piessure is 2.24 x 10-lml. One mole of aircontaim NA molecules, 
\M1ere NAistheAvogadroconstant(6.02x101.lmol-1).Thusthenumberof molecu le1 
percubicmetreofairis6.02x 1011/2.24>< 10-1 : 2.69 x 10l5m-1 

Note: It is USl.'ful to remember these two quantities, the molitr volume of a gas and 
the number density of molecules in it. They give an idea of the relatively small volume 
occupiedbyamoleolgasatstandardtemperatureandpressure(arubeofsideabout 
28cm), and the enormous number of molecules in every cubic metre of a gas under 

these cond itions 
3 Asyringecontaim25 x 10-6m1 of he1 iumgas at atemperatureof20°C and a pressure 

ofS.Ox 104Pa. Thetemperatureisincreasedto400'C andthepressureonthesyringe 
isincreasedto2.4x 105Pa.Findthenewvolumeofgasinthesyringe. 
Boyle's law,pV= constant. and Charles· law. VIT: constant , may be combined to give 
pl1T: cof151ant. This iswritteo in the formp1V1/T1 =PiVi/T1 and re-arranged as 
V1 =P, v,T/JJiT,. Substituting thevaluesp1 = S.O x 104Pa, v, = 25 x 10-,,m1, 
T1 :673K,Pi=2.4x 101Pa, T1:293K(againnotethattemperaturesa reconverted 
from°CtoK). V1 :5.0x 10'x2Sx 10-,, x 673/2.4x 10Sx293: 12 x 10-6 ml 

Now it 's your turn 
1 Thenumberofmoleculespercubicmetreofairatstandardtemperatureandpressureis 

about2.7x1Ql5m- l . Whatistheaverageseparationofthesemolecules7 
2 The mean mass of one mole of air (which is made up mainly of nitrogen, oxygen and 

argon)i10.029kg.Whatisthedeosityofai1atstandardtemperatureandpressure 
{273Kand1.01x101Pa)7 

3 TheYOlumeofasampleofgasis 3.2 x 10-l mlwheothepressure is8.6x 104Pa and 
the temperature is 27°C. How many moles of gas are there in the sample7 How many 
molecules7 What is the number of molecules per cubic metre7 

,e A sample of air has YOlume 15 x 10-6m1wheo the pressure is S.O x 105Pa. The pressure 
is reduced to 3.0 x 105Pa, without changing the temperature. What is the new YOlu me7 

5 Asampleolgas,orig inal1yatstandardtemperatureandf)fessure(273Kand1.01 x lOIPa), 
has YOlume 3.0 x 10- lml under these conditions. When the pressu re is increased to 
4.0 x 105Pa, the temperature rises to 40°C. What is the new volume? 

4' 10.2 A microscopic model of a gas 
One of the alms of physics ls to describe and explain the behaviour of various systems. 
For mechanical systems, this involves calculatlng !he motion of the pans of the system 

Jn detall . For example, we have already seen how co predict the motion of a stone 

thrown ln a uniform gravltatlonal flekl . Using the equatlons ofunlfonnly accelerated 

motlOfl, lt ls not too dlfflculttocalculatetheposltlon and velocltyofthestoneatany 

Ume(Toplc 3). 

"'' 
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However, there are some cases Jn which ll ls qulte lmpos.sible to describe what 
happens to each component of the system. 

This sore of problem arises lf we try co describe the prop,C'ftles of a gas in cerms of 
che mot ion of each of Its molecules. The difficulty ls that che numbers are so large. 
One cubic metre of atmospheric alrcontalns abouc 3 x !<>'5molecules. There ls no 
pracllcal method of determining Che position and velocity of every single molecule 
al a given tlme. Even the most advanced computer would be unable co handle the 
calculatlonofthemotlonsofsuchaverylargenumberofmol.ecules. 

In some ways. the fact thac the gas ls made up of such an enormous number of 
moleculeslsanadvantage. ltmeansthatwecanglvealarge-scaledescrlptlonofthe 
gas In tenns of only a few variables. These variables allc' quantities such as pres.sure p, 
volume Vand thermodynamic cemperature T. They cell us about average conditions ln 
the gas.lnsteadofdescrlblngthebehavlourofeachmolecule. Wehavealreadymet 
che experimental laws relating co these quantities. Our aim now ls to relace the Ideal 
gas equation, which deals with the large-scale (macroscopic) quantltles p, V and T, to 
Che small-scale (microscopic) behaviour of the particles of the gas. \Ve shall do this by 
taklngaveragesovertheverylargenumber.sofmoleculeslnrnlved. Weshallftndthat 
we can derive the equation for Boyle"s Jaw when we make very simple as.sumptlons 
abouc the atoms or molecules which make up the gas. This ls the kinetic theory of 
an ideal gas. We shall also see that temperature can be reL1ced to the klneuc energy 
ofthemoleculesofthegas. 

Roben Brown was observing. under a microscope, tlny pollen grains suspended ln 
water. He saw that the grains were al\vays in a jerky, haphazard motion. e,·en though 
the ,vacer was completely still . This movement ls now called Brownian motion. 
If we make Che assumptlon that the wacer molecules allc' Jn rapid , random moUon. 
!henltlseasycoseehowthepol.lengralnscooldmovesojerkllyundertherandom 
bombardment, from all sides, of the water molecules. We can also reproduce Brownian 
motion by observing the motion of tlny soot panlcles In smoke. These particles, coo, 
move Jn the jerky manner of Brown·s pollen grains. Thus lt seems that the molecules 
of both gases and llqulds are ln the rapid, random motion as required by the molecular 
model. Nearly a century lacer, Einstein made a theoretical analysts of Brownian motion 
and , from the masses and distances moved by the suspended particles, was able to 
estimate that the diameter of a cyplcal atom ls of the order of 10--•om. 

glass cell 
withsmok~ 

Figure 10.4 Observing Brownian motion 

observed mot ion 
of smoke 
particles 



10.2 A microscop< model of a gas I 
If we aR' able to chink of gases and llqulds as conslsllng of large numbers of acorns 
or molecules ln rapid, random mcxlon, what about solids? The obvious dlfferfflce 

bet,.veenasolkland allquldorgaslsthatthesolldhasrlgk:llty.However,the 

microscopic model explains this by suggeSllng that the atoms are held in moR' or less 

flxedposltlonsbymuchstrongerlnteratomlcforcesthanexlstln llquldsorgases. Th.ls 

lsbecausetheatomsarearrangedqulteclosetogetherlnasolld. whereaslnagas 

there ls a great deal of emp1y space. Atoms ln a sol kl can sUJJ move, bm their mollon 
ls restricted to vtbrallon about their equilibrium positions. ln the change of sta!e of a 

solid to a llquld, work musi be done to break the rigid lrueratomlc foR:es so th:u the 
morns can move freely. Th.ls \vod;: ls the latent heat of fusion of the solld, which we 

\\111 meet:lnToplc 12. 

The kinetic theory 
An explanation of how a gas exerts a pressure was developed by Roben Boyle tn 
the seventeenth century and, in greater decall, by Daniel Bemoulll Jn che elghceenth 

century. The basic Idea was that Che gas consists of atoms or molecules randomly 

moving about at great speed (later vlsuallsed by Rcben Brown). 

When a gas molecule hits the wall of Its comalnlng vessel, ll rebounds. There ls a 

change ln momentum of the molecule and It experk'nces an Impulse (see page 63). 
By Newlon·s thl!d law. !he 'I\.JIJ of the vessel also experiences an Impulse. There are 

many colllslons per unit time of molecules with Che wall and all these colllslons and 

theassocL1!edlmpulsesaverageouctoglveaconS1antforceonthewall.f'oR:eperunll 

area ls pressure. 

\Ve shall make some simplifying aoliumJXlons abouc the molecules of the gas. The 

as.sumptlonsofthekinetk:theoryofanldealgasare: 

Allmclecule1behaveasidentkal,hard,perfectlyelallicsphere1. 
• The volume of the molec:ule1 is negligible compared with the volume of the containing 
=I 
TherearenoforcesofattroctionOfrepuls.ionbetweenmolec:ules 
There are many molerules, all moving rar.domty. 

The number of molecules muSI be very large, so that average behaviour can be 

suppose that the container ls a cube of side L (FlguR' 105). The motion of each 
molecule can be resolved Into x -, y- and z-components. For convenience we shall take 

thex-,y- andz-dlrectlonstobeparalleltotheedgesofthecube. 

Consider one molecule. Lei: the x-component of Us velocity be c.,. 'When this molecule 

collides with the wall of the container perpendicular co the x -axis. the x-componem of 

velocity will be exaccly R'ver.sed. beciuse (from our assumpllons) Che colllsloo of the 

molecule with the wall ls pelfectly elaSlk:. The tlme taken for the molecule to move 

between the cwo '>'.Jlls perpendicular to the x-axis ls L/c,,. lb make !he round trip from 

one ,vall to the opposl!e one and back again takes 2!/c,.. This ls the time between one 

collision of the molecule with a wall and Its next colllslon with the same wall. 

When !he molecule sirlkes a wall. the componem of velocity ls R"versed ln direction. 

from c,, to ----c,.. Thus, during each colllskm with a wall, the x -componem of nKXnenrum 

changes by 

cba11geqfm-01nem111n/tfme /Jell/'etm co/1/sfons = 2mc,/(2L/c;J = mc//L 

From Newton's second Jaw, this rate of change of momentum ls the average force 

exened by this panlcular molecule on the '>'.Jll through Its collisions with the ·wall. 

1f theR' are Nmolecules ln the comainer, che cotal force ls Nmc//L. PressuR' ls foR:e 

dlvldedbyarea,andtheareaofthewalllsL1,sothepies.sureexenedbyall 

Nmoleculesonthls1••all lsNmc,,'/L3. 
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The volume v of the comalner ls Ll, gMng us 

P = Nmc,!/V 

as an expression for the pressuR". Thls expR"sslon relates only to the x-component 
ofvelocltyofthemolecules.l'oramolerulemovlngwlthvekx:ltyc.anextenslon 
ofPythagoras"theoR"mtothieedlmenslonsglvestheR"latlonbetweencandthe 
thieecomponerusofvelocltycx. c,.and Czasc' = ex' + c/ + Cz'· Because weal\" 
deallng with a large number of molecules ln random motion. the average value of the 
componem in the x-dlrectlOII wlll be the same as for those ln the y-dl!Ktlon or in the 

~::::o;~,:::::~a::~;ee~,;:~~;Jx:~ t~::: f:~h~x~:lr:::~:w 

Since Nls the 10ml number of molecules ln the container, then Nm ls the tornl mass of 
gasand/Vm/ Vlsthedensltypofthegas.So, 

P= j°p(c'). 

Slncetheaverageklnetlcenergyofamoleculels 

{&..) = im(c') 

there seems to be a llnk between our kinetic theory equation for pvand energy. \Ve 
canflndthlsrelatlonbyre-wrltlngthepVequatlonas 

pv ~ fN(tm(,')) ~ {N(E,) 

We have already stated the Ideal gas equation ln the forms pv 
even R":tl gases obey this Jaw reasonably well under normal conditions. If our kinetic 
theorynxxlelandthesubsequerutheoretlcalderlvatlonoftheequatlonarecorrect, 
we can bring together the two equations for pv. This will allow us to relate the 
temperatureofagastotheaverageklnellcenergyofltsmolecules. 

pV = {N(Ek) = Nl!T 

This ls an imponam result We have obl:alned a relatlon between the average kinetic 
energy of a molecule ln a gas and the temperature of the gas. This will allow us to 
obtaln ankleaof theaveragespeedofthemolecules. Slnce 

(c') = 31!T/m 

The quarulty ..{<;?> ls called the root-mean-square speed or r.m.s. speed (c,. J 
of the molecules. Ulsnorexactlyequaltotheaveragespeedofthemolecules,but 
ls often taken as being~- The average speed ls about 0.92 of the rool-mean-squaR" 
speed. Thedlfferencebetweenther.m.s.speedandtheaveragespeedlshtghllghtedln 
Example!011page209. 



10.2 A microscop< model of a gas I 
NOie chat the r.m.s. speed ls proponlonal to the square rocx of the thennodynamlc 

temperature of the gas, and inver.sely proponlonal to the square rOOI of the mass of 

the molecule. Thus, at a given temperature. less massive molecules move faster, on 
average. than more massive molecules. l'or a given gas. the higher the temperature, the 
fascerthemoleculesmo,,e. 

1 Thespeedsofsevenmoleculesinagasarenumerical!yequalto2,4,6,8, 10, 12and 
14units.Findthem;ml'lic.-ilvaluesof 
(a) themeanspeed(q, 
(b) themeanspeedsquared(c/ 
(c) themean-squarespeed(d), 
(d) ther.m.s.speed 

(a) (q:(2+4+6+8+10+12+14)/7: 8.0 units 
(b) (cf-=8l:64 units2 
(c) (cl)=(4+16+36+64+100+144+196)/7: 80 uni ts2 
(d) r.m.s.speed:,/&i:8.9units 

2 Findthetotalkinetkenergyolthemoleculesinonemoleofanidwlgasatstandard 
temper.-iture{273K) 
WekJ)()Wthattheaveragekir.eticer>efgyofonemoleculeisfkT. 
Foronemo!eofmolecule1,thati1NAmo!ecules,theenergyi1 

}NAkT:}RT 
Substituting the values R= 8.3J K-1 mol -1 and T = 273K. we have 

E,=}x 8.3 x273 :3400 J mo1~1 

3 Find the root-me;m-square speed of the molecules in nitrogen gas at 27°C. The mass 
ofanitrogenmoleculeis4.6x 1Q-l6kg. 

Sirice ,;m,; = ,/3!i'i7m,wehave 

,;m,; = )3x1.38x10-"x300/4.6x10_,. =520 ms-1 

Nowlt'syourturn 
6 FindtheaveragekirieticerlefgyofamoleculeinanidealgasatatemperatlJfeofSOOK 
7 Find theroot-m&in-square speed of the molecules in h'jl'.lrogengasat 500°(. The 

relativemolernlarmass ofhydrogenis2 

• Theequationofstateforanidealgasrelatesthepressurep,vclume Varid 
thermodynamic temperature Toi n moles of gas:pv = 11RTwhe<e 
R:8.3JK-lmol-1,themolargascomtant 

• For Nmolecules ofgas:pV:NkTwhe<ek= 1.38 x 10-BJ K-1, theBoltzmarm 
constant 

• The relation between Rand kisk=RINA whereNA:6.02 x lQllrnol -1, the 
Avogadroconstant(thenumberofatomsin0.012kgofcarbon-12) 

• Theassumptionsofthekinetictheoryofgasesare 
1 Moleculesbehaveasidentical,hard,perfect!yelasticspheres 
2 Volume of the molecules is rieglfgible compared with the volume of the 

containing vessel 
3 Thereareooforce1ofattraction01repul1ion between atoms 
4 There are many molecu les, all moving randomly. 

• Kinetic theory equation: pv = fNm (c') ,P = f P (c') 

• Averagekineticenergyofarnolecule: (Ek) = tm(c'} = fkT 

• Root-me-an-square speed of molecules: ,;m,; = Jfiif"Tm 
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Examination style questions 
1 Onadaywhentheatmosphericpressureis102kPa 

andthetemperatureis8°C,thepressureinacartyreis 
190kPa above atmospheric pressure. After a long journey 
thetemperatureoftheairinthetyrerisesto29°C. 
Calculatethepressureaboveatm05phericoftheairinthe 
tyre at 29°C. Assume that the volume of the tyre remains 

2 Ahelium-filledballoonisreleasedatgroundlevel, 
wherethetemperatureis 17°Candthepressureis 
1.0atmosphere. The balloon rises to a height of 2.5km, 
wherethepressureis0.75atmospheresandthe 
temperatureis5°C.Calculatetheratioofthevolumeof 
the balloon at 2.5km to that at ground level. 

3 Estimate the root-mean-square speed of helium atoms 
near the surface of the Sun, where the temperature is 
about 6000K. (mass of helium atom= 6.6 >< 10-.17kg} 

4 a Statewhatismeantbyamole. {2] 
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b Two containers A and Bare joined by a tube of 
negligiblevolume,asillustratedinFig.10.6. 

Flg. 10.6 

containerB 
4.6><la3cm3 

so·, 

Thecontainersarefilledwithanidealgasatapressure 
of2.3><10SPa. 

ThegasincontainerAhasvolume3.1 >< 101cm1 andis 
atatemperatureof17°C. 

ThegasincontainerBhasvolume4.6>< 101cm1 andis 
atatemperatureof30°C 

Calculate the total amount of gas, in mol, in the 
containers. /4/ 

Cambridge International AS and A Level Phy5Ks, 
9702142 May/June 2011 Q 2 

5 a Thekinetictheoryof9asesisbasedonsome 
simplifyingas.sumptions 
Themoleculesofthegasareassumedtobehaveas 
hard elastic identical spheres. 

State the assumption about idea gas molecules based on 

i the nature of th~r movement, {1] 
ii theirvolume. {2] 

b A rube of volume Vcontains Nmolecules of an ideal 
gas. Each molecule has a component c,,,of velocity 
normaltoonesidesofthecube,asshcr,vninFig.10.7. 

~sioos 

~ 
Ftg.10.7 

The pressure p of the gas due to the component c~ of 
velocityisgivenbytheexpression 

pV:Nmc/ 

where m is the mas.sofa molecule. 

Explainhowtheexpressionleadstotherelation 

pv=j°Nm(c1'} 

where<cl>isthemeansquarespeedofthemolecules. 
/31 

c The molecules of an ideal gas have a root-mean-square 
(r.m.s.)speedofS20ms-1atatemperatureof27°C. 

Calculatether.m.s.speedofthemolernlesata 
temperatureof100°C. {3] 

Cambridge International AS and A Level Physics, 
9702/41 May/June 2012 Q 2 



A Level 

11 Temperature 

By the end of this topic, you will be able to: 
11.1 (a) appreciate that thermal energy is transferred from 

a region of higher temperature to a region of 
lower temperature 

(b) understand that regions of equal temperature are 
in thermal equilibrium 

11 .2 (a) understandthataphysicalpropenythat 
varieswithtemperaturemaybeusedforthe 
measuremem of temperature and state examples 
of such properties 

Starting points 

(b) understandthatthereisanab!;olutescale 
of temperature that does no1 depend on the 
propertyofanypanicularsubstance(i.e. 
the thermodynamic scale and the concept of 
absolute zero) 

(c) convert temperatures measured in kelvin to 
degrees Celsius and recall that T/K = 1l"C + 273.15 

11.3 (a) oomparetherelativeadvamagesand 
disadvantages ofthennistor and them10COUple 
them10m.etersaspreviouslycalibratedinstruments 

• Temperature measures the degree of hotness of an object, not the amount of 
thermal energy in it. 

• Temper<1ture is me<1sured using a thermometer. 

11.1 Temperature 
Our everyday ldea of tempemtuR'" ls based on our sense of couch. Puntng your hand 
Into a bowl comalnlng lee lmmedtacely gives a sense of cokl: punlng the other hand 
into a bowl of wann wacer gives the sense of someihlng that ls hot ((Figure II.I). 
lntultlvely, we ,voukl say that the ,vater ls ac a higher cemperacure than the lee. 

Flgure11.1 

Think abouc a thlck meial bar with one end ac a higher cemperacure than the other. 
For example. one end can be heated by pouring hot ,,,acer over 11. and the other end 
cooledbyholdlng ltunderacold-watertap.Theeffeccofthecemperacuredlfference 
betweentheendslsthacthermaleneigylstransferredalongchebarfromchehlgh 
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cemperature end to the low cemperature end. We can think o( this ln cerms o( the 
vibrations of !he acorns o( !he metal. One atom passes on some of Its vtbra!lonal fllergy 
to Its neighbour. which originally had less. If Che bar ls removed from the arrangement 
forkeeplngtheendsacdlfferent!emperatures,eventuallythewholeofthebarwlllend 
up ln equlllbrium at the same temperature. When dlffffen! regions ln thermal contact 
are at the same temperature, they are said to be ln thennal equilibrium. 

In Physics, we look for ways o( defining and measuring quantltles. In the case of 
!emperacure, ·we wlll first look ac ways of measuring this quantily. and then think about 

Many physical properties change with tempera!UR'". MOS! macerlals (solids, liquids 
andgases)expandasthelrtemperaturelsincreased. Theelectrlcalreslstaoceofa 
metal wire Increases as Che tempera!Ure of the wire ls Increased. If cwo wires o( 

different metals are twlSled cogether at one end. and the ()(her ends are connected to a 
voltme!er. Che reading on Che voltmeter depends Oil the temperature of the junction of 
!he wires. All these properties may be used tn dHfeR'"nt cypes of thermometff. 

A thermomecer ls an lnSlrument for measuring temperature. The physkal property 
on which a panlcular thermometer ls based ls called the thermometric propeny, 
and the ·wo1'klng material of the thennomecer. the property of which varies with 
cemperature, ls called the thermometric subSlance. Thus. ln the famlllar meocury­
ln-glass chermomeier. the thennomet:ric subSlance ls mercury and the thermometric 
property ls the length of the meocury thread In the capillary cube of the thennometer. 

Remember thm temperature measures the deglft' of 'hotness' of a body. It does not 
measuretheamo11ntofheacenergy. 

11.2 Temperature scales 
Each type of thermomeier can be used to es1abll5h Its own temperatuR'" scale. To do 
!his, the fact that substances change Slace (from solld to llquld. or from llquld to gas) 
ac fixed temperatuR'"s ls used co define reference tempera!UR'S, which aR'" called fixed 
points. By taking the value of the thermomet:rlc property at two fixed points. and 
dMdlng the range of values Imo a number of equal Sleps (or degrees). we can set up 
what ls called an empir ical scale of temperature for that thermometer. ('Empirical' 
means'derlvedbyexperiment'Jlftheflxedpo[ntsarethemeltlngpolntoflce(the 
Ice point) and the temperature of .\team above water bolllng at normal atmospheric 
pressure (the steam point). and if we choose to have one hundred equal degrees 
between che tempera tu= corresponding co these fixed points. taken as o degrees and 
IOOdegR'"t'SR'"Specllvely,wearrlveattheemplricalcentlgradescaleoftempera!Ure 
for !hat thermom«ff. If the values o( the thermometric property P aR'" P1 and P, at the 
Ice- and Sleam-polnts respectively. and lfthe propeny has the value P9 at an unknown 
cemperaturei9,theunknowncemperaturelsglvenby 

O oc 100(fll - P,) 

{P, - PJ 

on the emplrlcal centigrade scale of this particular thermometer. This equmlon ls 
lllustratedingraphlcalformlnl'lgurell.2. 

It ls lmponam to realise thm the choice of a different thermometric substance and 
thermometric propeny would lead co a different cemlgrade scale. Agreement between 
scales occurs only at the two fixed points. This happens because the property may not 
varylinearlywlthtempera!Ure. 

This situation. with tempera!UR'" values depending on the type of thermomecer on 
whlchcheyaR""measured.lsclearlyunsatlsfaaoryforsclentlfkpurposes.ltlsfound 
!hat the dlffffences ber.veen emplrlcal scales are small In the case ofthennometffS 
based on gases as thermomelric substances. ln the constam-volume gas thermometer 
(l'lgurell.3),chepresruR""ofaflxedvolumeofgas(measuredbythehelghtdlfR'R'"IKeh) 
ls used as the thennometric propeny. 



Flgure11.3Constant-volumegas 
thermometer 

11.2 Temperature ,cales I 

temperaturet'C 

Flgure11.2Empiricalcentigradescale 

Toe dlffenc'nces be!'ween the scales of dlffenc'nt gas thermometers become even less 
asthepressuresusedanc'reduced.Thlslsbecausethelmverthepnc'ssureofareal 
gas, the more linear ls the varlatlOII of pressure or volume. If we set up an empirical 
centigrade scale fora realgasln aCOflSlaru-volumethermometerbyobtalnlngthe 
pressures of the gas at the lce-polru (0°C) and the Sleam-polm (I00°C) we Gtn 
extrapolace the graph of pressure p agalnSI the centigrade temperacure 810 ftnd the 
temperacure at which the pressunc' of the gas would become zero. This ls shown ln 
Flgure11.4. 

--
Figure 11.4 Graph ofpagainst Bfor rnmtant-volume gas thermometer 

Toe extrapolated temperature wlll be foond to be close to -273 degrees on the 
empirical centigrade constaru-volume gas thermometer scale. If the experiment ls 
repeated wllh lmver and lower pressures of gas ln the thermometer. the extrapolated 
temperature tends to a value of - 273.15 degrees. This temperature ls known as 
abso lute zero on the thermodynamic scale of temperature. lt does not depend on the 
propenlesofanypanlcularsubstance 

Example 

The length of the mercury column in a mercury-in-glass thermometer is 25 mm at the 
ice-point and 180mm at the 11e<"lm-point. VVhat is the temperature when the length of the 
columnis55mm? 

Using the equation B: 100{P.- P."'l(P, - Pi), the thermometric property P is the length of 
the mercury column 

Thu1,B:100(55-25V{180-2S): 19.4 °Conthecentigradescaleofthismercury-in-gla11 
thermometer. 
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Now It 's your turn 
1 Ares.istancethermometerhasres.istance95.2'1attheke-pointand 138.6'1atthe 

steam-point. What resistance would be obtained at a temperature of 19.4°C on the 
centigradescaleofthisres.istancethermometer? 

Thermodynamic temperature 
As mentioned above, decreasing the pres.sure of a real gas makes ll behave more and 
mollc' Hke an Ideal gas. For an Ideal gas, the relation belween pressure p, volume Vand 
temperature Tls 

pv 
T = constant 

Here Tls the thermodynamic temperature. \Ve now use the property of an Ideal 
gas to define the thennodynamlc scale of temperature. We have already seen from 
the Idea of extrapolatlng the Pf8graph for a conSlatU-volume gas thermome'ler that 
there seems to be a natural zero of temperature. absolute zero. This ls used as Ol"lt.' 

of the fixed points of the thermocfynamlc scale. The upper fixed pol rn ls taken as the 
lrlple point of water - the temperature at which lee, water and 1•rater vapour are ln 
equlllbrlum. This ls found to be less dependent on envlronmernal condltlons, such 
as pres.sure. than the lce-polrn. The thennodynamlc temperature of the triple point 
of water ls taken as 273.16 units, by lnternatlonal agreement. This defines the kelvin 
(symbol K), the uni! of thermodynamic temperature. 

One ke lvin is the lrac:IK>n 11273.16 of the thermodynamk: temperature of the trip~ point 
ofwall'f. 

Thus, lf a conSlatU-volume gas thermometer gives a pressure reading of p,, at the 
lrlple point, and a pressure reading of pat an unknown temperature T. the unknown 
temperature()nK)ls glvenby 

T:273.16(p,'p11} 

The Celsius scale 
Why choose 273.16 as the number of units between the two fixed points of this scale? 
The reason ls that this number will give IOOK between the lee- and Sleam-polnts, 
allowing agreement belwft'n the thennodynamlc temperature scale and a cernlgrade 
scalebasedonthepressureofan k:lealgas.Theldeal-gascernlgradescalelsbased 
on experiments with real gases at decreasing pressures. This agreement ls based o n a 
sllghtly awkward llnklng up of the theore'llcal thennodynamlc scale and the emplrlcal 
constant-volume gas thermometer scale. To avoid this complication. a new scale. the 
Celsius scale. was defined by lntematlonal agreemern. 

TheunitoftemperatureontheCels.iusscaleisthedegreeCelsius{°C),whichisexac:t!yequal 
to the kelvin 

The equation llnklng temperature 8on the Celsius scale and thermocfynamlc 
temperature Tls 

In this equation. 8ls measured ln °C and Tin K. Note that the degree sign° ahvays 
appears with the Celsius symbol. but lt ls never used with the kelvln symbol K. 

Be areful to avoid confusion between the numbers 273.15 and 273.16. Absolute 
zeroontheldealgasconSlant-volumescalels - 273.15degrees. Thefactthat273.16 
occurs ln the definition of the kelvin means that the temperature of the triple point of 
water ls 0.01 °C. For many purposes where three-significant figure data ls provided, In 
panlcular ln alculatlons Involving conversions of temperatures from the Celsius to the 
thermodynamic scale or the Oiher way. It ls sufficient to work with the number 273. 



Flgure 11.5Mercury-in­
gla-;sthermometer 

Ftgure 11.6Re1ist.mceRofa 
metalwireovera1mallrarige 
of temperatures 

F1g ure11 .7Thermlstorsareuo;eful 
temp1Hturemearnringdevices 

Figure 11.8 Re1istanceRol 
athermistor0Yera1mallrange 
oftemperatun,1 

11.3 Thennometers I 
~xample 

Theprl'S5Urereadir.gofarnnstant-volumegasthermometeri,;1.50x 104Paatthetrip~ 
pointof wate1.Whenthebulbi1placedinacertainliqukl,thepressurei14.28x 101Pa 
Findthetemperatureoftheliqukl 

Weuo;etheequationT:273.16(p/p11).8ecauo;ethepre1surereadingsaregiventothree 
significant figures only, we can approximate the 273.16 to 273 

Thus, T:273x(4.28x 10311.SOx 104): 77.9 1C .(Theliquidisliquidnitrogeoatitsboilir,g­
point.) 

Nowlt'syourturn 
2 The pre,;sure reading of a rnn,;tant-vo lurne ga,; thermometer is 1.367 x 103Pa at the 

steam-point. What is the pressure reading at the triple point of water? 

11.3 Thermometers 
We have already mentioned some of the many different types of thennometer. In 
chooslog a thermometer for panlcular appllcatloo, we need to conskler a number 
ofaspects. Theseincludeaccuracy,seosl!Mty (thedlsrnoceber,veendMslonson 
Its scale), and the range of temperatures It ls able to measure. ln some cases the 
thermome1er has to measure rapklly varying temperatures. lo which case Its speed 
of response wlll be lmJX)l"Cant, aod whether It can be read directly, or requires tlme­
consumlng adJu5tments by the operator. l'or cther applicatlons It ls lmponant that the 
sensitive pan of the thennometer ls small and does nct absorb much heat. so that lt 
doesno(changethetemperatuR'"oftheobjectdurlngmeasurement. 

Gas thermome1ers(Flgure 11.3) are important because they provkle a Hok with 
the thennodyoamlc scale. However, they are bulky and Inconvenient. Because of the 
adju5tments necessary, they are cenalnly nct suitable for the measurement of rapidly 
varying temperatures. The bulb comalnlng the gas may have a volume of as much as a 
lltR'" (IOOOcm-'), so a gas thennometer could 001 be used for measuring the temperature 
ofasmalltxxiy. 

11le mo& famlllar type of thermometer ls p!dxtbly the lk:Jukl-ln.glass type (Plgure 115), 

based on the expansion of the liquid. SUch thermome!ers are convenient. sensitive and 
moderatelyqulck-actlng. 

Th.e range of the thermome1er ls llmlted by the liquid used and the glass containing 
It . Mercury-lo-glass thermome1ers cover th.e range from about -40°C to 350°C; ethanol­
ln-glass (the ethanol ls normally coloured with a red dye) from about - 120°C to 80°C. 
An advantage of lk:Juld-ln-glass thermometers ls that, 01'er their temperature range, 
their emplrlcal centigrade scale ls very close to the thennodynamlc scale. 

An Important class of thermometers ls based on the temperatuR'" varlatlon of 
electrlcalresl5tance. Theresl5tanceofametalwlrelncreaseswithincreasing 
temperature. The range of melal resl51ance thermometers ls very wkle, from about 
- 26o°C to 1700°C. The temperature sensor ls a coil of fine wire, often platloum. 
Toe varlatlon wilh. temperature of the resistance of a metal wire ls nOI exactly llnear 
with thermodynamic temperature, and for accurate work the resistance thermome1er 
needs to be callbrated at a number of 51andard temperatures. Hc,,;vever. over a small 
rangeoftemperature,thevarlatlonofreslstancelslinear, asshownlnFlgure 11.6. 
Semiconducting materials aR'" also used as R'"Sl51ance th.ermometers: these are called 
thermistors (seel'lgurell .7). Theelectrlcalresl5tanceofsuch.devlcesdecreases 
very rapidly with Increasing temperature. as shown ln FlgUR'" 11.8. Such thennl51ors 
aR'" referred to as 'negative temper:ttuR'" coefficient' (NTC) thennl51ors. Positive 
temperaturecoefflclent(PTC)therml5torsalsoexl51.whereR""sl5tancelncR'"asesrapklly 
with temperature rise. lo this syllabus thennl51ors wlll always be assumed to be NTC. 

(NOie that the resl5tance of NTC thennlstors ls lo the opposite sense to the behavloor 
ofametalwlre) Becauseoftherapklchangeofreslslance,therml51orsarevery 
sensitive devices, but their scales are very non-llnear compared wilh. thermodynamic 
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Figure 11.11 Thermocouple thermometer 

cemperature, and callbratlon ls essential. By selecUoo of suitable semlconducllng 
macerlals, a wide range of cemperatures can be covered. Their very small size (some 
smaller than a pin-head) can be used co measure the temperature of small objects. 
and also varying temperatul\"s. A simple clrcuic allows ch.e reslsrnoce of the therml51or, 
oraquantllyR.'latedcothereslstance.cobedlsplayed011amel{>r,whlchcanthenbe 
calibrated ln terms of temperature. A common use of a thermistor thermomecer ls as a 
cemperaturesensorlncarradlacors. 

Ano(her type of electrical thermometer makes use of the thermoelectric 
effect. When the junctions of two different conductors (Figure 11 .9) are at 
different cemperatures, an e.m.f. (volcage) ls developed. The device ls known as a 
thennocouple. 

The relation between the e.m.f. and the temperature difference Bis n()( linear with 
thermodynamk" cemperature (see Figure 11.10), and callbraUOII ls essential. 

The e.m.f. generated ls rather small (for a thennocoople made of a copper wire and 
a constantan wire, lt ls abouc 5mV for a temperatuR" diffffence of 100°C), but lt ls ea&y 
toarrangeadrculttoampllfythlse.m.f. andprovldeadlrectR"adlng.whlchcanthen 
becallbrated. Thermocouplescoveralargetemperaturerange. Because the sensing 
pan (the junction between the cwo wires) ls very small, the thermocouple can be used 
to measure rapldfy varying cemperatures, and the temperatures of small objects. One ls 
shownlnFlgure 11.11. 

Bol:h the thermistor thffmo,m."ler and the thermocouple thermomecer can be read 
ac a distance from where the temperamre ls being monitored unllke, for example, a 
llqukl-ln-glassthermomeier. 

• Two regions that are at the same temperature are ~Kl to be in thermal equilibrium 
• Empirical centigrade scale of temperature: o"' 100(P9 - P)l(P, - P), where o is 

the centigrade temperature oo the scale of a thermometer based on a property P. 

P,. P; and P• are the values of the property at the steam-point, ice-point and at 
temperatureorespectively. 

• The kelvin (K}, unit of thermodynamic temperature, is the fractioo 11273.16 of the 
thermodynamic temperature of the tr iple point of water 

• Thermodynamic scale of temperature: for a constant-volume gas thermometer, 
T: 273.16(p/pu}, where Tis the thermodynamic temperature, p is the pressure 
reading at temperature Tandp,,isthereadingatthetriplepointofwater. 

• Celsius scale: O: T- 273.lS. where Oi1 the Celsiustemperature{in °C) and Tis the 
thermodynamic temperature (in K} 

• The thermometric properties of common thermometers include the leflgth of a 
column of liquid (in liquid-in-glass thermometefl), the pressure ol a gas (in constant­
volume gas thermometers}, the resistance of a coil of wire or of a sample of 
semiconductor (in thermistors), and the thermoelectric e.m.f. (in thermocouples) 

Examination style questions 
1 The e.m.f. of a certain thermocouple is 5.60mV when 

onejunctionisplacedinmeltingiceandtheotherin 
steam. With one junction in melting ice and the other 
inaboilingliquid,thee.m.f.is-2.46mV.Calculatethe 
boiling point of the liquid on the centigrade scale of this 
thermocouple. 

2 Thegain{amplilication)ofanelectricalcircuitisfoundto 
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dependontemperature.At5°C,thegainis 110andat 
18°C, ilis 125.Assumingthatthegaindependslinearfy 
on Celsius temperature, estimate the gain when the 
circuitisusedonahotday,atatemperatureof25°C. 

3 Theresistanceofathermistoris35000at2.0°C.At 
20°Citsresistanceis 18000. Thethermistorisusedas 
a thermometer. What will be the recorded temperature 
whenthethermistorresistanceis21500,iftheresistance 
ofthethermistorisassumedtovarylinearlywith 
temperature? 

Suggest why the temperature, measured using a mercury­
in-glass thermometer, may give a dilferent value lor the 
temperature. 



A Level 

12 Thermal properties 
of materia Is 

By the end of this topic, you will be able to: 
12.1 (a) explain using a simple kinetic model for matter 

• thestructureofsolids, liquidsandgases 
• why melting and boiling take place without a 

change of temperature 
• whythespeciftclatentheatofvaporisatioois 

higher than the specific latent heat of fusion for 
the same substance 

• whyacoolingeffectaccompaniesevaporation 
(b) defineandusetheconceptofspecificheat 

capacity, andldentifythemainprinclplesofits 
determination by electrical methods 

(c) defineandusetheconceptofspeciflclatent 
heat , andldentifythemainprinciplesofits 
determination by electrical methods 

Starting points 

12.2 (a) understand that internal energy is detennined 
bythestateofthesystemandthatilcanbe 
expressed as the sum of a random distribution of 
kinetic and potential energies associated with the 
molecules of a system 

(b) relateariseintemperatureofa txxiy toan 
increaselnitsinternalenergy 

(c) recallandusetheflrstlawofthem1odynamics 
Nl=q+ wexpressedintenI1Softheincreasein 
Internal energy, the heating of the system and the 
work done on the system 

• All matter con~sts of atoms or groups of atoms called molecules. 
• Solid,liquidandgasarethreedifferentstates ofmatter. 
• Asubstanc:ecanchange state whenenergyis involved 

12.1 Solids, liquids and gases, and 
thermal (heat) energy 

A simple klnellc model of mauer can be used co describe solids. liquids and gases ln 
cerms of the panlcles Oons, atoms or molecules) making up the panlcular sample we 
al\.'conslderlng. 

Lee us now Imagine we are heallng a solld. We think of a solld as having molecules, 
acomsorlonsthachavedeflnlteequlllbrlumposlllons,bucvlbratlngaboutthese 
posltlons with kinetic energy !hat depends on temperatul\.'. 

Asolidhasfixedvo/umeandfixedshape. 

As we come to the melting point of the solid. the energy supplied does na Increase 
theklnellcenergy.andhencethetemper.uure,ofthesolld. lm,tead.ltlsusedto 
oven:ume the forces becween the atoms or molecules. This means thac the potemlal 
energyofthemoleculeslslncreased. Thelncreaselnpotentlalenergylsthelatemheac 
offuslorlofthesolld. Thesolldchangestothellquldstace 

As heatlng continues. the atoms can now move about relatlvely freely ln the llquld 
phase, buc they are stlll close enough to experience lmeratomlc forces, and stlll have 
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p«entlalenergyassoclated'l'-iththeseforcesaswellasklne'llcenergycorrespondlng 
tothetemperature. Therlgldforcesberween moleculeshavebeenbrokenbutthe 
mean separation of molecules has no1 increased significantly. 

A liquid has <1 fixed volume, no fixed shape <1nd <1 density similar to thiit of the solid. 

Eventuallythetemperatureofthellquldlslocreasedtoltsbol.llngpolnt. lftheatoms 
aretoescapelntothegaseousphase, thelnterawmlcfoR:eslnthellquldmuSlbe 
oveR:ome. The energy Input here ls the latent heat ofvaporlsatlon. This goes to 
movlng themoleculesfarenoughapartforthelnteratomlcforces, and hence the 
asoodated p«entlal energy, to be negligible. (Remember that one of the assumptions 
of the kinetic theory ls that. for an Ideal gas, there are no forces between atoms or 
molecules.) BecausethesefoR:esarenegliglble, 

A(}itsdoesnoth<1ve<1fixed1l<1peorvolume. 

Thelatentheatofvaporlsatlofllsmuch greaterthanthelatentheatoffuslon. The 
energyrequlredtocompletelyseparatetheatoms/moleculeslsgreaterthanthat 
required to break the rigid bonds in the solid. Funhermore. energy muSI be provided 
{() push back the atmosphere as the liquid turns to vapour. Toe volume of vapour ls 
muchgreaterthanthevolumeofthellqukl. 

NOie that bol.llng occur.. only at a partlcuLu temperature for a given atmospheric 
pressure. Wehaveassoclatedbolllngwlthadefinlteinputofenergy.thelatentheat. 
Hmvever, molecules are Jost from the surface of a liquid at any temperature by the 
process of evaporatlon. The molecules ln a llquld do nOI all move with the s:ime 
speed. as we know from our ,;,,ulk on the kinetic theory (see lbplc 10). A molecule 
with a high enough speed may escape from the attractive foR:es of the molecules ln 
the surface region of the liquid and leave the liquid entirely. This process am take 
place at any temperature. However, the higher the llquld temperature, the greater the 
numberofveryfast-movlngmolecules,andthe greatertherateoflossofmolecules 
from the surface. This fits with the everyday observatlofl that the evaporation rate 
increaseswlthanlncreaselnthetemperatureofthesurroundlngs. 

The lossofthefaste.lt moleculesmeansthattheaveragespeed ofthoseR.'lllalnlngfalls, 
with a mrre,pondlng fall ln average klnetlc energy and hence Jn temperature. Th.ls means 
that evaporatloo tends to cool the remaining Uquld. This, too, ls an everyday observation. 

So. although boih evaporation and bolllng represent a change of Slate from liquid to 
vapour, we dlSllngulsh betv•een evaporatloo and boiling by the fact that evaporation 
cantakeplaceatanytemperature.whereasbol.llngtakesplaceatafixedtemperature 
foraglvenpressureofthesurroundlngs. Funhermore,evaporatlontakesplaceatthe 
surfaceofthellquld, wh.ereasbolllngoccurslnthebodyofthellquld. 

In describing this simple model, the words 'atoms" and "molecules' are oftrn used 
Interchangeably. More precisely, we ought to C011slder whether we are describing an 
element, for which the word 'atom· ls usually appropr!.'.lte (though some elements, such 
as m.:ygen o,, exist as molecules), or a simple molecular compound, for which ·molecule' 
shrukl be used. For example. in talking about the balling of water. we are COflcemed with 
thetorcesbelweenwatermoleculesandthelossofwatermoleculesfromthesmface. 

The structure of solids, liquids and gases 
Let us now try to gel an Idea of the spacing of the atoms or molecules in our simple 
model of maner. We can estlmate this quantity for a solid by using known values of Its 
density and the mass containing one mole (the molar mas.s). 

You wlll find that an answer of the ordff of 10-1°m wlll come up each Ume in 
calculatlonssuchastheexampleonpage219. Wecantakethlsasbelngtheo!derof 
magnitude of the spacing of atoms ln a solid. We can do similar calculations for liquids 
and gases, although of course the assumpUon about the cubic arrangement of atoms 
now does nOI make sense. In general , the average spacing of atoms In liquids ls up to 
about twice that ln sollds, or SIUJ of the o!der of !0-10m. For gases, the average spadng 
lsoftheordffof!0--9m. 
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12 .lSolids,liquidsandgases,andthermal(heat)energy l 

~xample 

Assuming that the atoms in iron are arranged in a simple cubic lattice (Figure 12.1), estimate 
the spacing between atoms in iron. The density of iron is 7900kg m-l and its molar mass is 
S6x10- lkg 

One moleconta insN,-. = 6.0 x 1021 atoms. From the density value, we know that 1.0m1 

has mass 7900kg, which is 7900/S6 x 10-1 = 1.4 x 1osmo1. This rnntaim 
1.4x 10lx6.0x 10ll :8.Sx 10l8atoms.lltheseatomsarearrangedrPgular!yinacubic 

lattice, along one side of the 1.0m1 cube there wi ll be ~8.5 x 1028 = 4.4x 109 atoms. But 

thesideofthecubehaslength1.0m,sotheinteratomicspacingis1/4.4x10'l:2.3x10- IOm 
Because we have made an assumpfon about the simple cubic arrangement of atoms in iron 
(which is not, in filct, true ), we should not give this estimate to more than one significant 
ligure:interatomicspacing: 2 x 10-•0 m.Youcancarryoutthiscakulationforothermetals. 

Now It's your tu rn 
1 Estimate the inter atomic spacing in aluminium. for which the density is 2700kg m-1 

andthemolarmassis27g 

Thermal (heat) energy 
ln this sectlon. we wlll be looking al the effect o( heating on temperature. 

Specifi c heat capacity 
Whenasolid,a llquldoragaslsheated,ltstemperatunc'rlses.PloUlngagraphof 
thermal(heal)energysupplledagalnstt{'lllperatunc'rlse(Flgurel2.2). l!lsseenthat 
the temperatunc' rise Mis proponlonal to the heat energy !,Q supplied, for a panlcular 
mas.sotapanlcularsubstance 

Slmllarly,theheatfflergync'quiredtoproduceapanlculartemperatunc'rlsels 
pro(Xlftlonal co the mass m of the substance being heated (Flgunc' 123). 

AQ ~m 

OJmblnlng thesetwonc'latlons glves 

!,Q~mM 

where c ls che constant o( proportionality known as the specific heat capaci ty o( che 
subs1ance.lnthlscase,specljlcmeansper1111ftmrus. 

ThenumericaJvalueofthespecifkheatcapodtyofasubstanceisthequanlityofheat 
energyrequiredtoraisethetemperatureofunit=ofthesubstancebyooedegree. 

The SI unit o( speclfk hem capacity lsJ kg-' K- ' . The unit otspeclflc heat capacity ls 

not the joule and this ls why, in the definition o( specific heal capacity, il ls lmponant 
comakenc'fenc'ncelothe1111merlca/1·a/11e.Speclftcheatcapacl!ylsdlffenc'ntfor 
dlffenc'ntsubS1ances.Somevaluesanc' glvenlnToblet2.1. 

llshouldbenO!edthat,forrelaUvetysmallchangesln!emperatunc',speclficheat 
capacity ls approximately constant . However, over a wlde range of [{'lllperatunc'. the 
valueforasubstancemayvaryconsiderabty(Figunc' 12.-0. UnlessstatedO!herwlse. 
speclflch.eatcapacltylsassumedtobeconstant. 

Determinationof specificheatcapacity 
The specific heac capaclcy of a metal can be determined using a cylindrical block o( 

the metal as shown ln Figure 12.5 
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low voltage heater 

--lagging 

F1gure12 .5Apparatustodeterminethelp!.'(ifkheatcapacityof;imetal 

The mass 111 of the mecal block ls measured using a balance and then placed In 
chermallagglng. 

A low-voltage electrlcal hemer and a thermometer are insened Imo holes Jn the 
block. The lnltlal !emperature 1j of the block ls measured. The cum.•nt ls swlcched on 
and a scopclock ls srnned. The current ls kepc constant and values of the curR"nt I and 
che polmtlal dlffffence Van" n()(ed. After a suitable time, the current ls switched off. 
The tlme I ls recorded and the highest cemperatuR" Ii reached on the thermometer ls 

Assuming no energy losses to the surroundings. 

M><c><(7i - T.) cc l>< V><t 

where c ls specific hem capadty and t ls the time In seconds 
The specific heat capaclty of a liquid may be found using a similar method. A 

quam1tyofl1quldlsplacedinapolyS1yrenecupandthemasslsthenmeasuredona 
balance. Toe cup aas as an Insulator and. because It has negligible mass. the thermal 
energygalnedbythecuplsnegllglble 

A more reliable method for a llquld ls based on contlnuoos flow. The apparacus ls 

lllustratedlnFlgurel2.6. 

f liquidout 

f liquidin 

Flgure12.6Determinationofspecilicheatcapac:ityofaliquid 

The liquid flows over the heater at a constant rate. \1:'hen the input temperature T, and 
Che oucput temperature T0 are constant. these are ncted together with the volcmeter 
reading v,, Che ammeter reading /1 and the mass of liquid 111, collected Jn five minutes 
(300seconds). 
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Th.e flow rate and Che electrical power co the heater are then adjuSled so that the 

lnpu! and output tempei:uures are unchanged. The new readings v,, 12 and M, are 

lnltlally, 
tbennalenev 

supplied 

thennalenergy 
galnedbyllquld 

energy losses to 

surroundings 

V, ><I, ><300 M,><c>< (T0 - T;) + h 

whereclsspeclflcheaccapadtyandhlsthethennalenergylositothesurroundlngsln 
]OOs. 

Forthesecondsetofreadlngs,thetemperaturesareunalteredandtherefon.-hls 

unchanged. 

" 
V, X/2 ><300 M, xcx (T0 - 1;J + h 

Subtr.icllng. 

(V,></2 ><300) (V,></1 ><300) (M, - M,) ><c>< (T
0

- T;) 

Hence. chermal enffgy losses haw been ellmlnaced and c can be de1ermlned. 

Example "' 

Cakulatethl'quantityofheatenergyrequiredtoraisethetem!){'rntureofamass of810g 
of aluminium from 20°( to 7S 0 C. The specific heat cap.1city of .-iluminium is 910J kg- I K- 1 

Heatenergyrequired:mxcxAfJ 

Now It's your turn 

:
1
~x910x(7520) 

= 4.1 x 104J 

2 Cak:ulatetheheateoergygainedorlostforthefollowirigtemperaturechanges.Use 
Table12.1toobtainvaluesforspedficheatcapacity. 
(a) 45gofcopperheatedlrom10'Cto90°C 
(b) 1.3goficeat0°Ccooledto-15°C 

3 Cak:ulatethespecificheatcapacityofwater giventhat0.20MJofeoergyarerequired 
to raise the temperature of a mass of 600g of water by BOK 

Thermal (heat)capacity 
Specific heal capacity may be used for a single subscance, but oflen objects are made 

of several different ma!erlals. In order to ftnd !he change ln heal energy. the speclfk 

heat capacity and mass of every substance ln the object would net'd to be known. This 
canbeavoideduslngthe the nnal (h eat)cap acity of1heobject. 

Thenuml!f"icalvaJueofthethemJitl(he.-it)capacityolabodyisthequanlityofhe.-it 

enl!f"gyrequiredtoraisethetempl!f"atuTeofthel'mO/ebodybyonedegree. 

For a body of thennal capacity c, the heat energy ,Y;J supplled ls ff'lated to !he rise ln 

!emperamreMbytheexpresslon,Y;J CM. 
Hea1capad1yhastheS1 unltJ K- ' . 

Example 

Aroomhasathemialcapacityof1.2MJK-1.Calcukltetheheater.ergyrequiredtoraisethe 
temperature of the room from 18°( to20'C 

t,Q:CxAfl 

:Ux106x{20-18) 

: 2.4 x 10i J 
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Now It 's your turn 
4 Akettlernntains700gofwater.Thes.peciliche.ltcapadtyofw.-iteris4200Jkg-1 K-1 

.-indthekettlertselfhasheatcapiKityS40JK-1.Thekettleanditsrnnteotsareheated 
from 1S°C tothebciling pointolwate1(100°C} 
(al Calculatetheheatenergygainedby 

(I) thewater, 
(ll) the kettle. 

(b) Whatlr.-ictionofthetotal eoergywasused inheatingthewater) 
5 An aluminium saucepan has a copper base. Use the inlormahon below to determine the 

thermalcapi!CilyoftheSilucepan 

spedfkh N t 
mass/g capaclty/Jkg-1K-1 

Specific latent heat 
Figure 12.7 Illustrates how the temperature of a mas.s of water varies with lime when It 

At times when the substance ls changing phase (lee to water or water co steam). hem 

energylsbelngsupplledwlthoucanychangeoftemperature. Because the heat energy 
does n()( change the temperature of the substance. U ls said to be latent(l.e. hidden). 
The latem heat required to melt (fuse) a solid ls known as latent h ea t of fu sion . 

Thenumericalvalueofthe specifitlatentheatoffusion isthequantityofheatenergy 
required to <'.01vert unit mas.s of solid to liquid without any change in tempernrure. 

The SI unil of spedflc latent heat of fusion ls J kg-' . For a substance with la!ent heat 
of fusion 4. the quamily of heat energy AQ required to fuse (melt) a mas.s m of solid 
lsglvenby 

t,Q=ml.; 

The latent heat required to vaporise a llqukl without any change of temperature ls 
referredcoas late nthea t ofvap orin tion 

Thenumerim/vaJueofthe specificlatentheatofvaporisation isthequarilityofheat 
energyrequt edtoca1vertunitmassofliquidtowpourwilhoutanydiangeintemperature. 

The SI unit of spedflc la!ent heat ofvaporlsatlon ls the same as chat for fusion l.e. J kg-' . 
ForasubstancewlthlatemheacofvaporlsatlonL,,thequantltyofheatenergyAQ 
required co vaportse a mas.s m of liquid ls given by 

t,Q=mL, 

When a vapour condenses (vapour becomes liquid), the la!ent heat of vaporisation ls 
released. SlmlLuly, when a llqukl solld lfles (llqukl becomes solid), the la!ent heat of 
fuslofl ls released. Some values of spedfk latent heat of fusion and of vaporls."ltlon are 
glvenlnToblel2.2. 

Table12.2Volue1of 1pedfic!atentheat 

speclfk l.1 tenthe.1 t speclflc latentheatof 
offuslon/ kJkg-' vaparlsa tlon/kJkg-• 



Flgure 12.8 Apparatu1todetermine the 
!atentheatoflusionof ice 
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~xample 

UsetheinlormatioogiveniriTable12.2todete<minethehe.1tenergyrequi1edtomeltSOg 
ofStJlltJratitsnormal~tirigpoirit 

Heater1ergyrequired:mx4 

Now It's your turn 

=~x38.1x1000 

: 1900 J 

Ii Whereappropriate,usetheinformatiorigivenirilable12.2 
{al Calculatetheheatenergyrequiredto· 

{ll ~tSOgoficea10°c, 
(11) evaporateS0gofwaterat100°C. 

(bi Usirig yom answers to a. determine how mariy times more energy is required to 
evaporate a mass of wale< than to ~I the same mass of ice 

Determination of latentheat offusion ofice 
Alargefunnellsfllled with crushed meltinglce,asllluSlratedlnflgure 12.8. 

The apparatus ls left until water drips out of the funnel at a constant rate. A 1,veighed 
beaker ls then placed under the funnel so that the mass m of lee melted Jn ftve minutes 

(300s) ls determined. The heater ls then switched on and the cunem ls kept constant. 
Melting Ice ls added co the funnel to ensure chat the heater ls always surrounded by 
lee. When water drips ouc of the funnel at a conSlant race, the mass ,If melted In 300s 

ls found . The readings of the voltmeter Vand che ammeter /are caken. 
lee will melt due to thermal energy gained from the surroundings. The mass of Ice 

mel!ed due co the heater ls (/II - m). Thus 

(M - m) xL = Vx/x300. 

The latent heat of fusion of Ice L can be decermlned. 

Determination of latentheat of vaporisation ofwater 
A beaker of boiling wacer ls placed on the pan of a balance, as Hlustraced In Figure 12.9. 

~ .. ~ 
::t:ltage 

balance 

Figure 12.9Apparatu1todeterminethe!atentheatofvapori1atio11ofwater 

The heater ls switched on and the curR.'nl ls kept constam. The readings of the 
voltmeter v, and Che ammeter /1 are taken . When the water ls bolllng at a steady rate, 
thechangelnthereadlngM,ofthebalancein300slsdetermlned. Thecurreminthe 
heater ls now changed and the experlmem ls repeated. The new readings are V2, 1, 

and/II, . 
Slncethewaterlsbolllngatasteadyrate. 

thermal energy supplied = energy used to + energy 1-0sses to 
by beater 1/Uf)Orlseu-ater s11rrountll11gs 

V, ><I, X 300 = M,xL + h 
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where L ls the latem heac of vaporisation of the water and h ls the energy lost co the 
surroundlngsln300s. 

Thecemperatureoftheapparatusdoesnocchangeandsohdoesnoc change. l'or 

cheserondsetofreadlngs. 

V,xl,x300 = M2 xL + h 

Subl:ractlng 

(V2/,)x300 - (V./1) x300 ()f, - M, ) xL 

Heoce.Lcanbecalculaced. 

Exchanges of heat energy 
When a hoe objecc and a cold object come into contact. heat energy passes from the 
hoe object to the cold one so chat the two objects reach the same temperature. The 
Jawofconservatlooofenergyapplleslnthac!hethermalenergy(heat)galnedby 
che cold object ls equal to the thermal energy lost by the hoe object. This does, of 
course,assumethatnoenergylslostcothesurroundlngs. Thlsslmpllflcatlonenables 
!emperaturestobecalculaced. 

1 A mass of 0.30kg of water at9S°C is mixed with 0.50kg of water at 20°C. Calculate 
thelinaltemperatureofthewater,giventr>atthespecificheatcapacityolwateris 
4200Jkg-1 K-1. 
Hint:alwaysslilrtbywritingoutawordequatioocontainingallthegainsandlossesof 
heat energy. 
heatenergy/ostbyhotwater=heatenerg'fgainedbycoldwater 

(mxcxt.O,)={MxcxMi_) 

0.30x4200x(95-U/=0.S0x4200x(0-20) 

'WhereOisthefinaltemperatureofthewater. 

1260x{9S- 0)=2100x (0-20) 

119700-12600=21000-42000 

2 A mass of 12gof ice at 0°C is placed in a drink of mass 210g at 25°C. Calculate the 
finaltemperntureofthedrink,giventhatthespeciliclatentheatoffusionoficei1 
334kJkg-1and thatthespecilichedtcapacilyolwaterandthedrinki:s4.2kJkg-1K-1 

energy lost by drink= energy gained by melting ke + energy gained by ke w.tter 

(mxcxM1)={Mx[i)+(MxcxMi_) 

MxcxMi_= 
1
~ x4.2x1000x(0 - 0) 

=50.40 

1
~x4.2x1000x(2S - 0)=

1
~x334x1000+S0.40 

'WhereOisthelinaltemperatureofthedrink.Simplifying, 

220S0-8820=4008+S0.40 

Now it 's your turn 

Usethedatainlable 12.1 and in Table 12.2whereappropriate 
7 A lump of copper of mass 120g i:s heated in a gas flame. It is then transferred to a mass 

of450gofwater,initiallyat 20°C.The linaltemperatureofthecopperandthewateris 
31°C.Cakulatethetemperatureofthegasflame 

8 Steam at 100'C is passed into a massol 350g of water. initially at 15'C. The 51:eam 
condenses. Calculate the ma11 of steam required to r.-iise the temperature of the water 
1oso 0 c 
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Flgure12.10 Distributionofmol1.'Cul.ir 
kinetic energies 
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12.2 Internal energy 
Wehaveseenth:uthemoleculesofanldealgasposses.sklnetlcenergy.andth:uthls 

klneuc =rsY ls proponlonal to the thermodynamic temperature of the gas (lbplc 10). 
The sum of !he klnellc energies of all the molecules, due to !heir random mo11on, ls 

called the internal energy of the Ideal gas. Nol all molecules have the same klnetlc 
energy,becausetheyaremovlngwlthdifferernspeeds.butthesumofalltheklnetlc 

energleswlllbeaCO!lSlantlfthegaslskeptataconstanttemperacure. 
For a Ac'al gas. the slluatlon Is a little more complicated. Because the molecules of 

arealgasexenforcesoneach01her,atanyinsrnmtherewlllbeacercalnpo1emlal 
energyassoclatedwlththeposltlonsthatthemoleculesoccupylnspace. Because 
the molecules are moving randomly, the po1entlal energy of a given molecule will 
also vary randomly. Butataglventemperature!he!Olalpoientlalenergyofall!he 

moleculeswlllremalncollSlant. lfthetemperaturechanges.thetOlalpotentlalenergy 
will also change. P'Urthermore, the molecules of a real gas colllde with each Oiher. 
andwllllnterchangeklnetlcenergydurlngthecolllslons.l'orthlsrealgas,thelntemal 
energy ls given bythesumofthepoientlalenerglesandtheklnetlcenerglesofallthe 
molecules. U ls lmponant to realise that looking at a single moJecule will give us very 
llnle tnformatlon. Its klne'llc energy wlll be changing all the tlme as u collldes with 
Olhergasmolecules,andltspolentlalenergylsalsochanglngasllsposltlonrelatlve 
totheOlhermoleculeslnthegaschanges. Thlsslnglemole.:ulehasaklnetlcenergy 
which Is pare of the very wide range of kinetic energies of the molecules of the gas. 
We say chat there ls a dtstrl/J111to11 of molecular kinetic energies. The dlstrlbutlon 

lsillustratedlnl'lgurel2.IO. Slmllarty, therelsadlstrlbutlonofmolecularpo1entlal 
energies. Butbyaddlnguptheklnetlcandpo1entlalenerglesofallthemoleculesln 
thegas, therandomnatureoftheklnetlcandpoientlalenerglesoftheslnglemolecule 

The Idea of internal energy can be e.,aended to all states ofmauer. In a liquid, 

Intermolecular forces are stronger as the molecules are closer cogeiher, so the potential 
energy contrlbu!lon to lmemal energy becomes more significant . Toe klnet:lc energy 
contrlbutlonlsstlllduetotherandommOllonofthemole.:uleslnthellquld. Wecan 
think of a solld as being made up of atoms or molecules which oscillate (vibrate) about 

equlllbrlum positions. Here, the po1entlal energy comrlbutlon ls caused by the strong 
binding forces between atoms, and the klnet:lc energy contribution ls due co the mOllon 
ofthevtbratlngacoms. 

Internal energy is determined by the state of the .l)'Stem and can be expressed as the sum 
of a r<tndom distribution of bnetk ,md potentiitl energies assoeiitredwith the moleru/es 
of the system. 

Toeconceptoflnternal energy lspartlcularlyuseful asu helps us codlstlngulsh 
betweentemperatureandheat.Uslnganldealgasasanexampk>,temperaturelsa 
measure of the average klne!lc energy of the molecules . It. therefore, does nOI depend 
on how many molecules are presem ln the gas. lmernal energy (again for an Ideal 

gas).ho'\\-ever.lsthetotalklnetlcenergyofthemole.:ules, andclearlydoesdepend 
on how many moJecules there are. In general. heating refers to a tmnsjer of energy 
from one substance to an01her, often as a result of a temperature difference. If two 
objects at different temperacures are placed ln contact, there wlll be a flow of thennal 
energy from the obfect at the higher cemperacure to the one at the lmver temperacure. 
Toedlrectlonofenergyflawlsd{'lermlnedbythedlfferencelntemperature. n01by 

anydlfferencelnlnternalenergles. lf!Ogofallquldat 30°Clsplaced lncontactwlth, 
or mixed lmo, IOOg of the same liquid at 20°c, the direction of energy flow ls from 
the liquid at 30°c to the llquld at 20°c, even though the llquld at 20°c has a greater 
lntemalenergythanthesmallermassofllquldac30°c. 
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The first law of thermodynamics 
We have already me! the Jaw of conserv.itloo of energy (Ibpic 6). There, lt was 
sta!edlnthefollowlngform:energycanneltherbecreatednordesiroyed,ltcan 
only be transformed from one form to ano(her. In this section we shall see how this 
conservation Jaw may be re-stated ln relatlon to terms such as work. thermal energy and 
Internal energy. Th.ls \\1ll lead to an understanding of the flrst law of thermodynamics. 

Thennodynamlcs ls the study of processes Jnvolvlng the transfer of thermal energy 
and the doing of work. In thermodynamics. lt ls necessary to define the system under 
consideratlon.Forexample,thesystemmaybeanldealgaslnacyllnderflttedwltha 
plston,oranelec!richeatlngcolllnacontalnerofllquld. 

In Topic 6 we establlshed !he sclentlflc meaning of wolk. Work ls done when energy 
lstransferredbymechanlcalmeans.Wehavejustseenthmheallnglsatransferof 
energyduetoadlffen>ncelntemperature.Workandheatlngtxxhlnvolveatransferof 
energy,butbydlfferentmeans. 

We also know that the Internal energy of a system ls the total energy. klneilc and 
potentlal,ofthevarlouspartsofthesystem.Forasystemconslstlngofanklealgas. 
the Internal energy ls simply the total kinetic energy of all the atoms or molecules 
ofthegas.Forsuchasystem.wewouldexpectthelntemalenergytolncreaseif 
thermal energy (heaO wen> added to the gas, or if \volk wen> done on It. In txxh 
cases we are adding energy to !he sy&em. By the Jaw of conserwtlon of energy. 
this energy canno( just disappear-, It must be transformed to another type of energy. 
ltappearsasanlncreaselnthelntemalenergyofthegas;thatls.thetotalklneilc 
energyofthemoleculeslslncreased. Butiftheromlklnetlcenergyofthemolecules 
increases,thelraverugeklnetlcenergylsalsoincreased. BeGtusetheaverageklneilc 
energy ls a measure of temperature. the addition of energy to the kleal gas shows up 
as an Increase in its temperature. We can express this transformatlon of energy as 
anequatlon. 

1heimreaseinintema/energyofa5Ystemisequaltothe9..tmolthetherma/energy 
added to thes~em and the work done on it. 

The Increase Jn internal energy ls given !he symbol NJ, thermal energy added ls 
represented by q and work done on the sy&em by w. The equatlon ls then 

m=q+w 

Note the sign convention which has been adopted A positive value of q means that heat 
has been added to the 5)'Stem. A positive value ol w me.tns that v.urk is done oo the 
5)'Stem. A positive value for llUmeam an hcrease in internal energy. 

If the system does work, then we show this by writing - w. If heat leaves the system. 
we show this by writing - q. Take care! Then> ls an alternatJ\'e sign convention that 
takes the work done by the system as a posltlve quantity. To avoid confusion. write 
down the sign convention yoo are using every tlme you quote the first law. 

Lei's see how the first law of thermodynamics applles to some slmple processes. 
First. think about a change ln the p=re and volume of a gas ln a cylinder fitted with 
a piston. The cylinder and plstonare lnsulated,sothat no heat can enter or leave the 
gas. (The thermodynamic name for such a change ls an adiabatic change. That ls, no 
thermal energy ls allo,ved to enter or leave the system.) If no thermal energy enter.s or 
leavesthegas,qintheflrstlawequatlonlszero. Thus 

If work ls done on the gas by pushing the piston ln. w ls posl!J\·e (remember the sign 
conventlon!)andAf/wlllalsobepositive. Thatls.the lntemalenergylncreasesand, 
becausetemperaturelsproportlonaltolntemalenergy.thetemperatureofthegas 
rises. An adiabatic change can be achieved even lf the cylinder and piston are not well 
Insulated. Moving the piston rapklly, so that the heat has no time to flow ln or out, ls 
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just as effecllve. Yoo will have noUced that a cycle pump gets hOI as a result of brisk 

pumping. This ts because the gas In the pump ls being compressed adlabatlcally. \Vork 

ls being done Oil the gas, the pump &rokes are too rapid for the heat to escape, and 
the Internal energy, and hence the temperature, increases. Al}()(her example Is the 

dleselenglne,wherealrlnthecyllnderlscompressedsorapkllythatthetemper.uure 
rises to a polm that, when fuel Is Injected imo the cylinder, lt ls above Its Ignition 

temperature. 
Now think about an electric keule containing water. Hffe the elernem provides 

thermal energy to the system. The quantlty q ln the flrst law equation ls positive (the 

sign convention ls 'thffmal energy added, q positive'}. No mechanical "'urk Is done on 

or by the water, sow Jn the flrsi law equation ls zero. Thus 

!JJJ = q + O 

Toe fact that q ls positive means that NJ ls also posmve. lmernal energy. and hence 
temperature.tncff'ases. 

When a substance changes from solid to liquid, Intermolecular bonds are broken, 

thus Increasing the po1emlal energy component of the lmemal energy. During the 

meltlngprocess,thecemperacuredoesno1change. andthereforetheklne'llcenergyof 
the molecules does nor change. MOS! subsmnces expand on melting. and thus external 

\vork ls done. By the flr.st Jaw, thermal energy must be supplied to the system, and this 

thermalenergylsthelmernheat. 

Volume changes associated with evaporation are much greater than chose assocL1ted 

with melllng. The externa I work done ls much greater during wporlsatlon. and thus 
latencheatofvaporlsatlonlsmuchgreaterthanlatern heat of fusion. 

Example 

200J of the=I energy is added to a system, which does 150J of work.. Find the change in 
internalenergyofthesystem 

We use the first law of thermodynamics in the form Ml= q + w with the sign rnnventioo 
that q is positive if heat is supplied to the system and w is positive if work is done on the 
system. Here q= 200J and w= -1S0J (the sy,tem is doing the work, hence the minus sign) 
ThereloreMJ:200-150: SOJ.Thischangeininternalenergyisanincrease 

Now it's your turn 
9 An isothermal change is one which takes ~ace at constant temperature. Explain why, 

inanyisothermalchange. thechangeinintemalenergyiszero.lnsuchachange,200J 
of thermal energy is added to a system. How much work is done on or by the system? 
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• Melting,boilingandevaporationareallexamplesof{hangesofphase(solidto 
liqtJid,and liqtJidtovapom) 

• All these{hangesofphasereqtJireaninputofene,gy(latentheat)toovercomethe 
interatomi{lorces. 

• BoilingtakesplaceatafixedtemperattJrelorapartiwlaratmospherkpresstJre, 
btJtevaporationocwrsatalltemperatmes.BoilingocwrsinthebodyoftheliqtJid; 
evaporntionocwrsatitslllrface 

• lnasolid,theinteratomi{spacingisoftheorderof10-10m. 
• Specifkheat{a/><KilyisntJme1kallyequaltotheheatenergyrequiredtoraisethe 

temperature of unit mass of Sllbstance by one degree. The SI unit of specific heat 
{apadtyisJkg-1 K-1 

• TheheatenergyAQrequiredtornisethetemperatureofamassmofsubstan{eof 
specili{ heat {apadty c by an amount AO is given by the expression: tJQ: mcM 

• Theheatcapadtyofanobjectisnume1kallyequaltotheheatenergyrequiredto 
raisethetemperatu1eofthewholebodybyonedeg1ee.TheSlunitofheatu1piKity 
isJK-1 

• TheheatenergyAQrequiredtornisethetemperatureofanobjecthavingaheat 
capadtycbyanamountt'lOisgivenbytheexpression:t,Q:O'!.O 

• Specifklatentheatoffusionisnumericallyequaltothequantityofheatenergy 
requiredtornnvertunitmassolsolidtoliquidwithoutany{hangeintemperature 

e Specifklatentheatofvaporisationisnumeri{allyequaltothequantilyofheat 
energyrequiredto{onvertunitmassofliqtJidtovapotJrwithoutanychangein 
temperature. 

• WhenallJbstanceolmassm{hange1itsstatethequantityofheatenergyreqtJired 
isgivenbyt,Q:mlwherelistheappropriatespecificlatentheat 

e SpecifklatentheathastheSlunitofJl:g-1 
• The internal energy of a system is the sum of the random kinetic and potential 

energfe1ofthevariouspartsofthe1ystem.Foranidealgas,theinterr.alene1gy 
is the total kineti{ energy of random motion of the molecules. Internal energy is a 
measureofthetemperatureofthesystem 

• The first law of thermodynamics expresses the law of rnnservation of energy. The 
increaseinintemalenergy /'J/.JolasystemiseqtJaltothesumoltheheatqaddedto 
thesystemandthe\Mlrkwdoneonit 

/'J/.1:q+w 
(Signrnnvention: positiveq,heatisaddedtothe1ystem;posilivew,workisdoneon 
the system; positive Ml, inaease in internal energy.) 

Examination style questions 
lnthelollowingquestions,usethedatainTable 12.1 and in 
Table12.2whereappropriate. 

1 Apieceofrnpperofmass 170giscooledinafreezer. ltis 
thendmppedintowaterat0°C,causing4.0gofwaterto 
freeze. Oeterminethetemperatureinsidethefreezer. 

2 A liquid-in-glass thermometer consists of a mass of 62g of 
glassand3.5gofmerrury. 
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a Calculate the thermal capacity of the thermometer. 

b The thermometer is used to measure the temperature 
of some glycerol of mass 90g. Before the thermometer 
isinsertedintotheglycerol,thethermometer 
records1B°Candthetemperatureoftheglycerol 
is42°C.Calculatethetemperaturerecordedonthe 
thermometer when placed in the glycerol 

c Usingyouranswerto b,suggestwhysuch 
thermometerscannotbeusedtomeasurereliablythe 
temperature of a small mass of substance. 

3 a Ajetofsteamat100°Cisdirectedintoaholeina 
largeblockofice.Afterthesteamhasbeenswitched 
off,thernndensedsteamandthemeltediceareboth 
at0°C.Themassofwatercollectedintheholeis 
206g. Calculate the mass of steam condensed. 

b Suggest why a scald with steam is much more serious 
than one involving boiling water. 

4 A mass of 450g of frozen vegetables is taken from a freezer 
at-20°C.Thevegetablesareimmediatelyplacedina 
saucepan containing 1100gofboilingwater. The saucepan 
has a thermal capacity of 900J K-1. The final temperature of 
thesaucepan,waterandvegetablesis83°C. 

a Calculatethespecificheatcapacityofthevegetables 

b Thesaucepananditscontentsarethenheatedusing 
aheaterwhichprovides1200Jofthermalenergyeach 
second. Determine how long it takes to bring the water 
back to its boiling point. 



5 An ideal gas expands isothermally, doing 2SOJ of work. 
What is the change in internal energy? How much thermal 
energyisabsorbedintheproces5? 

6 SOJofheatenergyissuppliedtoafixedmassofgasina 
cylinder. The gas expands, doing 20J of work. Calculate 
thechangeininternalenergyofthegas. 

7 a Delinespecifir:latentheat. {2] 

b The heater in an electric kettle has a power of 2.40kW. 

When the water in the kettle is boil ing at a !.teady rate, 
themassofwaterevap0fatedin2.0minutesis106g. 

Thespecificlatent heatofvaporisationofwateris 
2260Jg-1. 

Calculate the rate of loss of thermal energy to the 
surroundings of the kettle during the boil ingprcxess./3] 

Cambridge International AS and A Level Physics, 

9702141 May/June 2012 Q 3 

8 a i Statethebas.icassumptionofthekinetictheoryof 
gasesthatleadstothecondusion that the potential 
energy between the atoms of an ideal gas is zero. [1J 

ii Statewhatismeant bytheintema/energyofa 
substance. {2] 

volume 
11o-4m3 

Flg.12.11 

Examination style questions I 
iii Explain v.+iy an increase in internal energy of an ideal 

gasisdirectlyrelatedtoariseintemperatureofthe 
gas m 

b A fixed mas5 of an ideal gas undergoes a cycle PQRP of 
changesasshown inFig.12.11 

i Statethechangeinintemalenergyofthegasduring 
one complete cycle PQRP. {1] 

ii Calculate the won< done on the gas during the 
changefromPtoQ {2] 

iii SorneenergychangesduringthecydePQRPare 
shown in Table 12.3. 

Complete a copy of Table 12.3 to show all of the 
energy changes. {3] 

Cambridge International AS and A Level 
Physics, 9702/42 Oct/Nov 2010 Q 2 

prer.surell05Pa 
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13 Oscillations 

By the end of this topic, you will be able to: 
13.1 (a) describesimpleexamplesoffreeoscillations 

(b) im·estigate the motion of an oscillator using 
experimental and graphical methods 

13.2 (a) describe the interchange between kinetic and 
potential energy during simple harmonic motion 

13.3 (a) describe practical examples of damped 
oscillationswithpanicularrefel"fficetotheeffects 
of the degree of damping and the importance of 
critical damping 

(c) understand and use the terms amplitude, 
period, frequency, angular frequency and phase 
difference , and express the period in tem1s of 
both frequency and angular frequency 

(d) recognise and use the equation a = -ar'x as the 
defining equation of simple ham10nic motion 

(e) recallandusex:x0 sin OJtasasolutiontothe 
equationa:-w>x 

(t) recognise and use the equations fl = f/0 cos wt and 

v = ±ro,,/( xoi - xi) 
(g) describe , withgraphical illustrati011s , thechanges 

ln displacement, velocity and acceleration during 
simple harmonic motion 

Starting points 

(b) describepracticalexamplesoffoccedoscillatlons 
and resonance 

(c) describegraphicallyhowtheamplitudeofa 
forcedoscillationd!.angeswllhfrequencynearthe 
naruralfrequeocyofthesystem, andunderstand 
qualitatively the factors that detennine the frequency 
resporu;eandthesharpnessofresonance 

(d) appreclatethattherearesomecircumstances 
lnwhichresonanceisusefulandO!her 
circumstances in which resonance should be 

• An object that moves to-and-fro continuously is said to be oscill <1t ing or vibr<1t ing. 
• Oscillations occur in many different systems from the very small {e.g. atoms) to the 

verylarge(e.g. buildings) 

J
it 

pos<,oo J __ l amplitude 

,__L_ 

13.1 Oscillations 
Some tnO\-·ements Involve repetitive to-and-fro motion, such as a pendulum. the 
bea!lng of a bean, the moUon of a child on a swing, and the vtbra!lons of a guitar 
string. Another example \\-uuld be a mass txxmclng up and down on a spring, as 
lllustrated in Figure 13.1. One complete mo,·emem from the stanlng or rest position 
up, then down and finally back up to the re.s1 position. ls known as an oscillation. 

The tm e taken for one complete osci/1.ition or vibration is referred to as the peri od Tof 
theosci/1.ition. 

Theosclllatlons repeat themselves. 

Thenumberofosci/1.itions or vibrationsperunittime is thefrequencyf. 

Frequency may be measured ln hem Q-lz), where one hertz ls one osclllatlon per 
second (!Hz = ls-1). However, frequency may also be measured ln mtn-1, hour' . etc. 
For example, lt woo Id be appropriate to measure the frequency of !he tides ln h-' . 

OOO • ••••••••• : 

~~~1~!~/:n Since period T ls the time for one osclllatlon then 
Flgure13.1 Oscillation of a 

frequency/ = 1/T 
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As the mas.s osdllaces, It mows from Its rest or equlllbrlum position. 

The distance from the equilibrAJm position is known as the displacement. 

This ls a vector quantlty, since the displacement may be on either side of the 

equlllbrlumposltlon. 

The amplitude (a scalar quantity) is the maximum displ<1Cement 

Some osclllatlons maintain a cotl51ant period even when the amplitude of the 

oscillation changes. Gallleo discovered this face for a pendulum. He tlmed the swings 

of an oll lamp ln Pisa cathedral. using his pulse as a measure of tlme. Oscillators 
thathaveaconstanttlmeperlodarecalledlsochlOflous,andmaybemadeuseofln 

timing devices. l'or example, ln quanz 'I\Ollches the oscillations of a small quanz crysial 
provide con.stam lime lntff\/als. Gallleo's experiment was nOI precise. and we now 
know that a pendulum s,vlnglng with a large amplltude ls nol Isochronous. 

The quantities period. frequency. displacement and amplitude should be familiar 
from our Sludy of waves in TOplc 14. It should no! be a surprise co Tn<"<.'I them again , as 
theldeaolosclllatioflsls vltaltotheunderstandlngolwaves. 

Displacement-time graphs 
It ls possible to plot dlsplacemem- tlme graphs (see AS Level Topic 14) for osclllator.s. 

One e.'Cperlmemal method is Illustrated in Figure 13.2. A mass on a spring oscillates 
above a posltlon sensor that ls connected to a computer through a datalogglng 
lnterface.causlngatracetoappearonthem011ltor. 

Fig ure 13.2Apparatu1forplottingdisp!acement- timegraphsfo1amas1011aspri119 

Toe graph describing the varlatlOII ol dlsplacemem with tlme may have dlfferem 

shapes, depending on the oscillating system. For many osclllators the graph ls 
approxlmatelyaslne (orcoslne)curve.Aslnu.'lOklaldlsplacement- tlmegraph.lsa 

characteristic ol ao lmponam type ol osclllatlon called simple h armon ic motion 
(s.h.m.). Osdllators which mo,,e ln s. h.m. are called h armonic osclllators. We shall 
aoalyse slmple harmonic m<XlOII In some detail. because lt successfully describes many 
osdllatlng systems. both ln real llfe and ln theory. Fonunately, the mathematics ol 
s .h.m. canbeapproachedthroughaslmpledeflnlngequatlon. Thepropertlesolthe 
motion can be deduced from the n>latlons between graphs of displacement against 
time, and velocity against time. which we met ln Topic 3. 

Simple harmonic motion (s.h.m.) 
Simple harmonk motion is defined as the motion of a partkle about a fixed point such 
that its acceleration a i5 proportional to its displacementx from the fixed point, iltld is 
directedtowardsthepoint. 

Mathematlcally,wewrltethlsdeflnitlonas 

a:-olx 
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F1gure1l.4Graph ofthe 
deliningeqlJationfDf1imple 
hormonkmotion 

Figure 11.5 Oispl..c:eml.'nt-Ume rurves for 
thetwosolutklmtothes.h.m. equation 
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whererfflsaconslant. Wetaketheconstantasasquaredquantlty,becausethlswlll 
ensurethac theconscantlsal,;vaysposltlve(thesquareof a posltlvenumber,orofa 
negative number. wlll always be positive). Why worry abouc keeping the conscam 
positive? This ls because Che minus sign lo the equation must be preserved. I! has a 
spedal slgnlflcance, because l! cells us that the acceleration a ls always ln the opposite 
dlrectlon co the displacement x. Remember that boih acceleration and db:placement 
areveccorquantitles,sothemlnusslgnlsshor!handfortheldeachattheaccelermlon 
ls ah•rays directed towards the fixed point from which the displacement ls measured. 
ThlslslllustratedlnFlgure 13.3 

-------.'1-. ·:·1 ~ l~--1smeilSUfed 

~~'""""! l d1splacemeot 

Flgure1l.lOirectionsofdi1pl..c:eml.'ntand..c:celerationare.i~aysoppo,;ite 

Thedeflnlngequatlonlsrepresentedlnagraphofaagalnstxasastralghtllne,of 
negatlvegradieru. throughtheorlgln , asshownln Figure 13.4. The gradient ls negative 
becauseofthemlnusslgnln theequaclon.Norethmlxxhposltlveandnegatlveva lues 
for !hedlspL1cementshouk:l beconsk:lered. 

The square RXJt of the conscam oi' (Ihm ls. w) ls known as the imgular frequency 
oftheO,SClllatlon. Thlsangularfrequencywlsrelacedtochefrequency/ofthe 
oscillation by the expression 

W:211/ 

By Newcon·s second law, the force acting on a body ls proportional to the acceleration 
of the body. The defining equatlon for simple harmonic motion can thus be relaced 
totheforceactlngontheparllcle. lftheacceleratlonofthepartlclelsproportlonalto 
ltsdlsplacementfromaflxed polnC.theresulcantfoiceacllngonthepartlclelsalso 
proponlonal to the dlsplacemem. We can bring ln the k:lea of the direction of the 
accelerallonbyspeclfylngthm!hefoicelsal,vaysactlngtowardstheflxedpolnt,orby 
callinglta restoring foice. 

Solution of equation for simple harmonic motion 
In order co find the dlsplacemenHlme relation for a p:1nlcle moving ln a simple 
hannonlc morlon, we need co solve the equmlon a = - ai'-x. lb derive the solu!lon 
requires mathematics which ls beyond the requlremerus of A/AS Physics. Hmvever, you 
need to know the form of the solution. This ls 

x=x0 stnax 

X=XoCOSO:Jt 

wherex,,lsthe amplitude of the oscillation. ThesoluUonx x0 sln ax ls used when. at 
Ume t = o, the p:1tt1cle ls ac Its equlllbrium position where x = o. Co1wer.sely, lf at time 
I = 0 the pattlcle ls m Its maximum dlsplacement x = x0, the solutloo ls x = x0 cos O:Jt. Tlle 
varlaUon with tlme t of the dlsplacemem x for the two OCllutlons ls 5ho,m ln Figure 13.5. 

In Topic 3 ll was shown that the gradlem of a dlsplacemenHlme graph may be 

used to determine velocity. Referring co Figure 13.5, lt can be seen that . at each thne 
m which x = x., the gradlem of the graph ls zero (this applies to boih solutlons). Thus, 
the veloclty ls zero whenever the panlcle has lts maximum displacement. If \ve think 



Flgure1l.6Velocity-timeandaccelerabon­
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about a mass vlbratlng up and down on a spring. this means that when the spring ls 

fully Slretched and the mass has Its maximum dlsplacemem. the mass Slops moving 

downwa!d.s and has zero velocity. Also from Figure 13.5, we am see that the gradient 
of the graph ls at a maximum whenever x = 0. This means that when the spring ls 

neither under- or o,,er-Slretched the speed of the mass ls at a maximum. After passing 

this polm. the spring forces the mass to slow down umll It changes dlrectkln 

lfafullanalyslslsarrledout,lllsfoundthatthevarlatlonofvelocllywlthtlme 

lscoslnusoldallftheslnusoldaldlsplacementsolutlonlstaken,aodslnusoklallfthe 
costnusoldaldlsplacementsolutlonlstaken. Thlslslllusiratedln Flgurel}.6. 

Thevelocllyvofthepanlclelsgtvenbytheexpresslons 

11=xomcos wtwhenx=x0stn wt 

11=-xomstnwtwhenx=x0 coswt 

ln each case. there ls a phase dlfference between velocity and displacement . The 

velocltycurvels~/2radaheadofthedlsplacememcurve.([fthephaseanglelsnot 
coosldered. the variation with time of the velocity ls the same lo each case.) The 
maxlmumspeedv0 lsglvenby 

There lsan alternatlveexpresslon forthewloclly. 

11 = w }{x0 
1 - x1 ) 

whlchlsderlved011page236. 

For completeness, Figure 13.6 also shows the varlatlOII with time of the acceler:Ulon 
a of the panlcle. Thlscould be derived from the velodty- tlme graph by taking the 

gradtem. Theequatl011sfortheacceler.1tl011are 

a= -xifd sin WI whenx=x0sln ox 

a= -xifd cos Mwhen X= Xo cos WI 

NO!ethat.forbO!hsolutlons, theseequatlonsareconslslentwlththedeflnlngequatlon 

for simple harmonic mO!lon. a = - oix. You can easily prove this by ellmlnatlng sin wt 

fromtheflrsisetofequatloos.andcosWlfromthesecood. 

Example 

The di~ilCemeotx at time t ol a particle moving in s.imple harmonic motion is given by 
x= 0.25 cos 7.St, wherex is in metres and t is in seconds 

(a) Usetheequatiootolindtheamplitude,lrequencyandperiodforthemotion 
(b) Find the di~ilCement when t = 0.50 s 

{al Compare the l!{Juation with x = x 0 cos wt. The amplitude x 0 = 0.25 m. The angular 
frequency w= 7.Srad s-1. Remembef that w= 2~f. sothe 
frequency/=wf2. ~=7.5/21t= 1.2 Hz. TheperiodT= 1//= 1/1.2=0.S4 s 

(bl 5ubstitutet=0.50sintheequatioo,rememberingthattheangleWlisinradiansand 
r.otdegrees.wt=7.5x0.50=3.75ritd=215°. Sox=0.2Scos215'=-0.20 m 

Now It's your turn 
1 Ami11101cillatingona~pfinghasanamplitudeof0.10mandaperiodof2.0s 

(a) Deduce the equation for the displacement x if timing starts at the instant when the 
mass has its maximum displacement 

(b) Calculate the time interval from t = 0 befofe the displacement is 0.08m 

233 



m oscillations 

Examples of simple harmonic motion 
By definition, an obtect whose acceler.itlon ls proponlonal to the displacement from 
che equlllbrlum posltlon, and which ls always directed towards the equilibrium 
position. ls undffgolng slmple harlllOfllc IIX)(lon. We now look at two slmple examples 
of oscillatory IIX)(lon which approximate to this deflnltlon. They may easlly be se1 up 

Mass on a helical spring 
Flgure!J.7 lllustracesamassmsuspendedfromasprlng. (Thlssorcofsprlnglscalled 
aheltcalsprlngbecauselthastheshapeofahellx.) 

The weight mg of the mas.s ls balanced by the tension Tin the spring. \\:'hen the 
spring ls extended by an amount Ax, as ln Figure 13.8, there ls an additional upward 

F1gure 1l .7 Flgure1l.8Mass forcelnthesprlng glvenby 
Ma11onahelical onaheliulsprlng 
spring addih:mal extensionruc 

Flgure1l.9Thesim~e 
pelldulum 
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where k ls a constant for a panlcular spring, known as the spring constant. The spring 
constant ls a measure of the stiffness of the spring (see Topic 9). A Sl.lff spring has 
a large value of k; a more tlexlble spring has a smaller value of k and, for the same 
force, would have a larger excenslon !han one with a large spring constant The spring 
constantklsglvenbytheexpresslon 

and ls measured ln newtons per metre (N m-1). 
When the mas.s ls released, the re51orlng foR:e F pulls the mas.s towards the 

equlllbrlum position. (The minus sign ln the e.'Cpresslon for F shows the direction of 
this foR:e.) The reSl.orlng foR:e ls proponlonal to the displacement. This means thac 
the acceleration of the mass ls proponlonal to the displacement from the equilibrium 
position and ls directed towards the equilibrium position. This ls the condition for 
slmplehacmonlcllX)(lon. 

The full theory shows that. for a mas.s m suspended from a light spring having 
sprlngconstantk,theperlod Tofcheosclllatlonslsglvenby 

For osclllatlofls to be simple harmonic, the sprtng must obey Hooke's law throughout -
chat ls, the extensions must n()( exceed the limit of proportionality. l'llnhermore, for large 
amplitude oscllbllons, the spring may become slack. Ideally, the spring '\\uukl have no 
mas.s, but If the suspended mass ls more than aboot 20 times the mas.s ofthesprtng, the 
error Involved in assuming chat che spring has no mass ls less than 1%. 

This example of simple harmonic m()(Jon ls panlcularly useful ln modelllng the 
vibrations of molecules. A molecule comalnlng cwo atoms osclllates as lf the atoms 
were connecced by a tiny spring. The spring constant of this spring depends upon 
the type of bonding between the atoms. The frequency of oscillation of the molecule 
can be measured experlmemally using spectroscopy, and this gives dlrea information 
abooc the bonding. This model can be excended co solids, where atoms are often 
though! of as being connected to their nelghboors by springs. Again, this leads to an 
experimental way of obcalnlng information aboot imeratomlc foR:es ln the solid. 

The simple pendulum 
Figure 13.9 l11uS1rates a slmple pendulum. Ideally, a simple pendulum ls a point mas.s m 
on a llghc , Inelastic string. In real experlmems we use a pendulum bob of finite size. 
When the bob ls pulled askle through an angle 8 and then released, there wlll be a 
restorlngforceactlng lnthedlrectlonoftheequlllbrlumposltlon. 



13.2 Energy changes in simple harmonic motion I 
Because che simple pendulum moves ln the aic of a circle, the dlsplacemem wlll be 

an angular displacement 8, rather than the linear displacement x we have been using 
so far. 

The two forces Oil the bob are Its weigh! mg and the tension Tln the string. The 

compont'llt of the weight along the direction of the string, mg cos 9. ls equal to the 

tension ln the Siring. The component of the weight at right angles to the direction of 

the string, mg sin 8, ts the restoring force F. This makes the bob accelffate towards the 

equlllbrlumposllloo. 
Theresi:ortngforcedependsonsln 0.As 9increases,therestorlngforcelsno( 

proportional to the displacement On this case (/), and so the motion ls oscillatory but 
not simple harmonic. Hov,ever, the situation ls different lf the angle 8 ls kepi small 

(less than aboot 5"). l'or these small angles, Bis proportional to sin 8. In fact lf 81s 

measured In radians.then 

You can check this using yom cakulacor. Some values of 8/". 8/rad and sin 8a('{' g iven 

lnToble13.I. 
This means thac. for small-amplltude osclllatlons (the angle of the Siring co the 

vertical should be less than about 5"), the pendulum bob osc:lllates with simple 

A full treatment of the theory shmvs that the period T ls ('{'la!ed to the length I of !he 

pendulum (I ls the dlSlance between the cemre of mas.s of the pendulum bob and the 

polm of suspension see Flgu('{' 13.9) by the expiesston 

where g ls the acceleratlon of free fall. An experiment ln which the period of a 
simple pendulum ls measu('{'{i can be used co detennlne the acceleration of free fall. 

Toe experiment ls R.'peated for dlffeR'"nt lengths of pendulum. and the gradient of a 
graph of T' against I ls 4it>/g. This pfO\/ldes an akematlve to dynamics experiments Jn 

which the Ume for a txxfy to fall through measured distances ls determined. and g ls 

calculated from the equ.1Uon of m<Xlon (see lbplc 3). 

A helical spring is damped at one rod and hangs vertica lly. It extends by 10cm wheo a 
massofSOgishungfrnmitslreeeod. Cakulate 

(a) thespringconstantofthesprir.g, 
{b) theperiodofsmallamplitudeoscillationsofthemass 

(a) Usingk:F/tJX,thespringrnnstantk:SOx 10-lx9.B/10x 10-l: 4.9Nm-1 

(b) UsingT : 2~,theperiodT : 21eJ(sox10--3/4.9): 0.63 s. 

Now It's your turn 
l TheaccejerationoflreefallattheEarth"ssurfaceis9.8m,1.Cakulatethelengthofa 

simple pendulum which would have a period 011.01 
l TheaccelerationofffeefallontheMoon"ssurface is1.6ms-l.Calculate,lorthe 

penduluminquestioo2.ilsperiodofosci llatiooontheMoon 

13.2 Energy changes in simple 
harmonic motion 

Kinetic energy 
On page 233, we saw that the velocity of a particle vlbrallng with simple harmonic 
m<Xlon varies with time and. consequently, with the dlsplacement of the particle. 
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For the case where dlsplacemem x ls zero at time t o, dlsplacemem and velcxlty are 

glvenby 

X = X 0 slnrut 

There ls a trlgonometrlcalrelatlonbecweentheslneandthecoslneofanangle8, 

which lsstn' 8 + cos> 8 I. Applying this reL1Uon. we have 

V = ±mJ(Xr,2 - x2) 

(If we had taken the dlsplacemem and velocity equatlons for the case when the 

dlsplacemem ls a maximum at t = o, exactly the same R'latlon would have been 

obtained. Try lt!) 
The kinetic energy of the panlcle (of mas.s m) oscillating with slmple hannonlc 

moilon ls }»w'. Thus, the kinetic energy Ek at dlsplacemem x ls gJ\,en by 

The variation with dlspL1cement of the klnetlc energy ls shown ln FlguR' 13.10. 

Potential energy 
The defining equation for simple harmonic moUon can be expies.sed ln terms of 

the restoring force F,., acting on the particle. Since F ma and a = - Wxchen at 

dlsplacemem x,thlsforcels 

F,., =-mfffx 

when' m ls the mass of the particle. To find the change lrt JX)lentlal energy of the 
particle when the displacement lncllc'ases by IU, we need to fi nd the work done 

against the restoring force. 

The work done ln moving the point of appllcatlon of a force Fby a distance M ls 

F!JX. In the case of the panlcle undergoing stmple harmonlc motlon , we know that 
!herestortngforcelsdlrectlyproportlorulltodlsplacement. lbcalcula!ethe,;,,'Orl;:done 

against the restoring fon:e In gMngthe panlcle a dlsplacemem x, we take account of the 

fact that F..,. depends on x by taking the average value of F.., during this displacement. 
Tlk' average value ls fus( Yimw'x, since the value of F.., ls zeroatx = 0 and Increases 

llneartyto mfffx at displacement x. Thus, the po1entlal energy EP at displacement x ls 
gJ\,en by avemge re.storlngfarce >< dtspiacemem. or 

The varlatlon with displacement of the polmtlal energy ls shown ln Figure 13.11. 
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Total energy 
ToetornlenergyE,..oftheosclllatlng p:irtlcle lsglven by 

E«x = Ek + Ep 

= -!mru2 (xu2 - x2) + -!mru2x2 

This tornl energy ls constant since 111 , wand x0 are all constant. We might have 
expeccedthlsresult.asltmerelyexpressesthelawofconservallonofenergy. 

The vartatlofls with displacement x of che torn I energy£,.., the kinetic energy Ek and 
the po1entlal energy Es,areshown ln Figure 13.12. 

Example 

A particle of mass 60g osci llates in simple harmonic motk>n with angular frequency 
6.3rad1-1 and amplitude 1Smm.Calculate 

Cal thetotal energy, 
(b) the kinetic and potent ial er,erg ies at half..;implitude (at dis.placement x = 7.S mm) 

Cal Usir.g E«x = fmw 2x/, 

Etot = 1x60x10-3 x6.i x(15x10-3)2 

= 2.7 x 10-4J 
{don't lorgettoconvertgto kgandmmtom) 

(b) Us ing Ek = j"mw2 {x/ - x2), 

Ek = j° x 60 x 10-3 x 6.3'2 x[(15x 1(J 3}2 - {7.5x 10-3)2] 

= 2.0 x 10-4J 

Us ing Ep = j"mw2x2, 

Ep j" x60x 10-3 x6.3'2 x(7.5 x 10- 3}2 
: 0.7 x 1o-4J 

Notethat&o,=&+~asexpected 

Nowlt'syourturn 
,t A particle of mass 0.40kg oscill ates in simple harmonic motion with freq ueocy 5.0Hz 

and ampl itude 12cm. Calculate, for the particle at displacement 10cm 
(al the kinetic eoergy 
(b) thepotentialeoergy 
(d thetotal energy. 

13.3 Free and damped oscillations 
A pitrtkle is said lo be undergoing free oscillations when the only external force acthg 
onitistherestoringforce. 

There are no forces to dlssip:ice energy and so the osclllatlons have con&am amplltude. 

TI:ll:ale!X.'rgyremalnsconstant. Thlslsthesltuatlonwehavebeenconslderlngso far. 
Simple harmonic osclllatlons are free osclllatlOfls. 
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In real situations, however, frictional iindorherresi'ifive force,; cause rile osci/Jaw,·'s 
energytobedissipated,iindlhisenergyi5rnnV'f!ftedevrotuallyintothermalenergy. The 
osd/@tionsare5didtobe damped. 

The cotal fflergy of the ooclllator decR'l!ses with tlme. The damping ls sakl to be light 
whffl the amplitude of the osdllatloos decreases gradually with time. This ls llluscra!ed 
ln Figure 13.13. The decre:ise ln amplitude ls. ln fact. exponffltlal with Ume. l1le period 
of the osdllatlon ls slightly greater !han that of the corresponding free ooclllatloo. 

I 

I·~ /\_/"-/-
Flgure13.13Light!ydampedosdl!;itiom 

Heavy damping causes che oocllla!lons to die away more quickly. If the damping 
ls locR'llsed funher. chen the system R'l!ches critirnl damping polru. Here the 
displacement decR'l!ses to zero ln the shorcest tlme, wlthooc any ooclllatloo (Figure 13.14). 

Any funher Increase ln damping produces overdamping. The displacement 
decreasestozerotnalongertlmethanforcrltlcaldamplng(Flgurel3.14). 

Damplnglsofienuseful lnanooclllatlng system. Forexample.vehlcleshavesprlngs 
between the wheels and the frame to give a smca:her and more comfonable ride (Figure 
13.15). If Chere was no damping. a vehlcle wa.ikl move up and dc:n'll fot some lime after 
hlt!lng a bump ln the rood. Damper.; (shock absorber.;) are connected ln parallel with the 

springs~ that the suspension has critical damping and comes to rest In the shonest tlme 
possible. Dampers ofiffl 1vock through hydraullc actloo. When the spring ls compressed 
a plst<Jfl connected co the vehicle frame forces oil through a small hole ln the piston. so 
that the energy of the osdllatloo ls dissipated as thermal e()('rgy ln the oil. 

Many swing door.; have a damping mechanism fined to them. The purpose of 
the damper ls so that the open door, when released. does not o,,er5h00! the closed 

position with the possibility of Injuring someone approaching the door. Most door 
dampers oper.ue in che overdamped mode. 

Forced oscillations and resonance 
When a vtbratlng body undergoes free (undamped) osclllatloos, It vlbrales at Its 

naturalfrequency. Wemettheldeaofanaturalfrequfflcylnlbplcl5,when 
talking abouc sta!lonary wa,·es on strings. The natural frequency of such a system ls 

the frequency of the first mode of vibration; that ls. che fundamental frequency. A 
practlcalexamplelsa gultarstrlng.pluckedatltscffltre, whlchooclllatesatapanlcular 
frequency that depends on the speed of progressive waves on the string and the length 
of the string. The speed of progR"sslve waves on the string depends on the mass per 

unltlengchofthestrlngandthetenslonlnthestrlng. 
Vibrating objects may have periodic forces acting on them. These periodic forces 

wlllmaketheobjectvlbrateatchefrequencyol'theapplledforce, ratherchanatche 

natural frequency of the system. The object ls then said co be undergoing forced 
vibr.ltions. Figure 13.16 lllustrates apparatus which may be used to demonstrate 
thefoccedvlbratl<Jflsofa mass on a hellcalsprlng. Thevlbracorprovldesthefocclng 
(drlvlng)frequencyandhasaconstantamplltudeofvlbratlon. 

Asthefrequencyofthevlbratorlsgraduallyincreasedfromzero,themassbeglns 
to osclllate. At first the amplitude of the osclllatlons ls small. buc IC Increases with 
lncreasingfrequeocy. Whffllhedrlvlngfrequencyequalsthenaturalfrequencyof 
osdllatlon of the mass-spring system. the amplltude of the ooclllatloos reaches a 
maxlmum.Thefrequencyatwhlchthlsocrurslscalledthe resonantfrequency.and 
reso113nce lssaldtoocrur. 
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Figure 13.16Demonstratiooofforcedosdllatiof1S 

Resonil!ICe ocrurs wheo the natural frequency ofvibmtion of an object is equ;t/ to the 
driving frequency, gMng a maximum amplitude of vilxation 

lfthedrlvlngfrequencytslncreasedfunher,theampllrudeofosclllatlonofthemass 
de,m_•ases. The variation with driving frequency of the ampli!UCK' of vibratlon of !he 

masslslllustratedinFlgure 13.17. Thls graphlsoftencalleda resonancecuffe. 

Oresoo~Oresonant driving 
frequency frequency frequency frequency 

Flgure13.17Rern11a11cecu111{' Ftgure13.18Effectofdampir,gontherernnance 

The effect of damping on the amplitude of foR:ed osclllaUOfls can be JnvesUgated by 

anachlnga light butstlffcardtothemas.slnFlgure 13.16.Movementoftheca!dglves 

rise to air resistance and thus damping of the oscllbtlons. The degree of damping may 
bevarledbychanglngtheareaoftheca!d. TheeffeasofdamplngarellluSlrated ln 
Figure 13.18. ltcanbeseenthat. asthedegreeofdamplnglncreases: 

• the amplitude of osclll:uton at all frequendes ls reduced 
• the frequency at maximum amplltude shifts gradually towards lower frequencies 
• thepeakbecomesflaner. 

Banon"s pendulums may al.lo be used to demorutrate resonance and the effects of 

damping. llle apparatus con.slsts et a set of light pendulums, made (!or example) from 
paper cones, and a more massive pendulum (the dnver). all supponed on a taut stnng. llle 

arrangement ls illustrated ln Agure 13.19. llle llghter peodulums have dlfferern lengths. but 

onehasthe.1.1melengthasthedrtver. Thlshasthe.1.1me naturalfrequencyasthedrtver 
andwlll,therefoie,\/lbrate\\1ththelaige,tamplltudectallthepeodulums(J'lgurel3.20). 
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Adding weights to the paper COl\es reduces che effecc of damping. With less damping 
!heamplltudeoftheresonantpendulumlsmuchlarger. 

The!\'" are many examples of resonance ln everyday life. One of Che slmple51 ls that 
of pushing a child Oil a swing (Figure 13.21). V:'e push at the same frequency as the 
nacural frequency of osdllaUOII of the swing and child, so that the amplitude of the 
moUonlncreases. 

The operatlon of !he engine of a vehicle ctuses a periodic foit:e Oil the pans of !he 
vehicle. which can cause them to resonate. For example, ac panlcular frequendes of 
rot.'.ltlon of the engine, the mirrors may resonate. To pR'"vem excessJ\,e vlbraUOII. the 
mountings of the mirrors provide damping. 

Muslcal Instruments rely on resonance to amplify the sound produced. The sound 
fromatunlngfolklslouderwhenUlsheldoveracubeofJusttherightlength. so 
that the column of air resonates. We mec this phenomenon In Topic 15. ln connection 
wilh che resonance tube meihod of measuring the speed of sound In air. Si ringed 
ln51ruments have a hollow 'l\uoden box with a hole under the Slrlngs which acts ln a 
similar way. To amplify all notes from all of the Slrlngs. the sounding-box has to be a 
complexshapesothatUresonatesm manydlfferentfrequencles. 

Aspectacularexampleofresonancethatlsofcenquctedlsthefallureofthe 
flrSI suspension bridge over the Tacoma Narrows ln Washington Slate, USA. Wind 
causedthebrldgetoosclllate.ltwasusedform011thseventhoughtheroadwaywas 
osdllallng with transverse vlbrallons. Approaching vehicles would appear. and then 
disappear, as the bridge deck vibrated up and down. One day Slrong winds set up 
lWlSilng vlbratlons (Figure 13.22) and the amplltude of vlbraUOII Increased due to 
resonance, untll eventually the bridge collapsed. The driver of a car that was on the 
bridge managed to walk to safely befoR'" the collapse. although his dog could not be 

persuadedtoleavethecar. 

Flguren.22TheTarnmaNarrow1bfidgedilaste1 
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Simple harmonic motion 
• Theperiodofanoscillationisthetimetakentornmp!eteoneoscillation 
• FrequeflCyisthenumberofoscillationsperunittime 
• Frequeocyfisrelatedtoperiod Tbytheexpression/= 1/T 
• The dis.placement of a p;1rtide is its distance from the equilibrium position 
• Amplitude is the maximum displacement 
• Simple harmonic motion (s.h.m.) is defined as the motion of a particle about a fixed 

point~chthatits<1ccelerationaisproportioraltoitsdis.plocementxfromthefixed 
point, and is directed towards the fixed point, a ~-x0< fl= -ol-x 

• The constant ro in the defining equation for simple harmooic motion is kJ)()WI) as the 
angular frequency 

• Foraparticleoscillatingins.h.m.withfrequencyj.thenro=27if 
• Simple harmonic motioo is deKnbed in terms of displi!Cement x, amplitude xo, 

frequencyf.angularfrequencywbythefollowingreknions 
displacement: x:x0 sinox 
velocity: ll=XofJJCOSOX or 11=-xorosinox 
i!Cceleratioo a=-xr:Jff sinox or a:-x0oJcosox 

• Remember that m= 2~ and equatioos may appear in either form 

Energyofoscillat lons 
• The kinetic energy Ei: of a partide of mass m oscillating in simple harmonic motion 

;:hd:;:=ueocy wand amplitude x0 is Et = i"mw'-(xl - x
2

) where x is 

• The poteritial energy Ep of a partide of mass m oscillating in simple harmonic 
motion with angular frequency w is Bi, = j"maf x? where x is the displi!Cement 

• The total energy &o, of a partide of mass m =il!ating in sim~e harmonic motion 
wilhangularfrequeocywandamplittide x 0 is 

Etn1 =j"mefx/ 
• FOf a particle oscill ating in simple harmonic motion 

Eio, =Ei:+Ep 
andthisexpressesthelawofcooservatiooofenergy. 

Free and damped oscillations 
e Freeosci llationsareoscillationswheretherearenores.istiveforcesactingonthe 

oscillating system 
• DampingisprodocedbyresistivefO((eswhichdissipatetheenergyofthevibrating 

system. 
• lightdampingcamestheamplitudeofvibrationoftheosc: illationtodecrease 

gradually.Critkaldampingcausesthedisplac.ementtoberedocedtozerointhe 
shortesttimeposs.ible,withoutany=illationoftheobject.Overdampingal,;o 
causes an exponential reduction in dis.placement, but over a gre;iter time than for 
crit ical damping. 

e Thenaturalfrequencyolvibrationofanobjecti1thefrequeocyatwhichtheobject 
w ill vibrate wheri allowed to do ,;o freely. 

• FOfced oKillations ocrnr when a periodic driving force is app lied to a system which 
iscap.lbJeofvibration 

• Resonanceocrnrswhenthedrivingfrequericyonthesystemisequaltoitsnatural 
frequency of vibration. The amplitude of vibration is a maximum at the re,;onant 
frequency. 
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Examination style questions 
1 A particle is oscillating in simple harmonic motion with 

period 4.Sms and amplitude 3.0cm. 

Attimet=O,theparticleisattheequilibriumposition 
Calculate,forthisparticle: 

a thefrequency, 

b theangularfrequency, 

c themaximumspeed, 

d the magnitude of the maximum acceleration, 

e thespeedattimet:1.0ms. 

2 A particle is oscillating in simple harmonic motion with 
frequency SO Hz and amplitude 15 mm. Calculate the 
speed when the displacement from the equilibrium 
positionis12mm 

3 Geologists use the fact that the period of oscillation of 
a simple pendulum depends on the acceleration of free 
fall to map variations of g. A geologist determines the 
frequencyofoscillationofatestpendulumofeffective 
length 515.6mmtobe0.6948Hz.Calculatethe 
acceleration of freefallatthislocality. 

4 A spring stretches by 85mm when a mass of SOg is hung 
fromit.Thespringisthenstretchedafurtherdistance 
of 15mm from the equilibrium position, and the mass is 
releasedattimet=O. Calculate· 

a thespringconstant, 

b theamplitudeoftheoscillations, 

c theperiod, 

d thedisplacementattimet=0.20s. (g :9.8ms-2) 

5 One particle oscillating in simple harmonic motion has 
tentimesthetotalenergyofanotherp;irticle,butthe 
frequenciesandmassesarethesame. Calculatetheratio 
of the amplitudes of the two motions 

6 a Calculatethedisplacementintermsof xo, expressedas 
afractionoftheamplitudexo, ofaparticlemovingin 
simple harmonic motion with a speed equal to half the 
maximum value. 

b Calculatethedisplacementatwhichtheenergyofthe 
particlehasequalamountsofkinetic andofpotential 
energy. 

7 TheapparatusofFig.13.16isusedtodemonstrateforced 
vibrations and resonance. A 50g mass is suspended from 
thespring,whichhasaspringconstantof7.9Nm-1. 

a Calculatetheresonantfrequency/ 0 ofthesystem. 

b Astudentsuggeststhatresonanceshouldalsobe 
observedatafrequencyof2/ 0. Discuss this suggestion. 

8 a Define simple harmonic motion 
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b Fig. 13.23a illustratesa U-tubeofuniformcross­
sectional area A containing liquid of density p. The 
totallengthoftheliquidcolumnisL.Whentheliquidis 
displaced by an amount Ax from its equilibrium position 
(see Fig. 13.23b}, it oscillates with simple harmonic 
motion. 

Flg.13.23 

The weight of liquid above AB in Fig. 13.23b provides 
the restoring force. 

i Writedownanexpressionfortherestoringforce. 
ii Write down an expression for the acceleration of the 

liquidcolumncausedbythisforce. 
ii i Explainhowthisfulfilstheronditionforsimple 

harmonic motion 
iv Writedownanexpressionforthefrequencyofthe 

oscillations. 
9 A'Dilbybouncer'consistsofahamessattachedtoa 

rubbercord.Ababyofmass6.5kgisplacedgentlyinthe 
hamessandthecordextendsby0.40m. Thellilbyisthen 
pulleddownanother0.10mand,whenreleased,begins 
to move with simple harmonic motion. Calculate 

a theperiodofthemotion, 

b themaximumforceonthebaby 

(a«elerationoffreefall g :9.8ms-l) 

10 A simple model of a hydrogen molecule assumes that it 
consistsoftwooscillatinghydrogenatomsconnectedbya 
spring of spring constant 1.1 >< 101Nm-1. 

a The mass of a hydrogen atom is 1.7" 10-17 kg. 
Calculatethefrequencyofoscillationofthet?;drogen 
molecule. 

b Explain why light of wavelength 2.3µm would be 
strongly absorbed by this model of the hydrogen 
molecule. (speedoflight c :3.0>< 1oams-l) 

11 A ball is held between two fixed points A and B by means 
oftwostretchedsprings, asshown inFig. 13.24. 

Flg.13.24 

ThellilllisfreetooscillatealongthestraightlineAB. The 
springs remain stretched and the motion of the ball is 
simple harmonic. 

The variation with time t of the displacement x of the ball 
from its equilibrium position is shown in Fig. 13.25. 



Flg.H.25 

a i Use Fig. 13.25 to determine, for the oKillationsof 
the ball, 
• lheamplitude 
• thefrequency. 

/1/ 
w 

alms- 2 

Ftg.13.26 

Examination style questions I 

ii Show that the maximum acceleration of the ball is 
~2m0. W 

b Use your answers in a to plot, on a copy of 
Fig. 13.26, the variation with di~lac:ement x of the 
accelerationlloftheball {2] 

x110-2m 
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c Calculatethedisplacementoftheballatwhichits 
kinetic energy is equal to one half of the maximum 
kinetic energy. {3] 

Cambridge International AS and A Level Physics, 
9702143 May/June 2013 Q 3 

12 Alongstripofspringysteelisdampedatoneendsothat 
thestripisvertical.Amassof65gisattachedtothefree 
end of the strip, asshowninfig.13.27 
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sp,ioa, ~ssg 
steel~ 

Flg . 13.27 

Themassispulledtoonesideandthenreleased.The 
variationwithtimetofthehorizontaldisplacementofthe 
massisshowninfig. 13.28 

The mass undergoes damped simple harmonic motion. 

a i Explain what is meant by damping. {2] 

ii Suggest,withareason,whetherthedampingis 
light,criticalorheavy. 

b i Usefig.13.28todeterminethefrequencyof 
vibration of the mass /11 

iiHencest"Owthattheinitialenergysto-ed in thesteelstrip 
before the ma~ is released is approximatel-j 3.2mJ {2] 

Flg . H .28 

c Aftereightcompleteoscillationsofthemass,the 
amplitude of vibration is reduced from 1.5cm to 
1.lcm.Stateandexplainwhether,afterafurthereight 
complete oscillations, the amplitude will be 0 .7 cm. {2] 

Cambridge International AS and A Level Physics, 
9702142 M ay/June 2010 Q 2 

13 A small metal ball is suspended from a fixed point by 
meansofastring,asshowninfig. 13.29. 

Flg.11.29 

The ball is pulled a small distance toonesideandthen 
released. The variation with time t of the horizontal 
displacementxoftheballisshowninfig.13.30. 

The motion of the ball is simple harmonic 

a Usedatafromfig.13.30todeterminethehorizontal 
acceleration of the ball for a displacement x of 2.0cm. 

/31 
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b The maximum kinetic energy of the ball is Ei:. 

On a copy of the axes of Fig. 13.31, sketch a graph to 
showthevariationwithtimetofthekineticenergyof 
theballforthefirst 1.0sofitsmotion. {3] 

Cambridge International AS and A Level Physics, 
9702141 May/June 2012 Q 4 

kinetic 
oo•gy 

0 . 

Flg.13.31 

Examination style questions I 

14 Astudentsetsuptheapparatusillustratedinfig.13.32 
inordertoinvestigatetheoscillationsofametalcube 
suspended on a spring. 

The amplitude of the llibrations produced by the oscillator 
is constant. 

varia:;:~uency 
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Thevariationwithfrequer.c:yoftheamplitudeolthe 
oscillationsofthemetalcubeisshowninFig. 13.33. 

a i StatethephenomenonillustratedinFig.13.33. [1] 

ii For the maximum amplitude of vibration, state the 
magnitudesoftheamplitudeandthefrequency. [1] 

b The oscillations of the metal cube of mass 150g may 
be assumed to be simple harmonic. 

Use your answers in a ii to determine, for the metal 
cube, 

i its maximum acceleration, [3] 
ii themaximumresultantforceonthecube. {2] 

Flg.13.ll 

c Someverylightfeathersareattac:hedtothetopsurface 
ofthecubesothatthefeathersextendoutwards, 
beyondtheverticalsidesofthecube. 

Theinvestigationisnr:mrepeated. 

Onaror,tof Fig. 13.33, draw a line to show the new 
variation with frequency of the amplitude of vibration 
for frequencies between 2Hz and 10Hz. [2] 

Cambridge International AS and A Level Physics, 
9702142 Oct/Nov 2010 Q 3 
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14 Ultrasound 

By the end of this topic, you will be able to: 
14.6 (a) explain the principles of the generation and 

detection of ultrasonic waves using piezo-electric 
transducers 

(c) understandthemeaningofspecificacoustlc 
lmpedanceanditsimportancetothelntensity 
reflection coefficiem at a boundary 

(b) explain the main principles behind the use of 
ultrasound toobiaindiagnostic lnformationabouc 
lntemalstrucrures 

(d) recall and solve problems by using the equation 
I= !0 e---1'Xfortheattenuatlonofultrasound in 

O,'()lgl!OI OO, 

;::k::;::'• 
sil icooioo, 
po5111Yely 
charged 

c;:.·::.-.- --.-.~ 

Ftgure 14.1 Tetrahedra l 1i licateunil 

Starting points 
• Thew<Nenature ofsound 
• Anunderstanding of thetermswavelength, frequency,speed,amplitude a nd 

intern.ity. 

14.6 The generation and use of ultrasound 
Ultraociund waves may be g{'l}(>ra!ed using a piezo-elect r ic t ransducer. A transducer 
ls the name given to any device thac converts energy from one fonn to anocher. In this 
case. elearlcal energy ls convened Into ultrasound energy by means of a plezo--electrlc 
crystalsuchasquanz. 

The structure of quanz ls made up of a large number of tetrahedral slllrnce units. 
as shown In Figure 14.1.Theseunltsbullduptoformacrystalofquanzthatcan be 

represented, in two dimensions. as shown ln Figure 14.2. 

Figure 14.2Two-dimensionalrepresentationofaquartzrrystal 
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a)UNSTRESSED 

248 

Whenthecrystallsunstressed,thecentR"sofchargeofcheposttlveandthenegatlve 

Ions In any one unit colndde, as shm•m In l'lguR' 14.Ja. Electrodes may be formed 
on opposite sides of the crySlal by depositing silver on Its surfaces. When a po1entlal 

dlfferencelsapplledbecweentheelectrodes,anelectrlcflekllssetuplnthecrySlal. 

Thlsfleldcausesforcestoactontheions. Theoxygenlonsarenegatlvelycharged 
and theslllcon Ions have a posltlve charge. Toe lonsaR'no( held rigidly In position 

and,asaresult,theywlllbedlsplacedsllghtlywhentheelectrlcflekilsapplledacross 

che crystal. The JXlSlllve Ions wlll be anracted cm•rards the negatlve electrode and the 

negatlvelonswlllbeattractedtotheposltlveelectrode. Dependent on the direction 
oftheelectrlcflekl, thecrystalwlllbecomesllghtlythlnner(l'lgure 14.Jt,) orsllghtly 

thlcker(f1lgure14.Jc). 

b)COMPRESSED c)EXTENDED 

Figure 14.3 The effect of an electrk field on ~quartz crystal 

Analtemallngvolcageapplledacrosstheelectrodescausesthecrystaltovlbratewlth 

afrequencyequaltochatofcheapplledvoltage. Theseosclllatlonsarellkelytohave 

a small ampllcude. Hmvever, lf the frequency of the applled vokage ls equal to the 

nacuralfrequencyofvlbratlonofthecrySlal,resonancewllloccur(seelbplcl3) and 

the ampllrude of vlbratlon will be a maximum. The dimensions of the crySlal can 

besuchthattheosclllatlonsarelntheultrasoundr.mgeoffrequencles(greaterthan 
abouc 20kHz). These oscillations will give rise to ultrasound waves In any medium 

surrounding the crystal. 
JfastR"sslsapplledtoanunchargedquanzcryS1al.theforceslnvolvedwlllalter 

theposttlonsoftheposltlveandthenegatlvelons.creatlnga potentlaldlfference 
acrossthecrySlal. lllerefore, lfanultrasoundwavelslncldentonthecrySlal,the 

pressurevarlatlonslnthewavewlllglverlsetovoltagevartatlonsacrossthecrystal. 

Anultrasoundtransducermay.therefore. alsobeusedasadecector(orrecelver) 

A simplified diagram of a pleZ.O-electrlc transducer/receiver ls ohown Jn Figure 14.4. 

Flgure14.4Piezo·electrktransducer/receiver 



14.6 The generation and use of ulrrasound I 
A transducer such as this ls able to produce and detect ultrasound ln the megahenz 

fff'{luencyrange, whlchlstyplcalofthefrequencyrangeusedlnmedlcaldlagnosls. 

The reflection and absorption of ultrasound 
Ultra.lOUnd ls typical of many types of ,,,ave ln that when I! ls Incident Ofl a boundary 

between t•1vo media , some of the wave power ls reflected and some ls tr:msmltted. 

This ls lllustraced ln Figure 14.5. 

reflected wave, 

Flgure14.5Thereflectionandtrammi11ionofawaveatatJoundary 

For a ,,,ave of lnddent Intensity/, R'flected imenslry /Rand transmitted lmenslty IT, by 

conservation of energy, 

Ahhough. for a beam of constant intenslty, the sum of the reflected and 
cransmlued tmensi!les ls constant, their relative magnltudes depend not only 

on the angle of Incidence of the beam on the boundary but also on the media 
themselves. The relallve magniludes of la and ly are quantified by reference to 
the specific acoustic impedance z of each of the media. This ls defined as 
the produce ofche density pofthe medium and the speed cofthe wave in the 
medium. That ls. 

Z=fX 

For a ·wave Incident normally on a boundary between two media having specific 
acoosllc Impedances of z, and z,. the ratlo of the reflected lntenslly /R to the lncklent 
lntenslty/ls glvenby 

~ = ( Z2 - Z1)2 

I ( Z2 + Z1)2 

The rallo la/I ls known as the intensity reflection coefficient for the boundary and 
ls given the symbol a. As the abo.·e equation shows, a depends on the dlffeR"nce 
between the specific acoostlc Impedances of the two media. Some cyplcal values of 
specific acoostlc Impedance are given ln Table 14.1, together with the approximate 
speedofultrasoundlnthemedlum. 
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Table 14.1 Values of lpl'ed of ultr.1101.rnd and spl'Cific acoustic impedance for :;ome media 

SJMClfk xous tlc 
speed/m s-• lmpedancll!l kg m-•s-• 

1.6 x 10" 

1.4 x 10• 

Example 

Us.ingdatafromTable 14.1,cakulatetheintens.ityrefll'Ctioncoetlicientforaparallelbe.lm 
ofultra10und iocidentnormaltyontheboundarybetween 

(a) airandsoltti11ue, 
(b) mtJSCleandbonethathasaspedficacomticimpedanceol6.5x106kgm--l>I 

(al a=(Z1-Z1)ll(Z1+ z ,)l 

:(1.6x106 -430)',11.6x106 +430)' 

:0.999 
(b) a:{6.Sx 106 -1.7>< 106)11(6.Sx 106+ 1.7>< 106}1 

:0.34 

Now It 's your turn 
1 Usingdatafromla~e14.1, 

(al suggest why, although the speed of ultrasound in ~ood and muscle is 
approximately the same, the specific a(OU1tic impedance is diff&ent 

(b) calrnlatetheintensityreflectioncoeffic:ientforaparallelbeamofultra1ound 
inddentnormallyootheboundarybetweenlatandmtJSCle 

It can be seen that the Intensity R'fk>cUon coefficient for a boundary between air 
andsofttls.suelsapproxlmatelyequaltounl!y.Thismeansthat,whrnultrasoundls 
lnddent on the body, very little ls transmlned Into the body. In on:l{'f that ultrasound 
may be transmitted into the body and also that the ultrasound may return to the 
transducer,l!lslmponantthattherelsnoalrbeiweenthetransducerandtheskln 
(soft !ls.sue). This ls achieved by means of a wat{'f-based jelly. This jelly has a speclfk 
acoustic Impedance of approximately 1.5 >< 106kg m--> s-1. 

Once the ultrasound wave ls within the medium, the intensity of the •.vaw will be 

reduced by absorJXIOfl of energy as It pas.ses through the medium. The medium ls 
heated. In fact, theheatlngeffect produced by ultrasound of appropriate frequencies ls 
used lnphysl()(herapytoasslstrecowryfromspralnsandslmllarlnjurles. 

For a parallel beam. this ab.lorptlon ls approximately exponential (as with X-rays -
see Topic 25) and ls shown In Figure 14.6. 

For such a beam of ultrasound incident normally on a medium of thickness x, the 
transmlnedlntensity/lsrelatedtotheincldentintensity/0 by theexpresslon 

/:/0 e--OCor/:/0exp(-kxJ 

wheR' k ls a constant for the medium known as the linear absorJXIOfl (attenuation) 
coefftdent. The coeffklent k depends no1 only Ofl the medium Itself but also on 
thefR"quencyoftheultrasound.SomevaluesofthellnearabsorpUon (anenuatlofl) 
coefftdentareshownlnToblel4.2. 



Table 14.2 Somev;iluesof 
linear ab10rption (attenua~on) 
rneffidentforultra10und 

llne; r;bsorptlon 
(attenu;tlon) 

medium coefflclenttun-1 

Flgure14.7Ultrasounddiagn01i1 

14 .6 The generation and use of ulrrasound I 

6.25 
0 

0 
~~~~~~~~~~~-

Xi; 2xi; Jxi; 4xi; 
thickoessofabsorberx 

Figure 14.6Thepercentagetransmi1slonolultrasoondinaml.'dium 

NOie tha! the expression for the change ln the transmlned huenslly applles only to a 
parallel beam. If the beam ls divergent , then the Intensity would decrease. without any 
absorptlonbythemedlum 

Example 

Aparal~lbrumolultrasoundisincidentoothe:;urfaceol amuscleandpassesthrougha 
thicknessol3.5cmofthemuscle.ltisthenreflectedatthe:;urlaceofaboneandretum1 
throughthemu1cletoits1urface.UslngdatafromTables14.1 and 14.2,calculatethe 
lractionoftheincident intens.itythiltanive1backatthe1urfaceofthemuscle 

Thebeampassesthroughatotal thicknesso/7.0cmofmuscle.Fortheattenuatioointhe 
muscle, 

l:10exp{-0.23x7.0):0.2010 
Fractionreflectedatmusde--oone interface:{6.5x106 - 1.7x1()6}l/(6.5x10'+1.7x10>}l 

:0.34 

Fractiooreceivedback at1urface:0.20x0.34:0.068 

Now It's your turn 
2 Aparallel beamofultra10ur.dpassesthroughathicknessol4.0cmofmuscle.ltisthen 

incidentr.ormaHyonabonehavinga1pecificacoustic impedanceol 
6.4x 106kgm-l s-1. The bone is 1.Santhick. Using data from Table 14.2,cakulate 
thefractioooftheincidentintemitythatistransmittedthroughthemuscleandbone 

Obtaining diagnostic information using ultrasound 
Toe ultrasound transducer ls placed on the skin. with the water-based Jelly excluding 
anyalrbetweenthetransducerandtheskln(Flgurel4.7). 

Shortpulsesofultrasoundaretransmlttedlntothebcxlywheretheyarepanly 
reflected and panly transmlned at the boundaries between media ln the bcxly such 
as fa!- muscle and muscle-bone. The reflected pulses return to the transducer where 
they are detected and convened Into voltage pulses. These vokage pulses can be 
ampllfted and processed by electronic circuits :;uch that the output of the circuits may 
bedlsplayedonascreen asln,forexample,acathcxle-rayoscllloscope. 

Pulsesofukrasoundarenecessarysothatthereflectedukrasound pulses can be 
detected ln the tlme Intervals between the transmitted pulses. Th.e time between the 
transmlsslonofapulseandltsrecelp1backatthetransducerglveslnformatlonasto 
the distance of the boundary from the transducer. The lruenslty of the reflected pulse 
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gives lnformatlon as to the nacure of the boundary. Tu·o cechnlques are ln common use 
forthedlsplayofanukrasoundscan. 

In an A-scan , a short pulse of ulcrasound ls transmlned Imo che body through the 
ooupllng medium (the ,,,acer-based telly). At each boundary between media. some of 

the energy of che pulse ls reflecced and some ls transmlned. The transducer d{'[ects the 
reflected pulses as ll now acts as che receiver. The signal ls ampllfled and displayed 
ona ctthode-rayoscllloscope(c.r.o.). Reflected pulses (echoes)recelved at Che 
cransducer from deeper Jn the body tend to have lower Intensity than those reflected 
from boundaries near the skin. This ls caused n()( only by absorpilon of wave energy 
lnthevarlousmedlabutalso,Oflthereturnofthereflectedpulsetothetransducer, 
some of the energy of the pulse will again be reflected at Intervening boundaries. lb 
allow for chls, echoes received later at the transducer are ampllfled more than those 
recet~·ed earller. A vertical llne ls observed on Che screen of the c.r.o. corresponding to 
che detection of each reflected pulse. Toe tlme-base of the c.r.o. ls callbrated so that. 
knowing the speed of the ultrasound 1>rave ln each medium. the distance between 
boundaries can be detennlned. An example of an A-scan ls illustrated in Figure 14.8. 

CD I CD transmitted pulse 

@ ® fat-muscle boundary 

1 ® muscll!--booebouodary 

q 

I A l ~ 

Flgure 14.8 AnA-1can 

A B-scan consists of a series of A-scans, all taken from dlfferem angles so that. on the 
scn>ftl of the c.r.o .. a t\\-u-dlmenslonal Image ls formed . Such an Image ls shown ln 
Flgurel4.9. 

Flgure14.9 Animageofahe;ilthyhe;irtproducedfroma6-sc:an 



Examinatiooseylequestions l 

Toe ultrasound probe for a B-scan does no1 conslSI of a single crysrnL Rather, It has 
an array of small crystals, each one at a sllghtly dHJerem angle co Its neighbours. The 
separate signals received from each of the aystals Jn the probe are processed. Each 
reflectedpulselsshownonthescreenofthec.r.o.as abrlghtspotlnthedirealon 

of orientation of the particular crystal that gave rise co the signal. The pattern of 
spo(s bulkis up co fonn a c,;,.u--dlmensloflal Image represemlng the positions of 

the boundaries wllhln the body. The Image may be either viewed lmmedlately or 

pholographedor&oredln acomputermrn1ory. 
The main advamage of ultrasound scanning compared to X-ray diagnosis ls that the 

he:ilth risk to bcXh the patient and to the operator ls very much Jes& Also, ukrasound 
equlpmem ls much more ponable and ls relatively simple to use. 

Higherfn>quencyultrasoundenablesgreaterresolutlontobeobfainedslncethe 
wavelength wlll be shoner and there will be less diffraction around small features . lbat 

is, more detail can be seen. Funhennore, as modem techniques allow for the detection 
of very low Intensity reflected pulses, boundaries benveen tissues where !here Is Hnle 

changelnacousllcimpedance can be detected . 

• Ultrasound may be genNated and detected by 1)1ezo-~ectric crystals 
• Ultrasoundimagesareformedasaresultofthedetectionandprocessingof 

ultrasoundpulsesthathavebeenreflectedfmmtissueboundaries 
• The ac:ou5tic impedance z of a medium is pc. 
• Theintensityreflectioncoelficientis{Z1-Z1)ll!Z1 +Z1)l 
• Two-dimensional scans may be obt.-iined using a groNatorldetector consisting of 

manyseparateuystalsa ll atd ilferentanglesof orientation 

Examination style questions 
1 Explain why, when obtaining an ultra50und scan, 

a the ultra50und is pulsed and is not continuous, 

b thereflectedsignalreceivedfromdeeperinthebody is 
ampliliedmorethanthatreceivedfromneartheskin. 

2 The'ijlecilicacousticimpedanceoffat,muscleand 
bone are 1.4" 106kgm-1 s-1, 1.6>< 106kgm-2 s-1 and 
6.5>< 106kgm-1 s-1 respectiv~y.Thelinearab50rption 
coeflicients infatandinmuscleare0.24cm-1.-ind 
0.23cm-1 respectively. 

Aparall~be.-imofultra soundofintensity/isincidenton 
the layer of fat. DiKussquantit.-it ively, intermsofl,the 
reflectionandthetransmissionofthebeamofult ra50und 
asitpassesthroughthelayeroffatofthickness4.0mm, 
into the muscle of thickness 43.5mm and finally into the 
bone. 

3 a i State what is meant by the acoustic impedance of 
a medium. /1/ 

i i Data for some media are given in Table 14.3. 

speed of acoustic lmpecbnce/ 
ultrasound/ms·• kgm·•s-1 

"'' 
Use data from Table 14.3to calculateavaluefor 
the density of bone. {I] 

b Aparallelbeamofultrasoundhas intensityl. ltis 
incident at right angles to a boundary between two 
media, as shown in Fig. 14.10 
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incident 
intensit-,,~ 

rellected 
intensi~ 

transmitted 
~ 

acousticimpedancez, acousticim~ncez, 

Flg.14.10 

The media have acoustic impedance5 of Z1 and Z1. The 
transmittedinten5ityoftheultrasoundbeamislrand 
thereflectedintensityis/R 

i Statetherelationbetween/,frand/R {I] 
ii Thereflectioncoefficientaisgivenbytheexpres5ion 

a=~ 

U5e data from Table 14.3 to determine the reflection 
coefficient afar a boundary between 

• gelandsofttis.sue, {2] 

• airandsofttiss:ue {1] 
c Byreferencetoyouranswersin b ii,explaintheuse 

ofa gel on the surface of skin during ultrasound 
diagnosis {3] 

Cambridge lntemational AS and A Level Physics, 

9702142 Oct/Nov 2010 Q 10 

4 a Byreferencetoultrasoundwaves,statewhatismeant 
by acoustic impedance. {2] 

b An ultrasound w.we is incident on the boundary 
between two media. The acoustic impedances of the 
two media are Z1 and Z 1, as illustrated in Fig. 14.11. 

ExplaintheimportanceofthedifferencebetweenZ1 
andz1forthetransmissionofultrasoundac:rossthe 
boundary. {3] 

c UltrasoundfrequenciesashighaslOMHzareusedin 
medical diagnosis. 

Stateandexplainoneadvantageoftheu5eofhigh­
frequencyultrasoundcomparedwithlower-frequency 
ultrasound. {2] 

Flg.14.11 

Cambridge International AS and A Level Physics, 

9702142 May/June 2013 Q 10 
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16 Communication 

4' By the end of this topic, you will be able to: 
16.1 (a) appreciate that information may be carried by 

a number of different channels, including wire· 

pairs,coaxlalcables, radioandmicrowa\'elinks, 
and optic fibres 

16.2 (a) understand the tem1 modulation and be able to 
distinguish between amplitude modulation (A~O 
and frequency modulation (FM) 

(b) recall that a carrier wave , amplitude modulated 
byasingleaudiofrequency, isequivalemto 
the carrier wave frequency together with two 
sidebandfrequencies 

(c) understand the tem1 bandwidth 
(d) recall the frequencies and wavelengths used in 

different channels of conununication 
(e) demoostrate an awareness of the relative 

advantages of AM and FM transmissions 
16.3 (a) recall the advantages of the transmission of data 

ln digital form compared with the transmission of 
datainanaloguefonn 

Starting points 

(b) understand that the digital transmission of speech 
or music invol\'eS analogue-to-digital 001wersion 
(ADC) on transmission and digital-to-analogue 
com·ersion (DAC) on reception 

(c) understandtheeffectofthesamplingrate 
and the nwnber of bits in each sample on the 
reproductionofaninputsignal 

16.4 (a) discuss the relative ad\'llmages and disadvamages 
of channels of conununication in tenns of 
a,':lilablebandwidth, noise , cross-linking,security, 
signal attenuation, repeaters and regeneration 

(b) recallthere!ati,·emeritsofbothgeostationary 
and polar·orbiting satellites for communicating 
information 

J6S (a) understand and use signal attenuation expressed 
indBanddBperunitlength 

(b) recall and use the expre!lsion 

=1~~:B=!Olg(~),fortheratioof 

• Electromagnetic w.wes are transverse waves that all have the same speed in a 
vacuum. 

• The electromagnetic spectrum can be divided into different frequency or wavelength 
regions,eachhavingdifferentproperties. 

• Communication is the means by which information is transferred from one place to 
another. 

16.1 Communication channels 
For communication to cake place. Information ls carried from one place to anoc:her. 
Toe lnformatlon ls carried In the form of a signal which may be. for example, changes 
lnthefrequencyoramplltudeofawaveorchangeslnthelntensltyofllght.The 
slgnal may be transferred Jn various ways using dlfferent channels of communication 
includlng wlre-palrs,a>axlalcables. radloandmlcrowavellnks,andoptlcfl.bres. 

Wire-pairs 
Wire-pairs provide a very slmple link between a transmlner of lnformmlon and 
the receiver. ln the earty days of electrical communication using Moise code, the 
transmlner and re,celver were connected directly to one anOlher by means of two 
copper wires (or one copper wire and an ·earth return'}. In modem communlcatlon 
sy51ems, wire-pairs are used mainly for shon-dl51ance communlcatlon at relatlvety low 
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frequendes, for example linking celephones to the nearest exchange. In the slmplesc 
of applications, they are used for llnklng a door bell In a house co the swllch outside 

Coaxial cables 
The COflstructlon of a C<XlXlal cable ls shown In Figure 16.1. 

Flgure16.1 Coaxi.il{able 

thin wire 
braid 

It consists, baslcally,oftv.uwlreconductors.Anyelectrlcalslgnal lstransmlt!edalonga 
central Inner conductor thac ls covered by an Insulator. The second conductor ls ln the 
form of thin wire braid that completely surrounds the insulator. This wlre braid acts as 
the"retum'fortheslgnalandlseanhed. Thebrakilscoveredbyaprolectlvelayerof 
lnsulallon. 

Theeanhedou!erbraldlngshleldsthelnnerCOflductorfromextemallnterference. 
for example. other stray electrical signals. Consequently. che signals In C<XlXlal cables 
suffer far less from dlstonlon than wire-pairs and provide beuer serurlly. Coaxial 
cablesareused.forexample,toconnectanaerlalcoa!elevlslonrecelver. 

Radio waves 
Akernatlng current In a wire acts as an aerial. Energy ls radiated from the aerial Jn 
Che fonn of electromagnetlc waves. These \vaves travel outwards from the aerial with 
!hespeedofllghc.Electromagnetlc1••avesinthefrequ=yrange30kHZto3GHZare 
generallyreferredtoasradlowaves. 

The first radio waves co be used for communk:allon were of very low frequency and 
very Jong wavelength. The radio waves were S\\1tched on and off .IO that communlcatlofl 
was by Morse axle. Later. the use of higher frequencies and funher developments 
OncludlngFMbroadcastsandtheuseofdlfferentcarrlerfrequencles) enabledhlgher­
quallcy COfl1munlcatlon and also more radio .1tatlons co operate ln the same area . 

The choice of aerial for broadcasting decermlnes whether the radio ,;vaves are emlned 
lnalldlrectlons(Jorbroadcastlngtoanarea)orlnonedlrecllononly(forpolnt-to-
pohu communlcatlon). Slmllarly, for the receMng of radio signals, che choice of aerial ls 
decermlned by whether the signal from one direction, or all dln>etlofls, ls to be ieceJ\·ed. 
Aertals with dish reflectors enable the radio waves co be transmllted as a parallel beam. 

The Jmenstty of the radio waves wlll always be reduced (auenuated) as the distance 
from the tr:msmluer Increases. The degree of anenuatlofl depends on the frequency of 

Microwaves 
Microwaves are electromagneclc waves that can be consklered alongside O!her radio 
waves. They are in the frequency range 3GHz to 30GHz and are generally used for 
point-to-point communlcatlon since, for use on Eanh. !he range of the transmissions 
lsllmltedtollne--of-slght. 

Reflecting parabollc dishes are used so tha! che transmission ls ln the fonn of a 
parallel beam and then as much wave power as possible can be focused on to the 
receiving aerial. as shown In Figure 16.2. 



Figure 16.3 Op~{ fibres 
mo~ingupanoptic cable 

16.l Modulation I 
traOSfllittei- - --------------------

Flgure16.2Theuseofparabolicrell1.'Ctorswithmicrowave1 

It should be n.-membered that the reflealng parabolic dish ls not the aerial. The aerlal 

lsfoundatthefocusofchereflealngdlsh. 

Optic fibres 
AnoptlcflbreconststsofaflneSlrandofveiypun.-glass.surrounded byapro(ectlve 
covering. Theglassflbn.-Uselflsthlnnerchan ahair. Pulsesofllghtorinfra-red 

radlatloncravelalongtheflbreasaR'Sukoftornllntemalreflectlon. Thesepulsescariy 

dlgltallnformatlonalongtheflbre. 
Theradlallon pulsesareprovldedbylasersandhaveveiyhlghfrequencles.ofthe 

o!deroflO" MHZ. lntheory,aslnglepulseneedonlylastfor 10-"s. Ho,;n•ver.Jasers 

cannotbecontrolledatsuchhtghfrequenclesandtheduratlonofaslnglepulse, 
or bit. ls go,.emed by the frequency a! which the laser can be switched on and off. 

lt.'chnology ls always Improving and , at present. the frequency ls abooc 800MHz. 

Fibre optic transmission ls being lnSlalled ln many different types of communication. 

16.2 Modulation 
For any system of communication. there muSI be a transmitter and a R'Celver. A simple 

system could be one per.son speaking to another. One person ls the transmitter, the 
01h(>r ls the R'Ceiver, and the communication sysiem ls sound waves. 

An al!ematlve sysiem. if the two people an.- ln dlfferent rooms. ls a microphone 
connected co a loudspeaker by means of a wlre-palr. The microphone converts the 
sound,vaveintoavaiylngelectrlrnlslgnalthatlstransmlned alongthewlrescothe 

loudspeakerwhen.-lt lsconvenedbacktosound,vaves. 

Communication of speech coukl also be achieved using radio waves. Toe signal 

from the microphone woukl be ampllfled and applied to an aerial. The radio waves 

produced would then be picked up by a R'Ceivlng aerial. After ampllflcatlon, the 
received signals would be passed to a loudspeaker. This simple system ls shown In 

Flguret6.4. 

amplifier amplifier 

Figure 16.4Simpleradiornmmunicationsy!item 

"' 
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Thls slmple system has two serious dlsadvamages. FITS!. Oflly one system could operate 
Jn an area because the receMng aerial would not be seled:lve - It would pick up all 
slgnals.Second.theaerlalrequlredforthetransmls.stonofthelowfrequendesof 
sound waves (abouc 20HZ to 15kHZ) would be very Jong and the electrlcal pov,er 
requlredfortransmlsslonoverlongdlstances,,."OUJdbeverylarge. 

These problems are solved by the process known as modulation. A high-frequency 
wave, known as the carrier wne. ls tr:msmlued. This high-frequency carrier wave 
has either its amplitude varied or Its frequency varied so as to carry Information. This 
lsillus1ratedlnFlgure16.5. 

constantamplitude(e1:1ualtothatintopgraph) 
frequency varies 

~i&h-lrequncy 

inlorrution 
lii?llll 

3111plitude-rnodula1d 
(AM)wan 

ll1quenc:,-rnodul111d 
(FM)wan 

Figure 16.5 Amplitude modulation and ffequency modulation of a cmierwave 

In amplitude modulation (AM), rhe Cittrier w.we has ronstant frequency. The 
amplitude of the carrier wave is made to Viii)'. These variations 1tre in syndirony with the 
displacementoftheinformationsigml. 



16.l Modulation I 
Toe rate m which the amplitude of the carrier wave varies ls reL1ted directly to the 

frequencyofthelnfotmatlonslgnal. 
Note: Amplitude modulation ls no! the same as superposition. Superposltlon involves 

the addition of displacements whereas amplllude modubtlon ls achieved through the 

multlpllcatlonofdlsplacements. 

In frequency modulation (FM), the amplitude of the carrier wave remains COt'lS@flt. 

The frequency of the carrier wave i5 made to Vdl}' in synchrony with the disp/a«!fTlf!(l/ of 
the information signal. 

Toe change Jn the frequency of the carrier wave ls a measuR' of the dlsplacemem 

of the Information signal. The rate a! which the carrier-wave frequency varies ls a 

measure of the f!ftjuency of the Information signal. 
The use of a earner waw allows dlfferent rad lo stations ln the same area to transmll 

m the same time. Each radio siatlon has a different carrier 1•rave frequency. The 

receiver Is adju&ed, or tuned, co the frequency of whichever transmtuer ls desired . The 
receiver accepts the signal transmtued on that panlcular carrier ·wave and rejects (J(Jx.>r 

carrler-wavefrequencles. 

Example 

As.inusoidalcarrierwavehasafrequencyof SOOkHzandanamplitudeofS.OV.The 
frequencydeviationofthecarrie1wavei130kHzV-1.Thatis,foreVl'f)'1.0Vchangein 
displacernentofthesignal,thelrequencyolthe{,mierwave{hangesby30kHz.Thecarrier 
waveisfrequency-modulatedbyas.inusoidal signalof frequeocy10 kHzandamplitude 
2.0V. Describe the modulated {arrier wave 

Amplitude of informat ion s.ignal = 2.0V giving variation of (2 x 30) = 60kHz 

Thecarrierwavehasarnnstantamplitudeol5.0V.ltsfrequency{hangeslrom740kHzto 
860kHz and back to 740kHz. This change of frequency ocrnrs 10000 times per second 

Now It's your turn 
1 Asinusoidal{arrierwavehasafrequeocyof750kHzandanunmodu!atedamplitudeof 

4.0V. The {arrier wave is to be amplitude-modulated by a sinusoidal s.ignal of frequency 
3 kHz and amplitude 0.5V. Describe the modulated {arrier wave. 

2 The variation with time of the displacement of an amplitude-modulated radio wave is 
shown in Figure 16.6 

Flgure16.6 

Forthiswavedetermine thefrequeocyof· 
(a) thecarrierwave, 
(b) theinformationsignal 

timeJµs 

259 
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Figure 16.6 shows a carrier wave, frequency /c, that has been amplitude-modulated 
by a slgnal having only one frequency fs . lfthls waveform ls analysed, ll ls found to 
be made up of three frequencies lfc + /s)./c and lfc - /,J. The frequency spectrum 
of this modulated wave - that ls, a graph showing the varlatkm with frequency of the 
ampll!udes of each component - ls shown In Figure 16.7. 

:L 
(1, - / ,l /, (f, + J.l frequency 

baoc!width2J. 

Figure 16.7 The 1pe{trum of a {arr~r wave .implitude·modu!ated by a single frequency 

Thecentralfrequency/clsthefrequencyofthecarrler\vaveandllhasthelargesc 
amplltude. The ()(her rwo frequencies, (Jc + f,J and (Jc - /,J. are known as sitlebands 
or sidebantl frequencies . The frequency ls ls the frequency of the lnformatlon signal. 

The bandw idth is the rilflf}eof frequencies occupied by the amplitude-modliated 
Will{'fonn. 

Thlsbandwldthlsequalto".lfs. 
For the broadcaSI of music, the lnformatlon signal wlll contain a wide range of 

frequencies, possibly from about 20 HZ !o 15kHz. A typical frequency spectrum of such 
an amplitude-modulated wave ls shown Jn Figure 16.8. 

:LL. 
frequency 

Figure 16.8 Typiul spectrum for amplit!Jd.e-modul.ited wave tr.immittiog musk 

lnpractlce,theveryhlghfrequencleslnmuslcmayn()(bebroadcaSl,soastoreduce 
the bandwidth of the transmllted signal. Some quality of reproduction will be Jost but. 
for normal broodcaSllng, this loss woukl be minimal. 

The frequency spectrum of a frequency-modulated (FM) waveform differs from that 
for an amplitude-moderated (AM) waveform. The FM waveform has additional side 
frequenclesthat aremultlplesofthelnformatlonslgnalfrequency, resultlnglna gremer 
bandwklthforthesamerangeofbroadcastfrequencles. 

Radio-wave frequencies 
Electromagnetlc waves ln the frequency range JO kHz to 3GHz are generally referred 
!oasradlowaves. 

The hUenslty of the radio \vaves wlll always be reduced (auenuated) as the distance 
fromthetransmlnerlncreases. Thedegreeofanenuatlondepend.sonthefrequencyof 
the waves. Some da!a on frequencies and ranges are given ln Tobie 16.1. 
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frequency range 

g reall.'flhan 30MHz line-of-sightbetwl.'!'n lran:s.mitte r and receive r, plus 
1.ite ll iternmmunication 

sky wave worldwide, as a result of multiple reflections frnm the 
ionosphereandthegroundorsea 

uptolOOOkm 

For simple radio communlcatlon, AM broadcasts on che medium-wave (MW) and 
long-wave (LW) ,;vavebands are relatively cheap and technlcally less complex. They are 
transmlnedassulfacewavesandprovldecoverageoverlaigeareas. 

The \vavelength of the radio waves determines the length of the aerial. For mcOHe 
phones, theaerlalmustbe, forthesakeofconvenlence, shonandhencethewavelength 
mu.It also be R'latlvely shon. High-frequency space waves are used. Remember that , as 
the frequency of the carrier wave Increases, the bandwidth also increases 

The frequency bands used for radio communlcatlOfl are summarised in Tobie 16.2. 

Table16.2 Radio·fn.•queocybands 

comrnunlultlon 

"'" fr&qul'!Kyr.inge 

s.hort-wave(SW)r..dkl 3 MHz _. 30MHz 

TV broadcasting and 
mobile phones 

Relative advantages of AM and FM transmissions 

fr&q uencyb.ind 

klwlrequenciesLF 

medium frequencies MF 

highlrequericies HF 

very highffequendesVHF 

ultfa-high frequende1UHf 

1uper-highffequeocie1SHF 

extra-highffl'Q\ll'OCies EHF 

AM radio transmissions on the long-1,,ave 0.W), medlum-w:ive (MW) and shon-v,ave 
(SW) wavebands are broadcast over very large distances so thm one transmitter can 

serve a large area . l'M transmissions have a range of only about 30km and this range 
ls by Hne-of-slghL Consequently, many transmlners are required to broadcast over a 

large area . l'M can be used to serve small local areas but lt ls simpler and cheaper to 
broadcast using AM. 

The bandwidth of AM broadcasts on the LW and MW wavebands ls 9kHz. Thls 
meansthatthehlghestfrequencythatcanbebroodcastls4.5kHz. Thlsls qulte 
adequate for speech. However, the lack of quality for musk: ls easlty no(k:ed. On the 
very-high-frequency (I/HI'} waveband, the bandwklth of an FM radio signal ls about 

200kHz. giving a maximum frequency that can be broadcast of about 15kHz. 
FMbroadcastlngdoes.therefore, offerhlgherquallty. 

l1le Jong-w:ive 0.W) waveband has a range offrequeocles from about 30kHz to 3QOkHZ. 
lfthe bandwidth on each AM broadcast ls 9kHZ. then , theoreUcally. (300 - 30)19 = 30 
transmlttersCOJldbroadcaS1lnthe.1.1meareaw1thoncauslnglnterference.lnpractlce. the 
number woukl be less than this. so that "space' ln the frequency spectrum ls left between 
transmtners. For l'M broadcasting. (300 - 30)/200 = I transmtner COJld broadcast ln the 
LW w:iveband. The number of transmitters thm can share the .1.1me waveband ls much 

larger for AM than for FM. For this ieasoo, FM ls broadcast only at flequendes ln excess 

ElectnGIJequlpmeruthatproducessparksal.lOproduceselearomagnetk:waves.(forthls 
reison, the Ignition systems of peirol engines must be ·suppressed') These elearomagnetk: 
\v:wesaredeteaedaslnterferencebytheaertallnaradlo. lftheradlolstunedtrnoan 
AM signal, the lmerference wlll add to the dlsplacemern of the AM: slgn.11 and will appear 

"' 
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asnolselntheootputofcheradlo.AnFMslgnallsbasedoochangesoffn>queocy,noc 
dlsplacemem.lmelfffencelsno(plckedupbytheaerialoftheFMradlobectusethe 
lnterferencedoesnocalterthefrequeocyoftheslgnal.Tllequalltyoftherecep1lonofFMls 
generallybel:certhanthatofAM,slncetherewUJbelessnotseorlnterfe=. 

AM transmitters and receivers are much slmpler. electronlcally. than those for FM. U 
ls,therefore.cheapercobroadca.lt and receive AM. 

In summary. FM transmissions are more expensJ\/e than AM and the area covered by 
one FM transmlner ls much smaller. This difference ln coverage ls an advantage where 
local radio ls concerned but a dlS."Idvamage as regards natlOflal radio. The bandwklth 
necessary for FM ls greacer. The quallty of the received FM signal ls much better 
becauseofthelncreasedfrequencyspectrum,andllalsosufferslessnolse. 

Example 

A p;1rtkular transmittl'r is broadcasting an AM s.igr.al of frequency 200kHz. The transmitter 
is broadcitSling a program ml' of musk with a maximum frequency of 4.5 kHz. Oetl'rmine, 
for this AM signal 

Cal thl'wavell'nglh, 
(bi the bandwidth 

(a) 1peedofelectromagneticwavesis3x 108ms-1 
wave/ength:speed/frequency:(3xl()!V(200x101l: 1500 m 

(b) bandv.idth:2><4.5=9.0 kH z 

Now it 's your turn 
3 Discuss the relative advantages of AM and FM radio trnnsmiss.iom. Wherever 

appropriate,givenumericalvaluestoillustrnteyouranswer 

16.3 Analogue and digital signals 
An lnformatlOfl signal chat has the .1ame vartatlons with time as che lnformaUOfl Itself 
ls known as an ana logue signal. For example. the signal voltage produced by a 
microphone ls analogous co the sound wave tncldem on the microphone. The voltage 
oucputfromthemlcrophonelsananaJogueslgnal. 

Much of the lnformatlOfl that we wish co transmit and communlcace ls analogue 
lnnature (speech.mustc.televlslonptcrures.ecc.). Whenanyslgnallstransmlned 
over a Jong distance, ll will pick up noise. Noise ls nol Just unwanted sound, buc any 
umv:mted random signal that adds to the signal chat ls being transmlned. Also. the 
prnveroftheslgnal becomesless-,thatls.theslgnallsanenuated. Forlong-<llstance 
transmission, the signal has to be ampllfted at regular Intervals. The problem ls that, 
on ampllflcatlon of an analogue signal, the noise ls also ampllfled. T1le signal becomes 
dlstorced or 'noisy'. This effect ls shown ln Figure 16.9. VM 

[> I W repeater 
amplifier 

Figure 16.9 Amplifkationaf aooi1yanalogue1ignal 

A digita l signal consists of a series of 'highs" and "lows" with no values betv,een the 
'hlghs'andthe 'lows'. Thedataintheslgnallstransmlnedasaparllcularsequence 
of 'hlghs"and"Jows"or,effecllvely,asequenceoflsandOs. Theslgnalwlllstlllsuffer 
from noise and anenuatlon. However, on ampllflcatlon. the noisy ls and Os can be re­
shaped or regenerated to return the signal to Its original fonn . such ampllflers are 



binary number 

16.3 Analogue and ~gital s~nab I 
[> v] D D 

regenerator 
ampli fier 

Flgure16.10 Amplifkatiooofanoisydigrtalsignal 

known as regenerator ampllflers. These ampllflers "filter out' any noise. and in so 

doing, R'Sloretheslgnal. ThlslslllusuatedlnFlgure 16.10. 

Unllkeananalogueslgnal.adlgltalsignalcanbetransmmedovera longdlotance 
with regular regeneratlons without the signal becoming degraded. 

MOOemdlgltalelectronlcclrcultsaR',lngeneraJ.morerellableandcheaperto 

produce than analogue drcults. In the futuR', the vast matorlty of communlcatlons 

systemsarellkelytobedlgltal. 

An addltloo.al advantage et digital sysiems ls that extra Information, or data, can be 

added IO the tr:msmlsslons. lbese extra d1ta are a code for the receMng sysiem so that the 

transmlttedslgnalmaybecheckedandCOITT'Cledberoretheslgnallsflnallyreproduced. 

Binary numbers 
A bi.nary number ls a number thac has the base 2, when>as a decimal number has 

the base 10. Tobie 16.3 shrnvs some dedmal numbers and their equivalents ln binary 
nooiuon. A binary number consists of a number of digits. or bits . All the binary numbers 
shown are tour-bit numbers. Binary numbers may also be called digital numbers. 

larger numbers would require digital numbers with mollc' bits. 'When reading 
adlgltalnumber,thebltonthe left-handsldeof thenumberlscalledthe most 
sig nificant bit. or MSB. This bit has the hlghesi value. The bit on the right-hand side 

has !he leaSivalueand tsknownasthe leas t s ig nificant bit,orLSB. 
When the LSB ls I, !his corresJXlllds to decimal number I . 'When the second bit 

shmvs L this corresponds to declmal number 2. When successive bits show 1 they 
correspond co decimal numbers 4, 8. 16. 32. 64, etc. Thus, the binary number 1101 
corresponds to decimal number 8 -+- 4 -+- o -+- 1, or 13. Conversely, decimal number II 
whlchequ.1ls8 -1- 0 -1- 2 -1- 1 correspondstobln.1ry number 1011 . 

Example si 

Convert the following decimal numbers into five-bit dig ita l numbers 
(al 9, 
(b) 23. 

(a) 01001 
(b) 10111 

Now It's your turn 
4 Convert thefollowing five-bitnumbers intodecimalnumbers 

(a) 11001, 
(b) 01010. 

The transmission of a signal 
lnan.1nalogueslgnal,suchasspeechormuslc,chegeneratedvolt.1geslgnalvarles 
contlnuously. Fordlgltaltransmlsslon.thls.1nalogueslgnalmuS1beconvenedlmoa 
digital signal. This ls achieved using an ana logue-to-digita l conn rte r (ADC). 

lnananaJogue-to-digitiJ/(O(lverter,theanaloguevoltagei'iSampledatregtiarintervaJs 
of time, at what i'i known as rhe sampling frequency or sampling rate. The value of 
the sample K>itage measured at each sampling time is C()()verted into a digital (binary) 
numberthatrepresentsthevoltagevalue. 
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For example, assuming thac a four-bi\ number ls being used, then the number 
representing a signal cha! ls sampled as 5.ov '\\uuld be 0101. NOle that when sampllng. 
Che number representing the sample wouk:l be the whole number below the actual 
value of the sampled voltage. If !he slgnal were to be sampled as 11 .4V. chrn the 4-bit 

number would be 1011. Asampledslgnalof 11.SVwouldalso be 1011. 
Figure 16.lla shows a sinusoidal analogue slgnal chac ls to be sampled at a sampllng 

r.ue of lOkHz. A four-bi! system ls used for the digital numbeis generated. 

'1 
'1 

time/fLS 

time/µs 

digi tal signal 0111 1001 1010 1011 1010 1001 0111 0101 OOll 0011 0011 0100 Olll 

time/fLS 

Flgure 16.11 Analogue-to-digitalanddigital-to-analoguernnver1ion 



16.4 Relative ments of channels of communication I 
Toe sample voltages are shown in Figure 16.iib. These sample volcages are convened 
Into a digital signal shown ln Figure 16.llc, by the analogue-co-digital convenff (ADC). 
Afterthlsdlgltalslgnalhadbcftltransmtued,ltlsconvercedbacklntoananalogue 
signal using a digital-to-analogue converter (DAC). 

lnadigital-to-ara/oguecawerter,adigitalsignalisconvertedintoananaloguesignal. 

Figure 16.!id shows the analogue signal chm has been R'COVered. The 1KOVered 
slgnallsvery 'gralny'.conslsllngoflarge'steps'.Theslzeofthesesteps, and hence 

thefalthfulne.ssofthereproductlonofthelnltialanalogueslgnal.canbelmprovedby 
uslngmorevokagelevelsand,ampllngatahlgherfrequency. 

The number of bits ln each digital number llmlts the number of voltage levels. In this 
example. there al\.' four bits and 2' = 16 levels. In practice, eight or more bits would be 
used for sampling. An elgtu-blt number would give 2• = 256 levels. 

The choice of sampling frequency also d«ermlnes the amount of infonnmlon that 
can be transmitted. About 100 years ago. NyqulSI showed that, ln older to recover an 
analoguestgnaloffrequencyfthentheslgnalmust besampledatafrequencygreater 
than']/.Thegreaterthesamplingfrequency,themorefalthfullsthereproductlOflof 
the original slgnal. For example. for good quality reproduction of music, the higher 
audlblefrequenclesmustbepresent:thatls.frequenclesuptoabout20kHZ. l'or 
compact discs (CDs) the sampllng frequency ls therefore 44.1 kHz. Thls quality of 

reproductlofl ls not required for speech. and It would prove costly. In a telephone 
system. the sampllng frequency ls SkHz and the highest frequency to be transmlned ls 
llmltedto3.4kHz. 

16.4 Relative merits of channels of 
communication 

Wire-pairs 
Hlgh-frequencyelectrlcalslgnalslosethelrenergyovershondlSlanceslnwlre-palrs ­
thestgnalshavea hlghauenuatlon. Thlshlghauenuatlonlspanlyduetotheheatlng 
causedbytheelectrlcalreslstanceofthewlresand panlyduetotheemlsslonof 
radlatlon (rad io waves), since the wires act as aerials. A stgnal going any distance in a 

wlre-palrmustbeampllfledatregularlntervalsalongthelengthofthewlres 
Afurtherproblemlsthat,slncethewlresactsasaerlals,theyplckupany 

electromagne'llc ,vaves and these umvanted signals, or noise. will cause d«erlorallon 
ofthestgnal.Wlre-palrsclosetooneanotherplckupeachother"sslgnals.Thlseffect 

ls called cross-talk or cross-linking and means that wire-pairs give rise to poor 
securltyslncetheslgnalscanbe"tapped"easily. 

The bandwidth of a wlre-palr ls only about ;ookttz and, asa result, \\1re-palrs are 
limlted as to the amouru of lnformatlon that they can carry. 

To summarise. wire-pairs: 

• are used mainly for shon-dlstance communication 
• causehlghauenuatlonofaslgnal 
• easllyplckupnolse 
• suffer from cross-talk and are of low security 
• have limited bandwidth. 

Coaxial cables 
AUenuatlon ls reduced when compared to wire pairs. Consequently, repeater amplifiers 
canbefunherapanoncoaxlalcables. 

The bandwidth of a coaxial cable ls about )()MHZ. Much more Information can be 
carried along a coaxial cable than along a wlre-palr. Hmvever. coaxial cable ls more 

costly.CooxtalcablelsusedtoCOflnect.forexample. anaertalandatelevlslon. 
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To summarise, comparing a wlre-palr and a coaxial cable, the coaxial cable: 

• lsmorecostly 

• ls less noisy and ls more secure 
• has a larger bandwidth. 

Radio and microwave links 
Microwaves are electromagnetic waves that can be considered alongside O!her radio 
waves. as shown ln Tobie 16.2. They are ln the frequency range 3GHz to 30GHz and 
are generally used for point-to-point communication since. for use on Earth, the range 
ofthetransmlsslonslsllmlledtollne-Of-slght. 

Reflectlng parabolic dishes are used so that the transmission ls ln the form of a 
parallel beam and so that as much wave pmver as possible can be focused onto the 
recelvlngaerlal. as shown ln Figure 16.2. 

The bandwidth of a mlcro\vave link ls of the order of 1 GHZ. Thls large bandwidth 
means that the microwave beam has a large capacity for transmitting Information. 

To summarise the Information about radio waves and microwaves: 

• these are electromagnetic waves with a wide range of frequencies . 
• their mode of use and range depend on frequency. 
• securltylsachlevedonlybyencodlngthelnformatlon. 

Optic fibres 
Pulsesofllghtor lnfra -redradL1tlontravelalongtheftbreasaresultoftotallnternal 
reflection. Thesepulsescarrydlgltal lnformatlonaloog theftbre. 

Theradlatlonpulsesareprovldedbylasersand haveveryhlghfrequencles,ofthe 
order of lo"MHZ. In theory, a single pulse need only last for 10- ><s. However, lasers 
cannot becontrolledatsuchhlghfrequenclesandtheduratlonofaslnglepulse, 
orblt,lsga,.emedbythefrequencyatwhlchthelasercanbeswltchedonandoff. 
Technology ls always lmprcwlng and , at present , the frequency ls about 800MHz. such 
high frequencies mean a large bandwidth, so many different phone calls can share the 
same opUc fibR". 

Theadvantagesofoptlc fibresaresummarlsedbelow: 

• large bandwidth, giving rise to large transmission capacity 
• muchlowercostthanm«alwlres 
• diameter and weight of cable ls much less than metal cable. hence easier handllng 

andSlorage 
• muchlessslgnalanenuatlon. sofarfewerregeneratorampllflersaR"requlred, 

reduclng thecostoflnstallatlon 
• do not pick up electromagnetic Interference. so very high security and negligible 

• can be lald alongstde exlSllng routes such as electric railway lines and power lines. 

Communication satellites 
Long-dlslance communlcatklfl using radio waves ls possible on the l>IW waveband 
(as surface waves) and the SW waveband (as sky ,;vaves). However, for modern 
communlcatlonsySlems.theR"arethreemajordlsadvantages. 

l Long-dlstancecommunlcatlonuslngskywaveslsunreliablelnthat ltdependson 
reflection from layers of Ions ln the upper atmosphere. These layers of Jons vary 
ln helghtanddenslty, glvlngrlsetovarlablequallryof slgnal. SurfacewavesaR" 
alsounrellablebecausetherelspoorR"Ceptlon lnhlllyareas. 

2 The wavebands available on MW and SW are already crowded. 

3 The bandwidths that are avaJL1ble are narrow and, consequently, unable to carry 
large amounts of Information. 



16.4 Relative ments of channels of communication I 
Satellite communication enables more wavebands to be made avallable and at much 

hlgherfrequencles.thus glvlngrlsetoamuchgreaterdaca--carrylngcapaclly. Thebaslc 
prlnclple of satellltecommunlcatlonlsshownlnFlgurel6.12. 

---l --

Flgure16.12 Satelliternmmunkation 

A carrier wave of frequency/.,. ls sent from a transmitter Ton Eanh to a satellite. 
Toesatelllterecetvesthegreatlyauenuatedslgnal. Theslgnallsampllfledandthe 
carrier frequency ls changed to a k>wer value,/_. The carrier ,,,ave ls then directed 
back co a receiver Ron Eanh. The carrier wave frequencies/,,., and/<1o..,, are different 
so that the very low pov,,·er signal received from Eanh ls nOI ~-.,,·amped by (can be 

dlsllngulshed from) the high power signal that ls transmitted back co Eanh. 

Values of the ·upllnk' frequency /up and the 'downlink' frequency J.i,,.,,. mlgtu be 

6GHz and 4GHz respecllvety (the 6/4GHZ band). Olher bands aR' 14/ llGHZ and 
3Q/20GHZ. 

ThexJtellitewiHprobablybea geostationarysatellite inage,'.l'>@!ionaryorbitlnthis 
case,thes.ttellireorbitstheEMthwithaperioda/24hoursataheightof3.6 x IO'km 
above the Earth's surface. Thegeo5ta~·onill}'xJtelliteorbitsinthe5ilmedirectionasrhe 
ro@lionoftheEarth(from1WsttoeastlandtheorbitisalxNetheEquator. 

From the vlewpolrn of a person on Eanh, the sacelllce remains above the same point 
on the Earth's surface. ThetransmlttlngaerlalandtherecelvlngaerlalonEanhboth 

havelargeparabollcreflectors. Oneadvantageofgeostatlonarysacelllceslsthacthese 

aerials can be fixed in position since the sacellltedoes n()( have to be tracked. 

A geostationary satelllte can have a permanent Hnk wilh a transmlttlng ground 

Sl.'.ltlon. Communlcatlon ls maintained with any point on the Eanh"s smface th:u can 

receive the signal from the satelll!e. A number of sa!elllces with overlapping areas, 

such tttat any area can receive a signal from one of the .1.1tellltes, allows for long­

distance communication. This removes the need for long-distance submarine cables 
lntematlonaltelevlslonbroadcastlnglsposslble, allowlng 'llve·eventslnonecountryto 

Geostationary satellites are ln equmorlal orbits. This means that communlrntlon 
lnpolarreglonsmayn()(beposslblebecauseasatellltewUlnOI belnllne-of-slght. 

A funher problem results because of the height of the orbit. Berween transmls.ston 

and receipt of the signal. the wave must travel m least cwlce the distance benveen 
the sacelll!e and Eanh; that ls, 7.2 x IO'km. For the wave travelllng ac 3.0 x HJ"m s-1, 

the tlme taken ls 0.24s. This delay would be Increased where several .1.1tellltes are 
Jnvolved,andwouldnOlbeacceptabledurlngacelephoneconversatlon. Toavoldchese 

problems, geostationary sa!elll!es may be used In conjunction with optic flbres. 

Polarsatellites arexJtellitesthathave/oworbitsandpassolll'l"thepoles. 

"' 
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The orbllal period of polar satellltes ls abouc 100 minutes. Since the Earth rotaces below 
such sa!elll!es, then ln any period of 24 hours the satellite wlll pass over every region 

Contlnuous communlcatlon with a single polar s:uelli!e ls not possible. However. 
Information may be transmtued to the satelli!e while It ls c,.,erhead. The data can be 
stored tn the satelli!e and then tr:msmllced back to Earth when the sacelllce ls over 
!he appropriate area . Continuous communlcatlon ls possible using a number of polar 
satelllteslnorbltsthmarelncllnedtooneanothersothata! leastonesacellltelsalways 
abol·ethetransmlnerandR"Cetver. lnth.lscase,theaerlalsmusttrackchesacellllesin 
thelrrnblts. Theadvamageofuslngsuchsacelllteslsthatthelrorbltal h.elghtlsonlyof 
the on:ler of 1oSm (a few hundred km) and thus delays tn cek.>phone conversa!lons allc' 

Since polar satellltes pass over the whole of the Earth ln any 24-hour period. 
cheyareusedforremotesenslng. SUchuseslncludemlll!aryesplonage,geologlcal 
prospecting and wea!her forecasting. The Global Positioning System (GPS, or ·sac nav') 
usestheslgnalsfromanumberofsacellicesthatarenotlngeostatlonaryorblts. 

16.5 Signal attenuation 
When a signal passes along a wire or a fibre, It loses power. This loss of power ls 
referred to as attenuation. and the amount of anenuatlon Increases as che distance 
thattheslgnaltravelslncreases. lnthecaseofanelectrlcalslgnal Ina metalwlre, 
signal power ls lost as heating of the wire. In optic fibres, light power ls Jost as a resulc 
of absorpilon ln Impurities ln the glass and also scattering due !o Imperfections. A 
beam of electromagnetic ,vaves travelllng through air also loses power as a result of 
absorptlonandscatterlng. 

In order that a slgnal may be deiected, the power of che signal must be a minimum 
number of Umes grea!er than the noise power. This ra!lo, the signa l-to-noise ratio, 
may be, for example, ;o to 100. Signals are amplified and the outpuc of the amplifier 
ls a certain number of tlmes greacer than the inpm. The a mplifier gain could be 
100000, or 10s. When a microwave signal ls sent from Earth co a .1.1telllte. che signal 
po,ver may be reduced by a factor of 101~ It can be seen tha!. ln comparing power 
levels, the ratio of two numbers is Involved and that this rallo can be very large or very 
small. In order to condense the scale of such varlatlons and to make the numbers more 
manageabk.>. the power levels are compared on a logarlthmlc scale. The resuk of this 
comparison gives the ratio ln a unit known a.s the bel , which has the symbol B. 

where P, and P, are the t,vo pcr.vers thac are being compared. Since the be] ls a large 
unit. the ratio ls usually expressed as the d ecibel. where I bel = 10 decibels or lOdB. 

numbet-ofdedbels(dB)= 10~(~) 

11 should be noted eh.at lf P, ls greater than P1. the dB number ls positive and there has 
been ampllflcatlon. Where P, ls less than P,. there ls attenua!lon and the number of dB 
wlllbenegatlve. 

Example 

A signal having a power ol 2.4µW is amplified in a two-stage amplifier. The first stage has 
againof18dBandthesecondstageprovidesafurtheramplificahonof2SdB.Cakukite 

(al thetotalgainofthetwo-stageamplifier, 
(b) thepowerol theoutputsignalfromtheamplifier. 

(al Forthelirststage,theinputis Vjandtheoutputis V,gtvingagainof V!Vj 

For the second stage, the input is Vandtheoutputis Vo, giving again of VdV. 



16.5 Signal attenuation I 
Total gain: V0IV,= Vo/Vx V/l'j 

:gainoffirststagexgainofsecondstage 
Gain, when expressed in dB, is a logarithm. Therefore, wheo two gains are 
multipliedtogether,theflthegainsindBmu51beadded(~MathsNote}. 
lg(totalgain)=lg(gainoffir51stage)+lg(gainolsecondst.-ige) 

=18+2S: 43 dB 
(b) Gain in dB: 10lg(P1/P1) 

43:10lg{Pi/(2.4x10-6)) 

4.3:lg(P1/(2.4x 10-6)) 
Taking antilogs, 

1Q4l:P1fl.2.4x 10- 6) 

Now It 's your turn 
5 A signal is amplified bytwoamplifien, A and B, connected in series. The input power to 

amplifier A is 17µW. Amplifie< A has a gain of 20d8. The output power from amplifil'f 
Bi10.26W.Determine 
(a) theoverallgain,indB,ofthetwoamplifiers, 
(b) thegainofamplilierB 

The logarithm of a number, to the base 10, ls the power to For example, 75 x 3.00 = 101-rn x 100477 
which the number ten must be raised ln order to give that Adding the powers, 75 x 3.00 = 10'= 
number. 1<>'·™ = 225 

For example, (Wealreadyknowthat75><3 = 225!) 
100 = 10' and ,n the logarithm to the base ten of 100 (lg 100) Aloo, 75 .;. 3.00 = 101.875 .;. 100-m 
152.00 SUbtractlngthepowers, 75.;.3.00 = 101l9'! 

101-l9'! = 25 
2.00 = 10°.301 and oo the logarithm to the base ten of 2.00 (We already know that 75 .;. 3 = 25!) 
(lg 2.00) ls 0.301 The gain of an amplifter ls usually expressed in dB. 
also Now, gain On dB) = 10 lg(P.,../P;.,) and oo the gain. ln dB, ls 
101.61>!> = 50.0andoolg50.0 = 1.699 alogarlthmtothebaseten. 
Remember that when two numbers aR'" multiplied togethff. When two ampllflffs are connected in series, the combll)('"{l 

if the numbers are expressed as numbers to the base ten. then gain ls found either by multlplylng togeiher the two accual 
the pmvers of the base ten aR'" added. For dlvl5l011. the powers gains or by adding together the gains. when expressed in dB. 

In a transmission llne. the amount of anenuaUOI\ ls dependent on the length of the 
llne. As a resuh. attenu ation pe r unit leng th ls normally quoted. 

artenuationperunit/ength=(±)101g(~) 

where L ls the length of the transmls.ston line. Anenuatlon per unit length ls measured 
indBkm-1. 

An optic ftbre may have an attenuation per unit length of be!'ween 1 and JdB km-•, 
whereas for a coaxlal cable, It varies with frequency, Increasing from about JdB km-• 
at 10/>IHz to about 40dB km-• at 3GHz. 

Example 

Thesigralinputtoanopticfibreis7.0mW.Theaveragenoisepmverinthefitxeis 
S.Sx10-lgWandthesigral-to-noiseratiomust notfa llbeiow24dB.Thefibrehas 
anattenuationofl.SdBkm-1.Cakulate 

(al themin imumeffectivesignalpowerintheopticlibre, 
(b) the maximum uninterrupted length of the optic fibre through which the signal c.an 

be transmitted 
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Cal flllmberofdecibels(d8 )=101g(Pi/P1) 

24:10lg{Pr,;JS.Sx10-1 9) 
where Pr,;, is the minimllm effective sigrial power. 

1Ql4: Pmin/S.S x lQ-1~ 
min imllm effective sigrial power Pmi n = 1.38" 10-1iw 

(b) total attenllation of s.ignal to reach minimum = 10 lg (J>i""",IP.....,) 

:10lg{7.0x10-3V{1.38x10-1 6) 

:137d8 
maximtJmllriinterruptedlength=totalattentJation/attentJationperllriitleogth 

:137/1.8:76 km 

Now it 's your turn 
6 A laser is used to provide the iriput to ari optic fibre of length 65 m. The power inpllt to 

thelibreis6.20mWandtheoutptJtattheothere<1dofthelibreis4.9x10-1 lW. 
(al CalctJ!ate the power loss, in dB km- 1, iri the optic fibre 
(b) The average noise power in the fibre is 2.4 x 10-18 W and the minimum acceptable 

signal-to-noise ratio is 22d8. Calculate the maximum lerigth of llninterrupted fibre 
throughwhichthesignalcouldbetram.mitted 

• lnformationcanbecarriedbydifferentcharirielsindudingwire-pairs,coaxialcables, 
rad iowavesaridmicrowaves.andopticlibres 

• Modulation is the process whereby eithe1 the amplitude (iri AM) 01 the frequency (iri 
FM) of a cairier wave is varied so as to carry infofmation 

• Samlwidthistherangeoflrequenciesthatisusedinanyparticularbroadcast 
• BandwidthishigherforFMbroadcasts,givingbette<soundquality. 
• Information may be transmitted as ari analogue sigrial or as a digital s.ignal. 
• A digital signal can be transmitted over a long distance without the signal becomirig 

degradedifregeneratOfamplilienareused 
• Digital commtJnication involves arialogue-to-digital conve<sion (AOC) on 

trammission and digital-to-analogue conversion (OAC) on reception 
• Forgoodreproductioriofariaudiosignal,theriumbefofbitsinasam~eandthe 

samplirigrateneedtobeashighaspossible 
• The ratio of two powers may be expressed logarithmically and is meas.ured in 

decibe!s(d8) 
number of dB= 10lg(Pi/P1) 

• ThesigrialattentJation,thepowergainonamplification,andthesigrial-to-noise 
ratio, aie all given as a rat io of two powers 

• Satel litesingeostatklnaryandiripo!arorbitsareusedforcommunication 

Examination style questions 
1 Bothwire-pairsandcoaxialcablesareusedin 

communication systems 

a Suggest two uses of wire-pairs in communication 
systems. 

b Comparetheuseofwire-pairsandcoaxialcablesin 
communication systems 

2 The useofgeostationarysatellitesandopticfibresfor 
worldwide communication have, for many applications, 
replac:edtheuseofskywaves. 

a Outline the use of sky WiJVes for worldwide 
communication. 

b Suggest reasonswl-f;geostationarysatelli tesandoptic 
fibreshavereplac:edskywiJVes 

c Explainwhyacombinationofgeostationarysatellites 
andopticfibresispreferabletogeostationarysatellites 
alone!Ofcommunicationoververylongdistances. 

3 a Outlinetheprinciplesofcommunicationusing 
geostationary satellites 

b Suggestonedisadvantageofusingseveral 
geostationary satellites for communication between 
oppositesidesoftheEarth. 

c Disc:usstheadvantagesanddisadvantagesofusing 
polar, rather than geostationary, satellites for radio 
communication 



4 During the development of commercial radio, AM 
broadcastingprecededFMbroadcasting. Explainwhy,in 
broadcasting: 

a AMwasdevelopedbeforeFM, 

b there has ~n a change-over from AM to FM. 

5 Fig. 16.13 sh01Ns the variation with time of an analogue 
signal 

Theanaloguesignalistobe5ilmpledatarateof 1.0kHz 
and converted into four-bit digital numbers. Aher digital 
transmission, the analogue signal is to be recovered using 
aDAC 

0 
0 1 2 3 4 5 6 7 8 9 10 

Flg.16.13 

Drawdiagrams(similartothosein Fig. 16.ll)to show 

a thes.amplevoltages inanalogueform, 

b thes.amplevoltages indigitalform, 

c the recovered analogue signal. 

6 State threeadvantagesofacoaxialcablecomparedwith 
a wire-pair for the transmission of an electrical signal. {3] 

Cambridge lntemational AS and A Level Physics, 
9702/06 M ay/June 2003 Q 14 

7 A radio signal may be transmitted between a transmitter 
andareceivingaerialby meansofsky w.rves,ground 
(surface)wavesorspacewaves. Copy andcomplete 
Table16.4bygivingatypicalwavelengthandthe 
maximum transmission range for each type of w.we 

I : :,w I w •.•.• • •.• ' •.• • •.• -.·.· .. ·.······ h······'···m·············· ···· 1 '·~·.······,.······· 

ground(1urface) 

spacewill/e 

~/ 
Cambridge International AS and A Level Physics, 

9702/06 May/June 2003 Q 15 

Examinatioostjlequestlon, I 

8 A radio station emih an amplitude-modulated wave for 
the transmission of music 

a i State what is meant by an amplitude-modulated 
(AM) wave {2] 

ii Give two reasons why the transmitted w.rve is 
modulated, rather than transmitting the information 
signaldirectlyasaradiow.we. {2] 

b The variation with frequency/ of the amplitude A of 
the transmitted wave is shown in Fig . 16.14 

For this transmission, determine 

i thew.welengthofthecarrierw.we, {2] 
ii thebandwidth, {1] 
iii the maximum frequency, in Hz, of the transmitted 

audio signal {1] 

Cambridge International AS and A Level Physics, 
9702143 May/June 2013 Q 11 

9 Thedigitaltransmissionofspeechmayberepresentedby 
theblockdiagramofFig. 16.15. 

a Statethepurposeoltheparallel-to-serialcorwerter. {2] 

b Partofthesignalfromthemicrophoneisshownin 
Fig.16.16. 

TheADC{analogue-to-digitalconverter)samplesthe 

analogue signal at a frequency of 5.0kHz. 

Each sample from the ADC is a four-bit digital number 
where the smallest bit represents 1.0mV. 

Thelirstsampleistakenattimezero 

UseFig.16.16todeterminethefour-bitdigitalnumber 
producedbytheADCattimes 

i 0.4ms, {1] 
ii O.Sms {1] 

]~ 
900 909 918 / /kHz 

Flg.16.14 
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o-vBG -------~ 

m 

Flg.16.15 

c Thedigitalsignalistrnmmittedandthenconverted 
to an analogue form by the DAC {digital-to-analogue 
converter}. 

Using data from Fig. 16.16, draw, on the axes of a 
copyoffig.16.17,theoutputlevelofthetransmitted 
analogue signal fortimezerototime 1.2ms 

Flg.16.16 

Flg.16.17 

' ' 

' ' 

d Stateandexplaintheeffectonthetran=itted 
analogue waveform of increasing, for the ADC and the 
DAC, both the x1mpling frequency and the number of 
bitsineachloilmple {3] 

Cambridge lntemational AS and A Level Physics, 
9702142 May/June 2013 Q 12 



10 Anopticfibreisusedforthetransmissionofdigital 
telephonesignals. Thepower inputtotheopticf ibreis 
9.8mW. Theelfectivenoiselevelinthereceivercircuitis 
0.36µW,asillustratedinFig . 16.18. 

Thesignal-to-noiseratioatthereceivermustnotfall 
below28dB. 

Forthistransmissionwithoutanyrepeateramplifiers,the 
maximum length of the optic fibre is 85 km. 

Examinatioostjlequestlon, I 

a Calculate the minimum input signal power to the 
/2] 

b Use your answer in a to calculate the attenuation 
in the fibre. {2] 

c Determine the attenuation per unit length of 
the fibre. {I] 

Cambridge /ntematioflill AS and A Level Physics, 
9702143 May/June 2013 Q 12 

~ -----------;,,;-,;.;----------- ~ t:::r- ~ 
Flg.16.18 
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17 Electric fields 

By the end of this topic, you will be able to: 
17.3 (a) understand that, for any point outside a spher ica l 

conductor, the charge onthe sphere may be 
considered to act as a point charge at its centre 

(b) recall and use Coulomb's law in the fonn 

( b) state thatthefield strengthofthe fieldatapoint 
isequaltothe negatlw ofthepotentialgradient at 
that point 

(c) use the equation V = Q/4 Jt£,,r for the potential in 
the field of a pointcharge F = Q,Q:J4n:E"or2 for the force between two point 

charges infreespace or alr (d) recognise the an alogy between cen ain qualitati,-e 
andquamitativeaspectsofelectricfieldsand 
gravitational fields 

17.4 (a) recall and use E = Q/471E'or 2 for the field strength 
of a point charge in free space or air 

17.5 (a) define the potential al a point as the work done 
per unit positive charge in bringing a small test 
charge frominfinity tothe point 

* F1gure17.1 Electric:fiefdneoran 
isolateddmgedsphere 
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Starting points 
• Anelectricfieldisaregionofspacewhereelectricchargeexperiencesaforce 
• Electricfieldsmayberepresentedbyfieldlines. 
• ~ able to calculate the forces on charges in uniform electric fields. 
• ~ able to describe the effect of uniform electric fields on the motion of charged 

p.1rtides. 

17.3 Point charges 
In AS Level Topic 17, we saw thac the electric field surrounding a charged sphere ls 
radlal , asshownherelnFlgure 17.1. 

The sphere Isa conductorandsothecharge on the sphere dlsHibutes Itself evenly 
aroundchesurfaceofthesphere. However,fromanyposltlonoutsldethesphere, the 
electric field llnes appear to radiate from the centre of the sphere. Consequently: 

for any point outside a spherical conductcx, the charge on the sphere may be ax,5irJered 
to act as a point charge at !he cootTe of the sphere. 

Force between point charges 
We are familiar with the "law of charges', namely 

• Like diargesrepel. 
• Unlike charges attract. 

Hov.>ever, this Jaw ls purely qualltaUve and does noc give any Indication as co the 
magnitude of the forces. 

In the late eighteenth century, the French sclentl51 Charles Coolomb lnvestlgaced the 
magnitude of the force betvreen charges, and how this varies with the charges Involved 
and the distance between them. He discovered the following rule. 



17.3Pointcharges l 

The force between two point charges is proportional to the prodict of the charges and 
inve!"iely proportional lo the square of the distance between them. This i5 .l:novm as 
Coulomb's law. 

Coulomb's experiments made use of small. charged lnsulaced spheres. Strictly 

speaklng.thelawappllescopolntcharges, bucllcanbeusedforchargedspheres 
provlded chacthelrradllaresmallcomparedwlththelrseparatlon. 

Figure 17.2 fD<a>betweencharged1phe1e1 

For polm charges Q, and Q, a dlSlance r a pan (Figure 17.2), Coulomb's law gives the 

F~Q,Q,/r' 

F = l!Q1Qi. ,, 
whereklsaconstantofproportlonallty, thevalueofwhlchdependsonthelnsulatlng 
medium around the charges and the sysiem of unlls employed. In SI units, F ls 

measured ln newtons, Q ln coulombs and r ln metres. Then the cotl51ant k ls given as 

k =____!_ 
4itFg 

whenthechargesarelnavacuum. Thequantlly e0 lscalledthe permittivityoffree 
space (ortheperml!Uvltyofavacuum). 

Thevalueotthepermltttvltyofa lrlsveryclosetothatofavacuum(l.0005£.,),so 
theequaUoncanbeusedforthefoR:ebel:weenchargeslnavacuumorlnalr. 

ThevalueofthepermlttMtyoffreespacels glvenas 

£ 0= 8.85><10- llC'N-•m-> 

(We shall meet an alternative unit for £ 0 lacer. tlt:U ls F m-1.) This numerical value for £ 0 

k= ___!_=8.99x 1Q9(-1Nfn' ., 9x 1Q!l(-1Nfn' 
41tro 

Coulomb"s law ls often referred co as an inverse square law of foR:e. because the 
varlatl011offoR:ewlthdlstancerbel:";eenthechargeslsproporclonaltol/r'. We 
have met ancther lmponam Inverse square law of force when ,ve considered the 
gravitational foR:e between two point masses (Topic 8). 

Calculate t he force betwe{'n two point charges, each of 1.0 x 10-9c, whkh are 4.0an 
apart inavarnum 

Using F= kQ1Q1/rl, F= 9.0 x 109 x (1.0 x 10-'l)l/(4.0 x 10-1)1 

= 5.6 >< 10- 5N 
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Now It 's your turn 
1 Calculate the force between two electrons which are 1.0 x 10-10m apart in a vaClJum. 

{charge eonelectron:-1.6x10-1gC) 

17.4 Electric field strength due to 
a point charge 

The electri c field strength atapointisdefinedasthefoo:eperunitcharge<lCtingooa 
smallstatiooarypos.itivechargepl<K.edatthatpoint 

The electric fleld due to an lsola!ed point charge ls rad ial (see Figure 17.1). We have to 

mention thm the point charge ls Isolated. If any <Xher ct>ject. charged or <Xherwlse. ls 

nearit,thefleldwooldbedlSloned. 
From Coulomb"s L1w. the force on a teSI charge q a dlSlance r from the lsola!ed point 

chargeQlsglvenby 

The electric fleld Eat the locatlon of the teSI charge q ls given by E F/q. Thus, the 
electrlcfteldduetothelsolatedpolmchargels 

E ,. ~ where k: 1/41tr0 ,, 
This ls an lnwisesquare lawfteld of force because the foicevarles in proponlon co 1/r' . 

Example 

lnasimpliliedmodelof theh'jl)rogenatom, theelectronis atadistaoceofS.3xlO-ll m 
from the proton. Theprotoochargeis+1.6x 10-1gC.CalClJlatetheelectriclield strength of 
theprntonat thisd istance 

Asrumingthat the lieldis radial, 

E:kQ!rl :9.0x 1Qllx 1.6x 1Q-1gl(S.:Ox 1Q-11 }l 

: 5.1 x 1011N C-1 

Now It 's your t urn 
2 A Van de Grililff generator has a dome of radius 1Son. The dome carries a charge of 

2.Sx 10--,,C.ltGJnbeassumedthat thischargeactsasif itv,,,ereilllcoocentratl'datthe 
centre of the spheficaj dome. Calrulate the electric field strength at the dome's surface. 

17.5 Electric potential energy and 
electric potential 

We already know how useful the concept of energy ls ln dealing with mechanical 

pfCOlems. Energylsaconservedquantltyandlsthusafundamentalaspectofnacure. 
Wecanalsousetheldeaofenergylnelectrlclty. 

We deftne electric pcxemlal energy tn exactly the same way as we do for <Xher types 
ofpotentlalenergy. Thatls,thechangelnelectrlcp<XentlalenergywhenachargeQ 

ls moved between two points, A and B. in an electric ftekl ls the work done by the 
electric force ln moving the charge from B back to A. 



17.SElectricpotentialenergyandelectricpotential l 

Wedeflnedelectrlcfleldastheforceperunllposlttvecharge.Slmllarly,electrlc 
po1emlal ls defined as the po1entlal fllergy per unit positive charge. The symbol for 

po1emlalls V,andltsunltlsthevoll. lfapolntchargeQhaspo1entlalenergyEp,.a!a 

point A. the electric po1entlal at thm JX}lnl ls 

V,. = Ep,jQ 

We already know tha! only d(Jlerences In poientlal energy are measurable. We need to 

specify a convenlem reference point to act as a zero of po1emlal energy and poirntlal. 
lndeallngwlthgravltatlonalenergy\n.•ofcentakethefloorofthelaboratoryorthe 

Earth's surface as zero, and measure mgh from one of these. Slmllarly, ln electrical 
problems, It ls often convenient to take earth po1emtal as zero, especially lf pan of 
the circuit ls earthed. But the 'offlclal' definition of the zero of electric po1entlal ls the 

po1emlal of a palm an Infinite distance away. This means that 

The e lectrical potential atapointinilllelectricfieldisdefinedastheworkdooeper 
unit positive dwge in bi'hging a small test milrge from infinity to the point. 

There ls an lmponam llnk belween the electric fteld at a point and the electric 

potentlalatthatpolnt 

The eled!icfieldstrengthisequaltothenega!iveofthepotentia/gradientatthatpoint 

Thus. lf we have a graph showing how the potentlal changes Jn a fleld, the gradient of 

this graph at any point gives us the numerical value of the fteld strength at that point 

(Flgurel7.3). 

·~ --it: C l!l"iKlient - - .!:'. i . V i +v d i ,,.,,,,m;r, -, 

0 a distance ddistaoce 

Figure 17.lGrophsoftllepotentialandthe(negat;,,,eofthe) potentialgradientforauniform 
electric field 

ThlsllnkleadscoanexpresslooforthepotentlalatpolntslnthefleldofapolntchargeQ. 
The potential Vlsglvenby 

Toe potemtal very near a positive charge ls large, and decreases towards zero the 
funher away we move from the charge which ls the souoce of the field. If the charge 

produdngthefteldlsnegatlw,thepotentlallsalsonegatlveandlncreasestowards 
zero at large distances. Ncte chat the variation of potential with distance ls an Inverse 

proportionality, and nOl the Inverse square relationship that applles for the variation of 

fleldstrengthwlthdlstance. 

~xample 

How much work must be done by an external force in moving a charge q ol +2.0µC from 
infinity to a point A, 0.40m from a charge Qof +:lOµC? 

Theworkissimplythechangeinelectricpotentialenefgy. Thepotentialenergyatinfinityis 

W:qV:qkQ/r:2.0xl0-6x9.0x10lx30x10-6/Q.40: 1.4J 

(ass.uming1/47tE0:9.0x10'lmF-1) 
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Now It 's your turn 
3 Two+30µC charges are placed on a straight line 0.40m apart. A +O.SµC charge is 

to be moved a distance of 0.10m along the line from a point midway betweeri the 
charges.HowmuchworlmU51bedone/ 

Electric fields and gravitational fields 
Electric fields and gravitational fields, whilst being different ln their nallJre., do have 

• Bolhcanberepresemedbyfleldllnes. 
• Gravltatlonalfleldsarealways anractlve, whereaselectrlcfleldscan be attractive or 

repulsive. 
• For spherical bodies, che charge/ mass on the sphere behaves as a polm charge/ 

massacltscentre. 
• The field strengch due to a point charge/ mass follows an inverse square law with 

distance from the charge/mass. 
• GravltatlonalpotentlallsalwaysnegacJve,whereaselectrlcpotentlalcanbepoliltlve 

or negative. 
• The potentlal due to a point charge/ mass varies inversely with distance from Che 

charge/mass. 

• Likechaigesr~;unlikechargesattracteac:h other. 
• Theforcebetweentwopointcha1gesi1proportionaltotheprodlJCtofthecha19es 

and inversejy proportional to the square of the distance between them. This is 
Coulomb'slaw: F=Q1Q>/41tror' 

• r 0 is the permittMtyoffree space; its value is 8.85 x 10-11c1 N-1 m-l (F m-1) 
• Anelectricfieldisaregionolspacewherea1tationarychargeexperiencesaforce. 
• ElectricfieldstrengthistheforceperunitpositivechargeE=FIQ 
• Theelectricfieldstrengthatapointinthefieldofanisolatedpointchargeisgiven 

byE:Q/411l\)rl 
• Theelectricpotentialatapointinanelectricfiekli1theworkdoneperunitpositive 

chargeinbringingasmalltestchi!rgefrominlinitytothepoint 
• Thepotentialatapointinthefie!dofanisokltedpointchargeisgivenbyV:Q/471fol" 

Examination style questions 
1 In a simplified model, a uranium nucleus is a sphere of 

radius8.0x 10-15 m. Thenucleuscontains92 protons 
{andrathermoreneutrons).Thechargeonapmtonis 
1.6x 10-19C.ltcanbeassumedthatthechargeofthese 
protonsactsasifitwereallconcentratedatthecentreof 
the nucleus. Thenudeusreleasesana-particlecontaining 
two protons (and two neutrons) at the surface of the 
nucleus.Calculate 
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a theelectricfieldstrengthatthesurfac:eofthenucleus 
beforeemis.sionoftheo.-partide, 

b theelectriclorceontheo.-partideatthesurlac:eofthe 
nucleus, 

c theelectricpotentialatthesurlaceofthenucleus 
beforeemis.sionoftheo.-particle, 

d theelectricpotentialenergyoftheo.-partidewhenitis 
atthesurlaceofthenucleus 

2 Two point charges of +2.4µC and-2.9µC are placed at 
points A and B re5pectively in a vacuum. The distance A B 
isO.lSm,asshowninFig.17.4 

+2.4,..C - 2.9,..C 

Flg.17.4 

ltisrequiredtofindapointPatwhichtheresultant 
electricfieldduetothesetw:ichargesiszero 

a Explain why the point P must lie along the line AB, 
extended if necessary. 

b Deduce the position of point P. 



3 Two point charges A and Beach have a charge of 
+6.4><10- 19 C.Theyareseparatedinavacuumbya 
distance of 12.0µm,asshowninFig.17.5 

12.0µm 

+6.4xl0-19 CA~ P -----------~ ------: 8 +6.4x 10-10 c ,_ ~ 

1 3.0µm 1 1 3.0µm 1 

Flg.17.5 

Examination style questions I 
5 Two small charged metal spheres A and Bare situated in a 

vacuum.Thedistancebetweenthecentresofthespheres 
is 12.0cm, as shown in Fig. 17.6. 

The charge on each sphere may be assumed to be a point 
chargeatthecentreofthesphere. 

PointPisamovablepointthatliesonthelinejoiningthe 
centresofthespheresandisdistancexfromthecentreof 
sphere A 

Thevariationwithdistancexoftheelectricfieldstrength 
EatpointPisshowninFig.17.7. 

Peo,seaadQares<~<ed=<heli~AB. i "·°'m 1 
PointPis.3.0µmfr.omchargeA.aoopo,. o< '"'"" ~""'' Q1s3.0µmfromchargeB. P 

a c,lrnla<e<hefmceof,ep"lsoo r 
betweenthechargesAandB. {3] 

b Explainwhy,w1thoutarrfcakulat1on, x 
whena~lltestchargeismoved 
from point P to point Q, the net work 
done is zero. {2] 

c Calculate the work done by an electron in moving from 
the midpoint of line AB to point P. {4] 

Cambridge International AS and A Level Physics, 
9702142 May/June 2010 Q 4 

4 In a simplified model of the hydrogen atom, the electron is 
separatedfromtheprotonbyadistancerof 
S.3x 10-11 m.Usethefollowingdatatocalculatethe 
ratiooftheelectricforcetothegravitationalforceatthis 
distance. What would be the ratio if the charges were 
separatedtoadistance2r7 

electronchargee=-1.6x1Q-19( 

electronmassm~=9.1 x 10-' 1kg 

protonmassmp= 1.7" 10-17 kg 

permittivityolfreespacee0 :8.9x 1Q-1lfm-1 

GravitationalconstantG:6.7 x 10-\\N ml kg-.1 

Flg.17.6 (ootto1ca~ 

a StatetheevidenceprovidedbyFig.17.7forthe 
statements that 

i thespheresareconductors, {1] 
ii thechargesonthespheresareeitherbothpositiveor 

both negative. {2] 

b i StatetherelationbetweenelectricfieldstrengthE 
and potential gradient at a point. {/] 

ii UseFig.17.7tostateandexplainthedistancexat 
whichtherateofchangeofpotentialwithdistanceis 

/2/ 
/21 

Cambridge International AS and A Level Physics, 
9702141 Oct/Nov 2011 Q4 

279 



m Electricfields 

', 

Flg.17.7 

280 



A Level 

18 Capacitance 

By the end of this topic, you will be able to: 
18. l (a) define capacitance and the farad, as applied to 

both isolated conductor5 and to parallel plate 
capacitors 

18.2 (a) deduce , from the area under a potential-charge 
graph, the equation W= 'hQVand hence 
W: ¥..CV2 

(b) recall and use C = Q/V 
(c) deri,·e , using the formula C = Q!V, oonserv:ition of 

charge and the addition of potential differences , 
formulaefortheoombinedcapacltancelor 
capacitorsinseriesandlnparallel 

(b) show an understanding of the function of 
capacitorsinsimplecirrults 

(d) sol,·e problems using the capacitance fommlae for 
capacitorsinserlesandinparallel 

'oc""""'""' 

igh,..,11~ 1 
suppfy,ge ~ 

Flgure18.1Charged 
spherical conductor 

QL 
0 V 

Flgure18.2Relatioobetween 
dlarge and poll'll~al 

Starting points 
• Whencharge isputontoan isolatedconductor, the potent ial of theconductorrises 
• Capacitance relatestheincreaseincharge totheriseinpotential. 
• The increase in potential of the conductor impl ies that energy is being stored. 

18.1 Capacitors and capacitance 

Capacitance 
Consider an lsolatedspherk:alconduccorcormeccedtoa high vohagesupply(l'lgure 18.1). 

ll ls found thac. as the pocentlal of the sphere ls Increased. thechargeSlored on the 
spherealsolncR""ases. ThegraphshowingchevarlatlonofchargeQontheconductor 
wlthJX)lentlal Vlsshownlnl'lgure 18.2. 

llcanbeseenthacchargeQlsrelacedtoJX)lentlal Vby 

Hence, 

Q = CV 

where C ls a constant which depends Oil the size and shape of the C011ductor. C ls 

knownasthecapacltanceoftheconductor. 

Capacitance is theratioofdiargetopotentialforacondictor. 

C = i 

AnOlherchanceforconfuslon!Thele-uerClsusedasanabbR""vlatlonfortheunltof 
charge, the coulomb. As an llallc Jeuer C lt ls used as the symbol for capacitance. 

The unit of capacitance is Ifie farad (symbol F). One farad is me coulomb per volt. 
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Flgure 18.3 
Circuitsymbol1for 
a)acapac1torand 
b)anelectmlyti{ 
capacitor 
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The farad lsan Inconveniently large unit . In electJ011icclrcullsand laboratory 
experiments, the range of useful values of capacitance ls from about 
10-"F (1 picofarad, or lpF) to 10-JF (1 mllllfarad, or lmF). (See Topic l for a 11st 
of decimal multlples and submultlples for use with units.) 

Note that capacitance cannot apply to an lnsulacor. When charge ls placed on 
chesphereinFlgure 18.1, thechargedlstrlbucesltselfsothattherelsonevalueof 
potential for the whole sphere. To define capacitance. the whole sphere must have 
Che same value of potential. With an Insulator, the charge wou ld not be able co move, 
sothattherewouldbedlfferentpotentlalsatdlfferemJX)intsonthelnsulator. Thus, 
capacltancedoesnotapplycoanlnsulator. 

arcult components which store charge and therefore have capadtance are called 
capacito rs. 

Example 

Cakukitethediargestoredonanisolatedrnnductorofcapa<itance470µFwheriiti:sat a 
potrotial of20V. 

UsingC=Q/V. wehi!veQ= CV: 470x 10-6 x20 
,. g_4 ,. 10-1c. 

Now It's your turn 
1 The{hargeona{ertainisokitedrnnductoris2.5x 1Q-l(whenitspotential is2SV. 

Cak:ulateits{apil{itaoce 

Capacitors 
The simplest capadtor Jn an electric circuit consists of two metal plates, with an air 
gap between them which acts as an Insulator. This ls called a parallel-plate capadtor. 
Figure 18.ja shuws the circuit symbol for a capacitor. When the places are connected 
toabanery,thebatterytransfer.;electronsfromtheplateconnectedcotheposltlve 
cermlnal of the bauery to the place connected co the negative tennlnal. Thus the places 
carryequalbutopposltecharges. 

The capacitance of a capacitor ls defined as the charge stored on one plate per unll 
potentlaldlfferencebetweentheplaces. 

Notethatthereareequalbutopposlcechargesonthecwoplates. Thus,acapacltor 
doesnO!storecharge. WeshallseelaterthatacapadcorfuoctlonstoSloreenergy. 

Thecapadtanceofanalr-filledcapacltorcanbelncreasedbypunlnganlnsulatlng 
macerlal. such as mica or 1•raxed paper. between the places. The material between 
thepL1ceslscalledthe die lectric. lnatypeofcapacltorknownasan electrolytic 
capacltorthedlelectrlclsdeposlledbyanelectrochemicalreactlon. These capacitors 
muSI be connected with the correct polarity for their plates. or they wlll be damaged. 
The clrcull symbol for an electrolytic capacitor ls shovm ln Figure 18.3b. Electrolytic 
capacitor.; are available with apadcances up to about I mF. 

Factors affecting capacitance 
AsSlatedprevlously,chematerlalusedasadlelectrlcaffectschecapacltanceofa 
capacitor. TheotherfactOf'SdetermlnlngtheGtpadtancearetheareaoftheplmesand 
the distance between them. Experlmern shuws thac 

Thecapa,cit;mcei5directlyproportionaltotheareaAoflhepidtes,andinver5e/y 
proportionaltothedi5tancedbetweenthem. 

Pu!Ungthesetwofactorstogether glves 

Ca 1f, where A ls the area of one of the plates. 

For a capacitor with air or a vacuum between the plates. cite constant of proportlonallty 
lsthepermlttlvltyoffree:,pacee,,. Thus 



Flgure 18.4 Valiable 
capacitor 

18.l Capacitorsandcapacitance l 

Since C ls measured in farads, A ln square metres and d In metres. we can see that an 
akematlve unit for&, ls farads per metre, F nr' (see lbplc 17), &, has the value 
8.85x 10->'l'nr'. 

We Introduce a quantity called the relative permittivity£, of a dielectric co 
accoumforthefaccthatcheuseofadleleccrlclncreasestht.'capacitanc:e. 

There/ativepermittivityisdefinedasthecapaa·tilnceofaparaRel-p/atecapacitorwith 
thedielectricbetweentheplatesdividedbythecapacifilnceofthex1meci!piKilorwitha 
varuumbetweentheplates. 

Relatlve permlUtvlty r, ls a ratio and has no units. Some values of relative permltttvlty 
are glvenlnToblel8.l. 

Table 18.1 Relativepermittivityoldifferent diek>c:tricmaterials 

po!yethylene{polythene) 

paraffin oil 

111latlve 
permlttlvlty t, 

Including the relative permltttvlty factor, the full expression for the capacllance of a 
parallel-placecapacltorls 

Variable capacitors (Figure 18.4) have one set of places mounted on a spindle, so that 
theareaofoverlapcanbechanged. 

Varylng thecapacicancelnanelectronlctunlngclit:ull tsonewayofcunlnglnto 

A paral~l-plate, air-lilll.'d capacitor Ms square plates of side 30cm that are a distance 
1.0mmapart. Calrnlatethecapadtanceofthecapacitor 

Using C: a;,r,A/d, C: 8.85 x 10· 11 x 1 x {30 x lO· l)l/1.0 x 10·1 

Now It's your turn 
l A cap;Kitor consists of two metal discs of diameter 1San separated by a sheet of 

poJythene0.25mmthic:k.TherelativepermittivityofpoJytheneis2.3. Calrnlatethe 
capac:itaoceofthecapacitor. 

Capacitorsin seriesandinparallel 
ln l'lgure 18.5, the t\vo capacitors of capacitance c, and c, are connected in series. 

c, c, 

Flgure 18.5 Capa<itor1inserie1 
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We shall show that the combined capacllance C ls given by 

lfthevokageacrosstheequlvalentcapacltorls Vandthechargestoredoneachplate 
ls q, then v = q/C. The po1entlal difference acro&S the comblnatlon ls the sum of the 
pa:emlal dlfferences across the Individual capackors. V = V. + v,. and each capadtor 
has charge q on each plate. A charge of -HI Induced on one plate of one capadtor will 
Induce a charge of - q on the O!her plate of the capadtor. This wlll. ln tum, Induce 
a charge of -1-{/ on one plate of the second capacitor and - q on Its O!her plate, since, 
lnltlalty,thecapacltorswereunchargedandchargelsal\vaysconserved. 
Since v, = q/C,and V, = (f/C,,then 

q/C = q/C, + q/C, 

Dlvk:llngeachsk:leoftheequatlon byq,wehave 

1/C = 1/C1+ 1/C, 

A similar result applies for any number of capadtors conneaed ln series. 

Thereciproca/ofthea:mbinedcapacitanceequa/5thesumofthereciproca/5ofthe 
individualcitpadtilllCT!5inseries. 

Note that 
For two identical capi!dtors in ser,e<,, the rnmti.ried capi!dtance is equal to half of the 
va lue ol each one 
Forcapadtorsinser,e<,,thecomb.riedcapa,cit,mceisalway1lessthanthevalueofthe 
smallestirnlividllillcapacitance. 

In Figure 18.6, thetwocapacltorsofcapacltancec,andc,areCOllnected In parallel. 
We shall show that the combined capacllance C ls given by 

_Ll"'
1lL 

I,; I 
1 

+q, - q, 
c, 

F1gure18.6Cap.Kitor1inparal~I 

lfthevoltageacrosstheequlvalentcapacltorls Vandthechargestoredoneachplate 
ls q, then q = CV. Tbe 10ml charge stored ls the sum of the charges on the lndlvklual 
capacltors,q = q, +q,,andtherelsthesamepo1entlaldlfference Vacrosseach 
capacltorslncecheyareconnectedlnparallel. Slnceq, c,vandq, = C,V,then 

CV = c,v+ c,v 



18.lEnergystored inacapacitor l 

Dlvldlng each side of the equatlon by V, we have 

C = C, + C, 

The same result applies for any number of capacitors connected ln parallel. 

The combined capacit,mce equals the SI.07I of all the individual rnpadtances in pam//el. 

NOie !hm the equation for capacltor.s ln series ls similar co the equation for resistors 
in pamllel. and the equation for capacltor.s ln parallel ls similar co the equation for 
reslSlorslnserles(seelbplc20). 

Examples 

1 A 100µFcapi1Citor inp.iralle lwitha SOµFcapadtorisconnectedtoa 12Vsupply. 
Calculate: 
(a) thetotalcapocitanc:e, 
{b) thepotentialdiffe<enceilCl'osseadicapac:itor, 
(cl thechargestoredononeplateol&Khcapacitor. 

(a) U'iir,gtheequationforcapacitorsinparallel, 
C=C1 +C1= 100+50: 15011,f 

{b) ThepotentialdiffereoceilCmsse;ichcapacitoristhe~measthepotential 
differencei1Crossthesupply.Thisis 12V. 

(c) Usir.gQ=CV.thechargest~onthelOOµfcapadtoris 
100x 1D-"x 12= 12 x 1()-lC.ThechargestoredootheS0µfcapacit0fis 
50x1Q---'>x12ac 6.0 x 10-4C. 

2 A lOOµFcapac itor inseries withaSOµFcapacitorisconnectedtoa 12Vsupply. 
Calculate · 
(a) thecombir.edcapacitance, 
(b) thecliargestoredononeplateol&Khcapacitor, 
(d thepotentiald ifferenceacrosseachc.-ipacitor 

(a) U1ingtheequationlo1capacitorsinseries, 
1/Cacl/C1 + 11C1 = 1/lOOx 10__,,+ 1/50x 10--,,ac3x 10' 
ThusCac3.3x 10-S,.)) µf 

(b) Thechargestoredbyeachcapac:itoristhesameasthechargestoredbythe 
oombination,so 
QacCVac33x1Q---'>x12ac 4.0 x 10-4C. 

(<) Using V= QIC, the potential difference across the lOOµF capacitor is 
{4.0 x 10-4)1(100 x 10-6) = 4.0V. The potential difference across the SOµF 
capacitoris4.0x 10--4/SOx 10--0: 8.0V. 
Note that the two potential differences add up to the supply voltage. 

Now it's your turn 
3 (a) A470µFcapacitorisconnectedtoa20Vsupply.Calculatethecliargestoredon 

oneplateofthe c.apacitor. 
(b) Thecapacitorin a isnowdisconnectedfromtherup~yandconnectedtoan 

uncharged470µFcapacitor. 
(iJ Explainwhythecapa{itorsareinparallel, ratherthanseries,andwhythetotal 

charge stored by the combination must be the same as the answer to a 
(II) Cakulatethe{apacitanceofthe combination. 
(lll) Cakulatethepotentialdifferenceacrosseachcapacitor. 
(lv) Cakulatethe{hargestoredononeplateof&Khcapacitor. 

18.2 Energy stored in a capacitor 
When charging a capacitor. walk ls done by the bauery to move charge on co the 
capacitor. Energy ls transferred from the power supply and ls Slored as electric 
potentialenergy inthecapacltor. 

camera flash units use a capacitor to .\tore enffgy. l1le capacitor takes a few seconds to 
chargewhenconooctedtothebaneryinthecamera. Tllentheenergylsdlschaigedvery 
rapklly when the capacitor ls axmected to the flash-bulb to give a short but Intense flash. 
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. lLJl 
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chargelc 

Flgure18.7Graphof 
poten~alagoimtchorgefor 
acap;ic:itor 
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Since Q = CV: the charge stmed on each place of a capadtor ls directly proportional 
toltsJX)tentlal(seeFlgure 18.7). 

From the deflnltlon of JX)tenllal , the work done (and therefore the energy 
cransferred)lstheproduaoftheJX)temlalandthecharge. Thalls, 

W(and4) = 1--Q 

However. while more and more charge ls !ransferred co the capacitor, the potential 
difference ls Increasing. suppose the JX)tentlal ls V0 when the charge stored ls Q.,. When 
a funher small amoum of charge&/ Is supplied, the energy trallSfem.•d ls given by 

Mp = V.,t,q 

whlchlsequaltocheareaofthehatchedstrlplnFlgurelS.7. Slmllarly,theenergy 
transferredwhenafunhercharge&Jlstransferredlsglvenbycheareaofthenexc 
strip. and so on. If the amount of charge t,q ls very small. the strips become very thin 
andthelrcomblnedareasarejustequalcotheareaberweenthellneandthehorlzontal 

Theenergytransferredfromlhebattery when <tcapadtrxis chargedisgivenbylhearea 
under the graph line when rforge (x,axisJ is plotted agaifl'it potentidl difference (r...-u:W. 

Becausethegraphlsastralghtlinechroughtheorlgln.thlsarealsjusttheareaofthe 
rtghc-angledtrlangleformedbythellneandthechargeaxls. Thus 

Ei> =fQv 

This ls the expression for the energy transferred from the baUffy In charging che 
capacitor. Tolslselectrlcpotentlalenergy,andltlsreleasedwhenchecapacltorls 
discharged. Since C = QIV, this expression can be wrluen In dlfferenc forms. 

Ep =f Qv =f cv2 =~ 

1 Cakulatethee/lefgy'>loredbya470µFcapacitoratapotentialof20V. 

Uo;ing Ep = }cv2, Ep = } x 470 x 10---6 x (20)2 = 0.094 J. 

2 A camera flash-lamp uses a S000µFc<1pac:ilorwhich is charged bya 9Vbattery. The 
capacitoristheodisconr.ectedfrnmthebattery.Calculatetheenergytransferredwhen 
thec<1pacitorisdischargedthroughthelampsothatthelin<1lpotentialdifference 
i1Crossitsplatesis6.0V. 
Energychange=Yicv1

1 -Y,cv1
1 

=YixS000x10-6x(9-1-fr1) 

: 0.113J 
Note: {V1

1 - Vi) is not equal to {V1 - V1)1- a commoo mi'>lake amongst students I 

Now it's your turn 
4 A camera flash-lamp uses a SOOOµFcapac:itorwhich is charged bya 9Vbdttery. 

Calculatetheene<gytransferredwhefithecapil(ilorisfultydischargedthroughthelamp 

Charging and discharging capacitors 
The clrrull in l'lgure 18.8 can be used to investlgale whm happens when a capadtor 
ls connected co a bauery. srnn wllh the lead co battery cermlnal A COttnected. but thm 
to B disconnected. Wheu connection ls ftrst made to tennlnal B. bolh ammeters fllck 
to the right and then return to zero, Indicating a momentary pulse of current If the 
proces.s ls repeated, l)(}(hlng further happens. The capadcor has become charged. 

During the inltlal connection, the ammeters have similar deflectlons. This cells us 
that the same charge has mo,'ed on to the left-hand pla!e as has been removed from 
the rlghc-hand plate. The momentary currem has caused !he left-hand pla!e to acquire 



~ 
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a charge of -H/, while the right-hand place has a charge of ---.,. lbe capadcor ls now said 

to store a charge of q (althoogh if we add up the charges on the left- and right-h:md 
plates taking account of their sign. the nee charge ls zero). There can be no steady 
currern because of the gap between the capacitor plates. The current scops when the 
po1emlaldlfferenceacrossthecapacltorlsthesameasthee.m.f. ofthebanery. 

When the battery lead to terminal Bis disconnected and joined to point A 

(Figure 18.9) so that the bauery ls no longer ln dicull, bOl:h ammeiers give slmllar 

momentary deflections to the left. Th.ls lime, a current in the opposite dlrecllon has 

moved the charge of Hf from the left-hand plate to cancel the charge of --q on the 
right-hand plate. The capacitor has berome discharged . 

Remember that Jn metal wires the curn"m ls carried by fltt' electrons. These move 

in the opposite dlrecllon to !ha! of !he conventional current (see Topic 19). When the 

capacltorlscharged, electronsnto,,efrontthenegattvecermlnalofthebanerytothe 

rtghc-hand plateofthecapadtor,andfromtheleft-handplatetotheposltlvetennlnal 

of the battery. When the capacitor ls discharged , electrons flow from the negative right-

hand plateofthecapadtortotheposltlveleft-hand plate. 

Theexperlment descrlbedustngcheclrcultlnFlgurelS.9showedthattherelsa 

momentary current when a capacitor discharges. A resistor connected ln series with 
the capacitor wlll reduce the current, so that the capadtor discharges more slowly. 

The clicult shown Jn Figure 18.10 can be used to Jnvestlga!e more predsely how a 

capacitor discharges. When the !\HJ-way ~"Witch ls connected to point A, the capadcor 

will charge up untll the po1entlal difference between Its plates ls equal to the e.m.f. V0 
of the supply. When the switch ls lflO\-ed co B. the capadcor \\ill discharge through the 

resl5tor. When the S\\1Cch makes contacc with B, the currem can be recorded at regular 

intervalsoftlmeasthecapacltordlscharges . 

.. rr ~ ~ "'"""·'o""""'"''"~s»ga<legcapa;rtodlsha;ge 

0 
A graph of the discharge current against time ls shown ln Figure 18.11. 

time/s The current ls seen to change rJpldly ac ftrn, and then more slowly. More detailed 

F1gure18.11 Grophof 
runent.igaimttimefor 
capacttordisc:tiarge 

1:~ 
0 CR lime/s 

Flgure18.12Grapholc:tiarge 
against~meforcap..citor 
discharge 

analysts shows that the curve ls exp on ential. We shall meet exponential changes 
agalnwhenwedeal\\1ththedecayofradloactlvesubsrnnces(lbptc26). 

All exponentlal decay curves have an equation of the fonn 

where x ls the quantity Iha! ls decaying (and x0 ls the value of x at I 0), e to three 

declmal places ls the number 2.718 (the roc:x of natural logarithms) and k ls a constant 

charJcterlsllc of the decay. A large value of k means tha! the decay ls rapid , and a small 
valuemeansaslowdecay. 

The solution for the discharge of a capadcor of capacitance Cthrough a resistor of 

reslsrnnce Rlsofthefonn 

This ls the equation of the graph ln Figure 18.12. Here Q0 ls the charge on the places at 

tlmet = O.andQlsthechargeattlmel. 
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The graphs of Figures 18.11 and 18.12haveexactlythesameshape, andthusthe 
equatlonforthedlschargeofacapacltormaybewrlt!en 

Funhermore. since for a capacitor Q ls proponlonal to V, then the solution for the 
dlschargecanbewrtnenas 

V=V~ 

4' Timeconstant 
As time progresses, the exponential curve ln Figure 18.12 gets closer and closer co the 
Ume axis, but never actua lly meets lt. Thus. it ls no1 pos.stble to quote a time for the 
capacitor to discharge completely. 

However, the quantity CR ln the decay equation may be used to give an Indication 
ofwhetherthedecaylsfastorslow,asshownlnFlgurelS.13 

i largevaluecfCR . • 
~ 

Flgure 18.13 Dec;iycurvesforlargeandsmalltimernmtants 

CR is called the time constant of the capacitor- resistor cirruit 

CR has the units of time, and ls measured ln seconds. 
We an easily 5how that CR has units oftlme. From C = _Q/Vand R = V/1, then 

CR = _Q/1. Since ch:uge Q ls ln coulombs and current I ls ln amperes. and one ampere ls 
equaltoonecoulombpersecond, Q/Jlsinseconds. 

To find the charge Q on the capacitor places after a time t CR. we substitute ln the 
exponentlaldecayequatlon 

Thetimeronstantisthetimeforthechargetohavedecreasedtol/e (orl/2.718)ofits 
init~lchaige 

lnotletlmeCotlstantthechargestoredbythecapacltordropstoroughlyone-thlrdof 
its Initial value. During the next time constant It wUI drop by the same ratio, co about 
one-nlnthofthevalueacthebeglnnlngofthedecay. 

Example 

ASOOµFcapacitorisrnnnectedtoa lOVsuppJy,andisthendischarged thmugha 100 ka 
resistor.Calculate 

(al the init~l chargestorl.'dbythe(ilpacitor, 
(b) the init~ldischargecurrent , 
(c) thevalue ofthetimernmtant, 
(d) thechargeontheplatesafter100s, 
(el the time at wliichthe remaining charge is 2.5 x 10-1c. 
(al FromQ= CV,wehaveQ= 500x 10-6x 10= 5.0 x 10-3 C 
(b) From I= v,,R, we have I= 10/(100 x 101)= 1.0 x 10-4A 
(c) CR:S00x 1Q-6x 100x 10l: 50s. 
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(d) AfterSOs,thechargeootheplatesis 
Qr:/e:5x10-3/2.718:1.8x10-1C;afterafurther50s,thechargeis 
1.8x10-lf2.718: 6.8 x 1o-' C 

(e) UsingQ=Q,,e-<ICR, 2.5>< 10-1:S.Ox lQ-:le-tlSO,or0.50:e-'/50. 

Takingnaturallogarithmsolboths.ides,-0.693:-t/50,ort= lS s 

Now it's your turn 
5 AS.OµFcapacitorischargedfroma 12Vb.lttery,and isthendisc:hargedthrougha 

O.S0Mrlresistor.Cakulate 
(al theinilialchargeon theupacitor, 
{b) thechargeonthecapacitor2.0saftefthedischarge51:arts, 
{cl thepotentialdiffe<eoceacrossthecapacitoratthistime 

Some uses of capacitors 
Some uses of capadlors have already been outlined. These, and cther.s. are llSied 

• capacltorscanbeusedcostorechargeon.perhaps,anlsola!edsphere. 
Altem:utvely,bybulldlng upthecharge011asphere.hlghpo1entlalscanbe 
achleved(thevandeGraaffgenerator). 

• capacltorsareusedcosioreeleccrlcalenergy. Dlscharglngthecapacltormeansthat 
theenergycanbereleasedlnashorctlmeasln,forexample,a flashgun. 

• Acapacltorallowschesiorageofseparncedcharges. Thetotalchargesioredls, 
lnfact ,zero buc acapacltorseparatescheposltlveandnegatlvechargestoallow 
chargetobesiored. 

• capacltorsmaybeusedtoprevem arcing. Ratherthanthechargecreatlngaspark, 
the charge ls siored In a capadtor. The capacitor ls discharged gradually ac a later 

• When used ln conjunction with a coll, the capadcor can form pan of a circuit that 
produceseleccrlcal osclllatlonsor, underd lfferentdrcumsiances. can be used to 
tuneaclrculttopanlcularradlofrequencles. 

• As seen ln Topic 24. capacitors may be used ln a smOO(hlng drcult co reduce the 
rlppleonrectlfledcurremorvoltage. 

• A capacitor stores eoergy. Its capacitance Ci:s given by C= QIV. where Q i:s the 
charge oo the capacitor when there is a potent ial difference Vbetween its pkltes 

• Acapacitorallowsthestorageofseparatedcharges 
• Theunitofcapacitance,thefarad(Fl.i:sonecoulombpe<vdt 
• The energy stored in a charged capacitOf is given by E= Y,QV= v,cv1 = Y,<;jtc 
• Theequivalent capacitancecof capacitorsconnectedinserie1isgivenby· 

1/C: 1IC1+ 1/Ci+ 
• Theequivalent capacitaoceCofcapacitofSconnectedinparallelisgivenby· 

C:C1+C1+ 
• Whenachargedupacitordischarges. thechargeontheplatesdecaysexponeotially 

Theequationlor thedecayisQ=Qoe-lC"R 
• The time constant of the circuit, given by CR, is the time for the charge to decay to 

1/eofitsinitialvalue 
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Examination style questions 
1 Aparallel-platecapacitorhasrectangularplatesofside 

200mmby30mm.Theplatesareseparatedbyanairgap 
O.SOmmthick.Thepermittivityoffreespaceis 
8 .85><10-11 Fm-1• 

a Calculatethecapacitanceofthecapacitor. 

b Thecapacitorisconnectedtoa UV battery.Calculate: 

i thechargeoneachplate, 
ii theelectricfieldbetweentheplates. 

2 Fig. 18.14 shows an arrangement of capacitors 

Ftg.18.14 

a Calculatethecapacitanceofthisarrangement. 

b The4µFcapacitorisdisconnected.Calculatethenew 
capacitance. 

3 A 10µFcapacitorischargedfroma9.0Vbattery. 

a Calculate: 

i theelectricpotentialenergystoredbythecapacitor, 
ii thechargestoredbythecapdcitor. 

b Thechargedcapacitorisdischargedthrougha 150k0 
resistor.Calculate 

i theinitialdi'iChargerurrent, 
ii thetimeconstant, 
iii thetimetakenforthecurrenttofallto3.6>< 10-5A 

4 a i Definecapacitance. [1] 
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ii A capacitor is made of two metal plates, insulated 
from one another, as shown in Fig. 18.15 

~L 1F--
Flg.18.15 

Explainwl-f;thecapacitorissaidtostoreenergybut 
not charge [4] 

b ThreeunchargedcapacitorsX, YandZ,eachof 
capacitance 12µF,areconnectedasshowninfig.18.16 

A~\ _ _rl,~~ a 
""~~ 

12µF 
Ftg.18.16 

Apotentialdifferenceof9.0Visappliedbetween 
pointsAandB 

i Calculatethecombinedcapacitanceofthecapac:itors 
X, Yandz. {2] 

ii Explainwl-f;,whenthepotentialdifferenceof9.0V 
is applied,thechargeononeplateofcapacitorX is 
72µC. {2] 

iii Determine 
• thepotentialdifferenceacrosscapacitorX, [1] 
• thec:hargeononeplateofcapacitorY. {2] 

Cambridge International AS and A Level Physics, 
9702142 Oct/Nov 2012 Q 5 

5 A capacitor amsists of two metal plates separated by an 
insulator,asshowninFig. 18.17. 

I metal plate 

I ........._metal plate 

Flg.18.17 

Thepotentialdifferencebetweentheplatesis V.The 
variation with vof the magnitude of the charge Q on one 
plateisshowninfig.18.18. 

a Explainwhythecapacitorstoresenergybut 
not charge. [3] 



o,me 

Flg.18.18 

b UseFig.18.18todetermine 

i thecapacitanc:eofthecapacitor. {2] 

ii thelossinenergystoredinthecapacitorwhenthe 
potential difference Vis reduced from 10.0V to 7.SV. 

w 
Cambridge International AS and A Level Physics, 

9702/42 May/June 201 I Q 3 

Examination style questions I 
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19 &20 
Electronic sensors 

By the end of this topic, you will be able to: 
19.4 (a) show an understandingofthechangein 

resistance with light irnensity of a light-dependent 
resistorO.DR) 

(b)sketchthetemperaturecharacteristic ofanegative 
temperatureooefficlentthennistor 

20.3 (c) understandthatanelectronicsensorconsistsof 
asensingdeviceandacirruitthatprovidesan 
outpmthatcanberegisteredasa,'Oltage 

(d) explain the use of thermistors , light-dependent 
resistorsandstraingaugesinpotentialdividersto 
provide a potential difference that is dependent 
ontemperature, illuminatlonandstrain 
respecti,·ely 

,., 

(c) show an understanding of the action of a piezo.. 
electric transducer and its application in a simple 
microphone 

(d)describethestructureofametal-wirestraingauge 
(e) relateextensionofastraingaugetochangein 

resistance of the gauge 

Starting points 
• Anunderstandingof baskrnncepb ol electriccurrent. 
• Anunderstandingofbasicelectricalcircuitry. 

Introduction 
Electronlc sensors have become such everyday ltems that we hardly app1KL1!e them -
except when they fall to work! Some sensors are simple, such as those detecting 
temperacure ln a thennostat or detecting light levels in an automatlc switch for a lamp. 
O!her sensors may be more complex and used to control systems. For example, ln the 
braking system of a car, an electronic circuit may be used to sense whether a wheel ls 
skidding. lfthecarlssklddlng, thentheclrcultcontrolsthebrakes,notonlytostopthe 
skld. butalsotopreverufurthersklddlng. 

Anelectronlcsensormaybethoughttoconslstofthreeparts,asensingdevlce, a 
processingunltandanoutputdevlce, asillusuaced In Figure 19.1. 

Flgure 19.1 Blockdiagramlora11electm11k'il'nsor 

19.4 Sensing devices 
The sensing device ls the flr.st stage of any electronic sensor and ls the means by 
which whatever ls to be detected or monltoRc'd ls convened Imo a11 electrlcal property. 
Thlselectrlcalpropertylsfrequernlyreslstance. A physicalpropertyofthesensing 
device changes with a change ln whatever It ls monltorlng. 
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Flgure19.2AnLORandfts 
symbol 

Flgure19.4Thermist0f5<md 
their symbol 

19.4 Sensiogdo,;ces I 
Senslngdevlcesareavallablethatcanbeusedtodetectmanydlfferenttypesof 

change - forexample,changeslnllghtlruenslly,temperature,soundleveLhumldlly. 
pressure, strain, or magnetic flekl . Some of the more common sensing devices wlll 
be considered. 

The light-dependent resistor (LOR) 
A light-dependent resistor (LDR) consiSls of tv.,o mecal grids thm tmersecc each 01her. 

Toe space betwft.'11 the grkls ls filled with a semlconduccor malfflaL for example. 

cadmium sulflde doped with copper, as shown ln Figure 19.2. 

When light ls lnddem on the semiconductor mmerial. the number of elecuuns ln the 

semlconductorthat are free to conduct lncreases. lllehlgherthelmensllyoflightonthe 

!DR. the greiter the number of electrons thm can move freely. Hence, as the light trnenslly 

locreases.thereslstanceoftheLDRdecreases. FlguR'l9.3showsthevarlatlonwlthlight 
irnenslty of che nc-.sl&ance of a typical LDR. l1le varlaUoo of re51slance with llghc tmenslly 

ls slmllar co thac of the vartatlon of reslscance with temperature for the thennlsl:or. 

ligt,tinteosityllux 

Flgure19.1Resi1tancev.lightintensityforanLOR 

Note: Bo!h light tmenslty, measured ln Jux. and R'"SlSCance. measured in ohms. are 

ploued on logarlthmlc scales ln Figure 19.3. The graph ls a stralgtu line buc chls does 

not mean that resistance ls lnver.sely proponlonal to ltghc lmenslly. Daca rel:utng co light 

intensity and resistance for a typlcal LOR are shown in Tobie 19.1. 

Table19.1TWcalLORdata 

llghtlevel 

moonlight 

normal room lighting 

sunl;ght 

Theluxisaunitthatisusedtomeasurethelightpowerincidentperunitareaofasurface 

The thermistor 
The restsc:mce of most metals Increases to a cenaln extem with rise ln temperature. 

Negatlve cernperature coeffldem devices. ofcen referred to as thennistors. are 

made from semiconductor material. urually the oxides of mecals. The resistance 
of thermtscors decreases slgnlflrnntly with rise ln temperature. Thermtscors are 

manufactured In varloos shapes and sizes. including rcxls. discs and beads. Figure 19.4a 

showsanexampleofadlscandbeadthermlSlor. 

Data relatlngtothecrniperatureandR'"Slstance ofa typlcalbeadthermtscorare 

shownlnToble19.2. 
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Flgure 19.65ymbol 
foramk:rophone 

Ta ble 19.2Typlcalthermistocd.ita 

temperaturerc thermlstorreslstance/0 

' 

The variation with tt'lllperature of a typical thermlSlor ls shown ln Figure 19.5. This 
variation ls non-linear and Is, in fact. approximately exponernlal over a limited range 
of temperature. 

temperaturef'C 

Flgure 19.5Resi1t..ncev.temperatureforalhl'l'mi1tor 

The piezo-electric transducer 
A transducer lsanydevlcethatconvensenergyfromoneformintoano(her. 

Plezo-electrlccrystalssuch asquartzhaveacomplexlonlcSlructure (seeAlevel 
Toplc14).lnthenormalunstres.sedsiateofthecry&al,thecerureofchargeofthe 

positive Jons colnckles with the centre of charge of the negatlve tons. However, when 

pressure ls applied to the crystal , the crysml changes 5hape by a small amount and 
checentresoftheposttlveandthenegatlvechargenolongercolnckle. Avoltagels 
generated across the crystal. This ls known as the piezo-elec trk e ffect . 

The magnitude o( the voltage th:u ls generated depends Oil the magnllude of the 

pressure on the aystal , and Its poLulty depends on whether the crystal ls compressed 
or expanded - that ls, wheiher the pressure applied ls greater or less than the ambient 

A sound wave consists o( a series o( compressions and rarefactions. If a sound 

wave ls lncklent on a plezo~learlc crystal, then a voltage will be produced across the 
crystal!hatvarlcslnaslmllar,;vaytothevariatl011lnpressureofthesoundwave. To 

detea the voltages, oppoi;lte faces o( the crystal are coated with a metal and electrical 

connections are made to these metal fllms. Since the voltages generated are small, they 

are amplified . The crystal and Its amplifier may be used as a simple microphone for 

convertlng sound signals Into electrical signals. The symbol for a microphone ls shown 

inFlgure19.6. 



coonecting wire 

~lastic 

Ftgure19 .7 MeLllwirestrain 

20.l The use of potential di•de~ I 
The metal wire strain gauge 
lnenglneerln&ltlsfrequemlynecessarytoteS1fortheS1ralnsexperlencedlndlffellc'nt 
pans of structures. This can be achieved using a metal "11lc' strain gauge. 

A Slraln gauge consists of a length of very fine me1al wire sealed tmo a small 
reaangleofthlnplaSilc.asshownlnflgure 19.7. 

In use , the Slraln gauge ls attached firmly to the structure to be monltored. When the 
plaS1lcisstre1ched.theflnewlrewlllalsobestre1ched. Thewlrels.1tralned.causlnglts 
lengthtolncreaseand ltscross-sectlonal areatodecrease. Anlncreaselnlengthanda 
decreaselncross-sectlonalareabol:hresultlnanlncreaselntheelectrlcalreslstanceof 
thewlre. 

The resistance R of a uniform wire ls related to Its length Land area of cros.s-sectlon 
A by the expression 

R = ~ 

where p ls the reslstMty of the material of the wire (see AS Level Topic 19). 

lf the willc' Increases ln length by Oflly a small amount M , then the change ln the 
cross-sectional area may be assumed to be negllglble. The new resistance of the wire 
lsglvenby 

( R +M) = p(L:M) 

Bysubtractingthesetwoexpresslons,thechangeinreslstance/J.Rls glvenby 

l!.R =!!!!}-
ltlsas.sumedthatAlsCOflstam.andplsalsoaconstam.so 

Since the strain ls proponlonal to the extension M , then the strain ls also proponlonal 
tothechangelnreslstance. 

1 Explainwhati1me.1ntbyanegativetemperaturecoefficientthefmi510<. 
ltisane~ricaldevicewhoseresi51ancedecre<tSeSasitstemperaturerises. 

2 Suggest why the resi51ance of a strain gauge changes when the object on to which it is 
lixedis51raine<l 
Thestra ingaugeconsistsofagridoffinemetillwirt!ina~envelope.VVheflthe 
envelopeisstrt>tched,theleogthofthev.ireincreasesanditsill&lofcross-sectKllldecrnases 
(slightly).hcreaseink>ngthanddecreaseinarea bothu1use theresistilncetoiflCl&ISe 

Now it 's your turn 
1 Draw a sketch graph to show the var@tion with temperature llof the resistance R of a 

thermistor. Marktypicalvaluesontheaxesolyourgraph 
2 (a) State whatismeantbythep~zo-electricellect 

{b) Describehowaquartzcrystalmaybeusedtoprovideane!ectricalsigr.althat is 
dependentoothesoundpressureincidentonit 

20.3 The use of potential dividers 
Toe change ln the physical properly of a sensing device must. ln general , be processed 
ln some way b€fore the change can be dlsplayed or measured. This processing ls 
carried out by the processing unit. which ls some form of electrical docult that ls 
connected to the sensing device and provides a voltage at ltsoutput. If the voltage ls 
small. then It may be necessary to amplify lt . This wlll be considered ln Topic 21. The 
voltagecanthenbeusedtocontrolanoutputdevlce. 

A po1ential dlvkler clrcult (see AS Level TOplc 20) enables a change Jn resistance of a 
senslng devlcetobeconvened Into a voltage change. In Figure 20.1, the sensing device 
ofreslstanceSlsconnectedlnserteswltha llc'slstorofreslstanceR. 
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Flgure20.1Potentialdividercircuit 

The bauery of e .m.f. E ls as.sumed to have negllglble internal reslsrnnce. The oucpuc 
voltage Vlsglvenbytheexpres.ston 

V = s!RxE 

The magnllude Vof the po1entlal dlffeR.'nce (voltage) at any panlcuL1r values of 

thesenslngdevlcelsdependetU011therelattvevaluesofSandR. Notethat,asthe 
reslSlaoceSofthesensorlncreases.theoucputvoltage Valsoincreases. 

By monilorlng the poienllal difference (voltage) across the reslSlor of fixed reslslance R. 

as shown ln l'lgure 20.2, the output voltage will be given by 

V = s:RxE 

___J__ 

Figure 20.2 Alternative rnnnl.'Ctkm1 for a potential divider 

Theoutputvokage VwlllthendecreaseasthesensorreslstanceSlncR'ases. 

~xample 

A poteotial divider coosi51s of a battery of e.m.f. 6.00V ....d negl~ble internal resistance 
romiectedif1seril'5witharesi51orofresi:stilr'K.e1200andavar~bleresistorofresistance 
O----t2000.Determrietherangeofpotentialdiffereocethatc.anbeobtiir.ed=the fi.,-;ed 

wtieo the variable resistor is at 00, the p.d. across the fixed resistor"' 6.0V. When the 
variableresistorisat2000, 

p.d.acrosslixedresistor: 
120

1!0
200 

x6.00:2.2SV 

Therangeis 2.2SV-.6.00V. 



Examinatiooseylequestions l 

Now it's your turn 
l A potential divider consists of a battery of e.m.f. 7.SV ar.d neglig ible internal resistance 

cormectedinserieswitharesistorolresistanceRandavariableresistorofresi'>lance 
0---->SOOO. Deducehowthepotentialdividermaybearrangedsoastoprovidea 
potentialdifferencethatmaybevariedbetweet10and3.0V 

• Sensingdevicesareusedtodetectchangesintheenvironmentorthepmpertiesofa 
body. 

• In general, thechangebeingmonitoredcausesachangeinanelectricalpmpertyof 
the sensor. 

• Frequently-usedseosorsindudethe light-dependentresi'>lor(LDR),thethermistm, 
thepiezo-electrktransducerandthestraingauge 

• TheresistanceofanLORdeae<tSesasthelightintensityonit inueases 
• Theresistance ofanegativetemperaturecoeflicientthermistordecreaseswith 

increasing temperature 
• Apiezo-~ectrktransducerconvertsvariationsinpressure(su{hasduetoasound 

wave)intovarii!tionsinvoltage 
• The strain on a metal wire strain gauge is proportionill to its change in resistanc:e 
• Apotentii!ldividermaybeusedtornnvertthechangeinreslstanceofthesensor 

intoa{hangeinpotential differen{e 

Examination style questions 
1 Suggestsuitablesensingdevkestodetectchangesin 

a sunlight, 

b thewidthofacrackinawall, 

c theweightofwaterinatank, 

d thetemperatureoftheoilinanengine. 

2 Describe how a sensor may be used to count the number 
of mice that pass through a small hole in a wall 

3 a Suggestelectricalsensingdevices,oneineachcase, 
thatmaybeusedtomonitorchangesin 
i lightintensity, {1J 
ii thewidthofacrackinaweldedjoint, [1J 
iii theintensityofanultrasoundbeam. [1J 

b Astudentdesignsthecircuitoffig. 20.3todetect 
changesintemperatureintherange0°Cto 100°C. 

"=h thermistor, 
resistance RT 

resistor, 

coosao< ""'"°'" ~ Yoo, 

Flg.20.3 

Theresistanc:eofthethermistorisR1 andthatofthe 
reslstori5R 

Thestudentmonitorsthepotentialdifference V001. 

State and explain 

i whetherV001 inaeasesordecreasesasthe 
temperatureofthethermistorincreases, {3] 

ii whether the change in V001 varieslinearlywiththe 
change in temperature of the thermistor. {2] 

Cambridge International AS and A Level Physics, 
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A Level 

21 Electronics 

By the end of this topic, you will be able to: 
21.1 (a) recall the main propenies of an Ideal operational 

amplifier (op-amp) 
21.3 (a) understand that an output device may be required 

to monitor the ompllt of an op.amp circuit 
21.2 (a) deduce , fromthepropeniesofanideal 

operational amplifier, the use of an operational 
amplifier as a comparator 

(b) understandtheuseofrt'laysinelectroniccircuits 
(c) understand the use of llght-emining diodes (LEDs) 

asdevicestoindicatethestateoftheoutputof 
electronic circuits 

b) 

(b) understand the effectsofnegatl\'e feedback on the 
gainofanoperationalamplifier 

(c) recall the circuit diagrams for both the tm·erting 
and the non-im'erting amplifier for single signal 
Input 

(d) understand the virtual eanh approximation and 
deri,·e an expression for the gain of invening 
amplifiers 

(e) recallanduseexpressionsforthe,·oltagegainof 
lm'ffting and ofnon-im·erting amplifiers 

Starting points 

(d) understand the need for calibratioll ·where digital 
oranaloguemetersareusedasoutputdevlces 

• Sensing circuits can be devised that will monitor erwironmental conditions. 
• Theoutputof thesesensingcircuitscan be registeredas a voltage,but thisvoltage 

maybe small. 

( + )Yi! 
supply 

21.1 The ideal operational amplifier 
(op-amp) 

Once the output of the sensing device ls Jn the form of a voltage. It may iequlR'" fun her 
change(processing)betoreltJsusedtocontrolan outputdevk:e. lllebasisofmany 
drrultsusedforprocesslngtltesensor voltagelsthe operational a mplifier or op-amp. 

»-' 
output 

+ 

p 

An op-amp ls an Integrated clrruJt that contains about 20 translSlor.s together 
withrestsior.sandcapackors. ltJsR""ferredtoasan 'lntegrateddrrult"becauseall 
!he components are fonned on a small slice of a semlconduaor (e .g. sillCOfl) with 
connections to enable the op-amp to be connected into a circuit. The whole of the 
Jmegrntedclrcuillsencapsulmed. 

The symbol for an op-amp and some of Its connealons are sltown Jn FlguR'" 21.1. 
It ls referred to as an 'operational ampllfter' because the clrcull can easily be made 

!o cany out different opera!lons. These operations lndude: 

• actlngasaswl!chwhena voltagereachcsacenalnlevel 
• ampllfylngdJrectvol!ages 
• ampllfylngaltematlng voltages 

( - )Yi! 
supply 

Flgure21.1 Aoop-amp;mdits1ymbol 

, .. 
• comparing two voltages and glvlng an output that depends on tire result of 

the comparison. 



21.l Operational amplifier drwi~ I 
Th.e op-amp has two Inputs, called che lnvenlng Input(-) and the non-lnvenlng 

lnpu! (+). For many appllautons, the positive and the negative power supplles are 

±6Vor±9V. 

Properties of an ideal op-amp 
Toe kleal operational ampllfter (op-amp) has the following propenles, 

• infinite input impedance (no current enters or leaves either of the Inputs) 
Think about connecllng an Input co one of the reslSlors Jn a po1entlal divider. The 

Input would be ln parallel with the reslSlor and, therefore. the resistance ln the 

potential divider drrult would be changed. O::mnectlng the op-amp to the poiential 
divider would. thus, change the po1entlal differences across the components ln 
the po1entlal dlvlder. However, if the op-amp connection (the Input) has Infinite 
resistance (or, more scrlctly. for altematlng voltages, Infinite Impedance) then 
connecllngiltothepolentlaldlvlderwllln01affectthep01entlaldlfferences. 

• zero output impedance (the whole of the output voltage ls seen across the load 
connected to the oucpuO. If the output connection had some resistance, then the 
voltage produced in the op-amp (the output voltage) would be divided between 
the output and the resistor connected to the output. Zero output resistance (or zero 
output Impedance) means that all of the output voltage will be seen across the 
resistor connected to the output. 

• infinite open-loop gain (this means that when there ls only a very small Input 
voltage. the ampllfler wlll saturate and the output wlll have the same value as the 
supply voltage). The voltage gain, or simply gain, of an ampllfler ls a measure of 
how many times the output voltage ls greater than the Input voltage. 

output voltage 
voltagegaln = Input voltage 

When there are no components connected between the output and the Input of the 
op-amp, the gain that ls measured ls said to be the open-loop gain. The output of 
the op-amp cannOI be greater than the supply voltage (from energy conservation) 
andso,lfaverysmallvolragelsapplledtothelnput andthegaln ls Infinite.then 
the output will be at the supply voltage. The output cannot be any greater. even for 
alargerlnputslgnal. Toeampllfierlssaldtobesaturated. 

• infinite bandwitlth (all frequencies are amplified equally). lf an alternating 
voltage ls applied to the lnput, then the output wlll have the same ft\'quency but a 
larger amplltude. The range of frequencies that are ampllfled by the same amount 
(thelnputslgnalsofdlfferentfrequenclesthat allhavethesamegaln)lsknown as 

• infinite slew rate. When the Input slgnal ls changed, then the output signal will 
also change. The slew rate ls a measure of the time delay between the changes to 
the Input and output. A high slew rate Implies a short tlme delay. With an lnflnlte 
slewratetherelsnodelay. 

In reality, op-amps are nOI Ideal. The Input Impedance ls ln the range 1a6- 10"n and 
the ootput Impedance ls about IO"!l. The open-loop gain ls nOI infinite but ls the 
otder of 1oS for direct voltages. There ls a flnlte bandwidth and the slew rate ls about 
10vµs->. 

21.2 Operational amplifier circuits 

The operational amplifier as a comparator 
When an op-amp ls used (Incorporated) ln an elearlcal drcult, It ls usually connected to 
a dual po•,ver supply so that the output voltage can be either positive or negative. SUch a 
power supply can be represented as two sets of OOnerles, as shown in l'lgure 21.2. 
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Flgure 21.2 Theop-ampu'ied;r; 
a comparator ( - )vesupply 

Thellnkbel:weenthetwobauerleslsreferredtoasthe "zerovokllne' or 'earth'and 
l!provklesthewferencefromwhlchchevol!agesonthelnputsandtheoutputare 
measured. The outpuc V""' ofthls clrcuil ls given by 

v00, =Ao(v• -v-) 

where V* lsthevoltage acthenon-lnvertlng lnput , V--lsthevolcageatthelnvenlng 
Input and A 0 ls the open-loop gain of the ampllfler. 

Consider the case where the non-lnvenlng Input v• ls 0.95v and the Jm,ertlng lopuc 
v~ ls 0.94V, aodA0 = 10s. The supply voltages are ac ±<>v. By substltu!lng lmothe 
equatlon. the oucput voltage v.,., ls given by v""' = 10s x (0.95 - 0.94) = +IOOOV. From 
energy ronslderallons, this answer ls lmpos.stble since the output voltage can never 
exceed the power supply voltage. The ampllfler ls sa tu rated and the oucput voltage 
wlllbe6V. So, 

ifV*>V-theoutputis+V""""' 
ifV-> v•theoutputis-V.,pp~ 

The clrcult of Figure 21.2 ls called a compamtor because It compares the vol!ages 
applled co che non-lnvenlng and the Inverting Inputs and chen gives an oucput that 
depends on whether V*> V--or V-> v • . 

'When a clrcul! locorporatlog an op-amp ls used as a compara!or, It ls usual to 
connect each of the c,vo Inputs to a potemlal dMder, as shown ln Figure 21.3. 

The t,vo resistors of equal resistance R provide an input voltage of 3V at the 
Jnvenlog Input When the llghc-depeodem resistor (LOR) ls lo darkoes.s. its resistance ls 
greater than IOkO. The volcage at the oon-lnvertlng Input wlll be gremer than 3V and 
Che oucput wlll be ac +6V. In dayllgtu, the resistance of the LOR wlll be less than 
IOkQ and the voltage at !he non-Inverting lnpuc will be less than 3V. The oucput 
wlllbem - 6 v. 

The output therefore. depends on the level of llght Ulumlnatlofl . This output can 
be made to opera!e an oucput devlce such as an LED (see page 306). By changing the 
valuesofthereslstor.;lnthepotentlaldlvklerconoectedtothelovertlnglnput.che 
voltage at which the drcult swicches from +6V to - 6 V can be altered. Thus, the level 
of Hlumlnatlon at which the drcult switches can be changed. In practice. one of these 
cworeslstor.;,vould beavarlablereslstor. 

The circuit shown lo Figure 21.3 switches from +6V to - 6 V when the level of 
lllumlnatlofllocreases.Bychanglngroundtheconnectloflstothetwoloputs.theoutpuc 
could be made to switch from +6V to - 6V when the level of lllumlnatlofl decreases. 



21.l Operational amplifier drwi~ I 

gutput 

Figure 21.3 The op-amp u'>l!d as a rnmparatorto monitor illuminatkln 

Olher devices could also be fitted Into the comparator dn:ull . !'or example. a thermlsior 

could be used so that the circuit provides a warning for either high or low ternperacures. 

~xamples ~ 

1 State what is meant by a comparator circuit 
ltisacircuitthatusua l!yir,corporatesanop-amp.Theoutputvo!tageofthecircuitis 
eitherpmitiveornegative,depeodir,gonwhkhofthetwoinputstothecircuit isatthe 
higherpoteotial 

2 Draw a dlagram of a comparator that will give a positive output when the intemity of 
lightinddentonanLORishighandanegativeoutputwhefitheintensityislow 

output 

F1gure21.4 

Now it's your turn 
1 A thermistor has a resistance of 25000 at 10°C. Design a circuit that will switch from a 

positiveoutputtoanegativeoutputwhenthe thermis!Oflemperaturerisesabove 10°C. 
2 The resistance of the thermistor in question 1 is 18000 at 20°C. Show how your 

drcuit inquestion1rnaybemodifiedMithatthecomp.1ratorcanbeusedeitherfor 
temper<1ture1rising<1bove 10°Corfortemperaturesrising<1bove20°C 

"' 
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Flgure21 .6Negative 
fel.'dbackwithanop-amp 

'"' 

Operational amplifiers and feedback 
Feedback ls a pr,xess whereby a fncllon of the outpuc of any device ls fed back co 
che lnpuc, so as to assl.'il ln che cornrol of the device. Much of the movement of humans 
ls controlled by feedback. If a person wishes to pick up an obtect. for example, then 
che per.;on Slrecches ouc a hand whlle, at the S.'.lme tlme, looking at the hand and the 
object. The visual signal from the eye ls fed back to the lmtln to provide control for 
che hand. This feedback Isa contlnuous pr,xessofreflnlngtheposlllonofthehand 
reL1t1vetotheobject. 

Foranampllflerclrcult.thebastcarrangementlsasshownlnFlgure21.5. 

Flgure21.5Anamplifiercirrnitwithfeedback 

A fraction Pofthe outpuc signal v..,, ls fed back and added to the Input signal v ... The 
ampllfler has open-loop gain Ao and It ampllfles whatever vokage there ls at Us Input. So, 

V..,, = A 0 x(theampllflerlnput) 

= A.,x (V.,. + {JV~ 

andthlsglves 

v ... O - A,,/J) = A 0 x V1n 

The overall rnltage gain (or simply gain) v..,,;v.., of the amplifier ls given by 

lfthefncttonPlsnegatlve.then(l A,/JJlsgreaterthanunltyandtheoverallgalnof 
the ampllfter drcult ls less than the open-loop gain of the operatlonal ampllfter Itself. 
This pr,xess ls known as negative feedback. 

Negative feedback seems, ac flrSI sight , to defeac the object of an ampllfler. Hov,ever, 

• lncreasedbandwldth (therangeoffrequenclesforwhlchthegalnlsconstant) 
• lessdlstonlonoftheoucpuc 
• greaterstablllty. 

Negative feedback can be achieved by feeding pan of the output of the op-amp back 
tothelnumlnglnput.aslllustratedlnFlgure21.6 

The inverting amplifier 
A circuit for an lnvenlng amplifier Incorporating an op-amp ls shovm In Figure 21.7. 
For slmpllclty, the JX}Wer supplles are no( shown. 
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Flgure21.BFeecllackrnrrent 
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21.l Operational amplifier drwi~ I 
,, 

Flgure21.7Aninverting.implifier 

Negative feedback ls achieved by means of the resistor R,,. The reslslors R.,, and RF aa 
as a po1entlal dMder bei"•een the lnpu! and the output of the op-amp. 

Since the open-loop galn of the op-amp ls very large. then the input voltages at the 
non-lnvenlng (-+-) and at the Inverting (-) Inputs musi be almost the same. The non­

lnvenlng Input ls connected to the zero-volt line (the eanh line) and. therefore, this 
input ls zero. This means chm the lnvenlng Input muSI be very nearly zero volts (or 
earth)andsopolntPlnFiguR'21.7lsknownasa virtu al earth . 

The Input Impedance of the op-amp ls very large, which means there ls no curR'm 

Jn either the Jnvenlng or the non-Inverting Inputs. So all the currern from, or to, the 
Input signal to the drr:ult must pass through !he feedback R'Slstor co the output This ls 

illuscratedinFlgure21.8 

ltcanbeseenthat. becausepolmPtsavlnualeanh.thena posltlvelnpucslgnalglves 
rise to a negative outpuc and vice ver.sa. Consequently. the oucput Is the Inverse of the 
input andtheampllflerlsreferredcoasan inve rting a mplifier. 

Referring co Figure 21.7. since the Input Impedance ls Infinite. 

curreminR.,. = curremlnR,,. 

p.d. acrossR;., = p.d . acrossRp 

Ru, Rp 

Toe po1entlal ac P tszero and therefore 

~ = O - Vru1 

Toeoverallvolcagegalnoftheampllflerclrcultlsglvenby 

30] 
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304 

Thenegatlveslgnlndicatesthac!here lsa phasedlfferenceof1tradbecweenthelnput 
and the output. Thalls, theinpul lsnegatlvewhentheoucputls posltlve, andthelnput 

lsposltlvewhentheoucputlsnegatlve. 

The non-inverting amplifier 
Figure 21 .9 ls a cli-:ult for a non-lnvenlng ampllfler. 

,, 

Flg ure21.9 Anon-iovertingomplifier 

The Input voltage V;,, ls applied directly to tile non-lnvenlng Input Negative feedback 

ls achieved by means of the reslsiors Rp and R, . If the amplifier has na saturated. che 
overallvoltagegalnoftheampllflerls glvenby 

The non-lnvenlng ampllfler produces an outpu! chac ls ln phase with the input. Tha! ls, 
lf the Input ls positive, the oucput ls posltlve, and lf the input ls negallve. the output ls 
negatlve. 

1 Whatismeantbyaninvertingamplifier? 
AneJectriuldrcuitwheretheoutputpotentialdifference{voltage}is1tradoutofphase 
'Mththe inputvoltage 

2 Themagnitudeofthegainofanirwertingamplifie<is25.Thesupplyvoltagetothe 
op-ampis±9.0Vandthenon-invertinginputisatearthpotential.Cakulatetheoutput 
voltageoltheampliliercircuitforaninputvoh:ageattheinvertinginputol 
{a) +40mV, 
(b) -80mV, 
(cl -UV 

V00, =-Vt11xgain 
{al - 1.0V 
{b) +2 .0V 
(cl +9.0V(amplifierissaturated) 



Flgure21 .11 
SymbolfOfa rel;iy 

21.J Output dew:es I 
Now it's your turn 
Thecircuit lOf anamplifierincorporatinganop-ampisshowninFigure21.10 

Flgure21.10 

l (a) State whether the amplifier is an inverting or a non-inverting amplifier. 
(b) Calculatethegainoftheampliliercircuit 
{c) Calculate the maximum input potential such that the ampl ifier does not satur ate 

21.3 Output devices 
Toe clrculls lncorporallng an operatlonal ampllfler produce an oucput voltage. If this 
voltage ls connected across some form of A"SlSlor, there \\ill be a current from the 
oucputoftheop-amptothereslstor. 

This oucpuc current muse n()( be larger than about 25mA. With larger currents the 
op-amp would be destroyed. Jn fact, op-amJ),'S frequently have an output restscor as 
pan of the lmegrnted clrcul! w !hat, even lf the oucput ls 'shorced', the op-amp wlJl J)O( 

be damaged. 
The sensing clrcull may be required co switch on or off an appllance chat requires a 

large current; for example, an electric motor. The swlcchlng on or off of a large curn"nl 
by means of a small current can be achieved using a relay. 

The relay 
A relay ls an electromagnetic switch. When a small current passes through the coll of 
an electromagnec, the electromagnet opera!es a &wllch. This switch ls used to switch 
on, or off, a much larger current. The symbol for a !\"Jay ls shown ln Figure 21.11. 

FlguR'" 21.12 shows one way in which a !\"lay may be conneaed to the oucput of an 

The oucpuc of the op-amp may be positive or negatlve. However. diode o, conducts 
only when !he oucput ls posltlw with respect to eanh. Then'"fore, the relay coll ls 
energlsedonlywhentheoucpucoftheop-amplsposltlve. 

When a current ls 5\\-'ltched off ln an electromagnet. an e.m.f. ls Induced ln the coll 
of the electromagnet. This e.m.f. could be large enough co damage the op-amp. A 
diode o, ls connected across the coll to protect the op-amp from this e .m.f. NO(e that 
the dkxle ls connected w thac. when the output of the op-amp ls positive. the diode 
O,ls!l'"veise-blasedwthatthecurrentlsln !hecoll.l)O(thedlode. 

Relays all.' designed w thac they can be used to switch on or switch off currents 
whenthecolloftherelaylsenerglsed. 

30'5 
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Flgure21.13Symt>olfora 
light·emittingdtode (Lrn) 

output -----~ 
from op-amp 

o, 
~ '"'"'''"' \ :~:~~rreot 

I I 
Flgure21.12Thernnol'Ctiooofare!ayto,mop-amp 

The light-emitting diode (LED) 
There are many uses of sensing devices wheR'" the purpose ls co Indicate whether 

something ls too ho!: or coo cokl, switched on or off, etc. In these sltuatlons, all chat ls 

requlredfortheou!putofthesensorlssomeformofvlslblelndlcator;thmls,alamp. 
Fllamem lamps n()( o nly dlsslpme a compaautvely large amoum of power but also. 

they are n()( very robuSI and the filament ls llkely to break after being switched on and 

off a number of times. The lig ht-emitting diode (L ED) ls a semiconductor device 

!hat ls robuSI, reliable and dlsslpa!es much less power !han a filament lamp. LEDs aR'" 

avallable ln different colours Including !ed. g=. yellow and amber. The symbol for 

anLEDlsshownlnFlgure21.13. 
The LED emits light only when ll ls forwa!d-blased. A resistor ls frequently 

connected In series with an LED so that, when the LED ls forward-biased, the current 

in the diode ls n()( so large chat It would damage It . A typical maximum current for 

an LED ls 20mA. Also, the LED may be damaged lf the rever.se-bias voltage exceeds 
about 5\'. 

FlguR'" 21.14 shows two LEDs conneaed to the ou!put of an op-amp co lndlcate 

whethertheoucputlsposltlveornegatlve. 

output 
from op-amp 

// 

Flgure21.14LED1rnrrnect~dtoiodicatethestate of.in op-ampout;mt 

When the ou!pu! ls posltlve "ith respect co eanh. diode D, "111 be forwa!d-blased and 

will conduct. emitting llght. Diode D, wHl be rever.se-biased and will not emit llght. 

When the polarity of the output changes. diode D1 wlll be forwa!d-blased and wlll 

conduct, emlttlng light. D, wlll be rever.se-blased and wlll not emu light. The LEDs can 

bechosensothattheyemlt ltghcofdlffeR""mcolours 



Examinatioostjlequestlon, I 

Digital and analogue meters as output devices 
LEDs are used to Indicate the polarlly of the oocpuc and may be used when che 
op-amp saturates (for example, using the op-amp as a comparator co detect whe!her a 
temperature ls above or below a speclflc value). When the output of the op-amp does 
nOI saturate, the output voltage can be used to Indicate the magnitude of whatever ls 
belngsensed(Jorexample,theleveloffuelinacank). Adigltaloranaloguevoltmeter. 

connectedbenveentheop-ampootpucandearth.will lndlcatetheoutpucvoltage. 
Theoocpucvoltagewlllbeproportlonaltotheinputtotheprocesslngunlt. UwUJ 

also be dependent on the magnllude of whatever ls being sensed. However, the 
voltmeterreadsapolftlllaldlfference,nOlthequantltythaclsbelngmeasuredand 
therefon>thevoltmeterreadlnglsunllkelytovaryllnearlywllhthechangelnthls 
quantity. The voltmeter must be calibrated. The callbratlon of meier.s and the use of 

callbraUoncu1veslsdlscussedlnTopk"2. 

• Acomparatorincorporatinganoperationalamplifier(op...-imp)erlilblesaparticuk-ir 
voltage level to be monitored, indicating whethN the voltage is above or OOow a 
specified value 

• low·value potential differences may be amplified using an amplifier incorporilling an 
op-amp. 

• Negillivefeedbackreducesthegainofanamplilierbutprovidesstab ilityand 
increased bandwidth 

• Thegainofaninvertingamplilieri:s-Rf/R;n 
• Thegainofanon-invertingamplilieri1(l +RrlR1) 
• A r~ay is used to control a large-value currentlvoitage by means of the low current/ 

voltageoutputofaprocessingunit 
• Alight-emiltingdiode(LEO)isusedtoindicatethestate(highorlow,onoroff)of 

theoutputofaprocessingunit 
• Dig ital and analogue meters may be used to me;r.;ure the output of a processing 

unit. Mete1"1 need to be calibrated in order to mea~re the quantity that is being 
monitored 

Examination style questions 
In all questions, ;w;ume that arff operational amplifier 
(op-amp) is ideal and that the power supply to the op-amp is 
adual±9.0Vsupply. 

1 a Statefourpropertiesofanidealoperationalamplifier 
(op-amp). 

b Fig. 21.15 shows an amplifier incorporating an op-amp. 

Flg.21.15 

i ThepointPisreferredtoasavirtualearth.Statewhat 
is meant by this 

ii Deriveanexpression,intermsoftheresistancesRf 
andR.,,,forthegainoftheamplifier. 

c TheresistancesRrandR;,,are 12k0and6300 
re~ively.Calculate: 

i thegainoftheamplifier, 
ii the maximum input voltage ~h that the amplifier 

does not saturate. 
2 A thermistor T is included in the circuit shown in Fig. 21.16. 

At6°C,thethermistorhasaresistanceof3.00k0 

a CalculatetheresistanceofresistorRsuchthatthe 
output of the op-amp will change polarity at 6 °C. 

b Suggestandexplainthedirectionofchangeofthe 
polarityasthetemperatureisgraduallyincreasedfrom 
alowvalue. 

"' 
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Flg.21.16 

c Two light-emitting diodes, one red and the other 
green,aretobeusedtoindicatethetemperatureof 
the thermistor. The red LED is to emit light when the 
thermistorisbelowthetemperaturestatedinaand 
the green LED is to emit light when the temperature is 
abovethatstatedina.Sketchthecircuitincludingthe 
arrangementoftheLED5. 

3 a Negativefeedbackmaybeusedinamplifiercirrurls.State 
what is meant by negative feedback, {2] 

Flg.21.17 

Flg.21.18 

strain 
gauges 

ii twoeffectsofnegativefeedbackonanamplifier 
incorporating an operational amplifier (op-amp). {2] 

b Fig.21.17isacircuitloranamplifierthatisusedwitha 
microphone. 

The output potential difference Vour is 4.4 V when the 
potentialatpointPis62mV. 

Determine 

i thegainoftheamplifier, {1] 
ii theresistanceoftheresistorR. {2] 

c The maximum potential produced by the microphone 
at point Pon Fig. 21.17 is 9SmV. The power supply 
fortheoperationalamplifiermaybeeither+/-5Vor 
+/-9V. 

State which power supply should be used. Justify your 
answerquantrlatively. {3] 

Cambridge International AS and A Level Physics, 
9702/42 May/June 2010 Q 9 

4 a Describethestructureofametalwirestraingauge. 
You may draw a diagram if you wish {3] 

b Astraingaugesisconnectedintothecircuitof 
Fig.21.18. 

Theoperationalamplifier(op-amp)isideal. 

The output potential Vourofthe circurl is given by the 
expre5s.on 

Vour= "j- x(v,- V1} 



i StatethenamegiventotherationRf/R. [1J 
ii ThestraingaugeShasresistance 1250whennot 

under strain 
Calculate the magnitude of Visuc:hthat,when 
thestraingauge S isnotstrained,theoutput vOUT 
rszero. {3] 

iii lnaparticulartest,there!.istanc:eof sincreasesto 
1280. V1 is unchanged. 
TheratioRrfRis12. 
CalculatethemagnitudeofV0ur· {2] 

Cambridge International AS and A Level Physics, 
9702142 May!June 2011 Q 9 

5 a Statetwoeffectsofnegativefeedbackonthegainof 
anamplifierincorporatinganoperationalamplifier 
(op-amp}. {2] 

b An incomplete circuit diagram of a non-inverting 
amplifier using an ideal op-amp is shown in Fig. 21 .19. 

Flg.21.19 

Flg.21.20 

Examinatioostjlequestlon, I 

i CompleteacopyofthecirruitdiagramofFig.21.19 
Labeltheinputandtheoutput {2] 

ii CalculatetheresistanceofresistorRsothatthenon-
irwertingamplifierhasavoltagegainof 15. {2] 

c OnacopyofFig.21 .20,drawagraphtoshowthe 
variation with input potential Vi"1 of the output 
potential Voor-

You should comider input potentials in the range Oto 
+1.0V. {2] 

d The output of the amplifier circuit of Fig. 21 .19 may be 
connected to a relay. 

Stateandexplainonepurposeofarelay. {2] 

Cambridge lmematioflill AS and A Level Physics, 
9702/420ct/Nov2011 Q9 
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6 Astudentdesignsanelectronicsensorthati5tobeused 
to switch on a lamp when the light inten5ity i5 low. Part of 
thecircuitisshowninFig.21.21. 

sensingdeYice processing unit 

Flg.21.21 

a State the name of the oomponent labelled X on 
Fig.21.21 {1] 

b On a copy of Fig. 21.21, draw the symbols for 

i tworesi51orstocompletethecircuitforthesensing 
device, {2] 

ii arelaytooompletethecircuitfortheproces.singunit 

w 
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c i Statethepurposeoftherelay {1] 

ii Suggestwl-(;thediodeisconnectedtotheoutput 
oftheoperatioflillamplifier{op-amp}inthedirection 
shown {2] 

Cambridge International AS and A level Physics, 

9702141 May/June 2012 Q 10 
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22 Magnetic fields 

By the end of this topic, you will be able to: 
22.1 (a) understand that a magnetic field is an example 

ofa fieldofforceproducedeitherbycurrem­

carrying conductors or by permanent magnets 
(b) represent a magnetic field by means of field lines; 

22.2 (a) appredatethataforcemightactonacurrent­
carrying conductor placed in a magnetic field 

(b) recall and solve problems using the equation 
F= BIL sin 8, with directions as interpreted by 
Fleming'sleft-handrule 

(c) define magnetic flux density and the tesla 
(d) understandhowtheforceonacurrent-carrylng 

conductorcanbeusedtomeasuretheflux 
densityofamagnetkfieldusingacurrentbalance 

22.3 (a) predictthedirecrionoftheforceonacharge 
fil()\'lnginamagneticfield 

(b) recall and solve problems using F = Bqv sin B 
(c) deri,·e the expression VH = Bl/mq for the Hall 

voltage 
(d) describe and analyse qualitati,·ely the deflection 

ofbeamsofchargedpaniclesby unifom1electric 
and unifonn magnetic fields 

Starting points 

(e) explain how electric and magnetic fields can be 
used in velocity selection 

(t) explain the main principles of one method for the 
determinationofvande/m,forelectrons 

22.4 (a) sketch flux panems due to a long straight wire , a 
flat circular coil and a long solenoid 

(b) understand that the field due to a solenoid is 
lnfluencedbythepresenceofa ferrous core 

(c) explain the forces between currem·carrying 
conductorsandpredictthedirectionoftheforces 

(d) describe and compare the forces on mass, charge 
and current lngravilational, electricandmagnetic 
fields, as appropriate 

225 (a) explain the main principles behind the use of 
nuclear magnetic resonance Imaging (NMRI) 
to obtain diagnostic infonnation about internal 
structures 

(b) understand the function of the non·uniform 
magneticfield, superimposedonthelarge 
constam field, ln diagnosis using NMRI 

• ldentify(ferro-)magneticmaterials. 
• Thelawofmagnets - like polesrepel,unlike polesattract 

4' 22.1 Concept of a magnetic field 
Some of the propenles of magnets have been knmvn for many centuries. The 

ancient Greeks discovered an Iron ore called lode51one which. when hung from a 
thread, '\\'OUld come to rest always pointing in the same direction. This was the 
basis of the magnetic compass which has been In use since about 1500BC as a 
meansofnavlgatlon. 

The magnetic compass ls dependent on the fact that a freely suspended magnet 
will come to rest pointing nonh- south. The ends of the magnet are said to be poles. 
Toe pole polnllng to the north ls referred to as the north-seeking JX>le (the nonh pole 
or N-pole) and the <Xher. the south-seeking pole (the south pole or S-pole). It ls now 
knm,.·nthatacompas.sbehaveslnthlswaybecausetheEanhlsltselfamagnet. 
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Flgure22.2Magnetkfield 
patternofabarmagnet 
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Magnetsexercforcesoneachcth.er. Theseforcesofeitheranr:ictlonorrepulslonare 
used ln many chlldren"s cays, ln door catches and "fridge magnets·. Toe effects of the 
forces may be summarised ln the law of magnecs. 

Like poles repel. 
UnlikepolesilffriK."t. 

The law of magnets lmplles chat around any magnec. Chere ls a region where a 
magnellr: JX}Je wlll experience a force. This region ls known as a magnetic field. 

A magnetic field is a regioo of space v.+iere ii magnetic pole expen"ences ii kxce. 

Magneclc flelds are no( visible but they may be represenced by lines of magneclc force 
or magnetic field line5, or magneclc ' flux '. A simple way of Imagining magnellr: fleld 
llnes ls co think of one such llne as the direction ln which a free magnetic nonh pole 
would move lf placed in !he field. Magneclc field lines may be planed using a small 
compass (aploltlngcompass) orbytheuse of ironflllngsandacompass(Flgure22.l). 

Figure 22.1 The iron filings line up with the m.;gnetic fie kl of the bar m;ignetwhic:h is under 
the1heetofpaper. Ap\ottingrnmpas1willgivethedi11.'(:tioooltheliekl 

The magneclc fleld lines of a bar magnec are shown ln Figure 22.2. Effects due to the 
Eanh"smagneclcfleldhavenocbee-nlncludedslncetheEanh"sfleldlsrelatlvetyweak 
and would be of tmponance only ac oc,me dlSlance from the magnec. Jt ls lmponam co 
reallsethat,althoughthemagneclcfleldhasbe<.'ndrawnlntwodlmenslons, theactual 
magnetic fleld ls three-Olmenskmal. 

Foranymagr.etic:field· 
themagneticfipjdlinesstartatanorthpolei1ndendatasouthpole 
the magnetic field lines are smooth curves which neYef touch or cross 
the strength of the magnetk field is indicated by the distanCE betweeo the lines - closer 
linesmeana1troogerlield 

ltcanbeseenchatthesepropertlesareveryslmllartochoseforelectrlcfieldllnes 
(Toplc17). 

Figure 22.3 HluSlrates the magneclc fleld pattern bec\veen che nonh pole of one 
magnec and the south pole of anolher. This panem ls similar to tha! prcxluced between 
the poles of a hor.;eshoe magnet. 



Flgure22.7HamChristianOersted 

22 .1 Concept of a magnetic field I 

Flgure22.3Magneticfieklpattembetweenanorthandmuthpole 

Figure 22.4 shows the magnetic fiekl between the nonh poles of two magnets. The 
magnetic field due to one magnet opposes that due to the ()(her. The field lines 
rann()(crossandconsequentlytherelsapolntX. known as a neut ralpo int ,where 
there ls no resulcam magnetic field because the two fields are equal ln magnitude but 
opposite Indirection. 

F1gure22.4Magneticfieklpattembetweentwonorthpoles 

~xample 

A circular magnet is made with its north pole at the centre, separated from the ~rrour,ding 
cirrularsouthpolebyanairgap.Drawthemagnetkfieldlinesinthegap(Figure22.S) 

~.ll"'"'~ N S 

air gap 

F1gure22.5 Flgure22.6 

Now It's your turn 
1 Draw a diagram to illustrate the magr-.etic field between the sooth poles of two magnets. 
2 Two bar magnets are placed on a horizontal surface (Figure 22.6) 

Draw the two magnets, ar,d sketch the magr-.etic field lines around them. On your 
diagram.markthepositk>nolanyneutralpoints{pointswherethereisnoresultant 
magnetic field) 

Magnetic effect of an electric current 
Toe earliest discovery of the magnetic effect of an electric current was made ln 1820 by 

Oersted.a Danlshphyslclst. 
He n()(lced that a compass was deflected when brought near to a wire carrying an 

electric current. 11 ls now known that all electric currents produce magnetic flekls. The 
slz.e and shape of the magnetic flekl depends on the size of the current and the shape 
(conflguratlon) of the conductor through which the rum.•nt ls travelling. The shape of 
the fields wlll be conslde!W in more detail on pages 324- 325. 
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4' 22.2 Force on a current-carrying 
conductor 

Wehaveseenthmtheploutngofllnesofmagnetlcforceglvesthedlrealooandshape 

of the magnetic field . Also, the dlsrnnce bel:'\\'t'en the llnes Indicates the strength of 
the field. However. the strength of the magnetic field was no( defined . Physics ls the 

science of measufic'ment and, consequently, the topic would nOI be complete wlthout 

deflnlng and measuring magnetic fleJd strength. Magnetic fleld strength ls deflned 
through a study of the force on a curflc'nt--carrylng conductor - the molar effect. 

The motor effect 
The lnteractlon of the magnetic fields produced by two magnets causes forces of 

attractlon or repulsion lxiween the two. A current-carrying conductor produces a 

magnetic fleJd around the conductor (see page 324), If a conductor ls placed bel:·ween 

magnet poles and a current ls passed through the conductor, the magnetic fields of the 
current-carrying conductor and the magnet wlll interact, causing forces between them. 

ThlslslllustratedlnFlguflc'22.8. 

~-·• · ~ 
of force 

Flgure22.8Theinteractingmagneticfieldsof.icurrent-carrylngconductorandthepole1 
of a magnet 

11',e exl.ltence of the force may be demonstrated with the apparatus shown In Figuflc' 22.9. 

-+--~f--------C=~ 
Figure 22.9 Demomtfoting the motor effect acting on a piece of aluminium 

The strip of aluminium foll ls held loosely between the poles of a horseshoe magnet 

so thm the foll ls at right angles to the magnetic field. When the current ls switched 

on. the foll jumps and becomes taut. showing that a force ls acting Oil It . The dlrectlon 

of the force, known as the electromagnetic force , depends Ofl the directions of 
the magnetic field and of the current. This phenomenOfl, when a current-carrying 

conductorlsmanangletoamagnetlcfleJd, Jscalledthe motoreffect. 
The direction of the force relatlve to the dlrectlons of the current and the 

magnetic field may be predicted using Fleming·s left-hand rule. This ls Illustrated 

lnflgure22.10. 



22 .2Forceonacurrent-carryingconductor l 

~AA;, I ",'.- ~= 
'\.~ondfinger 

~_urrent 

F1g ure22.10Fleming"1left-haridru~ 

If the first two fingen and thumb of the left hand are held at ~tangles to one il!IOther 
with the Fif'it fhger in the direction of the Field and the seCondfinger i'I the direction of 
theCum>nt thenthethuMbgivesthedirectionofthefc«eor Motion 

N01echat.lftheconductorlsheklflxed,moUonwllln01beseenbuc,nevenheles.s, 

therewlllbeanelectromagne'llcforce. 
The magnitude of the electromagnellc force may be Jnvesllgated using the ·currem 

OOJance' apparatusshownlnFlgure22.ll. 

+ -I f--C;=--<-·~_, 
Flgure22.11Apparatu1toirive1tigatethemagnitudeoftheelectrom;igrie tkfu1ce 

A horseshoe magnet ls made by placing t\vo fla! magnadur magnets on a Li-shaped 

iron core. A lffigth of lnflexlble wire ls flnnly fixed between the poles of the magnet. 

When the current ls switched on. the reading on the !op-pan balance changes. This 
change ln reading Is a measure of the electromagnellc force. Variation of the currern 
leadstotheconduslonthactheelectromagnetlcforceFlsproportlorulltothecurrern/. 
By using magnadur magnets of different lengths (but of similar strengths). the force 

FlsfoundtobeproportlonalcochelengthLof'l\irelnthemagnetlcfleld . Finally.by 
varying the angle (} between the wire and the direction of the magnetlc: field. the fOKe 

Flsfoundtobeproportlonalcosln 9. Hence the expression 

ls derived . Toe expression can be re-written as 

whereBlsaconstant. 
TheconstantBdependsonthestrengchofthemagnetand, lfstrongermagn«sare 

used.theconstanthasagremervalue. The equation can.therefore. be used as the 
deflnlngequatlonformagnetlcfleklstrength. 

Theequatloncanberewrlttenas 
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So, 

For a long straight COflductor carrying unit current at right angles to a uniform magnetic 
field, the magnetic flux density Bis numerically eqUdl to the force per unit length of the 
rnnducta. 

The magne ti c flux density B ls measured ln tesla (D. An alcernatlve name for this 
unll ls weber per squa re metre (Wb m->). 

One tesla is the uniform magnetk fW: density vvhkh, acting normalf; to a long straight 
wire carrying a current of I ampere, causes a face per unit length of IN m-1 on the 
conductor. 

Since force ls measured ln newtons, length ln me!R"s and curR"m ln ampeies. l1 can be 

dertvedfromthedeflnlngequatlonforthetesL1thattheteslamayalsobeexpressed 
as N m-1 A-1. The unll lnvolves force which ls a vector quantity and thus magne!lc flux 
densllylsalsoaveccor. 

'\Vhen using the equation F = BIL sin 8, il ls sometlmes helpful co chink of the cerm 
B sin 8 as being the componem of the magneilc flux density which ls at right angles 
(ornonnal) cotheconduccor (see Figure 22.12). 

cgmponentBsinO 
normal to , 

cgnductor ',,,, ,, 

',,',,, 

Figure 22.12 Bsin Ois the rnmponent of tile magnetic fie~ which 11 oormal to the rnnductor 

The tesla ls a large unll for the measuremem of flux density. A strong magnet: may have 
a flux density between Its poles of a few teslas. The magnetic flux density due co che 
Eanh ln the UK ls about 44µT ac an angle of 66<' co the hortzomal. 

~xample 

ThehorizontalrnmponeotoftheEarth'1magneticlluxdemityi11.Bx 10- IT.Thecurrent 
inahorizontalc.ableis1S0A.Calculate,forthiscable 

(a) the maximum force per unit length, 
(b) themin imumforceperunitlength 

In each case, state the ang le between the cable and the magnetk fiejd 

(a) forceperunitlength=F/L=B/sin8 
Force per unit length is a maximum when 0= 90" and sin 0= 1 
Forceperunitleogth= 1.Bx 10-5 x 150=2.7x 10-3Nm-1 

Ma:Omum force per unit length= 2.7 x 10-3N m-1 when the cable is at right angle-; 
to the field . 

(b) Forceperunitlengthi5aminimumwhen 8:0andsin8=0 
Minimum force per unit length= 0 when the cable i5 along the direction of 
the field . 

Now It 's your turn 
3 The effective length of the filament in a light bulb is 3.1 cm and, for normal brightness, 

the current in the filament is 0.25A. Calculate the maximum el!!<:tromagnetic force on 
the filament when in the Earth"s field of flux density 44µT. 



22 .2Forceonacurrent-carryingconductor l 

-1 A straight condtJctor carrying a current of6.SA is situated in a uniform magnetic 
field of flux demity 4.3 mT. Calculate the electromagnetic forre per unit length of the 
conduct01whentheanglebet'Ne{'ntheconductorandthefieldis· 
(aJ 90°, 
(b) 45°. 

Force between parallel conductors 
A cum.•m--carrylng conduccor has a magnetic field around It. If a second current­

carrylng conductor ls placed parallel to the flrst, thls second conductor wlll be ln the 

magnetic fiekl of the flr.st and, by the mo1or effect wlll experience a force. 
By similar reasoning, the flrst conductor wlll also experience a force. By Newton's 

third law (see lbplc 4), these two foR:es wlll be equal ln magnitude and opposite In 
direction. The effect can be demonstrated using the apparatus ln Figure 22.13. U can be 
seen that lf the curR"tllS are ln the same dlrecllon. the pieces of foll move to,,,ards one 

anOl:her(theplncheffect). lfthecurrentsarelnoppo51tedirectlons. theplecesoffoll 

rno,e apan. An explanation for the effect can be found by reference co Figure 22.14. 

"' d.c.su~ 

-j blocks 

clamps 

Flg ure22.13 Apparatusto 
demomtratethefor{ebetwee11 
parallelcumnt·carryim;rn11duc:tor1 

Ftgure22 .14 Diagramto il lustr.itethe 
forcebetweenparallelrn rrent-carrying 
rnnductor1 

Thecurlffltlnconducrorxcausesamagnedcfleklandcbefleklllnesarec:oncentrlc 

ct1des (see page 324). These flekl lines 'l'-ill be at rlgtu angles co mnductor Y and so, using 

Flemlng"sleft-handrule,therewlllbeaforceonYlnthedlrectlonofX. llslngsimllar 

reasoning. the foice on X due to the magnetic Held of Y ls towan:ls Y. Reve!Slng the 

dlrectlonofthecurrentlnonecooducrorl\1llreversethedlrectlonsofthecwoforcesand, 

thus, when the currents are ln opposite directions. the mnducrors tend to mo,e apan. 

The force per unit length on each of the conductors depends on the magnitude of 

thecurrentineachconductorandalsothelrseparaclon.Slnceforcecanbeexpressed 
in terms of base units, then IC ls possible to use the effect to define che ampere In 
cerms of SI units. The definition may be given as follows. 

Conskler cwo long slfalght parallel conductors of negligible area of cross-section, 

situated one metre a pan In a vacuum. Then. lf the current ln each conductor ls 
I ampere. the force per mecre length acting on each conductor ls 2.0 x 10-1N. 

1t may no( be necessary to learn the definition of the ampere, buc lt ls imponam to 

reallse how the ampere ls defined ln tenns of SI units and that the definition does no( 

Jnvolvethepropenyofasubstance. 

Measurement of flux density 
Toe magnetic flux density of a horseshoe magnet may be determined using the 

apparatus shown In l'lgure22.ll. 
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Flgure22.15Graphof 
forceagainstrnrrentto 
detl'l'mlnemagfll'licflux 
demity 

Flgure22.16P.itholadmgedparticle 
inam.agneti:: fiekl 
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The wire ls held nonnal to the magnetic field. The values of the foR:e F for 
corresponding values of curn>m I are detennlned and a graph of foR:e F(y-axls) 

agalnsicurrem/lspl<Xted(flgure22.15). 
SlnceF/f = Blsln 8and B = 90", then thegradlem of the graph (F/f)lsequal co Bl. 

Measurlngl.thfflthemagnetlcfluxd=ltyBcan be found. 

22.3 Force on a moving charged particle 
in a magnetic field 

Anelectrlccurrffltlschargeinmocton.Slncechargelsa1'vaysas.sodatedwllh panlcles, 
then the currem ln a conductor ls a movement of charged partk:les. If a currem­

carrylng conductor ls placed in a magnetlc field. ll may experlence a force dependlng 

ontheanglebecweenthefleldandtheconducror. Theforcearlsesfromtheforceon 

the lndMdual moving charged pank:les ln the conductor. 

lthasbeenshownchataconducroroflfflgthlcarrylngacurrffltfatanangle 8toa 

uniform magnetic field of flux density B experiences a force F glvffl by 

lfthen>are11chargedpartlcleslna lfflgthloftheconducror.eachcanylngacharge 

q.whlchpassapolntlntheconductorintlmet,thenthecurrentlntheconducrorls 

glvenby 

I=!!!/-
andthespeed11ofchargedpartlcleslsgJ\,enby v = f . Hence. 

"q 
F = B ---,-- LslnB 

F=Bnqvsln 8 

This foR:e ls the force on n charged panlcles. Then>fore, 

The force Ofl a particle of charge q moving at speed v at an angle o to a uniform magnetic 
fieldoffluxdensityBisgivenby 
F=Bt{11s.in0 

The direction of the force will be given by P"lemlng's left-hand rule. Howewr, ll 

musi be remembffed that the second finger ls used co lndk:ate the direction of the 

convffltlonalcurrem.lfthepanlclesareposith'elycharged. thenchesecondfingerls 
placed ln the same dlrectlon as the vekx:lty. However. lf the particles are negatively 

charged(e.g.elearon.s),thefingermusipolmintheoppo51tedlrectloncotheveloclly. 

Consider a positively charged panlcle of mass m carrying charge q and moving wlth 
vekx:lty11asshown lnFlgure22.16. 

path of particle. 
charge +q 

velocity 11 

T1le panlcle fflters a unlfocm magnetic field of flux density B which ls nonnal to the 

direction of moclon of the panlcle. As the panlcle fflters the field. ll will experleoce a 

foo:e normal co Its dtrealon. This foR:e wlll n<X change the speed of the panlcle but lt 



F1g ure22.17Track1ofpartkle1producedin 
a bubble chamber 

22.3 Force on a moving charged panicle in a magnetic field I 
\\illchangeltsdtrealooofmc:xk:Jo. Asthepanlclemovesthroughthefleld,thefoo:ewlll 

remain constant, since the speed has not changed. and It will always be normal to the 
dtrealooofmc:xlon. lllepanlclewlll,therefoR'.movelnanarcofaclrcle(seeToplcT). 

TheforceF = Bqvstn 8(lnthlscase,sln 8 l),provldesthecentrlpetalforceforthe 

drcular moUon. Hence. 

centripetalforce = mv"/r = Bql.1 

Re-arranging. 

radlusofpath = r = ~ 

Toe Importance of this equatlon ls that. lf the speed of the panlde and the radius of 

Its path aR' known. then the speclftc charge. I.e. the ratio of charge to mass, can be 

found . Then. lf the charge on the partlcle ls known. Its mass may be cakulated. Toe 

technique ls also used ln nuclear research to try to Identify some of the fundamemal 
panlcles. The tracks of charged particles are made visible Jn a bubble chamber 

(Figure 22.17). Analysing these tracks gives Information as to the sign of the charge on 

the particle and ltsspedftccharge. 

Specific charge of the electron: the fine-beam tube 
Specific charge ls the name given to the ratio of the chargeqon a panlde and Its mass m. 

specificcharge=qlm 

Specific charge can give us Information about a panlcle and. lf the charge on the 

panlcle ls known, then the mass of the panlcle can be determined. 

The deiennlnatlon of the charge on the electron has already been outlined ln AS 

Topic 17. Determlnatlon of the speclftc charge on the electron enables us to obtain a 
value for Its mass. 

\Ve have seen that a panlcle of mass m and charge q moving with speed vat right 

anglestoaunlformmagnetlcfteldoftluxdensltyBexperlencesaforceF glvenby 

F = Bqv 

Toe direction of this force ls given by 1'1emlng"s left-hand rule and ls always normal to 

thevelocity.glvlngrlsetoclrcularmollOll 

&µ1 = mv'-/r 

Re-arranging the terms, 

q/m = v/Br 
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Flgure22.1Bfine-beamtube 

- velocity component 
along field 

Flgure22.19Electrons 
mo~nginahelix 

Flgure22.20Laboratorytechnicianusingan 
electronmic:rmrnpe 
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The ratio charge/mas.s (e/mJ for an electron - Its specific charge - may be determined 
uslngaflne-beamtube,asohownlnFlgure22.18. 

Thepathofelectronslsmadevlslblebyhavlng low-pressuregaslnthecubeand. 
chus, theradlusoftheorbltmaybeme:isuRc'd. Byacceleratlngtheelectronsthrough 
aknownpo1emlaldlfference V,thelrspeedvonentrylntothereglonofthemagnetlc 
fleldmaybecalculated(seeALevelToplcl7). 

eV= 'hm.if' 

The magnellc field ls provided by a pair of rurrem-<:arrylng coils (Helmholtz coils, 
pageJ25). 

Combining the equatlons e/m 0 = t'/Br and eV 'hm,v' 

specific charge on eleccron e/m
0 

= 2V/B'r2. 

Valuesforthechargeeandmas.sm,areusuallyglvenas 

charge e= 1.60 x 10-1~C 
rrassm.=9.11 x1Q-l1kg 

H tsofinteresctorotatecheflne-beamcubesllghtly, sothatthevelocltyofthe 
electrons ls not normal to the magnetic field. In this case, che path of the electrons 
ls seen to be a helix (rather like the coils of a spring). The component of the 
veloclly normal to the field gives rise to circular mouon. However. there ls also 
a component of velocity along the dlrecllon of the field . There ls no force on the 
electrons resulting from chls component of veloclly. Consequently, the electrons 
execuce circular motion and move ln a direction normal to che plane of the 
circle. The circle ls 'pulled out' Imo a helix (Figure 22.19). The helical path ls an 
imponam aspect of che focusing of eleccron beams by magnetic fields ln an electron 
mlcroscope(Flgure22.20). 



22.3 Force on a moving charged panicle in a magnetic field I 
~xample 

Electronsa reacceleratedtoaspeedol8.4xHl6ms-1.Theytheopassintoaregiooof 
unilormmagneticfluxoffluxde~tyO.SOmT.Thepathoftheelectronsinthefieldisa 
cirdewitharadius9.6cm.Calculate 

Cal thespecificchargeoftheelectron, 
(b) themassoftheelectroo,assumingthechargeontheelectroriis1.6x10-1g( 

(al e/m:v/Br 

:8.4x1061(0.SOx10-l x0.096) 

: 1.8 x 1011 Ckg-1 

(b) e/m:1.8x1Q11: 1.6x1Q-19/m 

m:9.1 x 10-31 kg 

Now It 's your turn 
5 ElectronsMeacceleratedthfOIJghapotentialdiffereoceof220V. They then pass into 

aregionofuniformmagnetkfluxoffltJXdeos.ity0.54mT.Thep;1thoftheelectronsis 
normal to the magnetic field. Given that the charge on the electron is 1.6 x 10-,~C and 
itsmassis9.1 x 10-l1kg, calculate 
{a) thespeedoftheacceleratedelectrori, 
lb) theradiusolthecirrnklrpathinthemagneticfield. 

Velocity selection of charged particles 
We have seen (AS Level Topic 17) that when panlcles of mass m and charge -tq emer 

anelectrlcfleldoffleldS1rengthE,therelsaforceFE011thepanlcleglvenby 

FE = qE 

lfthevelocltyotthepanlclesbetoreemrylntothefieldlsvmrtgtuanglescothefleldllnes 
(Flgure22.21),thepanlcleswllltollowaparabollcpathastheypassthroughcheflekl. 

patholpanicle, 
charge +q 

velocity v 

Flgure22.21 

Now suppose that a uniform magnetic field aas ln the same regkm as the electric field 
lf this flekl acts downwa!ds Imo the plane of the page, then , by Flemlng"s left-hand rule 

(seepageJ14- 315), aforcewlllact011thechargedpanlclelnthedlrectlooopposlteco 
theforceduetotheelectrlcflekl. ThemagnlrudeF9 ofthlsfoocelsglvenby 

FB = B(ffl 

whereBlsthefluxdensltyofthemagnetlcfleld. 
lfthemagnltudeofoneofthetwofleldslsadjusted,thenasltuatloncanarlsewhere 

the rwo forces, FE and F8, are equal in magnitude but opposite in direction. Thus 

Btµ1 = qE 

For the value of the velocity given by E/B. the panlcles wlll n()( be deflected, as shown 

lnFlgure22.22. 
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,e>< -'-B~ VI S,i< :~~~~~~, ~ .... ~,a=:C....~~...j.:l~~~- v-f 
particles 

regiooolelectricfield 
(downlhepage)and 
magneticlield{intothe 
page) 

Flgure22.22Velocityselec:tor 

Partlcleswlthanycthervekx:ltleswlllbedeflected. !fa parallel beam of particles 
emer.sthefleldthenallthepartlclespasslngundevlatedthrooghtheslllwlllhave 
the same velocity. Ncte that the mass does nol come lnto the equation for the speed 
and so, particles with a different mass (but the s.1me charge) will all pass undevtated 

throoghtheieglonofthefleldslftheysatlsfythecondltlon11 = E/B. 
The arrangement shown tn Figure 22.22 ls known as a velocity seleaor. Vekx:lty 

seleaors are very Important in the study of lon.s. Frequently, the prcx:luctlon of the Ions 
glvesrlsetodlfferentspeedsbuttocarryoot tnvesllgaUOflsonthelons. the Ions must 
haveonespeedOllly. 

Example 

ltisreq uitedtoselectchaf"groimswhichhaveaspeedof4.2x 106m,1.Thef>krjric:field 
strengthinthevelocltyselector is 3.2 x 104Vm-1 . CaklAiltethemagnetic fluxdensityrequired. 

B:3.2x 104/4.2x 106 

= 7.6 x 10-3T 

Now it 's your turn 
6 Sir.glychargedioos passundeviatedthrough ave!ocityselector.Theelectri(field 

streogth in the selector is 3.6 x 104 V m-1 and the magnetic flux density is 8.5 mT. 
Cak:ulatetheselectedspeedoltheioos 

The Hall effect 
Conskler a thin slice of a conductor which ls normal to a magnetic flekl, as llluSlrated 
lnFlgure22.23 

Flgure22.23TheHalleffect 

WhentherelsacurrentintheCOflductorlnthedlrectlOflshown.chargecarrlers 
(electrons ln a metal) wlll be moving m right angles to the magnetic flekl . They will 



22.3 Force on a moving charged panicle in a magnetic field I 
experience a force which wlll tend to make them move to one side of the conductor. 
A poientlal difference known as the Hall rnltage VH will develop across the conductor. 
TlleHallvoltagedoesn()(lncreaselndeflnllelybucreachesaconsrnmvaluewhenthe 
forr:eonthechargecarrlerdueto!hemagnetlcfleldlsequaltotheforceduetothe 
electrlcfleklsetupasaresultoftheHallvoltage. 

lf the dlsrnnce belw= the two faces with the po1entlal difference vH ls d (see 

Figure 22.23), then the elearlc fleld Slrength E between these two faces will be given by 
E = V,/d(see AS Level Topic 17). The force FE acting on each charged carrier will be 

FE = qx(V,Jd) 

whereqlsthechargeonthechargecarrler. 
The force F8 on the charge carrier due to the magnellc field of f lux density B ls 

gtvfflbyF8 = Bqvwherevlsthespeedofthechargecarrleis. 
Whencheelectrlcfieldhasbeenestabllshed,chargecarrler.;'1\-illpassundevlated 

throughthesllceandFE F8, 

qx (V,Jd) = Bqv, 

V,Jd = BV 

Now,!hespeed11of!hechargecarrlerslsgiven,ln!ermsofthecurrent/inthesllce, 
bytheexpres.ston 

/ = Am.q (seeASLevelTopk:19) 

where A ls the area of cross-section of the slice and II ls the number density of the 
chargecarrlers(numberofchargecarrlersperunllvolume). 

Since the area A lsequaltotd(seeFlguR.'22.23). then 
V,Jd = Bx (l/td11q) 

Hallvo/tageVB=Bllnu1 

ToestzeoftheHallvoltaged{'J)endsonthematerlaloftheconductor.thecurrentln 
the sample and the magnellc flux density. The number density of charge carriers ls 

very large in metals and. consequently. the Hall voltage ls very small. However. with 
semiconductors, the numtx-r density ls very much reduced and, therefore, detectable 
and measurableHallvoltagesarepos.stble. lnfact, theHalleffectlsusedtoSludy 
semlconductorm.:uerlals. 

TfthecurrentlskeptconSlatU. thentheHallvoltageacrossasamplewlllbe 
proportional to the magnetic flux density. The Hall effect provkles a means by which 
flux densltles may be measured. using a Hall probe (see lbplc 2). 

Example 

A Hall probe is pkxed at right angles to a uniform magnetic field. A Hall voltage of lOOmV 
is measured 

The probe is adju'>led 'iO that the angle its plane makes with the magnetic field is 40°. 

Calcukltethevalueof theHallvoltage 

The component of the magnetic flux density B that is normal to the pklne is B sin 40° 

SinceHall voltageisproportional tothemagneticfluxdensitynormal to thepklneofthe 
probe.then 

Ha ll voltage= 100sin40°= 64mV 

Nowlt'syourturn 
1 A piece of alu minium foil is 0.1 mm thick. The current in the /oil is S.OA. Al uminium 

ha:56.0x 1QlSfreeelectrons percubicmetre 
A uniform magnetic field of flux density 0.1 T is normal to the slice. Caku late the Hall 
voitagethat isgenera ted 
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Flgure22.26The 
right-hand rule 

Flgure22.27Magneli(field 
pattemduetoaflat(oil 
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22.4 Magnetic fields due to currents 
The magne'llc field due to a long straight wire may be pl<Xted using the apparatus 
HlustratedlnFlgure22.24. N<Xethatthecurrentmustbequltelarge(about5A). Iron 
flllngs are sprinkled on to the horlzomal boord and a ploolng compass ls used to 

.,..':~."'.'~"'\,,~ ,.,.wppiy(S') CW® ccmpass-- ~i• v ~ ~ 
thick insulated 
copper wire 

F1gure22.24Apparatu1toplotthe Flgure22.25Mognetkfieldpattem 
m.ignetkfielddueto.ikmgwire dueto.ilor,g1traightwire 

Figure 22.25 shows the fleld pattern due to a long straight curn>nt-carrylng wire. The 
llnesaR'"C011centrlcclrclescentredOflthemlddleofthewlre. Theseparatlonofthe 
llneslncreaseswlthdlstancefromthewlre, lndlcatlngthatthefleldlsdecreaslngln 
strength. Th.edlR'"C!lottofthemagnellcfleldmaybefounduslngtheright-hand rule as 

lllustratedinFlgure22.26. 

lmagir.ehoklingtheconductorintherighthandwiththethumbpointinginthedirectlonof 
therurrent.Thedirec:tionofthefingef'Sgivesthedirectionolthemagnetklield 

SlmllarapparatustothatlnFlgure22.24maybeusedtolnvestlgatetheshapesofthe 
magnetlcfleldduetoaflatcollandtoasolenold(a longcoll). FiguR'"22.271llustrates 
the magnellc field pattern due to a flat coll. The fleld has been drawn In a plane 

normaltothecoilandthroughltscentre. 
A solenoid may be thought of as being made up of many flat coils placed slde­

by-slde. The magnetic field pauem of a long solenoid tj:hat ls, a coll which ls long ln 
comparison with Us diameter) ls shown ln Figure 22.28. 

#rl ···[# ............ 
Flgure22.28Magneti::fleldpattemduetoasolenoid 

ThefleldlinesaR'"parallelandequallyspacedoverthecentresectlonofthesolenold, 

Indicating that the field ls unlfonn. The fleld llnes spread out towards the ends. The 
strength of the magnetlc field at each end ls one half that at the centR'". The direction 
of the magnetic field In a flat coll and ln a solenoid may be found using the rig ht-

h a nd g rip rule , aslllustratedln Flgure22.29. 

& '.'"ctioo . fj!!? ofmagnet1c 
field 

Flgure22.29Theright-handgriprule 
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Flgure22.30 Magneticlie1d 
inHelmholtz rn ils 

Flgure22.31 

22 .4 Magnetic fields due to currents I 
Gra5p the roil or solenoid FI the right hand with the fingl!f's pointing in the directim of 
therurrent. Thethumbgivesthedirectimolthemagnetkfield. 

Tllemagne'llcnorthendofthecoilorsolenoldlstheendfromwhlchthellnesof 
magnetlc force are emerging. NOie the similarities and, more Importantly, the dlffeR"nces 
belweenthlsruleandtherlght-handruleforthelongstralghtwlre(Flgure22.26). 

Uniform magnetic fields are of Importance ln the study of charged particles. A 
unlformflekllsproducedinasolenoldbutthlsflekllslnsldethesolenokland 
consequently, lt may be dlfficult to make observations and to take measurements. This 
problem ls overcome by using Helmholtz coi ls. These are nvo Identical flat colls, 

with the same current In each. Toe coils are positloned so that their planes al\" parallel 
and separated by a distance equal to the radius of either coil. The coils and their 
resultammagnetlcfieldarelllustratedinFlgure22.30. 

Example 

Two lor,g straight wires, of circular cross-section, are eoch carrying the same current directly 
away from you. down into the page. Draw the magnetic field due to the two cur1ent­
carry1ng wires 

ThesolutiooisshowninFigure22.31 . 

Now It's your turn 
8 Draw magnetic field patterns, one in each case to represent 

(a) a uniform field, 
(b) afieldwhichi1decreasingin1trengthinthedirectionofthefield. 
(d alieldwhichisincreasinginstrer.gthalongthedirectionofthefield 

9 Draw a diagram of the magnetic field due to two long 51:raight wires when the rnrreots 
inthetwowiresareinoppositedirectiom. 

Electromagnets and their uses 
Toe strength of the magnetic flekl due to a flat coll or a solenoid may be Increased 
by"1ndingthecoilona bar of soft iron. Thebarlssakltobethecoreofthe coil. 
Toe Iron ls referred to as being 'soft ' because lt can be magnetised and demagnetised 
easlty. Wlthsuchacore(Jerrouscore),thestrengthofthemagnNlcfleklmaybe 
Increased by up to 1000 tlmes. With ferrous alloys (Iron allo)'ed with cobalt or nickel), 

the flekl may be 10' tlmes stronger. Magnets such as these are called e lectromagn ets . 
Electromagnels have many uses because. unlike a permanent magnet, the magnetic 
fteldcanbeS\\'ltchedoffbyswltchlngoffthecurrentlnthecoll. 

Comparing the effects of fields 
We can summarise the effects of the different sorts of fields on masses, charges and 
currern-carrylngconductors.Although,aswehaveseen, therearecloseanalogles 
between grav:Uatlonal and electric fields, then" are some ways ln which th{'y behave 
verydlfferernty. 

Startwlththeeffectofa gra\'ltatlonalfleklonamass. Becausemassesal\vaysattract 
each Olher. a mass placed ln a gra\'ltatlonal field wlll always mo,,e ln the dl!Ktlon of 

the flekl. from a position of higher po1entlal to a lower po1ent1al. For a field produced 
by a point mass, the field strength obeys an lnver.;e square law relatlonshlp, and the 
po1ernlal obeys a !Klp!OC:tl relationship with distance from the source of the ft{'kl. 

Electrlcfleldsarenke gravltatlonalfleldslnthat.forafleklproctucedbyapolrncharge. 
thefieldstrengthlsalso glvenbythelm·er.;esquarelaw, andthepo1emtalbyareclpcocal 
relatlonshlp,Hcr,vever,wecanhavetxxhposltlvechargesandnegatlvecharges.Apositlve 
electrlc charge ma,·es ln the dlrectlon of the field , from a position of higher po1ernlal to 

a lower po1entl.'.ll Oust nke a mas.s ln a gra\'ltatlonal flekl). But a negative charge does Just 
the opposite. against thedlrectloo of the field and from a low pOlentlal toa high po1ernlal. 

What about electric charges In a magnetic field? A stationary charge ls unaffected , 
but a =lngchargeexperlencesaforceF glven byF = Bq11sln 9. The direction of the 
forcelsgJ\/enbyFlemlng"sleft-handrule(forposltJ\/echarges). 
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Flgure22.32Magneticimagingofbody 
structuresrPquirestl\euo;eofaverylarge 
unif0<mmagnetic:fiekl 
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Flnally,acurrent-<:arrylngconductorlnamagneticflelddoesnOlexperlencea 
forceiftheoonduccorlsparallelcotheflelddlrectlon.bucforallOlherdl!Ktlonslt 
experlencesaforcegivenbyF BI/sin 8.Thedlrectlon of theforcelsagaln gl\/enby 
Fleming"sleft-handrule. 

Example 

Achargedpartidehasm.m6.7x10-llkgandcharge+3.2x10-1 gC.ltistrnvellingat 
speed 2.5 x 10am ,, when it enters a region of space where there is a ur1iform magnetic 
fieldoffluxder1sityl.6Tatrightar1glestoitsdirectionofmotion.Calrn!ate 

(a) thegravitatior1alforceontheparticle, 
(b) theforceontheparticleduetothem.-igneticfi0d, 
(c) theradiusofitsorbit inthefield 

(a) gravit.-itionalforce:mg:6.7x10-llx9.81 

(b) Force=Bq1.1sin8 

: 6.6 x 10-2i N (negligiblewhencomparedwiththeforcedueto 
themagneticfi0d) 

= 1.6 x 3.2 >< 10-1~ x 2.S >< 108 >< 1 

: 1.3 x 10-10 N 

(c) Centripet.-ilforceisprovidedbytheelectrom.-igneticforce 
111~/r:Bt{li 

6.7x1Q-llx(2.Sx108).llr:1.3x10-IO 

Now it's your t urn 
10 An 0ectron and an a-particle trave lling at the same speed both eritl'f the same region 

of uniform magnetic flux which is at right angles to their direction of motioo. State and 
explainanydiffl'fencesbetweenthetwopathsinthelield 

22.5 The use of (nuclear) magnetic 
resonance imaging 

Nuclear magnetic resonance 
Many atomic nude! have a properly that ls known as "spin". The "spin" causes the nuclei 
co behave as if they were small magnets. such nuclei have an odd number of pro(ons 
and/orneutrons.Examplesofthesenucleiarehydrogen,carbonandpho,;phorus. 

When a magnetic field ls applied to these nuclei. they tend co line up along the fleld . 
Hmn,ver, this alignment ls nOI perfect and the nuclei roe me abouc the direction of the 
magnetic flekl. due to their spin. lbe mouon can be nxxlelled as the mcxlon of a cop 
spinning about the direction CJ a gravttatlonal flekl. This ro(atlofl ls known as precession. 



Figure 22.3l Sc:hemo~cdi.igramofa 
magneticrl.'mn,mcescanner 

Flgure22.34MRIKanshowingabroin 
tumour 

22 .5Theuseof(nuclear)magneticresonanceimaging l 

Th.e spinning about the direction of the magnetic flekl has a frequency known as 
thefrequencyofpreces51onorthe Larmorfrequency. Th.efrequencydependsonthe 
nacureofthenucleusandthemagnltudeofthemagnellcfluxdenslty. 

lf a pulse of elearomagnellc radiation of the same frequency as the Larmor 
frequencylslncldentonprecesslngnudel , thenuclelwlllre.sonate,absorblngenergy. 
Tolsfrequencyls Jn the radlo-frequency(RI') band with.a \\":Ivelengthshonerchan 
about 10cm. A shon tlme after the Incident pulse has ended, the nuclei will return co 
their equlllbrlum Slate. emlltlng RF radiation. The shore time between the end of the 
RF pulse and the re~mlttlng of the radiation ls known as the re laxa tion time. The 
whole p!OCess ls referred to as nuclear magnetic re§ona nce. 

ln practice, there are two relaxation processes and It ls the tlme betv;een these 
cwo that forms the basis of nuclear magnetic re§onance imaging (NMRI), often 
abbn.>vlated co mag netic re§ona nce imaging (MRI). Since hydrogen ls abundant ln 
txxlytts.suesandflukl.s.hydrogenlsthenucleususedinMRI. 

Magnetic resonance imaging (MRI) 
A schematlc diagram of a magnetic resonance scanner ls shown ln Figure 22.33. 

-· d 
display 

mag~r~ooociog ~ non-unifomlfield 

" 

"'"''=" Q magnet producing 
largEunilormlield 

RFgene<ator 

Toe patlent who ls co be Investigated ls posltloned ln the scanner (Figure 22.33), 
between the poles of a large magnet that pl'OOuces a very large uniform magnetic 
field On excess of I tcsla). The magnetic field causes all the hydrogen nuclei \\1thln 
the person to precess with the same Larmor frequency. In order that the hydrogen 
nuclei in only one small pan of the txxly may be detected. a non-uniform magnetic 
field ls also applled across the patient. This non-uniform fiekl ls accurately calibrated 
andresultslnadlfferencmagnltudeofmagnetlcfluxdensltyaceachpolntlnthe 
txxlyofthe pallent. Slncethe Larmorfrequencylsdependent on theSlrength of the 
magnetic flekl , the Larmor frequency wlll also be dlffen>nt ln each pan of the patlent. 
Toe panlcular value of magnetic flux density, together with the rad lo-frequency that ls 
emitted, enables the hydrogen nuclei Jn the part under Jnvestlgatlon co be located. 

Radlo-frequency(Rl')pulsesareproducedincollsnearthepatlent.Thesepulses 
pass Into the patient. Theemluedpulsesproducedasaresultof de-excltatlollol"the 
h.ydrogennuclelareplcked upbythecolls. Theseslgnalsareprocessedanddlsplayed 
so as to cons1ruct an image of the number density of hydrogen acorns ln the patlent. 
As the non-uniform magnellc field ls changed, atoms ln different pans of the patlent's 
txxlyaredetectedanddlsplayed. Anlmageofacross-secllonthroughthepatlentmay 
beproduced. OnesuchlmagelsshownlnFlgure22.34. 

A whole series of Images of sectlons through the pallent can be produced and 
stored ln a computer memory. As wlth CT scanning (Topic 25) this enables a 
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chree-dlmenslonal Image to be generated. Secllons through the patlem may be 
vlewedfrommanydlfferemangles. 

Example 

The use of magnetic resooance imaging is now a rnmmoo diagnostic tool in medicine 
However, there may be disadvantages for some patients. Suggest why 

(al someproplemayfindthescannertobeclaustrophobic 
{b) there are additiooal problems when scanning young child ren rather than adults . 

In order to produce a ma,gnetic field of large magnitude through the patient, the patient mmt 
bepli!Cedinsidealargecylindricalmagnet.Thiscanmwnthatthepatiefltfel!lstrapped 

The total scan takes some time because separate sc.am of many slices through the patient ITT.J5I 
betaken.Thepatiefltmustbeverystillwhilstthisisdoneandthisisditlicultforchildren 

Now it 's your tu rn 
11 During an MRI scan, the patient is pli!Ced in a uniform magnetic field of large 

magnitude on to which i1 superimposed a highly cali brated non-un iform magnetic 
field.Explainthepurposeofeachofthesetwomagneticfields 

• A magnetic field is a region of s.pace where a magnet will experience forces 
• A magnetic field can be represented by magnet ic field lines. Magnetic field lines 

never touch or cross 
• The separation of magnetic field lines indicates the strength of the magnetic field 
• The direction of the magnetic field is given by the direction in which a frel! magnetic 

north~ewooldmove,ifplacedinthelield 
• There is a force on a current-carrying conductorwhenever it isatan ang le to a 

magnetic field 
• Thedirectionoftheforceisgiven byFleming'sleft-handrule - placethefirsttwo 

fingersandthumbofthelefthandatrightanglestoeachother,fir:.tfingerinthe 
directiooofthemagneticfield,secondlingerinthedirectionofthecurrent,then 
thethumbgivesthedirectionoftheforce 

• The magnitude of the force Fon a conductor of length Lc.arrying a current /at an 
angleOtoamagneticfieldoffluxdensityBisgivenbytheexpressionF=B/LsinO. 

• Magneticfluxdensity(fieldstrength)isrneasuredintesla{T).1T:1Wbm·1 

• TheforceFooaparticlewithchargeqmovingat speed v atanangleOtoa 
magnetic field of flux density Bis given by the expressioo: F= Bqv sin o. 

• Thedirectionoftheforceisgiven byFleming'sleft-handrule - placethefirsttwo 
fingersandthumbofthelefthandatrightanglestowchother,fir:.tfingerinthe 
directionofthemagnetic field,secondfinge<inthedirectionofmotiooolpositive 
charge,thenthethumbgivesthedirectionoftheforce. 

• Thepatholachargedparticle,movingatconstantspeedinaplaneatrightangles 
toauniformmagneticfield.iscircular. 

• The Hall voltage VHisgivenbytheexpression VH=Bllmq. 
• An electric current gives rise to a magnetic field, the strength and direction of which 

dependsonthesizeofthecuirentandtheshapeofthecurrent-carryingconductor. 
e Thedirectionofthefieldduetoastraightwireisgivenbytheright-handrnle 
e Thedirectionofthefieldinaso~oidisgivenbytheright-handgriprule 
• Thefieklofasolenoidmaybeincrea5edinstrengthbyaferrouscore;thisisthe 

principle of an electromagnet 
• The force between parallel current-carrying conductors provides a means by which 

theamperemaybedefinedintermso!Slunits 
• Nucle<lr magnetic resonance imaging (NMRI) - shortened to magnet ic resonance 

imaging(MRl) - monitorsthecoocentrationofhydrogennucleiinthebody. 
• Hydrogen nuclei have 'I.pin' which causes them to precess in an applied magnetic field 
• Thefrequencyofprec.ession{thelarmorfrequency)dependsonthemagneticflux 

densityappliedtothentJclei 
• Ariid io-frequencypulseatthelarmorfrequencycausesthenucleitoresooate 
• Onde-excitation. thenudeigiveotfradio-frequencywavesthatcanbedetected 

and analysed 



Examination style questions 
1 A stiff straight wire has a mass per unit length of 

4Sgm-1.Thewireislaidonahorizontalbenchanda 
student1Mssesacurrentthroughittotrytomakeitlift 
off the bench. ThehorizontalcomponentoftheEarth's 
magneticfieldis18µTinadirectionfromsouthtonorth 
andtheaccelerationoffreefallislOms-1. 

a i Statethedirectioninwhichthewireshouldbelaid 
on the bench. 

ii Calculatetheminimumcurrentrequired 
b Suggestwhetherthestudentislikelytobesuccessful 

with this experiment. 

2 The magnetic flux den~ty Bat a distance rfrom a long 
straightwirecarryingacurrent/isgivenbytheexpres.sion 
8={2.0x J0-7)x//r,whererisinmetresand/isin 
amperes 

a Calculate· 

i the magnetic: flux density at a point distance 2.0cm 
from a wire carrying a current of 15A, 

ii theforceperunitlengthonasecondwire,al50 
carrying a current of 1SA,whichisparallelto,and 
2.0cmfrom,thefirstwire. 

b Suggestwhythelorcebetweentwowiresis 
demonstrated in the laboratory using aluminium foil 
rather than copper wires. 

3 A small horseshoe magnet is pli!Ced on a balance and 
astiffwfreisdampedinthespacebetweenitspoles 
The length of wire between the poles is 5.0cm. When a 
current of 3.SA is paso;ed through the wire, the reading on 
thebalanceincreasesby0.027N. 

a Calculate the magnetic flux density between the poles 
of the magnet. 

b State three assumptions which you have made in your 
calculation. 

4 Fig.22.3Sshowsthetrackofapartideinabubble 
chamberasitpaso;esthroughathinsheetofmetalfoil. 
A uniform magnetic field is applied into the plane of the 

+ 
Flg.22.35 

Statewithareason 

a inwhichdirectionthepartideismoving, 

b whetherthepartideispositivelyornegativelycharged. 

Examination style questions I 
5 a AuniformmagneticfieldhasconstantfluxdensityB 

Astraightwireoffixedlengthcarriesacurrent/atan 
angle Oto the magnetic field, as shown in Fig. 22.36. 

Flg.22.36 

Thecurrent/inthewireischanged,keepingthe 
angle &constant. 
OnacopyofFig.22.37,sketchagraphtoshowthe 
variation with current I of the force Fon the wire. 

] . 
0 ' 

Flg.22.37 

/2] 

ii TheangleObetweenthewireandthemagneticfield 
is now varied. Thecurrent/iskeptconstant. 
On a copy of Fig. 22.38, sketch a graph to show the 
variationwithangleOoftheforceFonthewire 

Flg.22.38 

b Auniformmagneticfieldisdirectedatrightanglesto 
therectangularsurfacePQRSofas.liceofaconducting 
material,asshowninFig.22.39. 
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unifomlmagneticlield 

Flg.22.39 

Electrons,movingtowardsthesideSR,entertheslice 
ofconductingmaterial.Theelectronsenterthesliceat 
right anglestosideSR. 

i Explainwhy,initially,theelectronsdonottravelin 
straight lines across the slice from side SR to side PQ. 

w 
ii Explaintowhic:hside,PSorQR,theelectronstendto 

w 
Cambridge International AS and A Level Physics, 
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6 Positiveionsaretravellingthroughavacuuminanarrow 
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beam. The ions enter a region of uniform magnetic field of 
fluxdensityBandaredeflected in a semi-circulararc,as 
~own infig.22.40. 

.... 
positive 

Ftg.22.40 

m 

""··="""" lield 

The ions,travell ingwithspeed1.40x105 ms- l,are 
detected atafixeddetectorwhenthediameterofthearc 
inthemagneticfieldis12.8cm. 

Flg.22.41 

a Byreferencetofig.22.40,statethedirectionofthe 
magnetic field. {1] 

b Theionshavemas.s20uandcharge+1.6x 1Q-19C 
Showthatthemagneticfluxdensityis0.454T. Explain 
your working {3] 

c lo05ofmass22uwiththesamechargeandspeedas 
th<™'in b arealsopresentinthebeam. 

i Onacopyoffig.22.40, sketchthepathoftheseions 
inthemagnetic:fieldofmagneticfluxdensity0.454T. 

/1/ 

ii lnordertodetectthese ionsatthefixeddetector,the 
magneticfluxdensityischanged. 
Calculate this new magnetic flux density. {2] 

Cambridge lnremational AS and A Level Physics, 
9702142 Oct/Nov 2010 Q 5 

Statetheconditionforachargedparticleto 
experienceaforceinamagneticfield {2] 

ii Stateanexpressionforthemagneticforcel'acting 
onachargedpartide inamagneticfieldofflux 
density B. Explain any other symbols you use. {2] 

b Asampleofaconductorwithrectangularfacesis 
situatedinamagneticfield,as~owninfig.22.41. 

The magnetic field is normal to face ABCD in the 
downward direction 

ElectronsenterlaceCDHGatrightanglestotheface 
AstheelectroO'ipassthroughtheconductor, they 
experienceaforceduetothemagneticfield. 

i Onacopyoffig.22.41, shadethefacetov..+iic:hthe 
electronstendtomoveasaresultofthisforce {1J 

ii The movement of the electrons in the magnetic field 
causesapotentialdifferencebetweentv,,ofacesof 
the conductor. 
Usingtheletteringfromfig.22.41,statethefaces 
between v..+iich this potential difference will occur. {1J 

t Explainwhythepotentialdifferencein b causes 
anadditionalforceonthemovingelectronsinthe 
conductor. {2] 

Cambridge International AS and A Level Physics, 
9702141 Oc.t/Nov 2012 Q6 

direction of 
movement 

of electrons 



8 a Definethetes/a. {2] 

b Two long straight vertical wires X and Y are separated 
byadistanceof4.5cm,asillustratedinfig. 22.42. 

Flg.22.42 

Thewiresp;mthroughahOfizontalcardPQRS. 

ThecurrentinwireXis6.3Aintheupwarddirection 
Initially, thereisnocurrentinwireY. 

Examination style questions I 
i On a copy of Fig. 22.42, sketch, in the plane PQRS, 

themagneticfluxpattemduetothecurrentin 
wire X. Show at least four flux lines {3] 

ii The magnetic flux density Bat a distance xfrom a 
longstraightrurrent-carryingwireisgivenbythe 

B=!!!!!_ 
2.x 

where/istherurrent inthewireandµ 0 isthe 
permeability of free space. 

Calculate the magnetic flux density at wire Y due to 
thecurrent inwireX. {2] 

iii A current of 9.3A is now switched on in wire Y. Use 
youranswerin ii tocakulatetheforceperunitlength 
onwireY. {2] 

c Thecurrentsinthetwowires biii arenotequal. 

Explainwhethertheforceperunitlengthonthetwo 
wireswillbethesame,ordifferent. {2] 

Cambridge lnteffiittiona/ AS and A Level Physics, 

9702142 Mity/June 2013 Q 5 
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23 Electromagnetic induction 

By the end of this topic, you will be able to: 
23.1 (a) define magnetic flux and the weber (e) recall and solve problems using Fara day's law of 

electromagnetic induction and Lenz's law (b) recall and solve problems using <P = BA 
(c) definemagneticfluxlinkage 
(d) infer from appropriate experiments on 

electromagnetic induction 
• that a changing magnetic flux cm induce an 

e.m.f.inacircuit 
• that the direction of the induced e.m.f. opposes 

the change producing il 
• the factors affecting the magnitude of the 

induced e.m.f. 

Starting points 

(f) explain simple applications of electromagnetic 
induction 

• Magnetscreateamagneticfieldaroundthem 
• Magneticfieldsareproduc:edbyrurrent-carryingconductorsandcoils. 

23.1 Magnetic flux and electromagnetic 
induction 

In Topic 22. we examined the pattern of the magnetic flekl in the region of a straight 
wire and various coils. However, the panems are not all complete. All magnetic field 

llnesshould becontlnuous, as llluSlrated In Flgure23.1. 
Earty experimenters thought that then> was a flow of &xnethlng along these lines and 

this gave rise to the Idea of a magnetic fiu."I:. since "flux" means "flow'. Magnetic flux density 

(field stJ\'"llgth) varies and this Is shown by the spactng of the llnes. Magnetic flux density 
may be considered as the number of llnesct magnetic fooce per unit aR'I! ofan aR'I! at 
light angles to the lines. Magnetic flux</> can be thought of as the taal number of lines. 

Flgure23.1 Continuous 
magnetk:field line1 Magnetic flux is the product of the magnetic flux density and the MM nomJiJI to the 

lines of flux. 
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For a uniform magnetic field of flux density B whidi makes ilfl angle Owilh ilfl area A, the 
magnetkflux<I>isgiVf!flbytheexpression</>:BAsinO. 

Theunllofmagnetlcfluxdenslty.thecesla.\\-.isdeflnedlnToplc22. 
The unit of magnetic flux ls the weber (Wb). One weber Is equal to one cesla metre­

squ.ued l.e . Tm'. 
The concept of magnetic flu."I: Is used frequently when studying electromagnetic 

Electromagnetic induction 
The link between electric currem and magnetic field was discovered by Oersted (1820). 

In 1831. Henry in the United States and Faraday ln England demonSlrated thm an 



Flgure23.3Wirewouridto 
formakmpof1evt>r.iltum1 

23 .1 Magneticfluxandelectromagnetic induction l 

e.m.f. could be Induced by a magne'llc field. The effecc was called electromagnetic 

Eled:romagnellc induction ls now easy to demon.strate ln the laboratory because 
sensitive meter.; are available. Figure 23.2 llluscraces apparatus which may be used for 
this purpose. 

magnet 

Flgure23.2Apparatustodemonstrateelectromagneticinducfon 

Toe galvanomecer detects veiy small currents buc ll ls lmponam to realise chat whac ls 
belngdeteaedaresmalleleccrona:lveforces (e .m.f.s). Thecurrentarlsesbecausethen> 
ls a complete dirult Incorporating an e .m.f. 11le following observations can be made. 

• An e .m.f. ls induced when 
o the wire ls moved through the magnetic flekl, acJ'OSS the face of the pole-pieces 
o the magnet ls moved so that the wire passes acJ'OSS the face of the pole-pieces. 

• Ane.m.f. lsnotlnducedwhen 
o the wire ls held statlonaiy between Che pole-pieces 
o the magnet ls moved so that the pole-pieces move along the length of the wire 
o thewlremoveslength\\-11yssothatltdoesno(changeltsposlllonbecweenthe 

poles of the magnet. 

These obsef\/atlons lead to the conclusion that an e .m.f. ls Induced whenever llnes of 
magnetic flux are cut. The cunlng may be caused by a movement of either the wire or 
themagnet . Themagnltudeofchee.m.f. lsalsoobservedtovaiy. 

• The magnitude of the e .m.f. 
Q Increases as the speed at which the wire ls moved increases 
o Increases as the speed at which the magnec ls moved increases 
o Increases lf che wire ls made Into a loop with several turns (see Figure 23.3) 
o Increases as the number of turns on the loop Increases. 

ltcanbeconcludedthatthemagnltudeofthelnducede.m.f. dependsontheraceat 
which magnetic flux lines are cut. Toe rate may be changed by vaiylng the rate at 
whlchthefluxllnesan>cucbyastnglewlreorbyuslngdlfferentnumber..ofrums 
of wln>. The two factors are taken Into account by using the term magne tic flux 
linkage (IV<P). Change ln magnellc flux linkage t,(N<Ji) ls equal co the pt'OOuct of the 
change ln magnetic flux M> and the number of turns N of a conductor Involved ln the 
change Influx. 

change in magnetic flux linkage t,/N<P) = NM, 
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The experlmernal observations are summarised ln Farada)"s law of e lectrom agnet ic 

Thee.m.f.inducedisproportjonil/totherateofdiangeofmagnetic fluxlinkage. 

Tbe experlmernal observatloo.s made wtth the apparatus of Figure 23.2 and Plgure 233 
have beenroocemed with Che magnitude of the e.m.f. However, It is ooUced that the 

dlrect!oo.ofthelnducede.m.f. changesandthatthedlfl"Ctlooisdependernoothedlrectloo. 
Jn \vhlch the magnet:lc flux lines are being cut. The dl!fftlon of the Induced e.m.f. or 

runent ln a '\\ire moving th!UJgh a magnellc flekl at rlgtu angles co the flekl may be 

delermlned using Fle ming'li right-h and rule. Tots rule ls lllu&rated ln Figure 23.4. 

)

.... ""'''"'· r ..... 

'"" '"".___~ """' 

Cur,ont seC<>ndlinge< / 

inducfllCur,ont ·. 

Flgure23.4Fleming·1rfght-hondrnle 

If the first two fingers and thumb of the nght hand Me held at tight angles to one 
ill"lother, the First finger in the directi()() of the magnetic Field i!nd the thuM b in the 

diredkxl of Motion, then the second finger gives the direction of the induced e.m .f. or 
Current. 

An explanation for the direction of the Induced e.m.f. can be found by reference to the 
mo(Of effect and conservatlon of energy. 

Figure 23.5 shows a wlre being moved downwards through a magnetic field . 

l mo<ioo 
olwire 

Flgure23.5 

Since the wire ls ln the form of a contlnuous loop. the Induced e.m.f. gives rise co 

acurrem,andthedlrectlonofthlscurremcanbefounduslngl'lemlng'srlght-hand 

rule. This currem ls ac right angles to the magnetic flux and, by the motor effect. there 
will be a force on the wire. Using l'lemlng·s Ide-hand rule (see Topic 22), the force ls 

uim11rds when the wire ls moving downwards. Reversing the direction of moUon of 

che wire causes a currern ln the opposile direction and, hence, the electromagnetic 
force would once again oppose the motion. This COI\Cluslon ls nOI surprising when 

conservatlonofenergylsconsklered. Anelearlccurrentlsaformofenergyandthls 
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energy must h.ave been com,erced from some ()(her fonn . Movemem of the wlre agalnSI 

This appllcatlon of conservatlon of energy ls summarised ln Lenz•s law. 

The direction of the rlduced e.m.f. is such as to uuse effects to oppose the change 
prodicingit 

Faraday's law of electromagnetlr: Induction and LenZ's law may be summarised using 

the equation 

(see the !>laths Nole below) where E ls the e.m.f. Induced by a rate of change of flux 

llnkage of d(N<l')!dt. Toe minus sign Indicates that the Induced e .m.f. causes effects to 

oppose-thechangeproduclngll. 
For a small change t,f.!,,'~) ln flux linkage that occurs ln tlme l'!J (or where the flux 

llnkage changes linearly with tlme), then the induced e.m.f. E ls given by 

E:-t,.(m)IM 

The shonhand way of expressing the rate of change of a You wlll come across this notation here, ln connection with 
therate of changeofmagnetlcfluxllnkage,andlnoneofthe 

equatlonsforradloactlvedecay (seeToplc 26). qua~;:7; ;~~h~;~/;5wlth t ls t 
Th.ls represents a mathematlcal operatlon known as 

d({ferelllffltfoll. Ulsachlevedbyflndlngthe grJdientofthe 

graphofxagalnstl. 

Example 

The uniform flllX density between the poles of a magnet is 0.080T. A small coil of area of 
cross-section 6.5cm1 has 250 turns and is plac:ed with its plane normal to t he magnetic 
field. The coil is withdrawn from the fiejd in a time of 0.26s 

Determine 
{al the magnetic flux through the coil when it is be\'Ne{'n the poles of the magnet, 

(bl the change in magnetic flux linkage when the coil is removed from the field, 
(c) the average e.m.f. induced in the co il whilst it is being withdrawn 

(al magnetic flux .P = BA sin o 
:0.080x6.5x10-4 

: 5.2 x 10·5 Wb 
(b) changeinlluxlinkage={N,f,}m,1Al-{m}111mAL 

:0-(250x5.2x10-5) 

(thesignindicatesthatthelluxlinkageisdeaeasing) 
changeinfW:linkage 

(<) indixedem.f. time taken 

Now It's your turn 

:{1.3x1Q-l)I0.26 

: O.OSOV 

1 AnaiKrafthasawingspanof17mandisflyinghorizontallyinanortherlydirectionat 
a speed of94m s-1 . The vertical component of the Earth's magnetic field is 40µT in a 
downward direction 

335 



m Electromagnetic induction 

336 

Cal Calculate: 
(I) theareasweptoutpersernndbythewings, 
(11) themagnetkfluxrntpersecondbythewings, 
Uil) thee.m.l.indu{edbetWl'l'flthewingtips 

(b) Statewhi{hwing-tipwillbeatthehigherpotential 
2 Arnrrrot-carryingsolenoidprodocesaunilormmagneti{tluxofdensity4.6x 10-1T 

along its axis . A small drrnlarrnilof radim 1.2an has 350 trnm of wire and is pla{ed 
ontheaxisofthesolenoidwithitsplanenorrnaltotheaxis.CalrnlatetheaVl'fage 
e.m.l.indtJ{edinthernilwhenthernrrrotinthesolerioidisreversedinatimeol 

l A metal dis{ is made to spin at 15 revdutions per second abolll an axis through its 
{enlrenormaltotheplaneofthediscThedischasradim24{mandspinsinatJnilorm 
magneticlieldoffluxdensity0.1ST,paralleltotheaxisolrotation.Calrnlate· 
(a) the areasweptollle<"!Chsecond byaradiusofthl'disc, 
(b) thefluxrntea{hsecondbyari!diusofthedisc, 
(cl thl'e.m.l.indocedinthedisc 

Applications of electromagnetic induction 
Eddy current damping 
The conversion of mechanical energy to electrical energy may be shown by spinning a 

metal disc ln a magne'llc field, as Hlu51rated ln l'lgure 23.6. 

~~::: ---------....... 
Figure 23.6 Apparatus to demonstrate eddy nment damping 

An e.m.f. ls Induced between the rim of the disc and the axle. The apparatus Hlu51rated 

ls !he basis of a means by which a direct e.m.f. may be generated. 

The disc ls seen to slow down much more rapklly with the magnet ln place than when 

tthasbeenremc:Ned.ASthedlscsplns,kcutsthroughthefluxllnesofthemagnet. 
This cutUng becomes more ct>vtous lfthe radius of !he dloc ls consldeRc'd. AS the radius 

rornces,kwillcutflux. Ane.m.f. wlllbelnducedlnthedlscbutbecausetherateof 
cuttlngoffluxvarlesfromonepanofthedlsctoaraher.!hee.m.f.willhavedlffeff'llt 

magnitudes ln dlfferem regions of the disc. The disc ls metal and, theretore. electroru; 
will move between regions within the disc that have dlfferem. e.m.f. values. currents are 

Jnducedlnthedlsc. Sincetheserurff'ntsvarylnmagnlrudeanddlrer:Uon.theyarecalled 

eddy currents. Theeddycum.•ntscauseheaUnglnthedtscandthedlsslpatlonofthe 

energy of r«atlon of the d isc ls referred to as eddy current d amping . 

If the permanem magnet ln l'lgure 23.6 ls replaced by an electromagnet, the 
spinning disc will be slowed down whenever theff' ls a currem in the electromagnet . 

This ls the prlnclple behind electromagnetlc braking. The advaruage over conventional 

brakeslsthattheff'lsnophyslcalcomactwtththesplnnlngdlsc.Thlsmakessuch 

brakes very useful for trains cravelllng at high speeds. However, the disadvantage ls 

!hat, as the disc slows down, the Induced eddy curff'nts wlll be smaller and , therefore 
the braking wlll be less effklem. This system woukl be useless as the parking brake on 
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e.m.f.inducedbetweentwocoils 
A curff'nt--carrylng o0lenold or coll ls known co have a magne(lc field . Conskler the 

apparacuslllustrmedlnFlgure23.7. 

directionofmagneticlielddueto 
cunentwheosw1tchmgon 

coilB 

[Jtj"'" 
directiooofmagnetic 
fieldwhenswitchingoo 

Flgure23.7 

As Che current In coll A ls being s,,,·ltched on, !he magne'llc field ln this coil grmvs. Toe 

magnetlcfleldllnkswlththeturnsoncollBand,asaresult.therelsachangeln flux 

llnkage ln coll Band an e.m.f. ls Induced ln this coll. Coil B fonns pan of a complete 

dicultandhencetherelsacurrentlncoll B. Thedlrectlonofthlscurrentcanbe 

de1ermlneduslngLen2.'slaw. 

The change which brought about the induction of a current was a gnmtb ln !he 
magnetic flux Jn coll A. The Induced curn>nt in coll B will give rise to a magne'llc field 

ln coil Band this field will. by I.en2.'S Jaw, cry to oppose the growth of the field in 
coll A. Consequently, since the field ln coll A ls venlcally upwards (Che right-hand grip 
rule), the fteld in coll B wlll be venlcally downwards and the induced current will be 

lnanantlckx:kwisedlrectlonthroughthemeter. 
When the currem ln coll A ls switched off, the magnetic fteld ln coll A wlll decay. 

Toe magnetic fteld ln coll B due to the Induced current must try to prevent chls decay 
and hence lt wlll be wnlcally upwards. The Induced currem has changed Jn direction. 

Themagnltudeofchelnducede.m.f. canbelncreasedbylnsenlngasoftlroncore 
lnto the coll (buc be careful not to damage che meter as any Induced e.m.f. will be 

very much greacer) or by Increasing the number of turns on the colls or by switching a 
largercurrenclncollA. 

ll ls lmporcam co realise thac an e.m.f. ls Induced only when the magnetic flux in 
coll A ls changing; that ls, when the currem ln coll A ls changing. A steady current ln 
coll A wlll not give rise co an induced e.m.f. An e.m.f. may be Induced conllnuously 
lncoll BlfanaltematlngcurrentlsprovldedforcollA. Thlslstheprlnclpleofthe 
transformer (see Toplc24). 
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• MagneticfluxistheproductoffluxdensityandMeaoormaltothefllJ)( 
• Thed irectionof theinducedrnrreotinaconductormovingthroughamagneticlield 

is given by Fleming's right-hand rule. That is, if the first two fingers and thumb of 
therighthandareheldatrightanglestoeachother,thefirstfingerinthedirection 
ofthemagneticfieldandthethumbinthedirectionofmotion,thenthesecond 
lingergivesthedirectionoftheinducede.m.l. orcurrent 

• Faraday's law of electromagnetic induction states that the e.m.f. induced is 
proportionaltotherateofchangeofmagneticflllXlinkage. 

• lenz'1law1tatesthatthedirectioooftheinducede.m.l. i1suchastocauseeffect1 
toopposethechangeproducingit. 

• Faraday's law of electromagnetic induction and lenz's law may~ summarised using 
the equation f"' -d(MP}/dtwhere f is the e.m.f. induced by a rate of change of flllX 
linkageofd(IW"•)/dt. Thesignindicatestherelativedirectionofthee.m.l. andthe 
changeinllllXlinkage. 

Examination style questions 
1 A coil is constructed by winding 400 turns of wire on to a 

cylindricalironcore. Themeanradiusofthecoilis3.0cm. 
ltisfoundthatthelluxdensityBinthecoreduetoa 
current/inthecoilisgivenbytheexpression 

whereBisintesla. 

a Calculate,foracurrentof0.64Ainthecoil: 

i themagneticfluxdensityinthecore, 
ii themagneticlluxinthecore, 
iii thelluxlinkageolthecoil. 

b Thecurrentinthecoilisswitchedolfinatimeof 
0.011s.Calculatethee.m.l.inducedandstatewhere 
thise.m.f.willbeobserved 

c Hencesuggestwhy,whenswitchingoffalarge 
electromagnet,thecurrentisreducedgraduallyrather 
than switched off suddenly. 

2 A flat coil contains 250 turns of insulated wire and has 
ameanradiusof1.5cm. Themilisplacedinaregion 
ofunilormmagneticfluxoffluxdensity85mTsuchthat 
thereisanangleObetweentheplaneofthecoilandthe 
flux lines. The coil is withdrawn from the magnetic field in 
atimeof0.30s. 

Calculatetheaveragee.m.f.inducedinthecoilforan 
angleOof: 

b 90°, 

3 ThemagneticfluxdensityBatthecentreofalong 
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solenoidcarryingacurrent/isgivenbytheexpression 
B = 2.5 /, where Bis in millitesla and I is in amperes. 
Thecross-sectionofthesolenoidhasadiameterof2.5cm. 
A length of wire is wound tightly round the centre of the 
solenoid to form a small coil of 50 turns, as illustrated in 
Fig. 23.8 . 

Flg.23.8 

a Calculate,foracurrentof 1.8Ainthesolenoid 

i thefluxdensityinthesolenoid, 
ii the magnetic flux linkage of the small roil 

b Thecurrentisreversedindirectionin0.031s. Calculate 
theaveragee.m.f. inducedinthemiallcoil. 

4 TwocoilsAandBareplacedasshowninFig. 23.9 

Flg.23.9 

Thecu-rentincoilAisswitchedonandthenoffsothatthe 
variation with time t of the cu-rent I is as shown in Fig. 23.10. 

LIL 
O loo lei! 1 

F1g.23.10 



Sketch a graph to show the variation with time t of the 
e.m.f.EinducedincoilB. 

5 Abarmagnetissuspendedverticallyfromthefreeendof 
ahelicalspring,asshowninFig. 23.11 

Flg.23.11 

One pole of the magnet is situated in a coil. The coil is 
connectedinserieswithahigh-re~stancevoltmeter. 

Themagnetisdisplacedverticallyandthenreleased. 

The variation with time t of the reading V of the voltmeter 
isshowninFig.23.12. 

a i StateFaraday'slawofelectromagneticinduction. {2] 

ii UseFaraday'slawtoexplainwt-,; 
• thereisareadingonthevoltmeter, [1J 
• thisreadingvariesinmagnitude, {1J 

• thereadinghasbothpositiveandnegativevalues. 
/1/ 

b Usefig.23.12todeterminethefrequency/0 ofthe 
oscillations of the magnet. {2] 

' , 

Ffg.23.12 

Examination style questions I 
c The magnet is now brought to rest and the voltmeter 

isreplac:edbyavariablefrequenc:yalternatingcurrent 
!.Upplythatproducesaconstantr.m.s.currentinthe 
coil. 

Thefrequencyofthe!.Upplyisgraduallyincreasedfrom 
0.7 / 0 to 1.3/o, where/0 is the frequency calculated in b. 

Ontheaxesofacopyoffig. 23.13,sketchagraphto 
~w the variation with frequency/of the amplitude A 
of the new oscillations of the bar magnet. 

0.7/o 

Ftg.23.13 

1.3/0 

/2/ 

Cambridge International AS and A Level Physics, 
9702142 May/June 2011 Q S 
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6 a Definethetes/a. [2] ThemagneticfluxdensityBatthecentreofthe 
50lenoidisgivenbytheexpression 

340 

b A long 50lenoid has an area of cross-section of 28cm1, 
as~owninfig.23.14. 

A coil C consisting of 160 turns of insulated wire is 
wound tightly around the centre of the 50lenoid 

where/isthecurrentinthesolenoid,nisaconstant 
equal to 1.S >< lOlm-1 andµ 0 isthe permeability of 
free space. 

Calculate,foracurrentof3.SAinthe50lenoid, 

solenoid i themagneticfluxdensityatthecentreofthe 

Ftg.23.14 

L /;':'c;'.a=S«<ioo ii :;;,'';;~,'liak,geia<he,olC. '!Ji 
/ c i State Faraday's law of electromagnetic induction. {2] 

ii Thecurrentinthe50lenoidin b isreversedin 
directioninatimeof0.80s.Calculatetheaverage 

C 
160turns 

e.m.f.inducedincoilC. [2] 

Cambridge International AS and A Level Physics, 

9702/43 May/June 2013 Q S 
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24 Alternating currents 

By the end of this topic, you will be able t o: 
24.1 (a) understand and use the terms period, frequency, 

peakvalueandroot-mean-!,(Juarevalueasapplied 
toanaltematingcurrentorvoltage 

(b) deduce that the mean puwer in a resistive load 
is half the maximum power foc a sinusoidal 
alternating current 

(c) representasinusoidally altematlngcurrentor 
voltage by an equation of the form x = x0 sin wt 

(d) distinguish between r.m.s. and peak va lues and 
recallandsolveproblemsusingtherelationship 

1,.... = fi focthesinusoidalcase 

24.2 (a) understand the principle of a simple laminated 
iron-coredtransformerandrecallandsoh·e 

problems using .!'!!._ =5-_ =.!£_ for an ideal 
tr:msfonner NP VP 1• 

Starting points 

(b) understand sources of energy loss in a practical 
transformer 

24.3 (a) appreclatethescientificandeconomicadvanrnges 
of alternating currern and of high voltages for the 
transmissioo of electrical energy 

24.4 (a) distinguish graphically between half-wave and 
full-waverectificatioo 

(b ) explain the use of a single diode for the half-wani 
rectificition of an alternating current 

(c) explaintheuseoffourdi<xles(bridgerectifler) for 
the fuJl.·wave rectificition of an allemating current 

(d) analyse the effect ofa single capacitor in 
smoothing, including the effect of the value of 
capacitance in rela t ion to the load resistance 

• Power is dissipated in a resistor and the magnitude of the power is given by the 
expres.sion/1Ror V/or v11n 

• Alternatingvoltagesmaybechangedusinga transformer. 
• A diode is a device that allows current to move in one direction only. 

24.1 Characteristics of alternating currents 
Up to this point ln our studies, we have dealt with systems ln which a bauery ls 
connected coa docult and eh.ere ls a steady current ln one dlrectkm. You "1ll know 
this son of current as a direct current. abbR'vlated to d .c. However. the domestic 
electrlclty supply, produced by generators at a power station, ls one which uses 
a lternating current (a .c.). An alcernatlng currern or vol!age l\.'ver..es Its direction 

regularly and ls usually sinusoidal, as shown in Figure 24.1. 

F1gure24.1 Di11.'Ctaridaltem.itirigoment1 
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WecanR'presentthecurrentandvoltagebytheequatlons 

l=losinm' 
V:V0 sinm' 

l11etlmeTtakenforonecompletecycleofthealternatlngrur=lstheperlodofthe 
current T= 2it/ru l11eredprocalcttheperkxl lsthefR'quency/That ls,/= 1/Tand 
f = w/2it. l1le frequency ls the number et complele cycles per unlt time. l1le unit of 
fR'Quencylsthehertz(Hz)wheR'lHz = lcycleperserond. l11e peak va lue ofthe 
current or voltage ls /0 or V0, the amplitude of the osclllallng current or voltage. Sometimes 
the term peak-!o-pe:ik value ls used; this means 2/0 or 2Vo, or twice the amplltude. 

ltlsclearfroml'lgure24.lthattheaveragevaluectanalcematlngcurrentlszero. 
Hmvever, this does no( mean chat when an a.c. soo.m:e ls connected to a R'Slstor. no 
powerlsgeneratedlntheR'Slstor.AnaltemallngcurrentlnawlR"canbethoughcof 
as electrons moving backwards and forwards, and passing Oil their energy by colllslon. 
ThepmvergeneratedinareslstanceRlsglvenbytheusualformula 

Since I,i' and stn'wt aR' always posltlw, we seethm the pmver Pls also always posltlw. 
The expression we have just derived for P gives the power at any Instant. \Vhm ls 

much more useful ls the average or mean power. This ls the quantity which must be 
usedlnassesslngthepowergeneratedlntheresistor. Because/0 andRareconstants, 
theaveragevalueof Pwllldependontheaveragevalueofsln'ax,whlch lsY.i.Sothe 
averagepmver<P>dellveR'dtotheR'slstorls 

Thls ls half the maximum power. We could use the aver.ige value of the square of the 
currentorthevoltagelnthesereL1tlons,slnce 

The square roo1: of (I~ ls called the root-mean-square. or r.m.s .. value of the current. 
andslmllarlyforthevokage.lllenumerlcalrelatlonsare 

l,m; = f<0 = 101,fi = 0.707I0 

V,m; = W) = Vol../1. = 0.707Vo 

Ther.m.s.valuesareusefulbecausetheyR'J)resentthee./fectlwvaluesofcurR"ntand 
voltagelnana.c.clrcult.Adlrectcurrentwlthavalueof/equaltother.m.scurrent/"°" 
of an a.c. circuit will produce exactly the same heallng effect ln a resistor. ln specifying 
a domestic supply voltage. It ls the r.m.s. value that ls quoted. not the peak value. 

Ther.m.s.valueofthea.Jtemi1tingrurrentorvoltageisth<ltvalueofthedirectrurrentor 
voltage that would produce thermal energy at lhe same rate in a resistor. 

Example 

A 1.S kW heatef is connected to the domestic supply, which is quoted as 240V. Calculate 
the peak rnr1ent intheheate1,anditsre1istance 

The r.m.s ve<lion of the power/cunent/yojtage equation is l,m,Vrm, = mean power. 

Thisgive1 lrm,= 1.Sx 1Ql/240:6.3A. 



l4.l Transformers I 
Thepeak current/0:,/i.I,.,, : 8.8A 

Theres.i'>lanceR= Vm,sll,ms =240/6.3: 38Q 

Now it's your turn 
1 A hea ter of resistance400 is rnm1!!<:ted to a domestic supply, quoted as 240V. 

(al Calculatetheaveragepov,,oerintheres.istor. 
lb) What are the maximum and minimum ~alues of the ifl51:<mlaneom power in the 

24.2 Transformers 
ln lbplc 23, \H.' saw that an e.m.f. can be Induced ln one coll when che curn>nt 
changeslnanOlhercoil.lfthlscurrentlsaltemallng,thenthee.m.f.lnducedls 

akffnatlng. Thlslstheprinclpleofthe transformer. 
Aslmpletransformerlslllustratedln Flgull.'24.2. 

Flgure24.2Simpletramlormer 

n,.•o coils of insulated wire al\c' wound on to a laminated soft-iron core. An altematlng 

e.m.f. ls applled across one coll (the primary coll) and an e.m.f. ls Induced ln the 

secondary coil. The ratio of the output e.m.f. to the applied e.m.f. ls dependent Oil the 
ratlo of the number of !Urns on the t\vo colls. The applied e.m.f. and the Induced e .m.f. 
acrossthesecondarycollhavethesamefrequencybutareno(ln phase. 

The altematlng currem ln the primary coll gives rise co an alcematlng magnetic flux 
lnthecorethatlslnphasewlththecurrem lntheprlmarycoll. Thlsmagnetlcfluxln 
thecorethreadsthroughthesecondarycoll.Slncethefluxlschangln& byFaraday"s 
Jaw of elearomagnetlc Induction. an e.m.f. will be induced ln the secondary coll. 
Toe Induced e.m.f. ls proponlonal to the rate of change of magnetic flux linkage and. 
thus. this Induced e .m.f. wlll be alcematlng at the same frequency as the current ln che 
primary coll. There wlll be a phase angle between the two e.m.f.s. 

Consk:ler a trallSformer with. N• cums and N. cums on the primary and secondary 
collsrespecUvely,wlthcurrentslnthecollsof/PandJ, whenthee.m.f.s acrossthecolls 
are v.and v,. 

For a cransformer which ls 100% efftdent (an ideal transformer) 

fnpm power output power 

When V,lsgreacerthan v., !herearemoreturnsonthesecondarycollthanonthe 
primary coll and the transformer ls sak:I to be a step-up transformer. 
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Flgure24.1Tramformersareproducedln 
m,my shape5arid1izes 

Conversely. lf V. ls less than Vp, the secondary coll has fewer turns than the primary 
and the transformer ls said to be a step-down transformer. 

In practice, the transformer wlll no! be 100% efficient due to pov,er losses. Some 

• loss of magnellc flux between the primary and secondary coils. The core ls 
designed for maximum flux llnkage. The Iron core forms a closed loop and the 
prlmaryandsecondarycollsarewoondoneachOlher. 

• resistive heatlng In the primary and secondary coils. The coils are made of a low 
reslstlvllymetal. 

• heatlngofthecoreduetoeddycurrems. 
• heatlngofthecoreduetorepeatedmagnetlsatlonanddemagnetlsatlon. 

Theuseofsoftlronreducesheatlngduetorepeatedmagnetlsatlonand 
demagl)(.'tlsatlonofthecore. Hov.,e\-·er.slncelron(anelearlcalconductor)lsused 
asthematerlalforthecoresothatthemagnetlcfluxllnkagelslarge,eddycurrents 
cannOI be prevented. Laminating the core. I.e. buikllng up the con.- from thin strips of 

softlronwhlchareelectrlcallylnsula!edfromoneanOlher, reducesenergylossesas 
thermalenergyduetoeddycurn.-ms. 

Note: lamlnatlng the con.- cannOI pn.-vem eddy currents from forming but ll can 
reducetheenergylossesbyredudngthesizesofthesecurn.-nts. 

~xample 

A transformer is to be used with an altemating supply of 240V to power a lamp rated as 
12V, 3A. The secoodary coil of the transformer has 80 turns. Assuming that the 
transformerisideal,cakulate.loftheprimaryrnil, 

(al thenumberoltums, 
(b) thernrrent 

(a) Foranidealtramformer, 

V,IVp:N,fNp 

12/240:80/Np 

Np= 1600turns 

Now it 's your turn 

{b) Foranidealtransformer, 

V/Vp:lpfl, 

12/240:/rf3 

lp= 0.15A 

2 Theprimaryrnilofanidealtransformerhas1200tumsandisrnnnectedtoa240V 
alternatingsupply.Thetramformeristobeusedtostepdownthevoltageto9.0V. 
(a) Cakulatethenumberoftumsonthesecondaryrnil. 
(b) Anappjiance,rateda19.0V, 1.SAisrnnnectedtothesecoodaryrnilolthe 

transformer. 
Cakulatethernrrentintheprim.-iryrnil. 

3 Anidealtransl0fmeristobeusedto1tepupavoh:agelrom220Vtosupplyacurrent 
of 15mAat6.6kV.Theprimaryrnilhas250turns 
Cakulate 

Cal theratioolthenumberoftumsonthesecoodaryrniltothatontheprimaryrnil, 
(b) thenumberoftumsonthesecondaryrnil, 
(cl thernrrentintheprimaryrnil. 

24.3 Transmission of electrical energy 
Transformer.splayanessentlalpan lnthetransmlsslonofelectrlcalenergy. Generatlng 
stations are often sltua!ed a Jong ,vay from the dtles they se1ve. Hydroelectric plants 
must be placed at the dam providing the water supply, and nuclear generator.s need 
a plentiful supply of coollng water and there ls also a safety facror to consider. 
Fossil-fuel plants are also placed some distance from towns, mainly because of air 
pollution concerns and because land ls cheaper away from towns. This means that, 
whate\-·erthemeansofgeneratlngtheelectrlcalenergy,ltlsllkelytoneedtobe 
transmluedoverlongdlstances. 



-[l:.. 
a.c.input 

Flgure24.45irigfe-diode iliuitfor 
half·WaYerl'(tifiGation 

F1gure24.5Half-waverectifKation 

Flgure24.6Full-waverl'CtifiQlicm 

24.4Rectification l 

111eR' ls al\1.,ays a power loss ln transmls.sloo lines, simply due to loss of energy due to 
heating of the cables (the PR effect, see page 150). However, It cums oot that this loss can 

be rrolJCed lf the pmver ls transmlned at a high voltage. Look ac the tOUowlng example. 

Example 

A = II town, several kilometres from an ~ectrkity generating statiori, requires 120kW of 
po1Neronaverage.Thetotalresistanc:eofthetransmissionlinesis0.400.Cakulatethe 
power loss if the transmission is made at a voltage of (al 240V, (b) 24kV. 

Firstcakulatethernrrent/inthetransmissionlinesineachcase 
ln (a), /:PN:1.2x10l/240:500A. 

ln (b),thesamecalrnlationgives/:5.0A 

Now fir,d the power loss in the tram.mission lines from P: 11R 

ln (a) ,iti1(500}lx0.40: 100kW,ormorethan80%olthepawerrl'{JUiredbythetown 

In (b), the power loss is S.(}' x 0.40 = 10W, less than one-htmdredth of 1% of the powef 
requirement 

Toe advantage of transmlttlng power at the higher voltage ls now obvious. There ls 
muchlesspmverlosslnthetransmlsslonllnes. 

111eadvantageofuslngaltematlngcurrentratherthandlreacurrenttsthacanalternatlng 
supply ls so efficiently stepped up !o a high voltage for tran.smlsslon using a tramtormer. 
Translormers used ln transmlssloo netwocks have very high effkiencles, oftrn over 98%. 

Before transmission from the generating station, the alternatlng voltage ls stepped 
up to. ln many inSlances, Jn excess of 200kV. After transmission. the voltage ls stepped 
down.ThefinalvoltagewllldependontheneedsofthecuSIOlller. 

24.4 Rectification 
It ls somellmes neces.sary co conven an altematlng cum.•nt Into a direct current. This ls 
becausemostelectronlcdev:lcesrequlredlrectcurrent, whereasthedomestlcsupplyls 
alternallng. Toe co1werslon can be done by a process known as rectification. 

SUPJX1se a single diode (see AS Level Topic 19) ls connected into the a.c. dcrult of 
Flgure24.4. 

We know that the diode allows rurrent to fbw ln one direction only. Tots means that 
the output voltage across the resistor wUJ ronslSI only of the positive half-qcles of the Input 
voltage, as shown tn Figure 24,5. The diode has rejected the negau,,e pan of the Input, 
produdngaunkllca:Uonalvoltagewhlchflucruacesconslderably.ratherthanaconstant 
direct voltage. Nevenheless. we have achieved what ls called haJt:wne rectification. 

I\ 

It ls more satlsfactoryto make use oft he negatlve half-cycles of the Input and reverse 
their polarity, as shown ln Figure 24.6. This process ls called full-wave rec tification 
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One clrcull used for full-wave R'C!lflcatlon ls lllusuaced ln Figure 24.7. 

input 

Flgure24.7 Four-diode(bridge)cirru itforlul!-waverectifKaticm 

It uses four diodes arranged ln a diamond pauem and ls referred co as a bridge 
rectifier circuit . Thelnpu!lffmlnalsaRc-PandQ. lfPls po51Uvedurlngtheflrsthalf­

cycle, diodes l and 2 on op()Olilte sides of the diamond wlll conduct . ln the nexc hal f­

cycle Q ls posltJ\/e. and dlodes j and 4 conduct. Thusthereslstoractlngasaloadwlll 

al1•rayshaveltsuppercermlnalposltlveandltslowercermlnalnegatlve. 

The clrcull has produced a unldlR'C!lonal voltage, but the output ls stlll not a good 
appmxlmatlon co the steady dllffl vohage. as required by most electronic equipment . 

Wecanlmprovethesltuatlonbylnsertlngacapadtoracrosstheoutpuctermlnalsofthe 

brldgeclrcullaslnl'lgure24.8. 

\: \/ 

Flgure24.8 Smoothingb')'capacitor 

Thecapacllorchargesupontherlslngpanofthehalf-<:ycle, andthendischarges 
throughthereslstorastheoucpucvolcagefalls. Theeffectlstoreducethefluctuatlons 

lntheunldlrectlonaloutput.Thlsproces.slscalled srnoothing. 
The charge and discharge of a capacllor ,vas dlscus.sed ln lbplc 18. The lmponam 

factorlsthetlrneconstantofthereslstor- capadtordrcult. lfcheproductofthe 

capacitance C and the load resistance R ls much larger than the half-period of the 



Examinatiooseylequestions l 

original supply to the rectifier circuit. the ripple on the direct voltage or current wlll be 

small. Reduclngthetlmecons1antwllllncreasetherlpple,aslllus1ra!edlnl'lgure24.9. 

Flgure24.9M.ignitudeoftheripp~ 

• Alternating rurrent or voltage is represented by an equation of the form x,. x 0 sin Ill'. 

• l'e.lkandroot-mean-square(r.m.s.)valuesols.inusoidalcurrentorvoltagearerelated 
byanequationoftheform 
Xo= ./2x,rrn 

• Foras.inusoklalinput,meanpowerinaresistiveloadisonehalfofthepeakpower. 

• Foranidealtramformer, ~=*=f 
• Electrical power is trammitted at high voltages to reduce thermal energy losses in 

c<1\Jjes 

• As.ing~diodegiveshalf-waverectification:negativehalf-cydesare~ocked 
• Abridgecircuitoffourdiodescangivefull-waverectification 
• Acapadtoraao11theoutputreduc.esthefluctuatiomofther!!<:tifiedoutputvottage 

Examination style questions 
1 A stereo system has two output channels, each connected 

toaloudspeakerofeffectiveresistance8.00.Eachchannel 
can deliver a maximum average pa,ver output of SOW to its 
speaker.Calculatether.m.s.voltageandther.m.s.current 
fed to one speaker at this maximum power. Assume that 
theloudspeakercanbetreatedasasimpleresistanc:e. 

2 Thehalf-waverectifiercircuitoffig.24.4isusedtorectify 
ana.c.inputvoltageof240Vr.m.s.Theoutputresistor 
hasresistance25k0. 

a Calculatethepeakvalueoftheinputvoltage. 

b Estimatetheaveragecurrentintheoutputresistor. 

3 From power stations, electrical energy is transmitted over 
long distances to homes and business, at 400kV. An 

alternative might be to transmit at the domestic supply 
voltageof230V. Explainhowthehigh-voltageoption 
reduces power losses in the cables. 

4 An ideal transformer is to be used to step down a 220V 
alternatingsupplyto7.SV. 

a Calculatetheratioofthenumberofturnsonthe 
secondarycoiltothatontheprimarycoil 

b Calculate the number of turns on the primary coil given 
that there are 140tumsonthesecondarycoil. 

c Suggest why the wire forming the secondary coil would, 
inthiscase,bethickerthanthatfortheprimarycoil. 
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5 a State Faraday's law of electromagnetic induction [2] 

b Theoutputofanidealtransformerisconnectedtoa 
bridgerectifier,as!.howninFig.24.10. 

Theinputtothetransformeris240Vr.m.s.andthe 
maximum potential difference across the load resistor 
is9.0V. 

i OnacopyofF1g. 24.10,markwiththeletterPthe 
positive output from the rectifier. {1] 

ii Cakulatetheratio 

number of turns on primary coil 

numberoftumsonsecondarycoil {3] 

c The variation with time t of the potential difference V 
acrossthelOildresistorin b is!.howninfig. 24.11 . 

Flg.24.11 

A capacitor is now connected in parallel with the load 
resistor to produce some smoothing 

i Explain v.+iat is meant by smoothing. {I] 
ii On a copy of Fig. 24.11, draw the variation with 

time t of the smoothed output potential difference. {2] 

Cambridge International AS and A Level Phy5Ks, 

9702/42 May/June 2013 Q 6 

6 Analtematingcurrentsupplyisconnectedinserieswitha 
resistorR,as!.howninfig.24.12. 

Flg.24.12 

Thevariationwithtimet(measuredinseconds)ofthe 
current/(measuredinamperes)intheresistorisgivenby 
the expression 

/=9.9sin(380t}. 

a ForthecurrentintheresistorR,determine 

i thefrequency, [2] 
ii ther.m.s. current [2] 

b To prevent over-heating, the mean power dissipated in 
resistorRmustnotexceed400W. 

Calculate the minimum resistance of R /2/ 
Cambridge International AS and A Level Physics, 

9702142 M ay/June 2011 Q 6 



7 A5impleiron-c:oredtransformerisillustratedinfig.24.13. 

~ - ~ 
v, - I, 

/2/ 

Flg.24.13 

Examinatiooseylequestions l 

Cambridge International AS and A Level Physics, 
9702142 Oct/Nov 2010 Q 6 
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2 5 Quantum physics 

By the end of this topic, you will be able to: 
25. 1 (a) appreciatethepantcul3tenatureof 

electromagnetlcradlatlon 
(b) recallanduse E=h/ 

25.2 (a) understand that the photoelectric effect 
pro,·idese,·idenceforapaniculatenatureof 
electromagnetic radiation while phenomena such 
aslnterferenceanddiffractionprovideevidence 
fora wave nature 

(b) recalltheslgnific:mceofthresholdfrequency 
(c) explain photoelectric phenomena in terms of 

photon energy and work function energy 
(d) explain why the maximum photoelectric 

energy is independent of intensity, whereas the 
photoelectric current is proportional to imensity 

(e) recall, use andexplalnthesignificance of 
hf:,f,+im.v ... , • 

25.3 (a) describe and interpret qualitatively the evidence 
provided byelectrondiffractionforthewave 
natureofpanicles 

(b) recall and use the relation foc the de Broglie 
wavelength A. = h/P 

25.4 (a) showanunderstandingoftheexistenceofdiscrete 
energylevelsinisalatedatoms(e.g. aromich}'drogen) 
and deduce how this leads to spectral liIYc:s 

(b) distinguish between emission and absorption line 
spectra 

(c) recall and solve problems using the relation 
hf=E1-E2 

Starting points 

25.5 (a) appreciatethat , inasimplemodelofbandtheory, 
thereareenergybandsinsolids 

(b) understand the terms valence band, conduction 
band and forbidden band (band gap) 

(c) usesimplebandtheorytoexplainthe 
temperature dependence of the resistance of 
metalsandofintrinsicsemiconductors 

(d) use simple band theory to explain the dependence 
on light intensity of the resistance of an LDR 

25.6 (a) explain the principles of the production of X-rays 
by electron bombardment of a metal target 

(b) describe the main features of a modern X-ray 
tube, including control of the intensity and 
hardnessoftheX-raybeam 

(c) understand the use of X-rays in imaging internal 
txxiystructures, lncludingasimpleanalysisofthe 
causes of sharpness and contrast in X-ray imaging 

(d) recall and solve problems by using the equation 
I= /0 e-ll>' for the attenuation of X-rays in matter; 

(e) understand the purpose of computed tomography 
or er scanning 

(t) understand the principles of er scanning 
(g) understand how the image of an 8-voxel cube can 

be developed using er scanning 

• A simple model of an atom involves a small mas.sive posit ively charged nucleus 
around which orbit electrons 

350 

• The electrons have different energies, dependent on their orbits. 
• Electromagneticwavesmayundergointerference a nddiffraction 

25.1 & 25.2 Photoelectric emission of 
electrons and energy of a 
photon 

Some of the elecl(l)flS ln a meial are free to move around ln It . (U ls these free 
electronsthatformtheelectdccurrentwhen apo1enllaldlfferencelsapplledacrossthe 



25 .1 & 15.1 Photo~ectric emission of ,iectrons and eaergy of a photon I 
ends of a metal wlllc'.) Howevff, to nc-mo1'e free electrons from a metal requires energy, 

becausetheyarehekllnthemernlbytheelectroslatlcattractlonof chepositlwly 
charged nuclei. If an electJOII ls to escape from the smface of a metal, work muSI be 
done on It. Theelectronmustbegtvenenergy. When !hlsenergylslntheformofllghl 

energy, the phenomenon ls called photoelectric emission. 

ffwtoelectrk emission is the release of electrons from lhe surface of a metal when 
eledrnmagnetic radiation is incident on its sudiKe. 

Demonstration of photoelectric emission 
Acleanzlncplatelsplacedonthecapofagold-leafelectrosc:ope. Theelectroscope 

lsthenchargednegallvely,andthe goldleafdeflects, provlngthatthezlocplacets 

charged. This lslllustrated ln Figure 25.1. 

- - - - - ~·,::,~'"'""' 
\

ultra·violet 

\ ~~~100 

gold-leaf 
electroscope 

gold leaf ffi
-- .,,..,~, 

electroscope 

gold leaf 

initial position 
of gold leaf 

Flgure25.1 Dl.'rl1oristratiooofphotoel1.'Clricemi1sioo 

/ 

1f vlslble light of any colour ls shone on to che place, che leaf does noc move. Even 

whenthelntenslty(thebrlghtness)ofthellghclslncreased.theleafremalnslnlts 

deflected position. Hmvever. when ul!ra-vlole! radL1tlon ls shone on Che plate, the leaf 

falls immediately, sho;>.·Jng that It ls losing negative charge. This means thac electrons 

are being emltced from the Zinc plate. These electrons are called pho toelect ron5. 

1f the hUenslty of the ultra-vlole! radlatlon ls lncrea.sed , the leaf falls more quickly, 

showlngthattherateofemlsslonofelectronshaslncreased. 
The difference between ultra-violet radiation and visible light ls thac ulcra-vlole! 

radiation has a shorcerwavelength and a higher frequency than vlslblellght. 
Funherlnvestlgatlonswlthapparatusllkethls leadtothefollov,ingconcluslons: 

tf photoemission takes place, it does so in5lantarieously. There is no delay betWl.'m 
illumination and emission 
Photoemissiontakesplac:eonlyifthefrequeocyoftheincidentradiationisaboYea 
certainminimumvaluecalledthe thresho ldfrequenty/0 

Differentmetalshavedilferentthresholdfrequendes 
Whether or not emission takes place depends only on 'Nhlrther the frequency of the 
radiationusedisabovethethresholdforthatsurface.ltdoesnotdependonthe intensity 
of the radiation 

• Foragivenlrequeocy,therateolemissionofphotoelectronsisproportionaltothe 
intensity of the radiation 

An01herexperlment.uslngtheapparatus shownlnFlgure25.2, canbecarrledoutto 
Jnvestlg:ttetheenerglesofthe phocoelectrons. 

If ultra-vlole! radlatlon of a flxed frequency (above the threshold) ls shone on to 

the metal surf.Jee A, ll emlls phOloelectrons. Some of these electrons travel from A 

co B. Currem ls de1ecced using the mlcroommeter. If a potentlal difference ls applied 

between A and B. with B negative with respect to A, any electron going from A co B 

"' 



m Quantum phys.lc.s 

Flgure25.2Experimenttomeasurethe 
maximum kinetK eneigy of photoelectrons 

Figure 25.l Gr.iph of maximum kinetic 
eneigyofphotoell'(tromagaimtfrequencyof 
radiatkln 

ildjustablep.d. 

will galn po1entlal energy as lt moves agalnSI the elearlc fleki. The gain Jn po1entlal 
enffgylsactheexpenseoftheklnetlcenergyoftheelearon. Thalls, 

lossl11klnetfcenergy = gafnf11potemfa/e11e,xy 

= cbargeofelectronxpotemfa/differe11ce 

lfthevokagebecween AandBlsgraduallylncreased,thecum.'ntreglstffedonthe 
mlcroammeter decreases and ewmually falls to zero. The minimum value of the 
potentlal dlfference necessary to Slop the elearon flow ls known as che stopping 
potential. It measures che maximum kinetic energy with which the photoelectrons are 
emitted. The fact that the!\'" ls a curR'"nl ln the mlcroammetff at voltages Jess than the 
stopping potentlal lndtcaces that there ls range of klnectc energies for these elearons. 

If the experiment ls repeated " 1!h r.idlatlon of greater Intensity but the s.1me 
frequency. the maximum currenc in the mlcroamme!er Increases, buc the value of the 
stopplngpotentlallsuochanged. 

The experlmem can be repealed using ultr.i-vlolet radlatlon of dlffffenl frequencies, 
measuring the .\topping po1entlal for each frequency. When the maximum kinetlc 
enffgyofthephoioelectrons ls plotted againSlthefrequencyofthe radlatlon, the 
gr.iphofl'lgure253lsobl:alned. 

".! / u / 
! f 0

~ ,//o .. frequen~of 
!ii .,..,./· \ mc1dentrild1at1on 

threshold frequency 

4', The following conclustons are drawn from this experiment: 

35l 

The photoelectrons have a range of kinetic energies. from zern up to some maximum 
~alue. tf the ffequeocyof the incident rad~tion is incrwsed, the maximum kinetic energy 
ofthephotoelectronsalsoincreases 
For constant frequency of the incident radiation. the maximum kinetk: eriergy is 
unaffectedbytheinteno;ityoftherad~tion 
When the graph of Figure 25.3 is extrapolated to the point where the maximum kir.etic 
energy of the photoelectrons is zero, the minimum ffequeocy required to cause emission 
fromthesurli!Ce{thethresholdfrequency)maybefound 



Flg ure25.4Albertfimtein 

25 .1 & 15.1 Photo~ectric emission of ,iectrons and eaergy of a photon I 
A! the tlme when the phOioelearlc effect was fiTSI being studied. It was fu lly accep(ed 
that llght ls a wave mOllon. Evidence for this came from observed Interference and 
diffraction effects. The conclusions of experiments on phctoemls.ston produced doubl: 
as to whet:Jx.>r light ls a continuous wave. One of the main problems concerns the 
exlSlenceofathresholdfrequency. 

Oas.steal wave theory predicts that when an electromagne!lc wave (that ls. llghO 
Interacts with an electron, the electron will abSOJb energy from It. So. lf an electron 
abso!bs enough energy, It shouki be able to escape from the metal. Remember from 
AS Level Topic 14 thal the energy carried by a wave depends on its amplitude and Its 
frequency. Thus.t'\'enlfwehavealow-frequency1•,ave,ltsenergycanbeboosiedby 
increaslngtheamplltude(thatls,bylncreaslngthebrlghtnessofthellght). So,accordlng 
to wave theory, we ought to be able to cause phOioemls.slcm using any frequency of 
llgtu. pro,'lded we make It bright enough. Alternatively. we could use less bJ1ght light 
and .'Jllne ll on the meial for a longer time, until enough energy to cause emlsslon has 
been delivered. But this does nol happen. The experiments I'"<' have described above 
sho\\·ed conclusively that radiation of frequency below the threshold, no mauer how 
Intense or for how long ll ls used, does no1 produce phOioelectrons. l1le classical wave 
theory of electromagnetic radlatlon leads to the following predictions: 

J Whether an electron ls emiued or nOI shouki depend on the power of the Incident 
wave: that ls, on Its tmenslty. A very Intense wave, of any frequency. should cause 
phctoemls.ston. 

2 The maximum klnetlc energy of the phctoele.:trons should be greater lf the 
radlatlonlmensltylsgreater . 

. , There ls no reason why photoemlsslon should be lnSlantaneous. 

These predlctlons, based on wave theory, do not match the observallons. A new 
approach, based on an entirely new concep(, the quantum theory, was used to 
explain these findings. 

Einstein's theory of photoelectric emission 
In 19()1, the German physic!& Max Planck had suggested that the energy carried by 
electromagneilc radlallon might exist as discrete packets called quanta. The energy E 
carrledineachquantumlsglvenby 

E:hf 

where/lsthefrequencyoftheradlatlonandhlsaconS1antG1lledthePlanckconstant. 
ToevalueofthePlanckconstant ls 6.63 >< 10---MJ s. 

In 1905, AlbertElnSlelndevelopedthetheoryofquantlsedenergytoexplalnallthe 
observallons associated with phO!oelectrlc emission. He proposed that light radiation 
conslstsofaSlreamofenergypackeiscalled photons. 

A photm i5 the speciill name given to a quantum of energy when rhe energy is in lhe 
form of eleclTomagnetic radiation. 

Whenaph01onlnteractswlthanelectron,iltransfersallllsenergytotheelectron. ltls 
onlyposslbleforaslnglephO!ontolnteractwlthaslngleelectron:thephctoncannOI 
shareilsenergybei,i,-eenseveralelectrons. ThlstransferofenergylslnSlantaneous. 

The phO!on theory of photoelectric emls.slon ls as follows. If the frequency of the 
lnckientradlatlonlslessthanthethresholdfrequencyforthemeial.theenergycarrled 
byeachphcxonlslnsufflclentforanelectrontoescapethesmfaceoftheme1al.lf 
the phOlon energy ls Insufficient for an electron to escape. It ls convened to thermal 
energylnthemetal. 

The minimum amount of energy nece5.xll}' for an eieclron to escape from the 5Urface is 
caJ/edthe workfunctionenergy i,. 

Some values for the work function energy i, and threshold frequency / 0 of different 
metalsareglvenlnToble25.1. 

m 
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Table 25.1 Workltmctiooenergie1al\Othrp,;hold freqtll'r1des 

f , /Hz 

platinum 9.0 x 10- 1• 1.4 x 10" 

Remrn1ber: leV = i .6x 10->•J. 
lfthefrequencyofthelncklern radiatloolsequaltothechreshoklfrequency. the 

energycarrledbyeachphoronlsfuSlsufflclentforelectronsatthesurfacecoescape. If 
thefrequencyofchelncldencradlatlon lsgreacerthanthethreshoklfrequency,surface 
electrons "111 escape and haw surplus energy ln the form of kinetic energy. These 
electronswlllhavethemaxlmumklnetlcenergy. lfaphoroninteractswlthanelectron 
below the su1face, some energy ls used to cake the electron to the surface. so chat It ls 
emitted with Jess than the maximum kinetic energy. This gives rise to a range of values 
of kinetic energy. 

4' eq~~~::ln used the prlndple of conservation of energy co derive the phoroelectrlc 

photon energy= won: function energy + maximum kine~·c energy of photoeleetron 

For radiation lncklent m the threshokl frequency, Yi1110 Z.'m,z' 0 so that hfo = '1>. The 
phocoelectrlcequatloncan then be wrlnen 

Note 
Experlmernalevldencelndtcacesthatthephotoelectrlccurrent, l.e. theraceof 
emission of phoroelectrons. depends on the irnenslly of the radlallon when the 
frequencylsCOflSlatU . lncreaslnglntenslty glvesrlsetolncreaslngrateofemlsslonof 
phocoelectrons. 

This observatlon has led many Sludents to believe thac rate of emission ls 
Independent of frequency. This ls Incorrect. A beam of radlacloo has an lrnenslty. 
This Intensity ls numerically equal to the pmver lnddenc normally on unll area of !he 
surface. SlncethebeamCOflsistsofastreamofpho!Ofls.thelntensitylstheproduct 
oftherateofarrlvalofpho!OflsandcheenergyofeachphotOfl. AtconSlatUintenslty, 
!he rate at which pho!ons arrive m the metal surface depends Oil the energy of each 
ph.or011. So,lfthefrequencyoftheradlatlonlncreases,theenergyofeachphoron 
Increases and. therefore,forconSlantlntenslly,theraceofarrlvalofphoronsdecreases. 
Fewer phoions per unit time means a smaller rate of emission of electrOIIS. 

Example 

The'WOrkfunctioner.Efgyofplatinumis9.0x 1Q-1gJ.Cakulate· 
(al the threshold frequeocy for the emission of phot(){'lectrons from platinum, 
(b) the maximum kinetic energy of a photoelectron when radiation of frequeocy 

2.0x 1015 Hzi1 incidentonaplatinum1Urface 
(a) Usinghfo=-r>Jo=-t>lh,so 

fo=9.0x 1Q-1gf6.6x 10-l4: 1A x 1Q15Hz 

(b} Usinghf=h/0+ f m,vm.ii, hf- hfo= 1:m.vm.iand 

tm01,ma/=6.6x 10-"(2.0x 1011 1.4x 1Q15)= 4.0 x 1Q-11J 



F1gure25.5X·H"jdiffractkln 
patternofametalfoil 

Flgure25.6Electron 
diffraction pattern of graphite 

25.l Wave-panide duality I 
Now it 's your turn 
1 The work lunctkln energy of silver is 4.3eV. Show that the threshold lfequency is about 

1.0xlQIS Hz 
2 Electromagnetic radiation ol lrequeocy 3.0 x 1Q15 Hz is incident oo the surface of 

sodium metal. The emitted photoelectrons have a maximum kinetic energy of 
1.6 x ,o-15 J. Calculate the th reshold lfequency for photoemission from sodium 

l Data for the threshold frequency / 0 and the work function energy Q of some metal 
surfacesareshovminthetable 

metal / 0 / 10" Hz + 1 10-11 J 

platinum 

Cal Calcu!atethethreshokllfequencylorplatinum 
(b) A beam of electromagnetic radiation having a cootinuous range ol wavelengths 

between320nmandSSOnmis incident,inturn,ooeochoftheabovemetals 
Determine which metals will emit photoelectroos 

(cl Whenlightollrequeocy/andinteosity/isincidentonacertainmetalsuriace, 
electroosareemitte<l. Stateandexplaintheeffect,ilany,ontheemissionof 
photoelectronslorlightolfrequeocy2/andintensity/. 

25.3 Wave-particle duality 
lfUghlwavescanbehavellkepar!lcles (phO!ons), perhapsmovlngpanlclescanbehave 

When a beam of X-rays of a single wavelength ls dtrecced ac a thin mecal foll, a 

diffraction pauern ls produced as shown ln Flgure25.5. 
This ls a similar effect to che diffraction pauern produced when Ugh! passes chroogh 

adlffractlongratlng(seelbplcl5). Thefollcontalnsmanytlnycrystals. lllegaps 
between neighbouring planes of atoms ln the crysrnls act as slits, cremlng a diffraction 

pauern. 
lfabeamofelectronslsdtreccedacagraph.llefllm,aslmllardHJractlonpanernls 

produced, asshownlnFlguR""25.6. 
The electrons, which we normally consider co be panlcles, are exhibiting a propeny 

we would normally assodate with waves. Remember that, to observe diffraction, 
the wavelength of the radiation should be comparable wJCh the size of !he aperlUR'". 
Toe separatlon of planes of atoms ln cry Sia ls ls of the older of 10--•om. The fact that 
diffraction ls observed with electrons suggesl that they have a wavelength of about the 

same magnitude. 
ln 1924theFR""nchphyslclstLoolsde BrogllesuggeSledthatall movlngpanlcles 

have a wave-like naCUR'". Using Ideas based upon che quarnum theory and ElnSleln's 

theory of R""lattvlty. he sugges1ed that the momentump of a panlcle and lls assoclaced 
wavelengthA.aR'"R'"latedbytheequatlon 

where h ls the Planck constarn. A. ls known as the de Broglie wavelength. 

Example 

Cak:uli!tethede8rogl iewavelengthofane~rontravelli ngwithaspeedof1.0x107ms-- l 

(Planckcoostarilh:6.6x10-34 Js;e~tronmassm0 :9.1 x10-11kg) 

Using.l.:h/pandp:11w, 

.l.:6.6x10-14/9.1 x10-11 x1.0x107: 7.3 x 10- 11 m 

'" 
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Now It 's your turn 
4 CalrulatethedeBrogliewavelengtholanelectrontravelli ngwithaspeedof 

S.SxlOlms-1 
(Plaockcomtantlt:6.6x10-l4Js;electroomassm0 :9.1 x10-l l kg) 

5 CakulatethedeBrogliewavelengthofanelectronwliichha1bef.nacceleratedfrom 
rl.'51:throughapotentialdille renceoflOOV.{Planckconstanth:6.6x10-14Js; 
electronmassm.=9.1 x 10-11kg;ell'Ctronchargee=-1.6x 10-1gC) 

i CalrulatethespeedofaneutronwithdeBrogliewavelength1.Sx 1Q-10m 
(Plaockconstantlt:6.6x 1Q-l4Js;neutronmassmn= 1.7>< 1Q-11kg) 

25.4 Energy levels in atoms and 
line spectra 

When white llghc from a tungsten fllament lamp ls passed through a prism. the light ls 
dispersed into Its component colours, as Illustrated ln Figure 25.7. 

Figure 25.7 Continuous spectrum of white light from a tungsten fi!ament lamp 

The band of different colours ls called a continuous spectrum. A continuous 
spectrum has all colours (and ,,,avelengths) between rwo llmlts. In the case of while 
light , the colour and wavelength limits are vlolec (about 400nm) and red (about 
700nm). Since this spectrum has been produced by the emission of llghc from the 
cungsten filament lamp, U ls R.'ferred to as an emission spectrum. Finer deiaU of 

emission spectra than ls obcalned using a prism may be achieved using a diffraction 
grating. 

A discharge tube ls a crnnsparent tube containing a gas at low pressure. When 
a high potential difference ls applled across two eleccrodes ln the tube , llghc 
ls emitted. Examination of the llghc with a diffraction grating shows thac che 
emltted spectrum ls no longer continuous. but consists of a number of bright 
Hnes (Flgure25.8). 

Flgure25.8Llne1pectrumofhydrogenfromadi1chargetube 

Such a spectrum ls known as a line spectrum. U consists of a number of separate 
colours, each coloor being seen as the Image of the silt ln front of the SOtJrce. The 
wavelengths corresponding to the llnes of the spectrum are characterlsllc of the gas 
whlchlslnthedlschargetube. 



25.4 Energy lmh In atoms and line spectra I 
Electron energy levels In atoms 
lb explain how line spectra allc' produced we need to under.stand how electrons ln 
morns behave. Electrons ln an acorn can have only cenaln specific ffiergles. These 

energies all.' called the electron energy len-ls of the atom. The energy levels may 
beRc-presentedasaserlesofllnesagalnst averllcalscaleofenergy, aslllustr:nedln 
Flgure25.9. 

1

- o.os,,rn-", ~ o.aae, 
- 0.086Xl0- l8J 0.54eV 
- 0.136Xl0- l8J 0.85eV 

- 0.24X 10- lBJ-------

- 0.54X 10- l8J-------

- 2.1sx10- 18 J-------
Flgure25.9Electronenergyleve!sforthehydrogenatom 

Toeelectronlnthehydrogenatomcan haveanyoftheseenergyvalues. butcanno1 
haveenerglesbel:weenthem. 

Normally electrons occupy the lowesi energy levels avalL1ble. Under these condltlons 
the atom and Its electrons are sakl to be in the g round state. Figure 25.!0a represents 
a hydrogen morn with its single electron ln the lc•.vest energy state. 

If, hcm·ever. theelearonabsorbsenergy. pe!haps bybelng heated. orbycolllslon 
\\ithanotherelectron. It maybepromcxedtoa higher energy level. The energy 
absorbed ls exactly equal to the difference in energy of the two levels. Lindff these 
condltlonsthea!omls descrlbedasbelnglnan excited state. Th.ls ls Illustrated In 
Flgure25.10b. 

,, __ .,.__ ~:[;_,..,, 
electron 
transition emitted .... ~ 

£ 1 - 13.6eV ,,----

Flg ure 25.1 0Ell'Ct1on inahydrogenatoma)initsgroondstote.b)inanexc:itedstate, 
c}1etumingtoitsground1tate™thphotonemi1sion 

An excited a!om ls unSl.'.lble. After a shon time. the excited electron wlll return to a 
lower level. To achieve this, tbe electron must lose energy. ll does so by emitting a 
photonofelectromagnetlc radlatlon,aslllustra!edlnFlgure25.10c. 

m 
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Theenergyhfofthephot011lsglvenby 

wheR' E, ls the energy of the higher level and E, ls that of the lower, and h Is the 
Planck consrnm. Using the relation between the speed c of light, frequency Jand 
wavelength A.. the wavelength of the emlued radiation Is given by 

wheR' AE = E, E, . This movement of an electron between energy levels ls called an 
electron transition. Note chat, the larger the energy of the tr.msltlon. the higher the 
frequency (}md the shoner the wavelength) of !he emitted radiation. 

Note that this downward transition results In the emission of a photon. The atom 
canberalsedtoanexcltedstatebyche absorption ofa phoion,bucthepho!onmust 
havejusttherightenergy,correspondlngtothedlfferencelnenergyofcheexclted 
state and the Initial state. So, a dowmvard transition corresponds co photon emls.sion, 
andanupwardtransltlontophoton absorption. 

FiguR' 25.11 5haws some of the possible transitions that mlgtu take place when 
electronslnanexcltedatomR'turncolo•;verenergylevels. 

Flgure25.11 Somepo11ibleelectrootro111itio111 

Eachofthetransltlonsresuhslntheemlsslonofa photon with a particular wavelength. 
For example, the transition from E.;. to E,_ results ln llgtu with the highest frequency and 
shortest ·wavelength. On the other hand, the transition from E,. to E3 gl~·es the lowesl 
frequency and longest wavelength. 

Becauseallelementshavedlfferen!energylevels,theenergydlffeR'ncesaR'unlque 
to each element. Consequrntly, each element produces a different and characteristic 
llnespectrum. Spectracanbeusedtoklemlfythepresenceofapantcularelemenc. 
The line spectrum of mercury ls shown ln FiguR' 25.12. 

Flgure25.12Merrnryline5PKtrum 

The srndy of spectra Is called spectroscopy, and Instruments used to measure the 
•.vavelengths of spectra aR' spectrometers. Spectrometer.s for accura!e measuremem 
of wavelength make use of diffraction gratings (Ibplc 15) co disperse the llght. 



25.4 Energy lmh In atoms and line spectra I 
Continuow spectra 
Whllstthellghtemtuedbylsolacedatomssuchasthoselnlow-pressuregasesproduces 
llnespeccra,thellghtemtuedbymomsinasolld,allquld.oragasathlghpressun> 
produces a continuous spectrum. This happens because of the proximity of the acorns 

toeachOlher. lnteracllonbelwt'ftltheatomsresultslnabroodenlngoftheelectron 
energy levels. OJnsequemly, transitions of a wide range of magnitudes of energy are 

possible, and light of a brood spread of wavelengths may be emlned. This ls seen as a 

continuous spectrum. 

Absorption spectra 
When whl!e llght passes through a low-pressure gas and the spectrum of the while 

llghtlsthen analysed, ltlsfoundthac lighcofcertalnwavelengthslsmls.sing. lnthelr 
place are dark llnes. This type of spectrum ls called an absorption spectrum; one ls 
shownlnFiguR'25.13. 

F1gure25.13Anab'>Orptionspec:trum 

As the white light passes through che gas, some elearons absorb energy and 
make transitions to higher energy levels. The wavelengths of the llght they absorb 
correspond exactly to the energies needed to make the panlcular upwa!d transitions. 
When these excited electJOl\s recum to lo.,,'t'r levels, the ph()(ons are emitted In 

all directions, rather than ln the original direction of the whl!e light. Thus, some 
wavelengths appear to be missing. 11 follows that the '\\11velffiglhs missing from an 
absorption spectrum are those presem In the emls.ston spectrum of the same element 
This lslllustraced In Figure 25.14. 

Figure 25.14 Rel.ition between an ab<;orption spectrum and the emission 1pec:tfum 
of the same ~ement: a) ,pl'(trum of white ligh~ b) absorption spectrum of element. 
(}emis1ionspectrumofthe1ameelement 

Example 

Cakuklte the wavelength of the radiation emitted when the electron in a hydrogen atom 
makesatramitionfromtheenergylevelat-O.S4x 1Q-18Jtothelevelat-2.18x 10-18J 

(Planckcoostanllr:6.6x10-14 Js;s.peedollighlc:3.00xHlm,1) 

Here t,£: Ei - E,: -0.54 x 10-18 - (-2.18 x 10-1!): 1.64 x 10-l !J 

Using.l.:lrc/M, 

.l:6.6x10-l4x3.00x1QB/1.64x10- l!,,J.21 x10-7m: 121nm 

"' 
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Now It 's your turn 
7 Calculate the wa~ength of the radiatkm emitted when the electron in a h'jl'.lrogen atom 

makesatrnnsitioolromtheenergyle~at-3.4x 1Q-18Jtothe le~ at-8.5 x lQ- l!J 
(~anckconstantlt:6.6x 1Q-l4Js;speedoflightc:3.00x 10Sms-1) 

8 The electron in a hydrogen atom makes a transition from the energy level at -13.S8eV 
tothelevelat-0.38eVwhenaphotonisabsa<bed.Calculatethefrequencyofthe 
radtiltionabsorbed. 
{~anckconstantlt:6.6x 1Q-l4Js; leV: 1.60x 1Q- \gJ) 

9 The energy required to completeJy remove an electron in the ground state from an 
atomisca lledtheionisationenergy.Thisenergymaybesupplfedbytheabsorptionof 
a photon, in which case the process is called photo-iooisation. Use information from 
Figure2S.9todeducethewavelengtholradtiltionrequiredtoachievephoto-ionisation 
of hydrogen 
(~anckconstantlt:6.6x 1Q-l4Js;speedollightc:3.00x 10Sms-1) 

4' 25.5 Band theory 
We have seen that electrons Jn an Isolated acorn have speclfk energy levels. Electrons 
ln an atom can have only these panlcularenergles(see l'lgure 25.IOa). Atoms ln a gas 
at lowpn>s.sureare, onaverage,suffldentlyfarapanforthemtobehaveaslsolated 
atoms. This ls nOl the case for high pressure gases or liquids and solkls where the 
acomsaremuchclosercogether. 

When> the atoms are dose together, the electrons ln an atom experience forces due 
to the charges in neighbouring atoms. The effect ls co cause the energy of the electron 
tochange51lghtly. Theenergylsn0lflxedforallelectronsand.consequernly,the 
single energy level ln an Isolated atom broadens out to become an energy band In a 
solkl. asllluscratedln Figure 25.15. 

-----<_ 

Flgure25.15 Formatiooof ell'Clfoo energy bands 

In semiconductors and Insulators, the lower energy bands are filled with electrons. The 
va lence band lstheuppermootfl//edbandandthe conduction band ls the lowest 
u1ifllledband(seel'lgure25.15). EachbandCOflslstsolaverylargenumberofclosely­
spaced energy levels. Between the COflductlon band and the wlence band, there exists 
che forbldden band, seeFlgun>25.15. 

Theforblddenbandlsa rangeolffK'rglesthatcannOlbeoccupledbyanelectron. 

Conduction in an intrinsic semiconductor 
An intrinsic semiconductor ls a substance such as pure stllcon or pure germanium 
that, at room temperatures. has a typical n>sl.ltance bec,veen that ol metals and Insulators. 

lnanintrinsicsemiconductoratzerokelvin(OK}, 
thevalencebandislulJyoccupied 
theconductionbandisempty 
theforbiddenbandhasawidthofabout1e.V{1e~tronvolt) 



F1g ure25.16Ctlangeof1esi1tonc:ewith 
temperatureofa1ampleofa11i11tririsic 
1emirnnductor 

25.SBandtheory l 

Toe valence band being fully occupied means chat the electrons cannot move under 
theactlonofanelectrlcflekl.Slncethesechargecarrlerscannotmoveln !hevalence 
band and cherearenoelectron.sin theconductlon band, then there ls no electric 
curremandthereststanceofthelmrlnslcsemlconductorlsverylarge. 

Above zero kelvln , the electrons ln the valence band will have some eneigy due to 
higher cemperature. Electrons wlll have a dlstrlbutlon of eneigles with the mean energy 
Increasing as the temperature rises. At any temperature above OK. some electrons wlll 
have sufficient energy to Jump across the focbldderi band and emer the conduction 
band. These electrons ln the conduction band are negative charge carriers and can 
mlgrateundertheactlonofanelectrlcfleld. 

Theelectron.sthatemertheconductlonbandleavebehlndavacancyor hole lnthe 
valence band. Tots vacancy or hole ls the R'SUk of an absence of a nega!lve charge 
and. thus. It behaves as a posltlvecharge. Under the actlonofan electrlcflekl, a 
neighbouring electron fills the hole. CR'atlng the hole ln Its okl position. Thus, the hole 
mlgratesthroughthesolldandactsasaposttlvechargecarrler. 

As a model for hole migration, think abouc a bubble rising through fizzy wacer. The 
bubble ls a hole ln che water. The water moves from alxwe the hole to below It and so 
the bubble appears to rise. Whac. ln fact , ls happening ls that the centre of gravity of 
thewacerlsslnklngverysllghtly. 

The electric curR'nt in an Intrinsic semiconductor above OK ls due to the movement 
ofelectrons (negatlvechargecarrlers)ln the conduction band and holes.positive 
chargecarrlers,movlnglntheopposltedln>etlon tnchevalenceband. 

Therlselntemperatureofthesolklhasafunherlmportantconsequence. In the 
solid. the acorns are held ln a lattlce and, above absolute zero, the atoms ln this lattlce 
vibrate. ThesevibratlonshlndertheprogR's.softhechargecarrlersthroughthesolid. 
As the cemperature rises, so the amplltude of the lattlce vJbratlot1s Increases. However, 
anyeffectonthelncR"aseof thecurR"ntduecothelncR'aselnthenumberofcharge 
carrlersoutwelghsanyposslblereductlonduetoanlncreaselnlanlcevlbratlons. 
overall. the resistance decreases with rise in cemperacure and, thus. current Increases 
This ls lllustrated lnthegraphofFlguR' 25.16 

·=1 "' I -,~: 
0 ,0 

tempe raturerc 

Foranintrinlicsemironductorabovezerokelvin(OK), 
someelectronsareabletojumptheforbiddenbandtoenterthernoductkmband 
electromintheconductionbandactasnegativechargecarriers 
theviK.ilnciesleftbehindinthevalencebandbytheelectronsenteringthecooduction 
bandareknownasholes 
holesbehaveaspositivechargecarrier,;inthevaleoceband 
latticevibrationsincreaseasthetemperaturerises 

• anyeffectduetoinCffiilseinthenumberolchargecarrier1otlt'.Yeighsanyeffectdueto 
increase in lattice vibrations 

• overall,resistancedecreasesastemperaturenses 
ttienumberdensity,thenumberperunitvclume(seelopic 19)/orelectronsinthe 
rnnductionband.isequaltothenumberdensityof~esinthevaleoceband 

,., 
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Conduction in a metal 

lriametal 
thevalroceb.-mdoverlapstheroridU{tioobarid 

• theforbiddenbariddoesootexist 

Al all temperacures, the electrons can =·e under the action of an electric field. The 
outerelearonsbehaveaslftheyarefRc'earid,thus,actasnegattvechargecarrlers. 
The number of these charge carriers does not i11CTease with cemperature because there 
JsJX)forbJddenband(seel'lgure25.17). 

Lattlce\'lbratlonsdolncreasewlthrlselntemperacure. Thus,thesevlbratlons 
cause an increase In the hlndr:mce co che movemem of the electrons. The resistance 
Increases with cemperature and. hence, the currem decreases. In general, this change 
lnreslstancewtthcemperaturelscomparatlvelysmall(seel'lgure25.18). 

temperaturef'C 

Figure 25.18 ch,mge of rl.'Sistonce with temperature for a 1ample of a metal 

Conduction in an insulator 

lrianinsulator 
the valenceb.Jndi:sfu ltyoc:rnpied 
theroriductioobandi:sempty 
theforbiddenbaridi:sverywide 

The wide forbidden band means that the very great matorlty of electrons ln the valence 
band do not have sufflclem energy to enter the conductlon band. TherefOl'e, there are 
very few charge carrier.; and the resistance ls very large. When an lnsulmor ls heated to 
high temperatures, some electrons may have suffklem energy co emer the conduction 
band.thenelectrlcalbreakdownofltsreslstancewllloccur. 

Light-dependent resistors 
Thermal energy ls not the only fonn of energy thm can causes electrons In the val{'l)Ce 
band to move to the conduction band. Semiconductor macerlals can be produced 
with a fo!bldden band such thm photons of llghc promo(e electrons from the valence 
bandtocheoonductlonband. lncreaselnllghtlntensltygtvesrlseto anlncreaselnche 
number of photons per unit tlme and an Increase ln the number of electrons promoted 
to the conduction band. Thus, the resistance of these materials \\ill decrease as the 
lmenslty of llght Increases - the llghc-dependem resistor (LOR). 

Example 

Expla in, using band theory, why the resist.-mce ol an intrinsic semiconductor decreases with 
temperature rise 

As the temperature rio;es, more electroris have sufficient energy to cross the forbidden band 
aridtoenterthecoriductioobarid. 



15.6 Th, production and use of X-rays I 
Electronsinthernrnluctionbandactasnegativechargecarriersundertheactionofan 
eJectricfield 

ThevilCanciesleftinthevall'rKebandbytheelectrons{hoies)actaspositivechargecarriers 

lnc:rNSe in temperature incrl'ilses the lattice vibra!Klm which hinder movement of the 
charge carriers 

Effectduetoincreaseinnumberofchargecarriersoutweighs1.>flectduetotheincre<1Sein 
latticevibrations,sotheresistaocedeue.-iseswithriseintemperature. 

Now It 's your turn 
10 Stateandexplainwhi!tismeantbyaholeinthevaleoceb.Jndofanintrinsic 

semiconductor. 
11 Expla in, using b,md thl!Ory, why the resistance of many metals ir.aNSeS with 

temperature rise 

25.6 The production and use of X-rays 

Flgure25.19 ModemX·f7fmadl ine 

Whenever a charged panlcle ls accelerated. elearomagnetlc radiation ls emtued. This 
radiation ls known as Bremmstr.1hlung radiation or 'braking (slowing down)' radiation. 

Tllefrequencyoftheradlatlondcpendsonthemagnlrudeoftheacceler.ltloo. The larger 
cheacceleraUon(ordcceleratloo),thegremerlsthefrequff!CYoftheemlttedphoton. 

X-ray pho!ons may be produced by the bombardment of me1al targets wlth high­

speed elearons. The electrons are first accelerated through a po1entlal difference 
of many thousands of volts so that they have high energy and high speed. This 

acceleration ls, however, not suffident for X-ray radiation to be emitted. The hlgh­

speed elearons strlke a ntelal target. whlch causes the electrons to change dlrectlon 
andtoloseklnellcenergyveryrapldty.Largedecelcrallonsarelnvoh,edthatglverlse 

to the emls.ston of X-ray photons. U should be rentrnJbered thac not all of the energy of 

the eleccrons ls emtued as X-ray photons. The majority ls transferred co thermal enffgy 

lnthetargetmetal. 

A slmpllfled design of an X-ray tube ls shown ln Figure 25.20. 
A me1al filament ls heated using a low-voltage supply and electrons are emtued from 

the filament - this ls called the thermionic effea. Toe eleccrons are then accelerated 

cowards the carge1. constructed of metal with a high melting point The electrons are 

acceleraced through a large potential difference of the order of 20- 90kV. When the 
electrons al\'" stopped ln the me1al target, X-ray photons (BR'"mmstrahlung radiation) al\'" 

emtued and the X-ray beam passes ouc of the tube through a window that ls transparent 

co X-rays. The rube ls evacuated and ls made of a mmerlal thac ls opaque to X-rays. 

"' 
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This reduces background radlatlon around the cube. The anode ls eanhed and che 
cathode ls maintained a! a high negath'e po(entlal, so chat the equipment ls a! eanh 
pa:entlal.SlncethentajorltyoftheenergyofcheelectJ011slstransferredtothennal 
energy ln che anode, che anode ls either cooled or ls made to spin rapidly so thm the 
thermalenergylsdlspe!Sedc,,eralargerareaofthecarget. 

low voltage 
- -----,a--~ 

fi lament 
{cathode) 

Flgure25.20Des~nofanX-raytube 

high voltage 

tari{!t 

Control of the X-ray beam 

X-ray winclow 

In order chat the optimum X-ray Image may be obtained. boih the lmenslty and che 
ha!dnessoftheX-raybeamneedcobecontrolled. 

• The inte nsity ls the wave JX}Wer per unlt area, and this affects the degree of 
blackenlngof thelmage. 

• The hardness ls che penetratlon of the X-ray beam. which determines the fractlon 
of the Intensity of the Incident beam that can penetrate the pare of che body being 
X-rayed. In general. the shoner che wavelength of the X-rays, the greater their 
penetratlon. 

A typlcal X-ray spectrum showing !he variation with wavelength of the lntenslty of 
an X-ray beam ls shown In Figure 25.21. 

wavelength 

Flgure25.21 TyplcalX-r;fjspectrum 

The spectrum has tv.u dlstlnct components. FirSI, there ls a comlnuous dlslrlbutlon of 
wavelengthswlthasharpcut..offattheshorcestwavelengchAo. Second.sharppeaks 
may be observed. These sharp peaks correspond to the emission llne spectrum of the 
cargetmeialandare.therefore, a characterlSllcofthetarget. 



15.6 Th, production and use of X-rays I 
Th.e contlnuoos distribution comes about because the electrons. when lndderu 

on the melal targel. wlll nOI all have the same deceleration but \\1lL Instead, have a 

wide range of values. Since the wavelength of the emtued radiation ls dependem on 
the deceleration. theR"wlllbeadl5trlbu!lonof,,ravelengchs. Thecuc-offwavelftlgth 

correspondstoanelectronthat ls stopped in onecolllslon lnthetargetsothat all of Its 
klnellcffll'rgylsglvenupasoneX-rayphoion. 

TheklnetlcenergyE,:.ofanek>cuonlsequaltotheenergygalned by the electron 

Er;_ = eV 

whereelsthechargeontheelectronand Vlstheacceleratlngpo1entlaldifference. 
TheenergyEofaphoionof,vavelengthA.lsglvenby 

£=-¥-
where h ls the Planck constam (see page 353). Thus. at the cut-off wavelength, 

ev ="i; 

Toe acceleratlng po1entlal Vthus determines the cut-off wavelength A,,. The larger the 
po1erulaldlffeR"nce. the5honerthe\\.ivelength. Theha!dnessoftheX-raybeamls, 

therefoR".controlledbyvarlatlonoftheacceler.ulogpotentlaldlffereocebetweenthe 

The cootlnuous distribution of wavelengths Implies that there wlll be X-ray photons 
oflongwavelcngthsthatwouldno(penetratetheper.son belnglnvestlgatedandso 

\vould n()( contribute towards the X-ray Image. such long-'\\'ID'elength pho!ons would 

add co the radlatlon dose !Kelved by the per.son without serving any useful purpose. 
For this reason , the X-ray beam emerging from the X-ray cube fn>quemly passes 

through aluminium filters that absorb these Jong-wavelength photons. 

The Intensity of the X-ray beam depends on the number of photons emlned per unll 

time and, hence. the number of elearons hilting the metal target per unll time. Since 

the electrons are pfOOucedbythennlonlcernlsslon. thenlncreaslngtheheacercurrent 

inthecathodewllllncreasetherateofpfOOucrtonofelecrronsand. hence, lncrease 
thelntensltyoftheX-raybeam. 

Example 

The accelerating potential difference betweenthecathodeandtheanodeofanX-raytube 
is30kV.GiventhatthePlanckconstantis6.6x 10·14Js,thechargeontheelectronis 
1.6x 10-1~c andthes.peedofli ght infreespac:eis 3.0x Hfms· 1,calculatetheminimum 
wavelengtholphotonsintheX-raybeam. 

For the minimum wavelength, 

energygainedbyelectron:energyofphoton 

eV=t 
1_6 x1(J19 xJOxla3= (6.6 x10-

34
x3.0 xla8) 

..\J= 4.1 x 10- 11 m 

Now it 's your turn 
12 State what is me;int by the hardneu of an X-ray beam 
13 ThePlanckconstanti16.6x10-l4J1,thechargeonthee~roni1l.6xlO-l~Cand 

the speed of light in free space is 3.0" 1osm 1-1 . Calculate the minimum wavelength 
ofphotomproducedinanX-raytubeforanocceleratingpotentialdifferenceof4S kV. 
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The X-ray image 
An X-ray Image ls shown ln Figure 25.22. This ls no1 really an Image ln the sense of 
che real Image produced by a lens. Racher. the Image ls like a shadow, as lllustraced 
lnFtgun_a-25.23 . 

Figure 25.22 X·r;ff image s.h ow ing a fractu red rnll.ir bone 

X-r11jlilm 

FJgure25.23 HowanX-rayimageisprod!Kl.'d 

The X-ray beam ls lnddent on the body pan of the patient. The X-ray beam can 
penetratesofcclssues (skln.fat , muscle, etc)wlthllttlelossoflntensltyandso 
phocographlc mm. afler development, will show a dalk an_a-a corresponding co these 
sofc tissues. Bone, however. causes a greater anenuatlon (reduces the tmenslcy by a 
greaterextent) thanthesofltlssuesand,therefore,thephotographlcfllmwlllbellghter 
in colour ln areas corresponding to the positions of bones. What ls produced on the 
film ls a two-dimensional shadow of the bone and the surrounding tissues. 

The quality of che shadow Image produced depends on Its sharpness and 
comrast. Sharpness ls n_a-lated to the ease with which the edges of structures can be 
determined. A 5hadow Image where che bones and other organs an_a- clearly outlined ls 
said co be a 'sharp Image·. Although an Image may be sharp. It may still noc be clearly 
vlslblebecausethen_a-Jslluledlfferencelnthedegieeofblackenlngbec\\--een,say, the 
bone and the surrounding tissue. An X-ray Image having a wide range of degrees of 
blackenlnglndlfferentreglonslssaldtohavegocxl contrast. 

A sharp Image n_a-quJn_a-s a parallel X-ray beam. Thls can be achieved by reducing the 
area of the target anode ln the X-ray cube. llmltlng the size of the apenure through 
which the X-ray beam passes. and reducing scanerlng of the emergent beam. 
Figure 25.24 lllustratestheeffectofchanglngthe an_a-aofthetarget anode. 
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~= 
Flgure25.24Effectofchangingtheareaofthetargetanodeon1harpnes1 

Flgure25.25Limiting 
apertur~s.ize 

Flgure25.26Useofagrid 

Flgure25.27X-rayof 
stom..c:hafterab.-iliummeal 

Toe full shadow produces an area thac ls white Oil developmern of the phOlographlc 
film . Where theR' ls no shadow, the Image wlll be black. Th.ere ls a region of partial 

shadow. or greyness, where the Image gradually changes from whlle to black. lf the 
lmagelstobesharp,thenthlsaR"aofgreynessmuSlbereducedasmuchaspossible. 
Toe area of the targe1 anode shoukl be kept to a mlnlmum. 

Alffiuctlonlnthegreyareaactheedgeofthelmagecanalsobeachlevedby 
limltlng the size of the aperture through which the X-ray beam passes. Th.ls is achieved 

by using overlapping me1al sheets, as shown ln l'lgure 25.25. The apertuR' size may be 
varledbyslldlngthemernlsheetsoveroneanOlher. 

The emerging parallel X-ray beam shoukl Chen give rise to a sharp Image. HO'.vever. 

as a result of lnteractlons between photons and any subsmnce through which the beam 
passes (chls coukl ewn be air). some photons wUJ be scanered. Scauered photons wlll 

result ln a loss of sharpness. These scattered photons may be aruoibed ln a mecal grid 
placedlnfrontoftheX-rayfllm(Flgure25.26). 

Good contra.'il ls achieved when neighbouring txxly organs and tissues absorb Che 
X-ray photons to very different excents. This ls usually the case for bone and muscle. 

Tots ls. however, not Che case where, for example, the .'ilomach ls to be investigated. 
Toe patient ls then asked co swallow a solutlon of barium sulfate - a "barium meal" 

(Flgure25.27). 
Barium Is a good abso!ber of X-ray pltotons. As a result. when the barium sulfate 

solution coats the Inside of che .'ilomach, che outllne of the .'ilomach wlll show up 
clearly on the Image. Similarly, blood vessels can be made visible by injecting a radio-
opaquedyelmothebloodstream. 

Contra.'il also depends on other factor.,, such as exposure tlme. Corurast may be 
improvedbybacklng theX-rayfllm"1!hafluorescentma!erlal. 

The attenuation of x.rays 
When a beam of X-ray photons passes chrough a medium. absorption p!IXesses occur 
thatreducethelntenstcy of thebeam. Thelntensltyofaparallelbeamlsreduced 
bychesamefractloneachtlmethebeampassesthroughequalthlcknessesofthe 
medium. Consequently. the variation of the pen:entage of the hUenslty transmlned with 
thickness of absolber may be shown as ln Figure 25.28 

1t can be seen that the same thickness of medium ls always required to reduce 
the transmitted beam intensity by 50':II,. no matter what starting point ls chosen. This 
thickness of medium ls called che half-value thickness (HVT) and ls denoted by che 

symbolx". 
The decrease in transmitted imenslty ls an exJX>llentlal decrease. Consider a parallel 

beam having an lncklem lmenslty /0. The medium (the absorber) has thickness x and 

thetran51lllttedlmensltyls/, aslllustracedtnFlgure25.29. 
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~1~ irc i<!ent transmrtted -- -~ int...,;cy/0 inte asify/ -- -~ 

6.2g1••••••••••!••••••••••L••••••::":C--:--,-~ 
Zx,;, 3x,;, 

thicknessofabsofberx r-71 ' 
Flgure25.28Thepercentagetrammi11ionofX-ray1 inamedium Flgure25.29 Abs.orpticmofX·ray1inamedium 

approximate values 
ofline.irattenuation 
(absoiption)rneffici<'nt 

µ/cm-' 

ThetrallSmlued lrnensltylsgtvenbytheexpresslon 

l=loe-"'orl=loexp(-µx) 

whereµ ls a consrnrn that ls dependern on the medium and on the energy of the X-ray 
ph.O!ons.koownasthe linearattenuation coefficient orth.e linear i b§orption 
coefficient of the medium. The unit ofµ ls mm-• or cm-> . 

For a thickness x" (the half-value thickness or HVl) of the medium. the lntensny I 
wlllbeequalto>'.i/0 . Hence, 

i10 = /0 exp(-µ.l·,J 

whlch glves 

In 2 =µx,-, 

Approximate values of the linear anenuatlofl (absorption) coefficientµ for some 
subS1ancesare gtvenlnlable25.2. 

NO!ethattheexpres.slon/ = /0 exp(- µ.tjappllestoa parallel beam. If the beam ls 
notparallel.thrntherewlllbefurtherchangeslnlntensltywlthoutanyabsorptlon. For 
example, the imenslty of a dlvergeot beam decreases wnh distance from the source. 

Example 

Thelinearab1orptioncoefficientofrnpperi10.693mm-l.Calculate 
!a) thethicknessofcopperrequi1edtoreducetheincidentinten1itybySO%(the 

half-valuethidness or HVT), 
(b) thefractionoftheincidentintensityofapa1allelbeamthati1transmittedthroogha 

rnpper~ateofthidne111.2cm 

(al I = lr:f!- µ" or I = r0 exp(- µxj_) 

///o = 0.50 = exp(- 0.693x-;J 

ln0.S0:-0.693x11 
x11 = 1.0mm 

(b) ///0 :exp(-0.693x12) 
//fo: 2.4 x 1o-' 
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Now it's your turn 
14 Cal State what is meant by the sharpness of an X-ray image. 

{b) Explain how the sharpness of an X-ray image may be improved 
15 ForonepartirnlarenergyofX-rayphotons,waterhasalir.earattenuation(absorptiofl} 

coefficient ol0.29cm-l .Cakulate thedepthofwaterrequired toredliCetheintensity 
ofaparallelbeamof theseX-raystol .Ox 10-lof itsinddentintensil y. 

16 Theline;irattemiatkm{absorption)coetlicientsofbone,mdofthesofttissues 
surrounding the bone are 2.9an-1 and 0.95cm-l respectively. A parallel beam of X-rays 
isincident,separately,onaboneof thkkness3.0cmandonsofttissueof thickness 
S.Ocm.Calrn!atetheratio 

intensitytransmittedthroughbooe 

intensitytrarismittedthroughsoft tissue 

Computed tomography (CT scanning) 
Toe Image produced on X-ray film, as outlined earlier. ls a 'shadow' or 'flat ' Image 
There ls Uule, lf any. Indication of depth. That ls. the position of an organ within the 
txxlylsnotapparem. Also.softtls.sueslylngbehlndsirucruresthatareverydense 
cannot be detected. Tomography ls a technique whereby a three-dlmenslonal Image 
or 'slice' through the booy may be obl:alned. The Image ls produced by computed 
tomography using what ls known as a er scanner (Figure 25.JO). An example of such 
anlmagelsshownlnFlgure25.31. 

Ftgure25.30Radklklgistmovingapatient Flgure25.31 CT,;canthrooghtheheadofa 
intoaCT,;canner patlentwithacerebrallymphoma 

lnthlstechntque, aserlesofX-rayimageslsobl:alned. Eachlmagelstakenthroughthe 
sectlonorsllceofthetxxlyfromadlffeR'"ntangle.asllluS1ratedlnFlgure25.32. 

DataforeachlndMdualX-raylmageandangleofvle\\1ngtsfedlntoa hlgh-pov,,·er 
computer. A two-dlmenslonal Image of the slice ls computed. This ls then repeated for 
succes.stve slices. The computer enables the Images of each sllce to be combined so 
that a comple!e three-dimensional Image of the whole object ls obtained, which can 
thenbevlewedfromanyangle. 

The basic prlnclples of er scanning may be lllustrated using a slmple cubic shape as 
shownlnFlguR""25.J3. 

The aim of er scanning ls to produce an Image of a section through the cube from 
measurements made about Its axis. The secrton. or "slice· through the cube ls dMded 
up Into a series of small units, called rnxel5 . Each vuwl wlll absorb the X-ray beam to 
a dlfferent extent. The Intensity transmlned through each voxel alone can be given a 
number, referred to as a pixel. The various pixels are bull! up from measurements of 
theX-raylntensltyalongdlfferentdlrectlonsthroughthesecrlonorsllce 

,., 
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b) 

fHTI 
tttJ) 
Flgure25.3JThefirs1 
sl'Ctionshowingthepixels 

370 

e) 
Flgure25.32ArrangementfmaCTsGln 

shown ln Figure 25.33b. l1le purpose of the er scan Is to reproduce these pixels In 
their correct positions. 

When the X-ray beam ls dlreaed :u the seaJon from the Jett, asstv,,,n ln Figure 2534, the 
deieacl"s will give reacllngs of 7 and 13. l1le voxels \\1U be p11tially completed as shown. 

readings 

Flgure25.34Thefir1tsetofdetectorre.1ding1 

The X-ray cube and the detectors are now ro(ated through 45°. The new detector 
readlngsaR'"4, 8and8. Thesereadlngsareaddedtothereadlngsalreadylnthevoxels, 
as shown ln Flgure25.35. 

"'"'"'ITETI ' ' 
' , 

~ :::: 
'. ' 

' . 
Flgure25.35Thesecoodsetofdetectorre.idings 

react1ngsildcled 
IOYOXels 

rn rn 
'­G:EJ 

l_,,J_,,J 



15.6 Th, production and use of X-rays I 
After rOlatlon through a further 45°, a thl!d se1 of de1eccor readings ls caken. These 

readings are added to the voxel readings. The result ls shown ln Flgunc' 25.36. 

l l l 
laf.11 
~ 
l J J ,,.oc,. 

~ 
reildmgs 

F1gure25.36Thethird~tofdell'Ctorreadings 

Afterro1atlonthroughafunher45"aflnalsecofreadingslstaken.Onceagalnthe 

readlngsareaddedtothosealreadylnthevoxcls,glv:lngtheresultshowninl'lgure25.J7. 

// ::'!~"'""~ 

ffijJ / ~ 
/ / oo<oc<• ffia' " t/ 

readmgs 

4 4 35 

F1gure25.37Toefourth1etoldetector1eadiog1 

Toellc'sultlngpattemoftheplxelslsshowninFlgure25.3&1. 

~ '::,'.o l'Fl ":;' l'l'l 
~ EG ~ 

b) 

Flgure25.38Toefinalresult 

Having summed all the measurements, It remains to reduce these measurements to 
thatoftheorlglnal. Thlslsachleved lnt\vostages. 

1 The background lntenslty must be remCl\/ed. This background ls equal co the sum 
ofthede1ectorreadlngsforanyoneposltlon. lnthlscase,thesumls20. This 

backgroundlsdeductedfromeachplxel,asshownlnl'lgure25.38b. 

2 Allowance must now be made for the face that more than one view was made of 
thesectlon. lnthlsexample.therewerefourM'lsofreadlngsandconsequemly 
eachplxelreadlnglsdMdedby3. 

3)) 
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Rgure25.39 

m 

The final resuk ls shown in Figure 2538C - and. no1e, this ls the same as Figure 25.33b. 
Once!hepauernofplxelsforonesecU011hasbeenobtalned,theCTsatnnerls 

IIX)Ved relmlve to the object so that the nex! neighbouring section ls analysed. This 
procedurelsrepeateduntllthewholeoftheobjecttobeanalysedhasbeenscanned. 

The analysls abO'"e ls a very simple example. In practice, the Image of each section 
ls built up from a large number of units or voxels. The larger the number of voxels, 
!he better the deflnlllOII. Th.ls ls similar. ln prlndple, to the digital camera. The use 
of a large number of voxels Implies that measurements must be made from a large 

number of different angles. The storage of the data for each angle and its consuuctlon 
Into a final Image Oil a screen requires a pmverful computer. The reconstruction of 
the lntell5lty Jn each voxel wlll Involve IIX)re than Olle mllllOfl separate computatlons. 
All the data for all the sections ls scored In the computer memory so that a three­

dlmenslonal Image of the whole object ls formed . This enables sections of the Image 
to be viewed from many dlfferem angles. l'lnalty, the computer enables the brightness 
and contrast of the Image to be varied so that the optimum image may be obtained. 

~xample 

Comp;1re the image produced during an X·rif"f investigation and that produced in Cl 
scanrnng. 

An X-ray image is a two dimensional pmjectkln onto a flat screen of a thfe{'·dimensional 
object. ACT scan is a thre{'·d imensional image. The computer in which the data for the 
image is stored enables different sections to be viewed at different angles 

Now it's your turn 
17 The principles of CT scanning have been understood for some time. However, scanners 

couklnotbedevek>peduntillargepowerfulcomputerswereavailable.Byreferenceto 
theimageproducedinaCTscan,suggestwhysuchacomputerisneces'>ilry 

11 Asimpleobjectconsistsof fourvoxels.Theobjectisscannedfromlourdiflerent 
directions,e.1Chat4S 0 tothenext.Thedetectormeasurementsloreachindividualvoxel 
are summed and the result is shown in Figure 25.39. 
Thetotalofthe readingsofthedetectorsinanyonepositionis22.0eterminethe 
patternofthepixelsinthevoxels 

19 (a) Olllline how X-ray images are used to build up the image produced in a CT scan 
lb) ExplainwhytheradiationdosereceivedduringaCTscanisgreaterthanthatloran 

X-ray'photograph' 

Energy of a photon 
e A photon is a quantum (or packet) of energy of e~romagnetic radiation having 

energyequal totheproductofthePlanckconstantandthefrequencyofthe 
radiation,E=h/ 

Photoelec:tricemisslonofelectroni; 
• Electrons may be emitted from metal surfaces if the metal is illuminated by 

electromagnetic radiation. This phenomenon is ca lled pOOtoelectric emission. 
• Photoelectricemissioncannotbeex~ainedbythewavetheoryoflight.ltis 

neces'>ilry to use the quantum theory, in which electromagnetic rad iat ion is thought 
ofasconsistingofpacketsofeoergycalledphotons 

• Theworkfunctionenergyoofametalistheminimumenergyneededtofre{'an 
electronfromthesurlaceofthemetal. 

: ;~:~::,~~~~:~;~~~a~:;: z~: :+ f1nevrrax, 
Wave- particle duali ty 
e Moving partides show wave- like properties 
• The de Broglie wavelength is given by ..1. = hip, wherep is the momentum of the 

partideandh isthePlanckconstant 



Examinatioostjlequestlon, I 

Energylevelsinatomsandlinespectra 
• Electronsinisolatedatomscanhaveoolycertainenergies.Theseenergiesmaybe 

representedinanenergyleveldiagram 
• Electronsinagivenenergylevelmayabsorbeoergyandmakeatramitiontoa 

higher energy level 
• Excit!.'d electrons may return to a lower level with the emission of a photori. The 

freqUe<1cy/oftheemitte<l radiation is given by E1 - £ 1 "'hf.whereE1 and £ 1 are the 
energiesoftheupperandklwe<levelsandhisthePlanckcomtant;thewaveler,gth 
lisgivenby.l.:df.wherecisthespeedoflight 

• When an electron absorbs l'flef9Y from white light and moves to a higher enefgy 
level,alineabs0<ption~rumisproduced 

Band theory 
• Curreotisduetoam0Yeml'f1tofnegativechargecarriers(electrom)inthe 

conductioo band and to a movement of positive charge carriers (holes) in the 
valence band 

• Theforbiddenbandininsulatorsisverywide.lnintrimicsemirnnductorsitis 
approximatelyleVinwidth 

• In metals, the valence band andtheconductioo band overlap 
• lattk:evibrationsinueao;einamplitudeastemperaturerio;es 
• lninttimk:semk:onductors,effectsduetoincreasednumbersofchargecarriers 

outweighetfectsduetoincrt!dSedlatticevibratioos 
• lnmetals,thenumberofchargecarriersdoesnotincreao;e5ignificantlyand 

incfl'ilsedlatticevibrationscauseanincrNSeinresistancewithtemperaturerise 

PToductionanduseofX-rays 
• Remote sen5ing enables investigatioos to be made where there is no contact with 

the object under investigation 
• X-ri1'js are produced when high-speed electrons are stopped by a metal target 
• An X-ray image is a 'shadow' of structures in which the X-ray beam is attenuated 
• TheattenuationintheintensityofanX-raybeamisgivenby: 

I= foe-µ~ 

• Computed tomography {CT scanning) enables an image of a section through the 
body to be obtained by combining many X-ray images, each one taken from a 
different angle 

Examination style questions 
1 Azincplateisplacedonthecapofagold-leaf 

electrosc:opeandchargednegatively.Thegoldleafisseen 
todeflect.Explainfullythefollowingob5ervations. 

3 Theworkfunctionenergyofacertainmetalis4.0x 10-19J. 

a Calculate the longest wavelength for which 
photoemissionisobtained. 

a Whenthezincplateisilluminatedwithredlight,the 
gold leaf remains deflected 

b Whenthezincplateisirradiatedwithultra-violet 
radiation,theleafcollap5es 

c When the intensity of the ultra-violet radiation is 
increased,theleafcollapsesmorequickly. 

d lfthezincplateisinitiallychargedpositively,thegold 
leafremainsdeflectedregardlessofthenatureofthe 
incident radiation. 

2 A beam of monochromatic light of wavelength 630nm 
transportsenergyattherateof0.2SmW.Calculatethe 
numberofphotonspassingagivencross-5ectionofthe 
beam each second 

(Planckconstanth=6.6x 10->4Js; 
speedoflightc:3.0x 108ms-1) 

b Thismetalisirradiatedwithultra-violetradiation 
ofwavelength250nm.Calculate,fortheemitted 
electrons: 

i the maximum kinetic energy, 
ii the maximum speed 

(Planckconstanth:6.6x10-34Js;speedoflight 
c:3.0x 108ms-1;electronmassm0 :9.1 x 10- 31 kg 

4 CalculatethedeBrogliewavelengthsof: 

a ab.lllofmass0.30kgmovingat50ms- l, 

b abulletofmassSOgmovingatSOOms- 1, 

c an electron of mass 9.1 x 10-31 kg moving at 
3.0x 107m,-I, 

d a proton of mass 1.7 x 10-.17kg moving at 
3.0x 106ms-1. 

{Planckconstanlh=6.6x10-J4Js) 

m 
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5 Atomsinthegaseousstate(forexample, low-pressure 
gasinadischargetube}produceanemissionspectrum 
consistingofaseriesofseparatelines.Thewavelengths 
ofthesel ines arecharacteristicoftheparticularatoms 
involved.Hotatomsinthesolidstate{forexample,a 
hotmetalfilamentinanelectriclightbulb)producea 
continuous emission spectrum which is characteristic of 
the temperature of the filament rather than of the atoms 
involved.Suggestreasonsforthisdifference 

6 WhenthevisiblespectrumemittedbytheSunisobserved 
doselyitisnotedthatlightofcertainfrequenciesis 
missingandintheirplacearedarklines 

a Explainhowthecooloutergaseousatmosphereof 
theSuncouldbere1.pOnsiblefortheabsenceofthese 
frequencies 

b Suggesthowananalysisofthisspectrumcouldbe 
usedtodeterminewhichgasesarepresentintheSun's 
atm~here. 

7 Anexplanationofthephotoelectriceffectincludesthe 
termsphotonenergyandworkfunctionenergy. 

a Explainwhatismeantby 

i aphoton, {2] 
ii workfunctionenergy. {I] 

b lnanexperimenttoinvestigatethephotoelectriceffect, 
astudentmeasuresthewavelength,l.ofthelight 
incident on a metal surface and the maximum kinetic 
energyE,.,.,,,oftheemittedelectrons. Thevariationwith 

E,,,.,of-± is shown in Fig. 25.40. 

Flg.25.40 
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The work function energy of the metal surface is of>. 

State an equation, in terms of A., o/>and&r,.,,,to 
representconservationofenergyforthe!*iotoelectric 
effect.Explainarffothersymbolsyouuse. {2] 

ii Use your answer in i and Fig. 25.40 to determine 
• the work function energy ,r, of the metal surface, {2] 

• avalueforthePlanckconstant. {3] 

Cambridge International AS and A Level Physics, 
9702143 Oct/Nov 2011 Q 7 

8 Byreferencetobandtheory,explainwhy 

a theresistanceofanintrinsicsemiconductordecreases 
with temperature rise, 

b theresistanceofametalincreaseswithtemperature 

9 a ExplainhowthehardnessofanX-raybeamis 
controlledbytheacceleratingvoltagein the 

/4/ 

/31 

X-ray tube. {2] 
b TheattenuationofaparallelbeamofX-rayradiation 

isgivenbytheexpression 

_!_ = e- µx 

'• whereµisthelinearattenuation{absorption} 
coefficientandxisthethicknessofthematerial 
throughwhichthebeampasses 



• whatismeantbyattenuati011, {I] 
• whytheexpressionappliesonlytoa 

parallel beam. {2] 

ii The linearattenuationcoefficientsforX-raysin 
bone and in softtisrueare 2.9cm-1 and 0.95cm-1 

respectively. 
Calculate,foraparallelX-fWjbeam,theratio {2] 

fraction *of intensity transmitted through bone of thickness 2.5cm 

fraction!_ of intensity tram,mitted through soft tissue of thickness 6.0cm 

'• 
Cambridge International AS and A Level Physics, 

9702142 May/June 2013 Q 11 
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26 Nuclear physics 

By the end of this topic, you will be able to: 
26.3 (a) show an appreciation of the association between 

energy and mass as represented by E = me• and 
recall and use this relationship 

26.4 (a) infer the random nature of radioactive decay from 
the fluctuations in ooum-r:ue 

(b) show an appreciation of the spontaneous and 
randomnatureofnucleardecay 
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(b) understand the signlfkance of the tem1s mass 
defect and mass excess in nuclear reactions 

(c) representsimplenuclearreactlonsbynuclear 
equations of the form 1;N + 1He----> 'l o+ JH 

(d) define and understand the terms mass defect and 
binding energy 

(e) sketch the variation ofbindlngenergyper 
nucleon with nucleon number 

(t) explain what is meant by nuclear fusion and 
nuclear fission 

(g) explain the relevance of binding energy per 
nucleon to nuclear fusion and to nuclear fission 

Starting points 

(c) define the tenns activity and decay constant and 
recall and solve problems using A = J.N 

(d) infer and sketch the exponential nature of 
radioacti,·edecayandsolveproblemsusingthe 
relationship x = x0 e-AI, where x could represent 
acti,·Jt}·,numberofundecayedpaniclesoc 
recelvedcoumrate 

~6 :~.:~~~~~~s using the relation A= o.~3 

• An atom may be modelled as a massive, but very small, posit ively charged nudeus 
surroundedbynegativelychargedelectrons 

• Anucleuscontainsprotonsandneutrons 

26.3 Mass defect and nuclear 
binding energy 

Mass defect 
Al a nuclear level, the masses we deal with are so small that It ,;,.uuld be very clum~y 
to measure them Jn kilograms. Instead, we measuR" the masses of nuclei and nucleons 
ln atomic massunits(u). 

One atomic ma55 unit (1 W is defined as being ~al to one-twelfth of the mass of a 
carbon-12a!an.lu is equaJto l.66 x l0-27kg. 

Using this scale of measuremem. co six decimal places, we have 

protonma55 mp= 1.007276u 
neu(r{)(lmassmn= 1.008665u 
electron= 1110 = 0.000549u 

BecauseallatomsandnuclelaR"madeupofprotons,neutronsandelectrons,we 
should be able co use these figures to calculate the mass of any atom or nucleus 



26.3Massdefectandnuclearbindingenergy l 

For example, the mass of a hellum-4 nucleus, conslsllng of two pJ'OlOl\s and two 

neutrons, shouldbe 

(2>< l.007276)u + (2 >< l.008665)u = 4 .031882u. 

Hov,.·ever, theactualmassofahellumnucleusls4.001508u. 
Thedifferfficebetweentheexpectedmas.sandtheactualmassofanucleuslscalled 

the massdefect ofthenucleus.lnthecaseofthehellum-4nucleus, themassdefectls 
4.031882 - 4.001508 = 0.030374u. 

The=defectofanuc/eusisthedifferencebetweenthetotitlmai"ioftheseparate 
nucleonsandthecombinedflld55olthenucleu5. 

Example 

Cakulatethemassdefectforacarbon-14(1i C)nucleus.Theme;isuredmassis 14.003240u 

Thenudeusconta iris 6protonsand8neutrom,oftotalmass 
(6x1.007276)+(8x1.008665)=14.112976u. 
Themassdefectis14.112976-14.003240: 0.109736 u 

Now it's your turn 
1 Calculate the mass defect for a nitrogen-14 (1:N) nucleus. The mea'illred mass is 

14.003070u. 

Mass-energy equivalence 
In 1905,AlbenElnSlelnproposedthattheR"lsanequlvalencebecweenmas.sand 
energy. The relationship becween energy E and mass, or change ln mas.s m, ls 

E:m,;l 

whereclschespeedotllght. Eis measured In joules. m lnkllograrnsand cln 
metres per second. 

Using this relation, we can cakulate thm 1.0kg of maner ls equivalent to 
I.Ox (3.0x !o"/ = 9.0x 10'6J. 

The mass defea ot che helium nucleus. calculated previously as 0.030374u. ls 
equivalent to 

0.030374x l.66 x 10-IlxQ.OOx IO~f = 4.54x 10-"J. 
(Notethatthemasslnumusibeconvenedtokgbymuhlplylngbyt.66 >< 10--17) 

The joule ls an lncrnwenlemly large unit co use for nuclear calculatlons. A more 
convenlentenergyunltlsthemegaelectronvoh(MeV), asmanyenergychangesthac 
take place ln the nucleus are o( the order o( several MeV. One mega electrorwolt ls the 
energygalnedbyoneelearonwhenltlsacceleratedthrougha po1emL1ldlfferenceot 
onemllltonvolts. 

Sinceelectrlcale11ergy = cbargexpote11ttaldfjfere11ce,andcheelectronchargels 
1.6ox w-•9c, 

!MeV = 1.6ox 10-•9x1.oox 106 

1MeV:1.60x 10-UJ 

Toe energy equivalent ot the mass defect ot che hellum nucleus ls thus 
4.54x 10-"/l.6ox 10-H = 28.4MeV. 

lfmasslsmeasuredlnuandenergylnMeV, 

1ui5theequiva/entof931MeV 

Binding energy 
WlthlnthenucleustheR'aR'strongforceswhlchblndtheprotonsandneutronstogether. 
lb completely separate all these nucleons requlteS e!'l('fgy. This energy ls referred to as the 
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binding energy of the nucleus. Siable nude!. those which have little or no cendency to 
dlslmcgrate,havelargeblndlngenergles.Les.sstablenuclelhavesmallerblndlngenergles. 

Similarly. when procons and neutrons aR'" folned together to torm a nudeus, this binding 
energy must be released. Toe binding energy ls the energy equtvalem cl the mass defect. 

We have seen thac the binding energy of the hellum-4 nucleus ls 28.4MeV. 28.4MeV 
of energy ls required co separate. to lnflnlly, the two prolOns and the cwo neutrons of 

Binding energy is the energy equivalent of the mas.5 defect of a nucleus. It is the energy 
requiredtosepamtetoinfinityallthenuc/eonsofanudeus. 

Example 

Cakukcitethe binding ef\efgy, in MeV, of a Cilrbon-14 nudl'<Jswith a mass defect of 
0.109736u. 

Using the equiva~{e 1 u = 931 MeV, 0.109736u is equivalent to 102 MeV. Sin{e the 
binding energyistheer.ergyequivalentofthemas1defect,thebir1dingenergy: 102MeV. 

Now it 's your turn 
2 Calrulate the binding energy, in MeV. of a nilrogen-14 riudeus with a mass defect of 

0.108S17u 

Nuclear equations 
The nucleus of any nuclide can be repR'"sented using nucllde norntlon (AS Level 
Topic 26). This notation ls useful when we wish co consider a nuclear reaction. For 
example. when a helium nucleus bombards a nllrogen nucleus. the reaction can be 

repR'"sented by 

For this reaction to cake place. then three condltlons must be met. 

1 O::mservatlonofproton number(.] + 2 = 8 + I) 
i O::mservatlon of nudeon number (14 + 4 = 17 + I) 
J Conservatlonofmass--*'nergy. 

mas.sof 1~N = 14.003074u 
mas.sot1He = 4.0026o4u 
massor 1;0 .. 16.99913u 
mas.sof:H = l.007825u 

Thechangeinmassls 18.005(i78u 18.0o6955u = (-)l.277>< 10~3u 
This change In mas.s ls equlvaleru co l.2MeV. 
NOie that the mas.s of the products ls greacer chan the mas.s of the reacting nuclei. 

Therelsamassexces.s. 
ForthlsreactlontotakepL1cechen,byconservallonofmas.s--energy,thehellum 

nucleus must have kinetic energy of at least l.2MeV when il bombards the nitrogen 

For a R""acllon to occur spontaneously, there must be a mass defect so that the 
products of the reaction have some kinetic energy and mas.s--energy ls conserved. 

Stability of nuclei 
A stable nucleus ls one which has a very low probablllty of decay (see AS Level 
Topic 26). Less stable nuclei are more likely co disintegrate. A useful measure of 
stablllly ls the binding energy per nucleon of the nucleons in che nucleus. 

Binding energy per nudeon is defined il5 the total energy needed to completely sepamte 
all rhe rnxleons in a nucleus divided by the number of nuclems in the nudeu5. 

Figure 26.1 shows the variation with nucleon number of the binding energy per 
nucleonfordlfferentnuclkles. 



Flgure26.2 

Ftgure26.3TheSun·11mface 

26.3Massdefectandnuclearbindingenergy l 

' ' ' 

F1gure26.18indirigenergypernucleonagaimt 
nudeonnumbef 

Toe most .'liable nuclldes aR'thosewlththe h.1ghe51 binding energy per nucleon. 
Tomls,thosenearpolm Bonthegraph. lron<3:f'e)lsoneoftheseS1ablenuclldes. 
"fyplcally,veryS1ablenuclldeshaveblndlngenerglespernucleonofabout8MeV. 

Ught nuclei, between A and Bon the graph. may combine or fuse to form larger 
nuclelwlthlargerblndlngenerglespernucleon. Thlspiocesslscalled nuclearfusion. 
Fortheprocesscocakeplace.condltlonsofveryhlghtemperatureandpR'ssureare 
required,suchaslnSlarsllketheSUn. 

Heavy nuclei, between Band Con the graph, when bombarded with neutrons, may 
bR'aklntotwosmallernuclel.againwithlargerbindlngenergypernucleonvalues. 
This piocess ls called nuclear fission . 

Flgure26.2hlghllghts nuclideswhlchmayundergofuslon(bluepanofcurve)or 
flsslon (redparcofcurve)lnordertolncreasethelrblndingenergypernucleon. 

Whennuclearfuslonorflsslontakesplace.thenucleonnumbersofthenuclel 
lnvolvedchange. Ahlgherbindlngenergypernucleonlsachleved, andthlsls 
accompanied by a release of energy. This R'lease of energy during fls.sion reactions 
ls how the present generation of nuclear power Slatlons produce electricity. 

~xample 

Thebindingroe<gyofahelium-4nucleusis28.4MeV.Cakulatethebindingenergyper 
nucleon 

Thehelium-4nucleushas4nuc~.Thebir.dingenergyperrudeoni1thu1 
28.414=7.1MeVpernucleon 

Now It's your turn 
3 Thebindingenergyofacarbon-14nucleusis 102MeV.Cakulatethebindingenergy 

pernucleoo 

Nuclear fusion 
Most of the energy on Earth comes from the Sun, when.' lt ls produced by nuclear 
fusion reactlofls. Light nuclel,suchas Isotopes of hydrogen. toln together to produce 
heavier, more stable nuclei , and lndotngsoreleaseenergy. 

FlguR' 263 5hows erupllons from the sun·s surface caused by panlcularly energetic 

Nuclear fusirn occurs when two light nuclei combine to form a nucleus of greater mass. 

jH + jH~:)H + ~n + energy 
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Fromcheblndlngenergypernucleoncurve (Flgure26.l)weseethattheblndlng 
energy per nucleon for llghc nuclei. such as hydrogen. ls low. Bu! lf two llght nuclei 
are made to fuse cogether. they may form a new heavier nucleus which has a higher 
binding energy per nucleon. U \\111 be more Slable than the two lighter nuclei from 
whlchlt•vasformed. Becauseofthlsdlfferencelnstablllty,afuslonreactlonsuchas 
chtswlllreleaseenergy. 

Althoughfuslonreactlonsarethesourceofsolarenergy, weare.atpresem,unable 
to dupllca!e this reaction ln a corn rolled manner on Eanh. This ls because the nuclel 
Involved In fusion have co be brought very close together. Conditions of extremely high 
!emperacureandpressure,slmllartochosefounda!thecemreoftheSun.arerequlred. 
ReactlOfls requiring these conditions are called thermonuclear reactiou. Some 

fuslon reactions Involving hydrogen JSO(opes have been made to work in the Joint 
EuropeanTorusQEna1thoughnotyetlnacontrolled.sustainablemanner. 1n2006. 
an International comonlum agreed to undenake the ITER (International Tokamak 
Engineering Research) project , which ls designed to produce up to ~MW of fusion 
J)O\\"ersuS1alnedforover400secondsbythefuslonofa'H- 3ttmlxture. ConS1ructlon 
onaslteinsouthern France'l\1lltakeseveralyea~. 

Nuclear fission 
Within the nucleus of an acorn, the nucleons experience boih attractive and repulsive 
forces . Theattractlveforcelscalledthe strongnuclearforce. Thlsactsllkea·nuclear 
glue' to hold the nucleons together. The repulsive forces are the electric (Coulomb-law) 
forcesbetweenthepo.sttlvelychargedpfOlOlls.Gravltatlonalforcesofattractlonexlst. 
bucarenegllglblelncompartsoncotheot:herforces. Stablenuclelhavemuchlarger 
attractlveforcesthanrepulslveforces. Stablenuclklesgenerallyhaveapproxlmatelythe 
same number of neutrons and pfOlons ln the nucleus. That ls, the neutron-to-pl"Olon 
ratlolsclosetoone. lnheavynuclelsuchasuranlumandplutonlum.therearefar 
more neutrons than pfOlons, glvlng a neu!ron-to-pfOlon ratio of more than one. For 
example, uranlum-235 has 92 protons and 143 neutrons, glvlng a neutron-to-prolon 
ratio of 1.55. This leads to a much lower binding energy per nucleon compared with 
iron, and such nuclldes are less siable. Any funher Increase ln the number of neucrons 
Jn such nuclei lsllkelytocausethenucleustoundergo nuclearfission. 

Nudrur fission is the splitting of a heavy nudeus into two lighter nuclei of approximately 
thesamemil55. 

When a uranlum-235 nucleus absorbs a neutron, lt becomes un.11able and splits Into t\vo 
lighter, more stable nuclei. There are many possible nuclear reactions, one of which ls 

This process ls called Induced nuclear flsslon. because ll ls sianed by the caJXure of a 
neutronbytheuranlumnucleus. 

Eachoftheflsslonreactlonsdescrlbedbythlsequatlonresultslnchereleaseof 
!hreeneutrons.O!herpos.sibleflsslonreactlonsreleasetv.,oorthreeneutrons. lf!hese 
neutronsareabsorbedby(){heruranlum-235nuclel,thesetoomaybecomeunstable 
and undergo flsslon, thereby releasing even more neutrons. The reaction ls described 
asbelngachain reaction which lsacceleratlng. Thlsls lllusiracedtnFlgure26.4. lf 
thlstypeofreactloncontlnuesuncontrolled, agreatdealofenergylsreleasedlna 
shorcume,andanuclearexploslon results. 

If the number of neutrons which take pan ln the chain reactlOfl ls corn rolled so that 
the number of fissions per unlt time ls constam. rather than Increasing, the rate of 

releaseofenergycanbecontrolled. ThlssituatlonlsllluS1ratedlnFlgure26.5. 
These condltlons apply ln the reactor of a moclem nuclear power station. where 

someoftheneutronsreleasedlnflssiOflreactlonsareabsorbedbycontrolrodsln 

Tu/Ooftheneutronsproducedbyflsslonareabsorbedbycontrolrods. Thethl!d 



Flgure26.4Ac{eler.itingchainreactjon 

26.4 The spontaneous and random nature of radioactive decay I 

Flgure26.5Contmlledchainreaction 

26.4 The spontaneous and random 
nature of radioactive decay 

Some elements haw nuclei which are unSlable. In older co become more stable. they 
emit panlcles and/or electromagneuc radiation (see AS Level lbplc 26). The nuclei are 

Decectlofl of the count-rate of radlooctln.• sources shows chm the emission of 

radiation ls bolh 5JX>11taneous and random. 

Rildioactivedecayisaspont1tneousproce55bec.JuseitisnotaffectedbyanyextefTlill 
factors, such as temperature or pres5Ufe. 

Decay ls random ln that It ls nOI possible to predict which nucleus ln a sample wlll 
decay next. 

Radio.Ktive decay is a riJTldom process in that it cannot be predicted which nudeU5 will 
ckcay next. There is a const,mt probability that a nucleus will decay in any fixed pen"od 
of time. 

Random decay 
We now look at some of the consequences of the random nature of radioactive decay. 
If six dice are thrown slmultaneou51y (Figure 26.6), lt ls likely that one of them wlll 

Flgure26.6Thediceexperiment 

If 12 dice aRc- thrown, II ls likely that two of them will show a six, and so Ofl . Whlle It 

is possible co predict the likely number of sixes that will be thrown, U ls lmposslble to 

saywh.lchofthedlcewlllaauallyshowastx.Wedescrlbethlsslluatlonbysaylngthat 

thethrowlngofaslxlsa randomprocess. 
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In an experlmern similar to the one juSI described. some siudents throw a large 
number of dice (say 6ooo). Each tlme a six ls thrown. that die ls removed. The results 
for the number of dice remaining after each throw are shown ln Tobie 26.1. 

Table26.1Rl'Slltt1ofdice-lhroY,ingexperimMI 

ofthrows remaining dkeremoved 

Figure 26.7 is a graph of the number of dice remaining against the number of throws 

r I 6000 

'sooo 
~ 4000 

~ 3000 

E 2000 

0 o l 2 3 4 5 6 

Flgure26.7 

This kind of graph ls called a decay curn . The race m which dice are removed ls 
not linear. but there ls a panem. After between 3 and 4 throws, the number of dice 
remaining has halved. Reading values from the graph shmvs that approximately 3.8 
throws would be required to halve the number of dice. After another 3.8 throv,,·s the 
numberhashalvedagaln,andsoon. 

We can apply the dice experlmem to model radioactive decay. The 6ooo dice 
represent radioactive nuclei. To score a six represents radioactive emission. All dice 
scoring six are removed, because once a nucleus has undergone radioactive decay, lt ls 
no longer avallable for funher decay. Thus, we can describe how rapidly a sample of 
radloactlvematerlalwllldecay. 

Agraphofthenumberofundecayednucleilnasampleagalnsttlmehasthetyplcal 
decaycurveshapeshownlnFlgure'.26.8. 

It ls not possible co state how Jong the entire sample wlll take co decay ()ts 'life'}. 
However. after 3 minutes the numlx>r of undecayed nuclei in the sample has halved. 
After a funher 3 minutes, the number of undecayed atoms has halved again. We 
descrlbethissltuaUOflbysayingthatthlsradloactlvelsotopehasa ha lf-life t,.,of 
3mlnuces. 

The half-life of a radioactive nuclide is the time @ken for the number of undecayed nuclei 
tobereducedtohalfitsoriginaJnumber. 

The half-lives of different ls«opes have a very wide range of values. Examples of some 
radloactivelsotopesandthelrhalf-lJ\,esareglveninToble26.2. 
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Table26.2Example1ofha!f-life 

radioactive Isotope 

4.S x 10•year1 

1.6 x 10' years 

3.8days 

We shall see later that half-life may allo be expn'SS(.'d ln tem\S dthe actMty of the material. 

lf you measure the count rate from an tsowpe with a very long half-llfe, you might 
expecctooblalnaconstamvalue. Jnfact,thecountratefluctuatesabouc an average 
value. Thlsdemon.stratestherandomnarnreofradloacUvedecay. 

~xample 

Thehalf-lifeoffrandum-221 i14.8minute1.Calrnlatethefractionolasampleof 
frandum-221 rema ining ur.dec:.-iyed alter a time of 14.4 miriutes 

The half-life ol francium-221 is 4.8 min, w after 4.Bmin half of the 1<1mple will remain 
undecayed. After two half-lives {9.6mifl), O.S x 0.5 "'0.25 of the sample will remain 
undec:ayed. After three half-lives {14.4 min). 0.5 x 0.25 = 0.12S will remain undecayed . So 
thefritclionremainingundecayedis0.125 or 1/ 8 

Now it's your turn 
<I Usingthehalf-lifevaluesgiveninlable26.2,cakulate· 

(a) the lritdion of a sample of uranium-238 remaining ur.decayed after 9.0 x 109 years, 
(b) thefrac:tionofasampleofastat ine-217remainingundecayedalter0.30s, 
{d thefritclionofasampleofradium-226thathasdecayedalter3200years, 
(d) thefrac:tionofasampleofradon-222thathasdecayedalter1S.2days 

Jn canylng out experiments with radioactive sources, It ls lmporrnrn to take account 
of background radiation. In order to determine che count-race due to the radioactive 
soun:e, !he background count-rate must be subtracted from the cotal measured coum­
rate. Allowanceforbackgroundradlallon gives the corrected count-rate. 

4' Mathematical descriptions of radioactive decay 

Activity and decay constant 
As we saw ln the dice experiment, Increasing the number of dice Increases the number 
of sixes chat appear with each throw. Similarly, If we Investigate the decay of a sample 
of radioactive material. we find that the greater the number of radioactive nuclei In the 
samplethegreacertherateofdecay. 
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If there are N nuclei Jn a sample at time t, then at time (I -1- dt) some nuclei will have 
decayed so that the number remaining ls (N - dN). 

For radioactive decay, the probability of decay per unit time ls constant, known as 
the d ecay constant ,l. 

For radiractive decay, the decay rnrutant ,1. is the probability per unit time of the decay of 
anuc/eU5. 

lnthlscase, 
probabllltyofdecay = dN/N 

probabllltyofdecayperunktlme ,1. = - (dN,klt)N. 

Thls glves 

% =-J.N 

Ncte that a negative sign has been Included. This ls because as tlme I increases, the 
numberNdecR""ases. 

dN/dl ls the rate at which the number of nuclei ln the .1:1mple ls changing, so 
dN/dt R'"presents the rate of decay. ---dN,k:lt ls known as the acti vity A of the source, 
andlsmeasuredln becque rels. 

The aclMty of a radioactive source is the number of nudrur dee¥ oerumhg per unit ~me in 
thesoorce.ActMtyisme.nuff!dinbecqueret(Bq), where I becquerelis 1 decay per second 

1Bq=1>1 

Combining A = dN/dt and dN/dt = - J.N. we have 

Thedecayconstam,1.hastheunltss-1. yr' and soon. 
This ls an lmponaru equatlofl because lt relates a quantity we can measure (dN/dl, 

therateofdecayoractlvlty)toaquantltywhlchcannct.lnpractlce. bedeiermlned 
(N,thenumberofundecayednuclel). WeshallseelaterthatthedecayC011stant,l.ts 
dlrectlyrelatedtothehalf-Hfet"andthlscanbeobtalnedbyexperlment.Thlsopens 
the way to cakulatlng the number of undecayed nuclei In a sample. Trying to couru 
nuclei when they are decaying ls similar to courulng sheep In a field whlle some are 
escaplngthroughagaplnthehedge! 

Example 

C.-1kulate the numbef of phosphorus-32 midei in a sample which has an a,ctivity of 5.0 x 106Bq 

(decayconstantofphosphorus-32=5.6x10-1s-1) 

FromdMdt=-,1.N, N ={-dN/dt)/,1.=-S.Ox106/S.6x10-1 =-8.9x1011. 

The minus ~n in this ansv,,,er arises because dMdt is the rate of decay. The quantity measured 
O)'aratemeteristherateofdecay,andsoshooldbenegative, butitisalwaysdisplayedasa 
posilivequantity.Similarly,activitiesarealwaysquotedasposilive.Sodon'tbeV>'()(fiedabout 
discardir,g the minus ~n here I The mimbefof phosphorus-32 midei = 8.9 x 1012 

Note:lnthistypeofcakulation,becausetheactivityismeasuredinbecquerel{>1),the 
decayconstant,1.mustbemeas.uredinconsistentunits.lf,1.hadbeenquotedas 
4.8x 10- lcJay-1,itwouklhavebeennecessarytoconverttos-1 

Now it's your turn 
5 Calculate the activity of the following sam~es of radioactive materials: 

(a) 6.7x 1011 atomsof strontium-90, 
(decaycof151:antofstrontium-90=8.3 x 10-rns-1) 

(b) 2.0mg of uranium-238. 0.238kg of uranium-238 contains 6.0 x 1021 atoms. 
(decaycof151:antofuranium-238=5.0x10- lls-1) 



26.4 The spontaneous and random nature of radioactive decay I 
lb solve the equatlon dN/dt = - A.'lrequlres mathematlcs beyond the scope of A/AS 
Physics. Hmvever. It ls lmpottant co know the solution, In order to find the varlatlon 
with Urne of the number of nuclei R'mainlng ln the sample. The solution ls 

N:N0e-AlorN:N0 exp(-,W 

where N0 ls the lnltlal number of undecayed nuclei ln the sample, and Nls the number 
ofundecayednuclelatllmet. 

The equation represents an exponential decay. The decay curve of N against t ls as 
shown ln Figure 26.8. Since activity A ls proponlonal to N(A AA'.>, the curve of A 

agaln.sttlsthesameshape,andwecanwrlte 

A:'4oe-U 

Example 

A sam~e of phosphorus-32 cootains 8.6 x 1011 nudei at time t,. 0. The decay con'>lant of 
phosphorus-32is4.8x 10-1 day-1.Cakulatethenumberofur.decayedphos.phorus-32 
nudeiinthesamp~aherlOdays 

From N: N0e- AI, we have N= 8.6 x 1011 x e-o.o,s • 10, so 

N: 5.3x1012 

(Again,iti1importanttomeas.ure ,J.and1inconsi1tentunit1.He<eli1inday-1 andtisin 
day1,sotherei1oopro~em.) 

Now it's your turn 
6 As.ampleofpho1phorus-32contains8.6x 101lnudeiattime/:O.Thedecay 

constantolphosphorus-32is4.8x lQ-lday-1.Calrulatethenumberolundecayed 
phosphorus-32nudeiinthes.ampleahe< 
{a) 20days, 
(b) 40days. 

Decay constant and half-life 
Using che equation N = N0e...).J, we can derive an equation which re laces the half-life co 

thedecayconstant.Foranyradloactlvelsotope,thenumberofundecayednuclelafler 

onehalf-llfels,bythedeflnltlonofhalf-llfe,equalto'l.iN0,whereN0 lstheorlglnal 

numberofundecayednuclel.ll'lingtheradloactlvedecayequatlon 

N = Noe- " 

wehave,attlmel = t" 

iN0 = N0 exp(-At,.J 

and,dMdlngeachsideoftheequatloobyN0, 

exp(-,!/,..) 

2 = exp(Af,..) 

Taklngnacurallogarlthmsofbothsides, 

ln2 = At" 

t 11 =1n2/). 

111=0.693/,1. 
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~xample 

Calcutatethehall-lileofradium-226,whichhasadecayconstantofl.42x 10-11 s· 1. 

Us.ingt11 :0.693/,1.,wehavet11 :0.693/1.42x 10-11 : 4. 88 x 1010s 

Now it's your turn 
7 Calculatethehalf-livesofthefollowingradioactivenuclides: 

(a) bismuth-214,whichhasadeceycomtantof4.3x103s· 1, 

(b) carbon-14,whichhasadecayconst.-mtof4.1 x 10-11 , 1. 

8 Calculatethedecaycon1tantsofthelolk>wingri!dioactivenuclide1 
(a) helium-S,whichhasahalf-lifeof6.0x 10-i0 s, 
(b) sodium-24,whichhasahalf-lileoflSh 

• The mass defect of a nucleus is the difft'fence between the total mass of the 
separntenucleonsandthemassof thenucleu:s 

• Einstein'smass-ent'fgyequivalencerelationf=mc:l 
• Thebindingenergyolanudeu:sistheenergyneededtoseparatecompletelyall its 

constiturotnucleons 
• Thebindingenergypernucleoni1ameasureolthe'>labilityofanucleus.Ahigh 

bindingenergypernucleonme.-insthenucleusis'>lable 
• Nucle;ir /us.ion is the joining together of light nuclei to form a larger, hNVit'f nucleus 
• Nucle;ir fission is the splitting of a he;ivy nucleus into two smaHt'f, lightt'f nuclei of 

approximately equal mass 
• Radioactivedecayisaspontaneous.randomprocess 
• Thehall-lileti;olaradioactivenudideisthetimetakenlorthenumberof 

undecayednucleitobereducedtohalltheorfginal number. 
• Theactivityolaradioactivesourceisthenumberolnucleithatdecayperunittime 

Theunitofactivityisthebecquerel(Sq).1becqut'fel=1s-1• 

• Theactivity--dN/dtofasourceisrelatedtothenumberNolundecayednucleiby 
the equation 
dN/d/:-J.N 
wheie,1.isthedecaycon'>lant 

• Thedecaycomtantisdelinedastheprobabilityoldecayperunittimeofanucleus 
• The number Nol undecayed nuclei in a radioactive samp~ at time tis given by the 

equatkln 
N=No .. - A.t 

whe1eN0 isthenumberolundecayednudeiattimet=0 
e Thehalf-lifeti;andthedecaycon51ant,1.arerelatedbytheequatklnln2=.lti; 

ort11 :0.693/.l 

Examination style questions 
1 The table below shows the variation with time t of the 2 Calculate the mas5 defect, the binding energy of the 
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activityofasampleofaradioactivenudideX. The average nucleus,andthebindingenergypernudeonforthe 
background count during the experiment was 36min· 1. following nuclei: 

a Plot a graph to show the variation with time of the 
corrected count-rate. 

b Usethegral*itodeterminethehalf-lileofthenuclideX. 

a ~drogen-3,~H;nuclearmass3.0160Su, 

b zirconium-97, ~r;:r;nuclearmass97.09801u, 

c radon-222,iiiRn;nudearmass222.01754u. 

{proton mass= 1.00728u;neutronmass= 1.00867u} 



3 Onepossiblereactiontakingplaceinthecoreofareac:toris 

Forthisreaction,cakulate 

a themassoneachsideoftheequation, 

b thechangeinmassafterfissionhastakenplace, 

c theenergyreleasedperfasionofuranium-235, 

d theenergyavailablefromthecompletefissionof 1.00g 
ofuranium-235, 

e the m;m of uranium-235 used by a SOO MW nuclear 
power station in one hour, assuming 30% efficiency 

(masses: 1ri:u, 235.123u; ri,Mo, 94.94Su; 
1f,La,138.955u;proton,1.007u;neutron,1.009u. 
0.235kgofuranium-235contains6.0><11Y1 atoms.} 

4 Two fusion reactions which take place in the Sun are 
described below. 

a A hydrogen-2 (deuterium) nucleus ab50rb5 a proton to 
formahelium-3nucleus. 

b Two helium-3 nuclei fuse to form a helium-4 nucleus 
plus two free protons. 

For each reaction, write down the appropriate nuclear 
equationandcakulatetheenergyreleased. 

(mas5eS: \H, 2.01410u; ~He, 3.0160Su; 
1He,4.00260u; \p, 1.00728u;bn, 1.00867u} 

5 Calculate the mass of caesium-137 that has an activity of 
4 .0><105 Bq. 

The number of atoms in 0.137kg of caesium-137 is 
6.0 " 10n atoms. The half-life of caesium-137 is 30 years. 

6 a TheactivityofaradioactivesourceXfallsfrom 
5.0" 1010 Bqto 1.0" 1010Bq in 5.0 hours 
Calculate the half-life 

b The activity of a certain mass of carbon-14 is 
5.00>< 109 Bq.Thehalf-lifeofcarbon-14is5570years 

Calculatethenumberofcarbon-14nudeiinthesample 

7 Thehalf-lifeofaradioactiveisotopeofsodiumusedin 
medicineis15hours. 

a Determinethedecayconstantforthisnudide. 

b A small volume of a solution containing this nuclide has 
anactivityofl.2>< 104 disintegrationsperminutewhen 
it is injected into the bloodstream of a patient. After 
30 hours, the activity of 1.0cml of blood taken from 
thepatientis0.50disintegrationsperminute. Estimate 
the volume of blood in the patient. Assume that the 
solutionisuniformlydilutedintheblood, that it is not 
taken up by the body tissues, and that there is no loss 
by excretion. 

8 a State what is meant by the binding energy 
of a nucleus. 

b Showthattheenergyequivalenc:eof 
1.0uis930MeV. 

c Data for the masses of some particles and nuclei are 
giveninTable26.3. 

/21 

/31 

Examination style questions I 
proton 
neutron 
deuterium{jH) 

zirroniumG&].r) 

Use data from Table 26.3 and information from b to 
determine,inMeV, 

i thebindingenergyofdeuterium, {2] 
ii the binding energy per nudeon of zirconium {3] 

Cambridge International AS and A Level Physics, 
9702142 May/June 2011 Q 8 

9 a Explainwhythemassofanct-partideislessthanthe 
total mass of two individual protons and two individual 

/21 
b An equation for one possible nuclear reaction is 

~He+ 11N---) 1io+ \p. 

DataforthemassesofthenucleiaregiveninTable26.4. 

proton \p 
helium-4 1He 
nitrogen-14 ';N 
oxygen-17 1~0 

i Calrulatethemasschange,inu,associatedwiththis 
reaction {2] 

ii Calrulatetheenergy,inJ,as.sociatedwiththemass 
change in i. {2] 

iii Suggest and explain why, for this reaction to occur, 
the hehum-4 nude us must have a minimum ~eed. {2] 

Cambridge International AS and A Level Physics, 
9702142 May/June 2013 QB 

10 a State what is meant by a nockar fusion reaction {2] 

b Onenudearreactionthattakesplaceinthecoreofthe 
Sunisrepresentedby theequation 

\H + \H---) ~He+ energy. 

DataforthenudeiaregiveninTable26.5 

Calwlate the energy, in joules, released in this reactm. {3] 

ii ThetemperatureinthecoreoftheSunis 
approximately1.6><107K. 
Suggestwl-f;suchahightemperatureisnecessaryfor 
thisreactiontotakeplace. {2] 

Cambridge lmemationa/ AS and A Level Physics, 
9702143 May/June 2013 Q 8 
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Answers 

Topic 1 
Now it's your tum 

10800cm1 or l.08x 104cm• 

1.ox 109 

00 6.8 X 10-"F 
(b) 3.2 x 10_,C 

(c) 6.ox 101•w 
800 
4.6><]0" 
kgm-J 

7 kgm-• s~ 
8 (a) yes 

(b) res 
9 mis-1 
10 (a) kgm1r 

(b) m1s-1ic-1 
11 kgm-• 5-z 

12 00 l00-1508 
(b) 50-l00kg 

(c) 2-3m 

(d) o.s-1.0cm 
(e) o.5cml 
(f) 4x JO"°' m' 
(a) 220ms-' 
(h) 310K 

13 (a) scalar 
(b) \'ector 

Cc) sc.ilar 

14(.a) i=or 

(b) sca lar 

(c) vector 
15 Velocl!y has dlrecllon. speed does not . Velocity ts deftned 

lntcrmscidlsplacementwhichisavector.speedlS 
dcllncdtnu.>rmsofdlstancewhichlSascalar. 

16 Sludenl lscorrect.Weight lsaforrewhlchoctsvenk.llly 
downwards. 

17 Direction of arrow gives direction of 1·ector. Length or 

al'TCIIY drawn to SG1.le represents magnitude of vector 

quanucy 
18 (a) 690N 

(b) 210N 

(c} 5l0Nat anangleof28°toth.e450Nforce 

19 upstreamat78°to thebank 
20 120N at an angleof25°tothe50Nforcetn rn 

388 

21 (a) 7kmh-1 

(b) 1km 11-1 

22 l!Natanangle101he6.0N forceof S6°tnan 

anUclockwisedlrectlon 
23 00 ~Okm lr1 

(b) lSOkmh-1 

24 00 I.Om s-' 
(b) 9.1ms-t 

Examination style questions 
kg m ' 
(a) (i) kgrn1s-1 

(u') kgm1r-J 

4 (b) (i) 92N 
(i,') nN 

(c) (l} S9N 
(i,') S9N 

5 00 (i) 1ams-1 

(il) 29• atx:r,:ehorlzontal 
(b) 0) IOm s-1 

(il) 33° 
6 (a) 380pm 

(b) o.086Ms 
(c) 8.3 mln 
(t")(ii') 230rns-1 

7 (a) (i) m' 
(b) kgm-1.,, 

8 (a) 20 HZ-+20kHZ 

(b) 10 nrn -+400nm 

(c) 108-+ 1008 
(d) O.lk8m~-+ IOkgm_, 

9 00 length.current, !emperatull.' 
(b) (i) F kgms-2 p kgm~ tt lll'l_, 

(i,') 2 

Topic 2 
Nowit'syOU"tum 
I 12.52mm 

15±18 
,0 

38.8±0.';°C 
00 28mV 
(b) 9.9mv 

7 (a) ±O.o6A 

(b) 2.01±0.09A 



8 (a) (i) mJCromecer screw g:11.1ge 
(ii) ohm-rlK'ler or \'Oltmecer and ammecer 
(i ii) <.-:nllodc r.t)' oscilbscope or a.c. vohmeter 

(b) 2.7:1:0.2gan·J 

9 (a) (i) 1.6% 
(ii) l .1% 

(b) 4 .J')i 

(c) (ii) 9.8:1:0.4ms-J 

10 (a) end of rule damaged; me3sure length from 10cm mark 
(b) parallax error:placept'f1Ctlln oon1ac1w1thscale,m·e!' 

thegractuac lonsanddefiriecheendswilh sec-squares 
11 (a) mtcrometer screw gauge 

(b) zero error on drum 

4 (a) 9.4 m s·• 
(b) 10% 

6 (a) (ii) 10.}m 
(iii) 11.9 m 

7 (b) (i) 10.6 
(ii) 0.2lmS"'1 

8 (a) (i) 14.6m s-' 
(ii) 2.0s 

9 (b) (ii) 30 m s-' 
(iv) 10800N 

Topic4 
Nowit'syourtll'n 

AS Level l 

(c) avenging reduces random errors; spiral readings al low 
1 

fora non-drcular cl'Olis-sec!lon,and moving along the 
JengthoftllCwlrealJows foranycaper 

12 (a) 1.2 (b) :1:0.Jcm 
13 (S70:1:40)cm' 

Examination style questions 
7 (a) mlcrometer screwgauge 

(b) 2.1 :1: o.2gcm~ 
(a) (I) 1.6% 

(ii) 1.1% 

(b) 4.~ 

(c) (ii) 9.8:1:0.4m.s-l 

Topic 3 
Now it's your tll'n 
I 5.J>< IO·"m 

'""' 6 m S-1 

6 m s-• 
}.3S 
3<> km 
180m s·' 
}.6h 6JOkmh· ' 

JO -s.oms..., 
12 2.Sms-.z 
13 7.ss 1sm s·1 

14 8.2ms·' upwards 
15 (a) l.8ms...i 

(b) nom 
16 6.l m s·• 
17 20m 
18 75m 

19 l40m S-1 

20 47m s·• 
2 1 (a) B 

(b) A 

Examination style questions 

' ' 3 (a) 61°2.sm 

(b) l9 m S-' 
(c) 1.4s 

7 (a) ~ II .. 
(b) O.S 

Examination style questions 
' ,Okg 
2 (a) 7.7m s·' 

(b) 45 . .} m s"°' 
(c) 204oN 

m 
3.3>< io'Ns(kgm s-1) 

3.6>< 107N 

0.27N 

1.03><10Sms-1 

JO Heavy pank.1C"S speed Is proctk.'ally unchanged; light 
panlcle mo,,.es wilh a speed 21, In the s;i me direction as 

thelncklem heavypanlcle. 
II the lighter body 
12 (a) O.S4kgms-1 

(b) O.S4Ns 

(c) 36N 
13 (a) (i) 2.16kgms·1 

(ii) l.07ms·• 
(iii) l.16J 

(b) 0.059m 
14 3()8(JmS-1 

16 (a) 3111othe left 
(b) (i) 311101her1ght 

(ii) 31, 
(c) 311/1. 

17 (a) 3111 
(b) 0.25 

18 (b) (i) F .. :-Fa,t .. : la 

19 (a) (i) 7.S m S"'1 

(ii) 13m s-' 
(b) (i) 8.6m 
(c) (i) (-)0.7JNS 
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20 (a) (0 ,tom s-' 
(b) 7.4ms-1at 33°101he,·ertJcal 
(c) (0 4.4ms-' 

(u1 1 o.36kgms-' 2 3.0N 

Topic 5 
Now it's your tum 
1 s.6N m 
2 4.SN 
3 14(13.S)N 
4 (b) 29N 

S IA" IO'Pa 

Examination style questions 
I (a) 4.2N m 

(b) 9,IN 
2 (a) 2.9N m 

(b) 8.0N 
3 (a) 48N 

(b) 72N 

61N 
I.S>< tOSP:J 

7 (b) (i) 23N 

(lv) l.9kg 
8 (() (u') 66oN 

9 (b) (D 250N 
JO (b) (D l2Nm 

(c) (D 0.90N 
(u') I.SN 

11 (C) (0 25()0kg m-3 

(i0 2.2><106 Pa 

Topic 6 
Now it's your tum 
I (ii) 180J 

(b) 301 
2 (a) IS,SJ 

(b) 7.6J 

3 1800} 

75J 
(II.) kinCllcenergyatltslowestpolnt-+potenUalenergy 

acttshlghestpolnt-+klnetlcenergyatltslowest 
point. etc ( klnetlc and potential <.>nergy at potnts ln 

between) 
(b) potentlalenergyotrompressedgas-+klnctlcenergy 

of spray droplets -+ heat when droplets ha,'t' 51:opped 

mc,.,. lng(energy transferred 10 surrounding atmosphere) 

(c) klnetlcenerg)'Whenthrown-+potentlalandklnetlc 
energy at highest point of mouon-+ Internal and heat 

and sound energy when clay lilts the grooBCI 
6 3.1 1<1QSJ 
7 (a) IOOOJ 

(b) 3000J 
8 (a) L3><106Jgaln 

(b) 12Jgain 
(C) 2.4 >< IQ'lJ loss 
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9 All the electrlol energy ts changed to lmemal energy ol the 

hea1erandthehealel'"getshol.11leheaterreleasesallthls 

t'Tll'tgytotlt,esurroundlngssotheprocessts 10096efflck'nl 
JO 58% 
ll 4.}><IO'J 
12 1.2 >< lO'N 

13 1.5kW 
14 6.7cems 

15 o.9(,cems 
16 5.}>< 10111 

Examinationstyle~tions 
I 90J;0:78J;0.15m;36°;2.6>< ioJN 

2 (ll) 7.9N 
(b) 0.19J 

} 87kj 

4 (ll) chemlc:il 
(b) nuclear 

(c) g~vlt~tlonal po1en11al 
(d) klnetlCofthewlnd 

(e) klnetkofgases.sound,llg/u.polentlalenergy 
(0 lntemalpolenllal 

5 (a) O.Slm 

(b) 180JS""1 

6 (ll) IIJ 
(b) 14m s-' 

7 (ll) !6 MJ 

(b) IIOMJ 

(c) 210MJ 

8 15% 
JO 21oocems 

ll (a) (i) l6.5 kW 
(H) 3200N 
(iii) 9(ikW 

(b) (i) l.}2MJ 

(u") }.84 MJ 
12 (b) (i) I 8.}J 2 l}m 

(ii) } 

I} (b) 109()N 

(c) (ii) 76m 

(Iii) I 2.7>< IO' J 2 }.5>< !o'J 

14 (c) (ii) }.8><l'Ykgs-' 

15 (a) ("u") 17.6 m 
(b) (i) 140N up 

(ii) 17.6 m 

Topic 9 
Now it's you-tum 

400N m-1 

(ll) }.0>< !O'N m-1 

(b) 54N 
5.4><10-.IJ 

4.2x10-.1m 

(a) i.29><107Pa 
(b) l.17><!0-· 
(c) 0.16mm 

7 5-3 >< IO~Pa 



Examination style questions 
1 (a) ,OONm- 1 

(b) 13.1cm 

7.9J 
0.36mm 

(c) (ii) 1 0.0571 30.020J 
(b) (i) 4.6xto- lm 

(ii)4x 

7 (b) (ii) 78Nm- • 

(iii)0.26J 
(c) (i) 0.12m 

(ii) 53Nm-• 

Topic 14 
Now it's your turn 
1 0.40ms- • 

o.68m 

L4 
4 (a) 1.2x10-Js 

(b) 830HZ 

4.6x to"ttz 

7 6.3 

8 0.038m 

Examination style questions 
l (a) 200HZ 

(b)5.ox10-Js 

2 (a) 7.5x to14 Hzto4.Jx to14 Hz 

(b) 1.2m 

3 ~(0.25) 

4 (a) 5.7x10-8J 
(b) 4.9x10-Swm-1 

2.0xto9 wnc2 

(b) (i) 4mm 
(ii) 0.12ms_, 

(iii)l80°oritrad 

7 (b)(i) o.6s 

(ii) 4.0cm 

(iii) 6.7cms-' 

(c) (ii)J.O 
(b) (ii) 6.ox to14 Hz 

(b) (i) 2.Bcm:135° 
(ii) 4.0cm 

10 (a) (i) 7.6mm 
(ii)JBQO 

(iii)12ms-' 

Topic 15 
Now it's your turn 
l 6.25x10-7 m(625nm) 

63m 
880Hz: 1320HZ 

4 0.38m 

5 y}OHZ 

6 12BHZ 

7 56° 
22cm 

652nm 

11 2(3lfzeroorderincluded) 

Examination style questions 
(c) 3.5mm 

(b) 8.5cm 
(a) 108ms- • 

(b) 45HZ 
7 (a) 2.5x10--0m 

(b) 10.2° ,,, 
10-2 rad) 

10 (b) 180°(nrad) 

(c) 5:1 
(d) 224ms- ' 

11 26.6cm 
13 (b) 212mm 

(c) 449mm 

14 (c) 180HZ 

15 (c) 2 

16 (b) 2.Jxto-lm 

18 (a) (i) 0.8m 

(b) (ii) 1.2m 

Topic 17 
Now it's your turn 
3 (a) right 

(b)lef! 

(c) left 
(d)rlght 

4 (a) 5.ox to•vm- 1 

(b) 2.4x 10-"c 

5 (a) Thespheremovesdown\\"ards 
(b) l.6ms-' 

6 2.Jx 10-Jm, up 

Examination style questions 

l.46xto-9s 

(a) 1.92x10- 16J 

(b)1.92x10- 16J 

(c) 2.05xto7 ms-• 

4 (a) (ii) J.Ox to4 vm- ' 

(b) (ii) 7.2>< 10- '7Nm 
5 (a) (i) 1.4x to4 NC_, orvm- 1 

(b) (i) 2.5x10•Sms-1 

(ii) 4.Sx to--9s 

6 (b) 1.4 x 10'vm- 1 

(c) (i) 2.5 x to•Sms- 'up 

(ii)2.4xto-9s 

(d) deflects7mmsoemerges 

AS Level l 
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Topic 19 
Now it's your tum 

4.8x!O's 
(a) 6oc 

(b) J.8><1020 

3.9><10,.m-} 
1.6>< 10- 01 

(a) 0.25c 
(b) 2.2J 

7 100 0 
CUfft'lltlnbolhls0.42A 

(a) 9.2A 

(b) 26 n 

11 0.97mm 

Examination style questions 
1 (a) 76oC 

(b) IOOOW 

(c) 57 0 
2 (a) (i) 0.20A 

(n) o.6ow 
(b) 5400J 

3 3.5><106J 

6.7m 
(b) I/ A 0.6o 0.80 1.00 1.20 l.4o 

R / Q 0.95 1.20 2.45 3.65 4.56 5.47 6.21 
7 (a) o.62'l 

(b) 4.3x10-1n m 

8 (a) (i) 0.25A 

(b) 0.14m 

9 (b) 15n 

(c) (i) Repeat l'lg 19.13 completed with the following 

top row: 1.5 15 30 

(d) (i) 3 

JO (a) (i) 19n 

(n) 3.5m 
(b) (i) 630w 

3.0 

(n) \4Jengthor4tlmesgreaterarea 

11 (b) (i) 3200W 

(n) 13A 

(tli) 3.5>< 101c 

(IV) S.4><10'9 

Topic 20 
Now it's your tum 
1 (a) El 

(b) FRorEI 

0.560 
(a) J.OA. when the cell ls shon circuited 
(b) 1.1W, whenloadreslstanceequalsthelnternal 
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0.25A 

2.0A towards the junction 

4.30 
7 25 0 
8 (a) 12V 

(b) 0.57V 

(c) 5.o kn 
9 (a) 0.82V 

(b) 7.7V 

Examination style questions 
1 (a) 0.050 

(b) 0.30 

2 (a) 0.25A 

(b) t.60 

(c) t2J 

4 (a) 169 0 

(b) 13 0 

5 (a) 5 Q 

(b) J.OA 

6 (a) 25 0 
7 (a) 4.5V 

(b) (i) 50 0 
(n) 0.09A 

(1.ii) 0.90V 

9 10 resistor.; each of resistance 12kQ. powerratlng0.5W 
connected In parallel 

JO (a) 4 0 

(b) 8 0 

(c) J Q 

(d) l.OA 

11 (a) (i) 1.6>< 10--< o 

(n) 1.1 >< 10-J n 

(,.ii) 27W 
(b)(,.) 4.4s 

(n) 4.4><1o'' 
(c) (1) 11.7V 

(n) 307W 

12 (a) l.02V,1.22W 

(b) (n) 7.53m 

(,.ii) l.41W 

13 (b) (i) 0.29A 

(n) 1.03v 

(,ii) 1.03V 

14 (b) 1.29V 

(c) 0.75V 

15 (a) (i) 1 0.160 

(n) 7.3V 
(b) (i) 1.8>< 10Sc 

(n) 2.5><1<>6J 

(,.ii) J.6><10SJ 

(c) 86% 
16 (c) (i) 5.7V 

(n) 1.70 

(d) (i) 4.64W 

(n) 51% 

2 (14 ~ E)V 



Topic 26 
Now it's your t11n 
I 19.40. 21 
3 S.8>< 10-uJ 

Examination style questions 
3 1~Y+~e.iJZ. b 
4 (a) 2.J>< I01mr 

(b) 2.7>< 1o"ms-1 

S (a) ~Ra-+'~ll+jHe 
(c) 3.ox 1osms-1 

6 (a) 3300mm-1 

7 (b) (i) ~... \p or :H 
( ii) 2 7.3x 1<>6mr1 

8 (b) (i) I to}>< 10-'°m 

(ii) 1107><10-Ljm 

9 (b) ( ii) I J6 2 3 
IO (b) }andoforsuperscr1piv;ilues 

2and-1 rorsubscr1pcvalues 
(c) 4.S>eJ07ms-' 

11 (b) (i) •tu-+~Tll+~l-ie 

AS Level l 

{ ii) l oorrectposl!lonforUatZ=92andN:J4'; 
2 oorrect pos111onrorNprefaU\-etoU acz + 1 

and N-1 
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A Level 

Answers 

Topic 7 
Now it's your tum 

2 W o.22 m s-' 
(b) o.63rads-' 
(c) 0.14ms-1 

3 4.7N 
4 (.a) 590m 

(b) 4200N 

Examination style questions 
2 (a) 3.Jr:ids-1 

(b) 0.53 re-,·olutlons per second 
J (.a) 7.S km s-1 

(b) 5.3>< IO's 

4 (.a) (u) I 3mg 2 4mg 
(b) (i) 6.4r:ids-1 

(u) 4.6mS""1 

Topic 8 
Now it's your tum 
I 4.6x IO'iN 

2 1.4 hours 
3 2SN kg-1 

4 -9.4x J09J; I.I >< tO"ms-' 

Examination style questions 
1 s.S>< IO'lqj:m-, 

7.78>< IO"km 

-050%; -0.25% 
5.7 >< lQ-"N 
(b) (il) 8.86>< IO' km 

(t:) (ii) S<I NB 

7 (b) ID 6.46 x ta2'kg; 23.6hoof'l! 

Topic 10 
Now it's your tum 
I j.j>< lo-'> m 

l.29kgm-J 
I.I mol; 6.7 x IOU; 2.1 x 1o,l!l m-l 

8.7x10-iiml 

I.O><IQ-l'IJ 

7 3.l><IO'ms-' 

394 

Examination style questions 
1 212kPa 

2 1.28 

3 6!00ms-• 
4 (b) 0.72mol 

5 (c) ~ms-' 

Topic 11 
Now it's your tum 
l 103.6 (1 

Examination style questions 
I - 4J.9GC 

2 IJ3 
3 !6"C 

Topic 12 
Now it'syotl'tum 
1 3x10-'°m 
2 (a) 1400Jg:ain 

(b) 41J lo!;.s 

3 4200J kg-1 K-1 

4 (a) u) 2.S>< IWJ 
(i.i) 4.6x JO'J 

(b) 0.84 

llOOJ K- 1 

(a) (l) 16.5 kJ 

(ii) 113~ 
(b) 6.8 

7 480°c 
4'g 
,001 

Examination style questions 
I ~20°C 

2 (a) 40JK"'1 

(b) jil"C 

} (a) 22.6g 

4 (a) 2020Jkg-1 K-1 

(b) 91s 

0, 250J 
30Jlricrease 

7 (b) 400W 



8 (b) (I) 0 

(ii) 240J 

Topic 13 
Now it's your turn 
l (a) X=O.!Oros,.t 

(b) 0.20s 

0.25m 
2.5s 

4 (.a) 0.87J 

(b) i.97J 
(C) 2.84} 

Examination style questions 
l 00 220HZ 

(b) l .4 >< l~rads- 1 

(c) 42 m s-• 
(d) 5.9>< 1o•ms-> 
(e) 7.J m s-1 

2.8ms-' 
9,826ms-> 

4 (.a) 5.8N m-• 
(b) 15mm 
Cc) OS8s 
(d) -8.2 mm ,., 
00 0.87x0 

(b) 0.7lXo 
7 00 2.0H:t. 
8 (b) (i) 2All(t.x 

(ii) lJJt.x/L 
(iv) 1/2~ >< .J[ii7i5 

9 (.a) 1.35 
(b) 16N 

10 00 1.28>< IO"' Hz 
11 00 (i) 1.7cm, 2.8 HZ 

Cc) 1.2cm 
12 (b) (i) ).3 HZ 
0 00 2. L9m s-> 
14 00 (ii) 16mm:4.6 Hz 

0,) (i) l 3.4 ms-> 
(ii) 2.0N 

Topic 14.6 
Now it'syourtll"n 
I (b) 9.4 >< JO-l 

Examination style questions 

2 0.908/ lncldem on fat- muscle boundary 
0.9()4 /trnnsmlttedthroughfat-muscleboundal")' 
0.332/lnCldent on muscle- bone bound:1ry 
0.2lltrnnsmltted lntobooe 

A Level l 
3 00 (ii) 1.7>< lt>'kgm-i 

o,)(ii) l.04><1~0.99') 

Topic 16 
Now it's your turn 
l constantfrequency7~ kHz,amplltudevarlatton 

3.SV-4.0V,frequencyol'varlatlonofamplltu de3kl-fz 
2 (a) 1.0>< IO' Hz 

(b) 1.ox 1o•Hz 

4 <,) " 
(b) 10 

; (a) 42dB 
(b) 22dl3 

6 (a) 1.4dBkm-• 

(b) 94 km 

Exam ilation style questions 

7 

ty119 wav9lenrgth/m r~ 

gramd burf.i«!) Wi\le > 100 .. ~P .. '.? .. 1.~ -~ ·-·· 

<10 . ~~.?.1 .. s.~ ... 

8 (b) (i) 3,30m 

(ii) 18kHz 
(iii) 9000 1-fZ 

9 (b) (J) Olli 
(ji) OJIO 

10 Ca> 2.3>< 10-•w 
(b) 16dl3 
(c) 0 .19dl3 km-• 

Topic 17 
Now it 's your tan 
I 2.3>< 10_.N 
2 1.0>< lc6NC-1 

3 0.4SJ 

Examination style questions 
1 (a) 2.1 >< lc1' N C-1 

(b) 6SO N 

(c) 1.7>< 107v 
(d) 5.2>< 10-llj 

l.Slm to the lef1of 1he2.4 1)Ccharge 
(a) 2.~>< JQ->7N 

(c) 1.02>< 10-.111 

4 2.2>< lG" 

5 (b) (ii) IJ.4cm:7.9cm 

Topic 18 
Now it's your turn 

2 1.4><10-"I' 
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r.!:m A Level 

3 (a) 9.4mc 
(b)(u') 940µP 

(iii) l OV 

('iv) 4.7mC 

0.203) 
Ca) 6.o x 10-'c 
(b) 2.7>< 10-'c 
(C) 5,4V 

Examination style questions 
I (a) U><I0-1°F 

(b) (i) 1.3>< lo-9C 

(u') 2.4xto'vm- • 

2 (ii) 2.0µP 
(b) 1.2µ 1' 

3 (a) (D 4.1>< 10-'J 
(it) 9.0 >< io-Sc 

(b) (i) 6.0>< 10-' A 

(ii) t.Ss 
(iii) 0.77s 

4 (b)(D 8µF 

(Ui) 6.0V:36µC 

5 (b)(i) 1800µ1' 

(u) -0.039J 

Topic 19.4 & 20.3 
Now it's yoor tum 
3 connecllons are across var1able reslsior 

R=7500 

Topic 21 
Now it's your tum 

2.5k0 
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3 (b) 10 
(c) 0.9v 

Examination style questions 
1 (c) (i) -19 

(ii) 0.47V 

(a) 2.2Sk0 
(b)(i) 7 1 

(ii) L7k0 
(c) ±9V 

4 (b) (ii) 4.0V 

(iii) 0.13V 

s Cb> fri) 86on 

Topic 22 
Now it's your tum 
1 Diagram should be as ~1gure 22.4 bm wnh the direction of 

fleldlllles reversed 

3 3.4>< ur'N 
4 (a) 2.sx ,o-2N m-' 

(b) 2.0>< 10...zN m-1 

s (a) 8.8 x 106m s4 

(b) 9.3cm 
6 4.2>< 106ms-1 

7 O.SZµV 



___..-' --_ Topic 24 
(bl ======:::::: (cl_,,,,,--- Now it's your turn 

Examination style questions 
1 (a) (ii) 2.5x 104A 

2 (a) (i) 1.5>< !o-'T 
(ii) 2.jx 10-.lNm-1 

(a) 0.15T 

(c) (ii) 0.499T 
8 (b) (ii) 2.8>< \0-5T 

(iii) 2.6x 10- •Nm- ' 

Topic 23 
Now it's your turn 
1 (a) (i) 16oom' 

(ii) O.o64\Vb 

(iii) 0.064V 

0.043V 

(a) 2.7m' 
(b) 0.41Wb 

(c) 0.41V 

Examination style questions 
1 (a) (i) 1.4T 

(ii) 4.0mWb 

(iii) l.6Wb 

(b) 150Vacrosstheswltch 

2 (a) 0 

(b) ;omv 
(c) 29mV 

3 (a) (i) 4.SmT 
(ii) }.! X 10- <Wb 

(b) 7.lmV 

4 E = o when currem constant. Spikes ln oppo5lte dlre.:Uons 

actlmes1
00

and1o1I 

(b) 1.3HZ 

(b) (i) 6.6x 10-.lT 

(ii) 3.ox 10-.lWb 
(c) (ii) 7.4>< 10- 3v 

1 (a) 1.4kW 

(b) 2.9kW. OkW 

2 (a) 45 

(b) ~mA 

3 (a) 30 
(b) 7500 

(c) 450mA 

Examination style questions 
1 20V, 2.5A 

2 (a) 340V 

(b) 4.8mA 

4 (a) 0.034 
(b) 4100 

(b)(ii) J7.7 

(a) (i) 6oHz 

(ii) 7.0A 

(b) 8.2 0 

Topic 25 
Now it's your turn 

5.8>< IO"Hz 
(a) 1.4 x 1ot<Sttz 
(b) sodlumandZlnc 

l.3><10-"m 
l.2><10- lOm 

2.6x10lms- 1 

7 3.9x10- •m 

3.2>< 10"ttz 
9.1><10- •m 

O 2.8><10-"m 

15 24cm 

16 0.019 

" 
~ 

Examination style questions 

(a) 495nm 
(b)(i) 3.9x10- '9J 

(ii) 9.3x10Sms_, 
4 (a) 4.4>< 10-1Sm 

(b) 2.6x10-l"lm 

(c) 2.4>< 10-"m 

(d) 1.3x10- •1m 

(b)(ii) 3.5><10-19J;6.3x10-1•Js 

(b)(ii) 0.21 

A Level l 
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Topic 26 
Now it's yoor tum 
1 o.109906u 

7.3MeVpc-rnucleon 

(a) t 

(b) i. 
(c) f 

(d) ~ 
5 (a) 5.6x IO'lBq 

(b) 2.5>< !o'Bq 
6 (,a) 3.3x1ou 

(b) 1.3x tou 
7 (a) 1.6x10-•s 

(b) t.7x l011 s 

8 (a) L2x1019S-1 

(b) 4.6x10-1h-' 

Examination style questions 
I (b) 6 hour~ 
:z (ll) 0.00857 U, 7.98MeV, 2.66MeV per nucleon 

(b) 0.687u, 640 MeV, 6.6oMeV per nocleon 
(c) l.79u. 1660MeV,7.50MeVpernucleon 
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3 (a) 236.132u, 235.91su 
(b) 0.214u 

(c) 199MeV 

(d) 8.2>< 10'°J 

(e) 74g 
4 (a) 4.96MeV 

(b) l4MeV 
1.2x10-1okg 

(a) 2.2h 
(b) 1.3x 1011 

7 (a) 0.046h-1 

(b) 6000cm' 
s <c> ro 1.nMeV 

(u) 6.61 MeV per nucleon 
9 (b) (i) Hx 1o"""u 

(Ii) I.I x 10-1'J 
JO (b) (i) 7.9x 10-UJ 



Index 

absollllezero 213 
absorp!lonsJ)<'Clra 359 
acreleraUngpo1enUaldlff..,..nce , X-ray 

!ub<.>s 363,365 
acceleration 43--4 

centripetal 185----6 

dfre<.>fall 24- 5,44.4S-6,197 
kinernatlcequa!lons 44- S. 46---7 

Newton'sserondlawofmo!lon S6 
acceleratlon- tlmegraphs 49 
accuracy 31 
acthitydaradloactlvesource 3,'l4 
adlabatlcchange 226 

aircraft. banking 187 
alr!l'slstance 6o 
alpha(a)-pan!des 171- 2, 174 

Rutherford'sa-scanerlng 

experlmems 177-8 

al!ernaUngrurrem(a.c.) 341- 3 
rectification 34'>-7 
useforelectrlral ene'l!y 

transmission 34S 
ammeters T/- 9 
ampe,..(amp.A) 145,317 

ampHflerga!n 268--9, 302 
lnwn!ngampHfler 303 
non-!m·en!ngampllfler 304 
seealsoop<'ra!lonalampHfler(op-amp) 

amplltudemodulatlon(AM) 259.26o 

compartsonwlthFMtransmlss!oru 
261- 2 

amplltudeofanosdllatlon 231 
amplltudeofawave !03 
analogueme1ers 27-8 

•soutputde,,ices 307 

analogueslgnals 26:.! 
analogue-to-dlgltalronwners(ADCs) 263- 5 
angles, measurement d 23- 4 
angularfrequencyofanosdllatlon 232 

angularspeed 184 

angularwloctty 185 
antlmanerpart!cles 179 

anUquafk.s 180 

lnl\-decay 172- 3 
antlnodes 

lnaclosedpipe 123,124 
onavlbratlngstrlng 121 

antlphase 103 

Interference ll5- 16 

Ardtlmedes' prlodple 77 

A-scans. ultrasound 252 
atomicmassunlt(u) 376 
atomlcnumber(proconnumber,Z) 169 

atomlcstructure 168-70. 176---7 
electrondlffractlonpanerns 178 

smoothlngdrectlfleroutput 346---7 

fundamental panlcles 178-81 variable 283 
Rutherford'sa-scanerlng carrlerwaves 2';8--6o 

experiments 177-8 
anenuatlonofslgnals 268-70 cornerlng 187 
anenuatlonofX-rays 367- 8 suspenslons)'.Slem 238 
anenuatlonperunltlenglh 269 cathode-rayosdllosoope(c.r.o.) 
anlanche effect, Gelger- Moller tube 175 measun,ment d the frequency o( 

an,ra!l<'acceleratlon 43 
awragespeed 40--1 
awra!l<'veloclty 41 - 2 
A,ugadroronstant 204 

backgroundradla!lon 176 

measun,mentdfrequency 25 

measun,ment d volta!!" 30 
celluloseace1a1e. electrlcchar!!" 136-7 

balances 21 - 3,55.59 centn,dgravlty 75 
bandtheorydelectrons J6o centrifuge 188 

bandwidth 26o centrlpeialacceleratlon 185-6 
op-amp 299 centrlpeialforce Hi5-6 

barlum,uselnX-raylmaglng J67 examples 1!16---8 

Banon'spendulums 239- 40 lnvenlcalctrdes 188-9 

baseunlt.s 3 chalnn,actlon,nuclearfls.slon 380- 1 
andhomogeneousequatlons 5 char!l<'SR<Jelectrlccharge 

banerles, lnternalreslslance 158- 9 char!l<'<lpar!lcles 

becquerel(Bq) 384 motlonln anefectrlctleld 141- 3 
bel(B) 268 motlonln•magnetlcfleld 318- 21 
be!a(l\)-panldes,beta-decay 172- 3, 174, velocltyselecr:lon 321- 2 

Chades' law 202- 3 

blnarynumbers(dlgitalnumbers) 263 
b!ndlngenerg-y 377- 8 

blndlngenerg-ypernucleon 373--9 
bits 263 
blueshlft 109 
bolllng 218 

angular speed and afl!llJlarvelodty 
184- 5 

centrlpetalacceleratlonandcentrlpetal 
force 185-6 

Boyle'slaw 202 

Brahe. l'ycho 2. 194 
Bremmstrahlufl!lradlatlon 363 
br\dgen,ctlflerdrrult 346 
Brownlanmoclon 206 
B-scans,uhrasound 252- 3 

bubblechamber 319 
buoyancyforce(up1hrusl) 71,76---7 

callbrallonerrors 16. 35 
callbraUondlnstrum<.•1us 15- 16 

mlcrometerscrewgau!!" 18 

thermocouple thermome1er 'I7 

capacitance 281- 2 

lnfluenclngfactors 282- 3 
capacitor- n,slstorclrcults,tlmeronstant 2!18 

capacitor,; 282 

charglnganddlscharglng 286-9 
ene[1!ystor•!I<' 285-6 
serlesandparaUelconnectlons 283- 5 

examples 1!16---8 

lnvenlcaldrdes 188-9 

circularorblts 193- 5 
dosedlrlangle. ,'l'Clors 10 

roaxlalcables 256 
comparison wllh wire-pairs 26$---6 

rolllsloos 62- 3 

analo!!ueandd!gltalslgnals 262- 3 
modulatlon 257- 6o 
radlo-wa-efrequendes 26o-1 
,.,JatlveadvantagesdAMandFM 

transmissions 261- 2 

slgnalaU<'l'luatlon 26S---70 

transn!lsslonofas!gnal 263- 5 
rommunlcatlonchannels 

=axlalcables 256 
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Index 

microwaves 256-7 
op(!cflbres 257 
radlowaves 256 
relatlvemertt, 265-8 

wlre-pall!l 255- 6 
rommun!catlon sa!cll ltes 266---8 

cornparatordrrult.'l 299- 301 
componentsofwctor:s JI 

compres.slvedeformatlon 94 
computed tomography (CT scanning) 

369-72 
conductlonband,elecrrons 36o 
conductlonofel<>ctrlccum,m 147 

insulators 362 
!ntrlnslrsemlconductor:s 3(,(1- 1 

metals 362 

conservatlonofelectrlral charge(Klrchhcifs 
flrstlaw) J6o 

conservatlonofenergy 81 

flr.stlawof thermodynamlcs 226- 7 
k!Retlcenergy 64 
Klrchhcifssecondlaw HiO- l 

Lenz'slaw 335 
conservat ion of momemum 61- 3 
constant-volume gas thermomeler 212- 13 
constructh'l'lnterfe"-'flce l15 

conUnuousspectra JS6,J58-9 
rontraSl,X-raylmages 366,367 
controlledchalnreacrlons JBO---l 

conventlonalrurrern 147 
coplanar,,ectol!l 1l 

cos!nerule 14 
roulomb(C) 145,146 

Coulomb'slaw 'r/5 

couples 72- 3 
crltkaldamplng 238 
cross-talk(cross-Hnk!ng). w!re-pa!l!l 26S 

rurrembalance 22- 3,315 
rut-offwaveleng!h. X-rays 364. 365 

damplngofosclllatlons 238,239---40 
daughTernudldes 171 
de8J'ORllewavelength 355 
decayronstam 384 

relatlonshlptohalf-Hfe 385-6 

decayrurve:s 382- 3,385 
dedbel(dB) 268 

deformaUon 94 

s!raineneri!y(elasUcpo!entlal 

energy) 95- 6 
Youngmodutus 9(5.-8 

density 76 

relatlvepermin!vltyof 283 
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dlfferenUatlon 335 elearicfleklstrength 139-40 

duetoapolmcharge 276 
elearondlffraCTionpanems andelearicpo1emlal 277 
HufBens'explana!lon 127- 8 elearlcttymeier.s 90 
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viscosity 71 
vlscousforce 71 
voh(V) 148 

vohage(potentlaldlffereoce;) 148-9,157 
measun,mem d 27- 30 
termloalpotentlaldlffereoce l'i,8 

vohmeier.s 27- 9 



volum<>ofan!dealgas elecrromagoe'llc 109 

relatloosh!ptopressure(Boyle'slaw) 202 graph!calrepresentallon 102- 4 

relaUoruhlptotemp<'rature interference 114- 19 
(Charles' law) 202- J mlcro,,,aves 256- 7 

V=<'ls 369-72 prlodple of superposition l!6 

vaporisation 223-4 

trlplepo!ntof 214 
waveequatlon 104 

wan>fronts 105 

wavelength 103 

properties 10$---7 
wave-partlcleduallty 355 

carrierwaves 258 
d!ffracrlon 126--30 

Dopplereffect 108--9 

progressive 102 

radlowaws 256, 26o- J 

sound. determlnaTlonoffrequency 
spherical 104 
statlooary(standlng) l19-24 

weakforce(weaklnteraCT!on) 

weber(Wb) 332 
weight '>8- 6o,71,1!,8 

centredgravlty 75 
weightlessness 196 
whltelight,d!ffractlon 130 

wh!te-Hghtfrloges l19 

Index 

w!re-palr.;,uselnrommuolcat!on 2'iS-6.265 

work 80,82- 3 
expandlnggases 83-5 

workfuocr!onenergy,photoelectrlc 
emission 3S3-4 

X-raydlffract!on 355 
X-raylmages 366-7 
X-rays l!O 

anenuatlooof 367- 8 
computed tomD!!faphy 369-72 
rootroldX-raybeams 364-5 
prcxluctlonof 363-4 

Yumg,lbomas,dooble-sllte:q,er!meR 118-19 

Youogmodulus %-8 
i.eroerror 35 

balances 21 

digltalmeter.s 29 
metrerule 16 
mlcrome!erscrewgauge 
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