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Physics



Physics is the study of the world around us. In a sensewe are more quali ed to do physics
than any other science.From the day we are born we study the things around us in an e®ortto
understand how they work and relate to ead other. Learning how to catch or throw a ball is a
physics undertaking for example.

In the "eld of study we refer to as physics we just try to make the things everyone has
beenstudying more clear. We attempt to describe them through simple rules and mathematics.
Mathematics is merely the languagewe use.

The best approac to physicsis to relate everything you learn to things you have already
noticed in your everyday life. Sometimeswhen you look at things closelyyou discover things you
had overlooked intially .

It is the cortinued scrutiny of everything we know about the world around us that leads
peopleto the lifelong study of physics. You can start with asking a simple question like "Why
is the sky blue?" which could lead you to electromagnetic waves which in turn could lead you
wave particle duality and to energy levels of atoms and before long you are studying quantum
medanics or the structure of the universe.

In the sectionsthat follow notice that we will try to describe how we will communicate the
things we are dealing with. This is our langauge. Once this is done we can begin the adventure
of looking more closely at the world we live in.



Chapter 1

Units

1.1 PGCE Commen ts
2 Explain what is meart by “physical quartit y".
2 Chapter is too full of tables and words; need gures to make it more interesting.
2 Make researding history of Sl units a small project.

2 Multiply by one technique: not positive! Suggestusing exponerts instead (i.e. use the
table of pre xes). This also works better for changing complicated units (km=hi ! to
m:si 1 etc....). Opinion that this technique is limited in its application.

2 Edit NASA story.

2 The Temperature section should be cut-down. SW: | have edited the original section but
perhaps a more aggressie edit is justi ed with the details de®ereduntil the section on
gases.

1.2 "TO DO' LIST

2 Write sectionon scierti ¢ notation, signi cant “gures and rounding.
2 Add to sanity test table of sensiblevaluesfor things.
2 Graph Celsius/Kelvin ladder.

2 Address PGCE commerts above.

1.3 Intro duction

Imagine you had to make curtains and neededto buy material. The shop assistart would need
to know how much material wasrequired. Telling her you needmaterial 2 wide and 6 long would
be insuzcient| you have to specify the unit (i.e. 2 metreswide and 6 metreslong). Without

the unit the information is incomplete and the shop assistart would have to guess.If you were
making curtains for a doll's housethe dimensionsmight be 2 certimetres wide and 6 certimetres
long!



| Base quantit y | Name | Symbol |

length metre m

mass kilogram kg

time second S

electric current ampere A

thermodynamic temperature | kelvin K
amount of substance mole mol
luminous intensity candela cd

Table 1.1: SI Base Units

It is not just lengths that have units, all physical quartities have units (e.g. time and tem-
perature).

1.4 Unit Systems

There are many unit systemsin usetoday. Physicists, for example, use 4 main sets of units: Sl
units, c.g.sunits, imperial units and natural units.

Depending on where you are in the world or what area of physicsyou work in, the units will
be di®eren. For example,in South Africa road distancesare measuredin kilometres (S| units),
while in England they are measuredin miles (imp erial units). You could even make up your own
system of units if you wished, but you would then have to teach peoplehow to useit!

1.4.1 Sl Units (Systpme International d'Unit §s)

These are the internationally agreedupon units and the oneswe will use. Historically these
units are basedon the metric system which was deweloped in France at the time of the French
Rewvolution.

All physical quantities have units which can be built from the 7 baseunits listed in Table 1.1
(incidentally the choice of thesesewenwasarbitrary). They are called baseunits becausenone of
them can be expressedas conbinations of the other six. This is similar to breaking a language
down into a set of soundsfrom which all words are made. Another way of viewing the baseunits
is like the three primary colours. All other colours can be made from the primary colours but
no primary colour can be made by conbining the other two primaries.

Unit namesare always written with lowercaseinitials (e.g. the metre). The symbols (or
abbreviations) of units are also written with lowercaseinitials except if they are named after
sciertists (e.g. the kelvin (K) and the ampere (A)).

To make life conveniert, particular combinations of the baseunits are given special names.
This makesworking with them easier,but it is always correct to reduce everything to the base
units. Table 1.2 lists someexamplesof combinations of S| baseunits assignedspecial names. Do
not be concernedif the formulae look unfamiliar at this stage{ we will deal with ead in detail
in the chapters ahead(as well as many others)!

It is very important that you are able to say the units correctly. For instance, the newton is
another name for the kilogram metre per second squared (kg:m:si 2), while the kilogram
metre squared per second squared (kg:m?:si ?) is called the joule .

Another important aspect of dealing with units is the pre xes that they sometimes have
(pre xes are words or letters written in front that changethe meaning). The kilogram (kg) is a
simple example. 1kg is 100Qy or 1 £ 103g. Grouping the 10° and the g together we can replace



Quantit y Formula | Unit Expressed in Name of
Base Units Com bination
Force ma kg:m:si ? N (newton)
Frequency 1 sit Hz (hertz)
Work & Energy F:s kg:m?:si 2 J (joule)

Table 1.2: SomeExamples of Combinations of S| Base Units Assigned Special Names

the 10° with the prex k (kilo). Therefore the k takesthe place of the 10%. Incidentally the
kilogram is unique in that it is the only S| baseunit containing a pre x

There are pre xes for many powers of 10 (Table 1.3 lists a large set of these pre xes). This
is a larger setthan you will needbut it senesasa good reference. The caseof the pre x symbol
is very important. Where a letter features twice in the table, it is written in uppercasefor
exponerts bigger than oneand in lowercasefor exponerts lessthan one. Those pre xes listed
in boldface should be learnt.

| Prex  Symbol | Exponent | Prex  Symbol | Exp onent |

yotta Y 1074 yocto y 10 %4
zetta Z 1071 zepto z 10 1
exa E 10 atto a 10 18
peta P 10 femto f 10 ©
tera T 107 pico p 10 T2
giga G 10° nano n 10 °
mega M 10° micro 1 10 ®
kilo k 106° milli m 103
hecto h 10 centi c 10 °
deca da 10 deci d 101

Table 1.3: Unit Pre xes

As another example of the useof pre'xes, 1£ 10" 3g can be written as 1mg (1 milligram).

1.4.2 The Other Systems of Units

The remaining setsof units, although not usedby us, are alsointernationally recognisedand still
in useby others. We will mertion them brie°y for interest only.

c.g.s Units

In this system the metre is replaced by the certimetre and the kilogram is replaced by the
gram. This is a simple changebut it meansthat all units derived from thesetwo are changed.
For example, the units of force and work are di®eren. These units are used most often in
astrophysics and atomic physics.

Imp erial Units

Theseunits (as their name suggests)stem from the days when monarchs decidedmeasures.Here
all the baseunits are di®erer, except the measureof time. This is the unit system you are
most likely to encourter if Sl units are not used. These units are used by the Americans and



British. As you can imagine, having di®erent units in use from place to place makes scierti ¢
communication very dixcult. This wasthe motivation for adopting a setof internationally agreed
upon units.

Natural Units

This is the most sophisticated choice of units. Here the most fundamertal discovered quartities
(such as the speed of light) are set equalto 1. The argumert for this choice is that all other
quartities should be built from these fundamenal units. This system of units is usedin high
energy physics and quantum mechanics.

1.5 The Imp ortance of Units

Without units much of our work as sciertists would be meaningless. We needto expressour
thoughts clearly and units give meaningto the nhumbers we calculate. Depending on which units
we use,the numbers are di®erert (e.g. 3.8 m and 3800mm actually represent the samelength).
Units are an essetial part of the language we use. Units must be speci ed when expressing
physical quartities. In the caseof the curtain exampleat the beginning of the chapter, the result
of a misunderstanding would simply have beenan incorrect amourt of material cut. Howevwer,
sometimessuch misunderstandingshave catastrophic results. Here is an extract from a story on
CNN's website:

(NOTE TO SELF: This quote may needto be removed asthe licencewe are using allows for
all parts of the documert to be copiedand | am not sureif this being copiedis legit in all ways?)

NASA: Human error caused loss of Mars orbiter November 10, 1999

WASHINGTON (AP) | Failure to convert English measureso metric valuescaused
the lossof the Mars Climate Orbiter, a spacecraftthat smashednto the planet instead
of reaching a safeorbit, a NASA investigation concluded Wednesdg.

The Mars Climate Orbiter, a key craft in the spaceagency'sexploration of the red
planet, vanished after a rocket ring Septenber 23 that was supposedto put the
spacecrafton orbit around Mars.

An investigation board concluded that NASA engineersfailed to convert English
measuresof rocket thrusts to newton, a metric system measuring rocket force. One
English pound of force equals 4.45 newtons. A small di®erencebetween the two
values causedthe spacecraftto approach Mars at too low an altitude and the craft
is thought to have smashedinto the planet's atmosphereand was destroyed.

The spacecraftwasto be a key part of the exploration of the planet. From its station
about the red planet, the Mars Climate Orbiter wasto relay signalsfrom the Mars
Polar Lander, which is scheduledto touch down on Mars next month.

\The root cause of the loss of the spacecraft was a failed translation of English
units into metric units and a segmen of ground-based, havigation-related mission
software," said Arth us Stephenson,chairman of the investigation board.

This story illustrates the importance of being aware that di®eren systemsof units exist.
Furthermore, we must be able to corvert between systemsof units!



1.6 Choice of Units

There are no wrong units to use, but a clever choice of units can make a problem look simpler.
The vast range of problems makesit impossibleto usea single set of units for everything without
making someproblems look much more complicated than they should. We can't easily compare
the massof the sun and the massof an electron, for instance. This is why astrophysicists and
atomic physicists use di®erert systemsof units.

Wewon't askyou to choosebetweendi®erert unit systems. For your preser purposesthe Sl
systemis perfectly suzxcient. In somecasesyou may come acrossquartities expressedin units
other than the standard Sl units. You will then needto corvert thesequartities into the correct
Sl units. This is explainedin the next section.

1.7 How to Change Units| the \Multiply by 1" Technique

Firstly you obviously need somerelationship between the two units that you wish to corvert
between. Let us demonstrate with a simple example. We will considerthe caseof corverting
millimetres (mm) to metres (m)| the Sl unit of length. We know that there are 1000mm in
1m which we can write as

1000nm = 1m:
Now multiplying both sidesby 55— we get
1 1
— 1 = —  1m:
100anm ~0°%M = T55amm 1™
which simply givesus
— 1m .
~1000mm

This is the cornversion ratio from millimetres to metres. You can derive any cornversion ratio in
this way from a known relationship betweentwo units. Let's usethe corversionratio we have
just derived in an example:

Question : Express3800nm in metres.

Answ er:

3800nm = 3800mm £ 1
3800mm £
3:.8m

im
1000mm

Note that we wrote every unit in ead step of the calculation. By writing them in and
cancelling them properly, we can ched that we have the right units when we are nished. We
started with ‘mm" and multiplied by "_*'. This cancelledthe ‘'mm" leaving us with just 'm’|
the Sl unit we wanted to end up with! If we wishedto do the reverseand convert metres to
millimetres, then we would need a corversion ratio with millimetres on the top and metres on
the bottom.



1.8 How Units Can Help You

We conclude ead section of this book with a discussionof the units most relevant to that
particular section. It is important to try to understand what the units mean. That is why
thinking about the examplesand explanations of the units is essetial.

If we are careful with our units then the numbers we get in our calculations can be cheded
in a “sanity test'.

1.8.1 What is a sanity test' ?

This isn't a special or secrettest. All we do is stop, take a deepbreath, and look at our answer.
Sure we always look at our answers| or do we? This time we mean stop and really look| does
our answer make sense?

Imagine you were calculating the number of peoplein a classram. If the answer you got was
1 000000 peopleyou would know it waswrong| that's just an insanenumber of peopleto have
in a classroom. That's all a sanity ched is| is your answer insaneor not? But what units were
we using? We were using peopleas our unit. This helped us to make senseof the answer. If we
had usedsomeother unit (or no unit) the number would have lacked meaning and a sanity test
would have beenmuch harder (or even impossible).

It is useful to have an idea of some numbers before we start. For example, let's consider
masses.An average person has mass70kg, while the heaviest personin medical history had a
massof 63%g. If you ever have to calculate a person'smassand you get 700kg, this should
fail your sanity ched| your answer is insane and you must have made a mistake somewhere.
In the sameway an answer of 0:0000kg should fail your sanity test.

The only problem with a sanity ched is that you must know what typical valuesfor things
are. In the example of peoplein a classramm you needto know that there are usually 20{50
peoplein a classraom. Only then do you know that your answer of 1 000 000 must be wrong.
Hereis a table of typical valuesof various things (big and small, fast and slow, light and heavy|
you get the idea):

Category | Quantity | Minimum | Maximum
Mass
Height

People

Table 1.4: Everyday examplesto help with sanity checks

(NOTE TO SELF: Add to this table aswe go along with examplesfrom ead section)
Now you don't have to memorisethis table but you should read it. The best thing to do is
to refer to it every time you do a calculation.

1.9 Temperature

We need to make a special mention of the units usedto describe temperature. The unit of
temperature listed in Table 1.1 is not the everyday unit we seeand use.

Normally the Celsiusscaleis usedto describe temperature. As we all know, Celsiustemper-
atures can be negative. This might suggestthat any number is a valid temperature. In fact, the
temperature of a gasis a measureof the averagekinetic energy of the particles that make up the
gas. As we lower the temperature sothe motion of the particles is reduceduntil a point is reached



where all motion ceases.The temperature at which this occursis called absolutezerm. There is
no physically possibletemperature colder than this. In Celsius, absolute zerois at j 273°C.

Physicists have de ned a new temperature scalecalled the Kelvin scale. According to this
scaleabsolute zero is at OK and negative temperatures are not allowed. The size of one unit
kelvin is exactly the sameasthat of oneunit Celsius. This meansthat a changein temperature
of 1 degreekelvin is equalto a changein temperature of 1 degreeCelsius| the scalesjust start
in di®eren places. Think of two ladderswith stepsthat are the samesize but the bottom most
step on the Celsiusladder is labelled -273, while the “rst step on the Kelvin ladder is labelled 0.
There are still 100 stepsbetweenthe points where water freezesand boils.

[----| 102 Celsius [ 375 Kelvin
[----] 101 Celsius [----| 374 Kelvin
water boils  ---> [----| 100 Celsius [ 373 Kelvin
[ 99 Celsius [----| 372 Kelvin
[----] 98 Celsius [ 371 Kelvin
[ 2  Celsius [----| 275 Kelvin
[---| 1 Celsius |----| 274 Kelvin
ice melts ---> |- 0 Celsius [---| 273 Kelvin
[----| -1 Celsius [ 272 Kelvin
[---] -2 Celsius [----| 271 Kelvin
[----| -269 Celsius [ 4 Kelvin
[----] -270 Celsius [----| 3 Kelvin
[ -271 Celsius [----| 2 Kelvin
[ -272 Celsius [----| 1 Kelvin
absolute zero ---> [ -273 Celsius [----] 0 Kelvin

(NOTE TO SELF: Come up with a decen picture of two ladders with the labels |w ater
boiling and freezing|in the sameplace but with di®erent labelling on the steps)

This makesthe corversion from kelvin to Celsiusand bad very easy To corvert from Cel-
siusto kelvin add 273. To convert from kelvin to Celsiussubtract 273. Represeiiing the Kelvin
temperature by Tx and the Celsiustemperature by Toc,

Tk = Toc+ 273 (1.1)

It is becausethis corversionis additive that a di®erencein temperature of 1 degreeCelsius
is equalto a di®erenceof 1 kelvin. The majority of conversionsbetweenunits are multiplicativ e.
For example, to corvert from metres to millimetres we multiply by 1000. Therefore a change
of 1m is equal to a change of 1000mm.

1.10 Scientic Notation, Signi can t Figures and Rounding

(NOTE TO SELF: still to be written))



1.11 Conclusion

In this chapter we have discussedthe importance of units. We have discovered that there are
many di®erent units to describe the samething, although you should stick to Sl units in your
calculations. We have also discussedhow to corvert betweendi®erert units. This is a skill you

must acquire.
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Chapter 2

W aves and Wavelik e Motion

Wavesoccur frequertly in nature. The most obvious examplesare wavesin water, on a dam, in
the ocean,or in a bucket. We are most interested in the properties that waveshave. All waves
have the same properties so if we study wavesin water then we can transfer our knowledge to
predict how other examplesof waveswill behave.

2.1 What are waves?

Waves are disturbances which propagate (move) through a medium 1. Wavescan be viewed as
a transfer energy rather than the movemert of a particle. Particles form the medium through
which waves propagate but they are not the wave. This will becomeclearer later.

Lets consider one caseof waves: water waves. Wavesin water consist of moving peaksand
troughs. A peakis a place wherethe water riseshigher than when the water is still and a trough
is a place where the water sinks lower than when the water is still. A single peak or trough we
call a pulse A wave consistsof a train of pulses

So waves have peaksand troughs. This could be our “rst property for waves. The following
diagram shows the peaksand troughs on a wave.

l l l Peaks

! ! T Troughs

In physicswe try to be as quartitativ e as possible. If we look very carefully we notice that
the height of the peaksabove the level of the still water is the sameasthe depth of the troughs
below the level of the still water. The size of the peaksand troughs is the same.

2.1.1 Characteristics of Waves : Amplitude

The characteristic height of a peak and depth of a trough is called the amplitude of the wave.
The vertical distance betweenthe bottom of the trough and the top of the peak is twice the
amplitude. We use symbols agreedupon by corvertion to label the characteristic quartities of

ILight is a special case, it exhibits wave-like properties but does not require a medium through which to
propagate.

11



the waves. Normally the letter A is usedfor the amplitude of a wave. The units of amplitude
are metres (m).

Amplitude
2 x Amplitude

Amplitude

Worke d Example 1

Question: (NOTE TO SELF: Make this a more exciting question) If the peak of a
wave measures2m above the still water mark in the harbour what is the amplitude
of the wave?

Answ er: The de nition of the amplitude is the height that the water risesto above
whenit is still. This is exactly what we weretold, sothe answer is that the amplitude
is 2m.

2.1.2 Characteristics of Waves: Wavelength

Look a little closerat the peaksand the troughs. The distance betweentwo adjacent (next to
ead other) peaksis the sameno matter which two adjacert peaksyou choose. So there is a
“xed distance betweenthe peaks.

Looking closeryou'll notice that the distance betweentwo adjacert troughs is the sameno
matter which two troughs you look at. But, more importantly, its is the sameas the distance
betweenthe peaks. This distance which is a characteristic of the wave is called the wavelength

Waves have a characteristic wavelength. The symbol for the wavelengthis , . The units are
metres (m).

The wavelength is the distance between any two adjacert points which are in phase Two
points in phaseare separateby an integer (0,1,2,3,...) number of complete wave cycles. They
don't have to be peaksor trough but they must be separatedby a complete number of waves.

2.1.3 Characteristics of Waves : Period

Now imagine you are sitting next to a pond and you watch the wavesgoing past you. First one
peak, then a trough and then another peak. If you measurethe time betweentwo adjacert peaks
you'll 'nd that it is the same. Now if you measurethe time betweentwo adjacert troughs you'll

12



“nd that its always the same, no matter which two adjacert troughs you pick. The time you
have beenmeasuringis the time for one wavelength to passby. We call this time the period and
it is a characteristic of the wave.

Waves have a characteristic time interval which we call the period of the wave and denote
with the symbol T. It is the time it takesfor any two adjacert points which are in phaseto pass
a xed point. The units are seconds(s).

2.1.4 Characteristics of Waves : Frequency

There is another way of characterising the time interval of a wave. We timed how long it takes
for one wavelength to passa xed point to get the period. We could also turn this around and
say how many wavesgo by in 1 second.

We can easily determine this number, which we call the frequencyand denotef. To determine
the frequency how many wavesgo by in 1s, we work out what fraction of a wavesgoesby in 1
secondby dividing 1 secondby the time it takesT. If a wave takes% a secondto go by then in
1 secondtwo waves must go by. + = 2. The unit of frequencyis the Hz or si 1.

. . 2
Waves have a characteristic frequency

f =

=~

f : frequency(Hz orsi?)
T : period (s)

2.1.5 Characteristics of Waves : Speed

Now if you are watching a wave go by you will notice that they move at a constart velocity. The
speed is the distance you travel divided by the time you take to travel that distance. This is
excellert becausewe know that the wavestravel a distance , in atime T. This meansthat we
can determine the speed.

V= il
v : speed(m:si b)
. . wavelength (m)
T : period (s)

There are a number of relationships involving the various characteristic quartities of waves.
A simple example of how this would be usefulis how to determine the velocity when you have the
frequency and the wavelength. We can take the above equation and substitute the relationship
betweenfrequency and period to produce an equation for speedof the form

v=Tf,

v speed(m:si 1)
, . wavelength (m)
f : frequency(Hz orsi 1)

Is this correct? Remenber a simple rst ched is to ched the units! On the right hand
side we have velocity which has units msi *. On the left hand side we have frequency which is

13



measuredin s ! multiplied by wavelength which is measurein m. On the left hand side we have
msi 1 which is exactly what we want.

2.2 Two Types of Waves

We agreedthat a wave was a moving set of peaksand troughs and we usedwater asan example.
Moving peaksand troughs, with all the characteristics we described, in any medium constitute a
wave. It is possibleto have waveswherethe peaksand troughs are perpendicular to the direction
of motion, like in the caseof water waves. These wavesare called transversewaves

There is another type of wave. Called a longitudinal wave and it hasthe peaksand troughs
in the samedirection asthe wave is moving. The question is how do we construct such a wave?

An example of a longitudinal wave is a pressurewave moving through a gas. The peaksin
this wave are placeswhere the pressurereaches a peak and the troughs are placeswhere the
pressureis a minimum.

In the picture below we show the random placemen of the gas moleculesin a tube. The
piston at the end movesinto the tube with a repetitive motion. Before the rst piston stroke
the pressureis the samethroughout the tube.

1

When the piston movesin it compresseghe gas moleculestogether at the end of the tube.
If the piston stopped moving the gasmoleculeswould all bang into ead other and the pressure
would increasein the tube but if it movesout again fast enoughthen pressurewavescan be set

up.
EI

When the piston moves out again before the moleculeshave time to bang around then the
increasein pressuremoves down the tube like a pulse (single peak). The piston movesout so
fast that a pressuretrough is created behind the peak.

1
As this repeatswe get wavesof increasedand decreasedoressuremoving down the tubes. We

can describe these pulsesof increasedpressure(peaksin the pressure)and decreasedpressure
(troughs of pressure)by a sine or cosinegraph.

—
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There are a number of examplesof ead type of wave. Not all can be seenwith the naked
eye but all can be detected.

2.3 Prop erties of Waves

We have discussedsome of the simple characteristics of wavesthat we needto know. Now we
can progressonto somemore interesting and, perhaps, lessintuitiv e properties of waves.

2.3.1 Prop erties of Waves : Re’ection

When wavesstrike a barrier they are re°ected. This meansthat wavesbounceo®things. Sound
wavesbounce o®walls, light wavesbounce o®mirrors, radar wavesbounceo®planesand it can
explain how bats can °y at night and avoid things as small as telephonewires. The property of
re°ection is a very important and useful one.

(NOTE TO SELF: Get an essg by an air traxc cortroller on radar) (NOTE TO SELF: Get
an essg by on sonar usagefor shing or for submarineg

When waves are re°ected, the processof re°ection has certain properties. If a wave hits an
obstacle at a right angle to the surface (NOTE TO SELF: diagrams needed then the wave is
re°ected directly backwards.

If the wave strikesthe obstacleat someother anglethen it is not re°ected directly backwards.
The angle that the wavesarrivesat is the sameasthe angle that the re°ected wavesleavesat.
The anglethat wavesarrivesat or is incident at equalsthe anglethe wavesleavesat or is re°ected
at. Angle of incidence equalsangle of re°ection

M= I (2.1)
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b=

K angleof incidence
Ik : angle of re°ection

In the optics chapter you will learn that light is a wave. This meansthat all the properties we
have just learnt apply to light as well. Its very easyto demonstrate re°ection of light with a
mirror. You can also easily shaw that angle of incidence equalsangle of re°ection.

If you look directly into a mirror your seeyourself re°ected directly badk but if you tilt the
mirror slightly you can experiment with di®eren incident angles.

Phase shift of re°ected wave

When a wave is re°ected from a more densemedium it undergoes a phaseshift. That means
that the peaksand troughs are swapped around.

The easiestway to demonstratethis is to tie a pieceof string to something. Stretch the string
out °at and then °ick the string oncesoa pulse movesdown the string. When the pulse (a single
peakin a wave) hits the barrier that the string is tide to it will be re°ected. The re°ected wave
will look like atrough instead of a peak. This is becausethe pulsehad undergonea phasechange.
The xed end acts like an extremely densemedium.

—_—

A

/

\/

- —

If the end of the string was not xed, i.e. it could move up and down then the wave would
still be re°ected but it would not undergo a phaseshift. To draw a free end we draw it asa
ring around a line. This signi es that the end is free to move.
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2.3.2 Prop erties of Waves : Refraction

Sometimeswaves move from one medium to another. The medium is the substancethat is
carrying the waves. In our rst example this was the water. When the medium properties
changeit can a®ectthe wave.

Let us start with the simple caseof a water wave moving from one depth to another. The
speedof the wave dependson the depth 2. If the wave movesdirectly from the one medium to
the other then we should look closely at the boundary. When a peak arrives at the boundary
and moves acrossit must remain a peak on the other side of the boundary. This meansthat
the peakspassby at the sametime intervals on either side of the boundary. The period and
frequency remain the same! But we said the speed of the wave changes,which meansthat the
distance it travelsin onetime interval is di®erert i.e. the wavelength has changed .

Going from one medium to another the period or frequency doesnot changeonly the wave-
length can change.

Now if we considera water wave moving at an angle of incidence not 90 degreestowards a
changein medium then we immediately know that not the whole wavefront will arrive at once.
Soif a part of the wave arrives and slows down while the rest is still moving faster before it
arrivesthe angle of the wavefront is going to change. This is known as refraction. When a wave
bendsor changesits direction when it goesfrom one medium to the next.

If it slows down it turns towards the perpendicular.

2
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Air
Water

If the wave speedsup in the new medium it turns away from the perpendicular to the medium
surface.

Air
Water

When you look at a stick that emergesfrom water it lookslikeit is bert. This is becausethe
light from below the surfaceof the water bendswhen it leavesthe water. Your eyesproject the
light badk in a straight line and sothe object looks like it is a di®erert place.

18
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2.3.3 Prop erties of Waves : Interference

If two waves meetinteresting things can happen. Wavesare basically collective motion of parti-
cles. Sowhen two waves meet they both try to imposetheir collective motion on the particles.
This can have quite di®eren results.

If two identical (samewavelength, amplitude and frequency) waves are both trying to form
a peak then they are able to adchieve the sum of their e®orts. The resulting motion will be a
peak which has a height which is the sum of the heights of the two waves. If two wavesare both
trying to form a trough in the sameplace then a deeper trough is formed, the depth of which is
the sum of the depths of the two waves. Now in this casethe two waveshave beentrying to do
the samething and so add together constructively. This is called constructive interference.

\AAANNAANNAANNAANNN ] [\la=0s
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If onewave is trying to form a peak and the other is trying to form a trough then they are
competing to do di®erert things. In this casethey cancancelout. The amplitude of the resulting
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wave will depend on the amplitudes of the two wavesthat are interfering. If the depth of the
trough is the sameas the height of the peak nothing will happen. If the height of the peakis
bigger than the depth of the trough a smaller peak will appear and if the trough is deeper then
a lessdeeptrough will appear. This is destructive interference.

ANAANNNANNANNNANNNNN [ az0s
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2.3.4 Prop erties of Waves : Standing Waves

When two waves move in opposite directions, through ead other, interference takes place. If
the two waves have the same frequency and wavelength then a speci ¢ type of constructive
interference can occur: standing wavescan form.

Standing wavesare disturbanceswhich don't appear to move, they look like they stay in the
same place even though the wavesthat from them are moving. Lets demonstrate exactly how
this comesabout. Imagine a long string with waves being sert down it from either end. The
wavesfrom both endshave the sameamplitude, wavelength and frequencyasyou can seein the
picture below:

e R Ty A e L s e, s
To stop from getting confusedbetweenthe two waveswe'll draw the wave from the left with

a dashedline and the one from the right with a solid line. As the waves move closer together
when they touch both waveshave an amplitude of zero:
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If we wait for a short time the ends of the two waves move past ead other and the waves

overlap. Now we know what happenswhen two waves overlap, we add them together to get the
resulting wave.

s E e T e e, s
Now we know what happens when two waves overlap, we add them together to get the

resulting wave. In this picture we show the two wavesas dotted lines and the sum of the two in
the overlap region is shavn as a solid line:

e s Ty e L s s, s
The important thing to note in this caseis that there are somepoints where the two waves

always destructively interfere to zero. If we let the two waves move a little further we get the
picture below:

S AR
Again we have to add the two wavestogether in the overlap region to seewhat the sum of
the waveslooks like.

In this casethe two waveshave moved half a cycle past eat other but becausethey are out
of phasethey cancelout completely. The point at O will always be zero as the two waves move
past eat other.
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When the waves have moved past eat other sothat they are overlapping for a large region
the situation looks like a wave oscillating in place. If we focus on the range -4, 4 oncethe waves
have moved over the whole region. To make it clearer the arrows at the top of the picture
showv peakswhere maximum positive constructive interferenceis taking place. The arrows at the
bottom of the picture show placeswhere maximum negative interferenceis taking place.

4 B
As time goesby the peaksbecomesmaller and the troughs becomeshallower but they do not
move.

4 N N s sy,

4 Ay N s ey,
Eventually the picture lookslike the completere®ection through the x-axis of what we started
with:

4 B A
Then all the points begin to move bad. Each point on the line is oscillating up and down
with a di®erent amplitude.
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If we superimposethe two caseswhere the peakswere at a maximum and the casewherethe
samewaveswere at a minimum we can seethe lines that the points oscillate between. We call
this the envelo of the standing wave asit contains all the oscillations of the individual points.
A node is a place where the two wavescancelout completely astwo wavesdestructively interfere
in the sameplace. An anti-node is a place where the two waves constructively interfere.

Imp ortan t: The distance betweentwo anti-no desis only % becauseit is the distance from
a peakto atrough in one of the wavesforming the standing wave. It is the sameasthe distance
betweentwo adjacent nodes. This will be important when we workout the allowed wavelengths
in tubeslater. We can take this further becausehalf-way betweenany two anti-nodesis a node.
Then the distance from the node to the anti-node is half the distance betweentwo anti-no des.

This is half of half a wavelength which is one quarter of a wavelength, }1, .

l l l l Anti-nodes

——————————— HDBD—

Nodes

To make the concept of the ervelope clearer let us draw arrows describing the motion of
points along the line.

Every point in the medium cortaining a standing wave oscillates up and down and the
amplitude of the oscillations dependson the location of the point. It is conveniert to draw the
ernvelope for the oscillations to describe the motion. We cannot draw the up and down arrows
for every single point!

Rec°ection from a xed end

If wavesare re°ected from a xed end, for exampletieing the end of a rope to a pole and then
sendingwavesdown it. The xed end will always be a node. Remem ber: Wavesre°ected from
a xed end undergo a phaseshift.

The wavelength, amplitude and speedof the wave cannot a®ectthis, the "xed end is always
a node.

Re°ection from an open end

If wavesare re°ected from end, which is free to move, it is an anti-node. For exampletieing the
end of aropeto aring, which can move up and down, around the pole. Remem ber: The waves
sert down the string are re°ected but do not su®era phaseshift.
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W avelengths of standing waves with "xed and open ends

There are many applications which make use of the properties of wavesand the useof xed and

free ends. Most musical instruments rely on the basic picture that we have presened to create

speci ¢ sounds,either through standing pressurewavesor standing vibratory wavesin strings.
The key is to understand that a standing wave must be created in the medium that is

oscillating. There are constraints asto what wavelengthscan form standing wavesin a medium.
For example, if we considera tube of gasit can have

2 both endsopen (Casel)
2 one end open and one end closed(Case 2)
2 poth endsclosed(Case 3).

Each of these casesis slightly di®erent becausethe open or closed end determines whether a
node or anti-no de will form when a standing wave is createdin the tube. Theseare the primary
constraints when we determine the wavelengths of potential standing waves. These constraints
must be met.

In the diagram below you can seethe three casesdi®eren cases. It is possibleto create
standing wave with di®eren frequenciesand wavelengthsas long asthe end criteria are met.

Casel Case2 Case3
I L | F L | F L i

The longer the wavelength the lessthe number of anti-nodes in the standing waves. We
cannot have a standing wave with 0 no anti-no des becausethen there would be no oscillations.
We use n to number to anti-nodes. If all of the tubes have a length L and we know the end
constraints we can workout the wavelerth, ., for a speci ¢ number of anti-nodes.

Lets workout the longest wavelength we can have in ead tube, i.e. the casefor n = 1.

Case1l: In the rst tube both ends must be nodes so we can place one anti-node in the
middle of the tube. We know the distance from one node to another is % and we also know this
distanceis L. Sowe can equatethe two and solve for the wavelength:

1
23

B

= L
= 2

Case2: In the secondtube one ends must be a node and the other must be an anti-node.
We are looking at the casewith one anti-no de we we are forced to have it at the end. We know
the distance from one node to another is % but we only have half this distance contained in the
tube. So:

|
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I
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Case 3: Here both ends are closed and so we must have two nodes so it is impossibleto
construct a casewith only one node.

Next we determine which wavelengthscould be formed if we had two nodes. Remenber that
we are dividing the tub e up into smallerand smaller segmers by having more nhodessowe expect
the wavelengthsto get shorter.

Wl

, =1L , = 3L ,= 2L
- <o = = =" C== ==
Casel: Both endsare open and sothey must be anti-nodes. We can have two nodesinside
the tube only if we have one anti-node contained inside the tube and one on eath end. This
meanswe have 3 anti-nodesin the tube. The distance between any two anti-nodes is half a
wavelength. This means there is half wavelength between the left side and the middle and
another half wavelength betweenthe middle and the right side sothere must be one wavelength
inside the tube. The safestthing to do is workout how many half wavelengths there are and

equatethis to the length of the tube L and then solve for | .
Even though its very simple in this casewe should practice our technique:

1

205.) = L

.= L
Case?2: We want to have two nodesinside the tube. The left end must be a node and the
right end must be an anti-node. We can have one node inside the tube as drawn above. Again
we can court the number of distancesbetweenadjacert nodesor anti-nodes. If we start from the
left end we have one half wavelength betweenthe end and the node inside the tube. The distance
from the node inside the tube to the right end which is an anti-node is half of the distance to
another node. Soit is half of half a wavelength. Togethertheseadd up to the length of the tube:
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Case3: In this caseboth endshave to be nodes. This meansthat the length of the tube is
one half wavelength: Sowe can equatethe two and solve for the wavelength:

= L
= 2L

1
2)

To seethe complete pattern for all caseswe needto chedk what the next step for case3 is
when we have an additional node. Below is the diagram for the casewhere n=3.

NB: If you ever
a longer wave
for more nod

have made a n
Remenber to
your answers me



Case 1: Both ends are open and so they must be anti-nodes. We can have three nodes
inside the tube only if we have two anti-node corntained inside the tube and one on eat end.
This meanswe have 4 anti-nodesin the tube. The distance betweenany two anti-nodesis half
a wavelength. This meansthere is half wavelength between every adjacert pair of anti-nodes.
We count how many gapsthere are between adjacert anti-nodesto determine how many half
wavelengthsthere are and equatethis to the length of the tube L and then solve for | .

1
= = L
3(3.)
2
= 4
> 3

Case2: We want to have three nodesinside the tube. The left end must be a node and the
right end must be an anti-node, sothere will be two nodesbetweenthe endsof the tube. Again
we can count the number of distancesbetweenadjacert nodesor anti-no des,together theseadd
up to the length of the tube. Remenber that the distance betweenthe node and an adjacert
anti-node is only half the distance betweenadjacert nodes. So starting from the left end we 3
nodesso 2 half wavelength intervals and then only a node to anti-no de distance:

1 11
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Case3: In this caseboth endshave to be nodes. With one node in betweenthere are two
sets of adjacert nodes. This meansthat the length of the tube consistsof two half wavelength
sections:

|
-

2(3.)
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2.3.5 Beats

If the wavesthat are interfering are not identical then the wavesform a modulated pattern with
a changing amplitude. The peaksin amplitude are called beats. If you considertwo soundwaves
interfering then you hear suddenbeatsin loudnessor intensity of the sound.

The simplest illustration is two draw two di®erent wavesand then add them together. You
can do this mathematically and draw them yourselfto seethe pattern that occurs.

Here is wave 1:

MWWV
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Now we add this to another wave, wave 2:

When the two wavesare added (drawn in coloured dashedlines) you can seethe resulting wave
pattern:

To make things clearerthe resulting wave without the dashedlines is drawn below. Notice that
the peaksare the samedistance apart but the amplitude changes.If you look at the peaksthey
are modulated i.e. the peak amplitudes seemto oscillate with another wave pattern. This is
what we mean by modulation.

The maximum amplitude that the new wave getsto is the sum of the two wavesjust like for
constructive interference. Where the wavesreach a maximum it is constructive interference.

The smallestamplitude is just the di®erencebetweenthe amplitudes of the two waves, exactly
like in destructive interference.

The beats have a frequency which is the di®erencebetweenthe frequency of the two waves
that were added. This meansthat the beat frequencyis given by

fg =jf1i f2 (2.2)

fg =jf1i foj

fg : beatfrequency(Hz or si 1)
f1 : frequencyof wave 1 (Hz or si 1)
f, : frequencyof wave 2 (Hz or si 1)
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2.3.6 Prop erties of Waves : Di®raction

One of the most interesting, and also very useful, properties of waves is di®raction. When a
wave strikesa barrier with a hole only part of the wave can move through the hole. If the holeis
similar in sizeto the wavelength of the wave di®ractions occurs. The wavesthat comesthrough
the hole no longer looks like a straight wave front. It bendsaround the edgesof the hole. If the
hole is small enoughit acts like a point sourceof circular waves.

This bending around the edgesof the hole is called di®raction. To illustrate this behaviour
we start by with Huygen's principle.

Huygen's Principle

Huygen's principle states that ead point on a wavefront acts like a point source or circular
waves. The waves emitted from ead point interfere to form another wavefront on which eat
point forms a point source. A long straight line of points emitting waves of the samefrequency
leadsto a straight wave front moving away.

To understand what this meanslets think about a whole lot of peaks moving in the same
direction. Each line represens a peak of a wave.

If we choosethree points on the next wave front in the direction of motion and make eadh of
them emit wavesisotropically (i.e. the samein all directions) we will get the sketch below:

What we have drawn is the situation if those three points on the wave front wereto emit waves
of the samefrequencyasthe moving wave fronts. Huygensprinciple says that every point on the
wave front emits wavesisotropically and that thesewavesinterfere to form the next wave front.

To seeif this is possiblewe make more points emit wavesisotropically to get the sketch below:
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You can seethat the lines from the circles (the peaks)start to overlap in straight lines. To make
this clear we redraw the sketch with dashedlines showing the wavefronts which would form. Our
wavefronts are not perfectly straight lines becausewe didn't draw circlesfrom every point. If we
had it would be hard to seeclearly what is going on.

Huygen's principle is a method of analysis applied to problems of wave propagation. It
recognizesthat ead point of an advancing wave front is in fact the certer of a fresh disturbance
and the sourceof a newtrain of waves;and that the advancing wave asa whole may be regarded
as the sum of all the secondarywaves arising from points in the medium already traversed.
This view of wave propagation helps better understand a variety of wave phenomena,sud as
di®raction.

Wavefronts Mo ving Through an Op ening

Now if allow the wavefront to impinge on a barrier with a holein it, then only the points on the
wavefront that move into the hole can continue emitting forward moving waves- but becausea
lot of the wavefront have beenremoved the points on the edgesof the hole emit wavesthat bend
round the edges.
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The wave front that impinges (strik es) the wall cannot continue moving forward. Only the
points moving into the gap can. If you emplay Huygens' principle you can seethe e®ectis that
the wavefronts are no longer straight lines.

For example, if two rooms are connectedby an open doorway and a soundis producedin a
remote corner of one of them, a personin the other room will hear the soundasif it originated
at the doorway. As far asthe secondroom is concerned,the vibrating air in the doorway is the
sourceof the sound. The sameis true of light passingthe edgeof an obstacle, but this is not as
easily obsened becauseof the short wavelength of visible light.

This meansthat when wavesmove through small holesthey appearto bend around the sides
becausethere aren't enoughpoints on the wavefront to form another straight wavefront. This is
bending round the sideswe call di®raction.

2.3.7 Prop erties of Waves : Disp ersion

Dispersion is a property of waves where the speed of the wave through a medium depends on

the frequency Soif two wavesenter the samedispersive medium and have di®eren frequencies

they will have di®eren speedsin that medium even if they both entered with the samespeed.
We will comebad to this topic in optics.

2.4 Practical Applications of Waves: Sound Waves
2.4.1 Doppler Shift

The Doppler shift is an e®ectwhich becomesapparert when the source of sound waves or the
person hearing the sound wavesis moving. In this casethe frequency of the soundswaves can
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be di®eren.

This might seemstrange but you have probably experiencedthe doppler e®ectin every day
life. When would you notice it. The e®ectdependson whether the sourceof the soundis moving
away from the listener or if it is moving towards the listener. If you stand at the side fo the road
or train tracks then a car or train driving by will at rst be moving towards you and then away.
This would mean that we would experiencethe biggest changein the e®ect.

We said that it e®ectsthe frequency of the sound so the soundsfrom the car or train would
sound di®eren, have a di®eren frequency when the car is coming towards you and when it is
moving away from you.

Why doesthe frequency of the sound changewhen the car is moving towards or away from
you? Lets corvince ourselesthat it must change!

Imagine a source of sound waves with constart frequency and amplitude. Just like ead of
the points on the wave front from the Huygen's principle section.

Remenber the sound waves are disturbances moving through the medium so if the source
movesor stops after the soundhasbeenemitted it can't a®ectthe wavesthat have beenemitted
already.

The Doppler shift happenswhen the sourcemoveswhile emitting waves. So lets imagine we
have the samesourceasabove but now its moving to the right. It is emitting soundat a constart
frequency and so the time between peaks of the sound waveswill be constart but the position
will have moved to the right.

In the picture below we seethat our sound source(the black circle) has emitted a peak which
movesaway at the samespeedin all directions. The sourceis moving to the right soit catches
up alittle bit with the peakthat is moving away to the right.
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When the secondpeakis emitted it is from a point that has moved to the right. This means
that the new or secondpeak is closerto the rst peak on the right but further away from the
“rst peakon the left.

If the sourcecortinuesmoving at the samespeedin the samedirection (i.e. with the same
velocity which you will learn more about later). then the distance betweenpeakson the right of
the sourceis the constart. The distance betweenpeakson the left is also constart but they are
di®erert on the left and right.

This meansthat the time betweenpeakson the right is lesssothe frequencyis higher. It is
higher than on the left and higher than if the sourcewere not moving at all.

On the left hand side the peaksare further apart than on the right and further apart than if
the sourcewere at rest - this meansthe frequencyis lower.

Sowhat happenswhen a car drives by on the freeway is that when it approadesyou hear
higher frequency soundsand then when it goes past you it is moving away so you hear a lower
frequency

2.4.2 Mach Cone

Now we know that the wavesmove away from the sourceat the speedof sound. What happens
if the sourcemovesat the speedof sound?

This meansthat the wave peakson the right never get away from the sourceso eath wave is
emitted on top of the previous on on the right hand side like in the picture below.
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If the sourcemoves faster than the speed of sound a cone of wave fronts is created. This is
called a Mach cone. Sometimeswe usethe speed of sound as a referenceto describe the speed
of the object. Soif the object movesat exactly the speedof sound we can say that it movesat
1 times the speed of sound. If it movesat double the speed of sound then we can say that it
movesat 2 times the speedof sound. A convertion for this is to use Mach numbers, so moving
at the speedof soundis Mach one (one times the speedof sound) and moving at twice the speed
of soundis called Mach two (twice the speedof sound).

-
Pressure Waves Shock Wave SUPErsonc
i Subsonie Flight at Mach One Shock Cone

2.4.3 Ultra-Sound

Ultrasound is sound with a frequency greater than the upper limit of human hearing, approxi-
mately 20 kilohertz. Someanimals, such as dogs, dolphins, and bats, have an upper limit that
is greater than that of the human ear and can hear ultrasound.

Ultrasound has industrial and medical applications. Medical ultrasonography can visualise
muscleand soft tissue, making them usefulfor scanningthe organs,and obstetric ultrasonography
is commonly used during pregnancy Typical diagnostic ultrasound scannersoperate in the
frequencyrangeof 2 to 13 megahertz. More powerful ultrasound sourcesmay be usedto generate
local heating in biological tissue, with applications in physical therapy and cancer treatment.
Focusedultrasound sourcesmay be usedto break up kidney stones.

Ultrasonic cleaners,sometimescalled supersoniccleaners,are usedat frequenciesfrom 20-40
kHz for jewellery, lensesand other optical parts, watches,dental instruments, surgicalinstruments
and industrial parts.

These cleanersconsist of containers with a °uid in which the object to be cleanedis placed.
Ultrasonic waves are then sert into the °uid. The main medanism for cleaning action in an
ultrasonic cleaneris actually the energy releasedfrom the collapse of millions of microscopic
cavitation ewvents occurring in the liquid of the cleaner.
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Interesting

Fact:

Ultrasoundgenerata/sp ealer systemsare soldwith claimsthat they frighten away rodents
andinsects,but thereis no scienti ¢ evidencehat the deviceswork; controlledtestshave
shown that rodents quickly lean that the spealersare harmless.

Medical Ultrasonograph vy

Medical ultrasonography makesusesthe fact that wavesare partially re°ected when the medium
in which they are moving changesdensity.

If the density increasesthen the re°ected wavesundergoesa phaseshift exactly like the case
where the wavesin a string were re°ected from a xed end. If the density decreaseghen the
re°ected waveshasthe samephaseexactly like the casewherethe wavesin a string werere°ected
from a free end.

Combining theseproperties of waveswith modern computing technology has allowed medical
professionalsto develop an imaging technology to help with many aspects of diagnosis. Typical
ultrasound units have a hand-held probe (often called a scanhead) that is placeddirectly on and
moved over the patient: a water-basedgel ensuresgood contact betweenthe patient and scan
head.

Ultrasonic waves are emitted from the scan head and sent into the body of the patient.
The scanhead also acts a receiver for re°ected waves. From detailed knowledge of interference
and re°ection an image of the internal organs can be constructed on a screenby a computer
programmedto processthe re°ected signals.

Interest.ing Medical ultrasonographywas inventedin 1953 at Lund Universiy by cardiologist Inge
Fact: Edler and Cal Hellmuth Hertz, the son of GustavLudwig Hertz, who was a graduate
studentat the depatment for nuclea physics.
Uses

Ultrasonography is widely utilized in medicine, primarily in gastroenterology, cardiology,
gynaecologyand obstetrics, urology and endacrinology. It is possibleto perform diagnosisor
therapeutic procedureswith the guidance of ultrasonography (for instance biopsiesor drainage
of °uid collections).

Strengths of ultrasound imaging

2 |t imagesmuscleand soft tissuevery well and is particularly usefulfor "nding the interfaces
betweensolid and °uid- Tled spaces.

2 1t renders"liv e" images,wherethe operator can dynamically selectthe most useful section
for diagnosingand documerting changes,often enabling rapid diagnoses.

2 1t shows the structure aswell as someaspects of the function of organs.
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2 1t hasno known long-term side e®ectsand rarely causesany discomfort to the patient.

2 Equipment is widely available and comparatively °exible; examinations can be performed
at the bedside.

2 Small, easily carried scannersare available.

2 Much cheaper than many other medical imaging technology.
W eaknesses of ultrasound imaging

2 Ultrasound has trouble penetrating bone and performs very poorly when there is air be-
tweenthe scanhead and the organ of interest. For example, overlying gasin the gastroin-
testinal tract often makesultrasound scanningof the pancreasditcult.

2 Evenin the absenceof boneor air, the depth penetration of ultrasound is limited, making
it dizcult to image structures that are far removed from the body surface, especially in
obesepatients.

2 The method is operator-dependert. A high level of skill and experienceis neededto acquire
good-quality imagesand make accurate diagnoses.

Doppler ultrasonograph y

Ultrasonography can be enhancedwith Doppler measuremets, which employ the Doppler
e®ectto assesahether structures (usually blood) are moving towards or away from the probe.
By calculating the frequency shift of a particular sample volume, e.g. within a jet of blood °ow
over a heart valve, its speedand direction can be determined and visualised. This is particularily
useful in cardiovascular studies (ultrasonography of the vasculature and heart) and essetial in
many areassudc asdetermining reverseblood °ow in the liver vasculaturein portal hypertension.
The Doppler information is displayed graphically using spectral Doppler, or as an image using
colour Doppler or power Doppler. It is often preserted audibly using stereo spealers: this
producesa very distinctiv e, despite synthetic, sound.

2.5 Imp ortant Equations and Quantities

Frequency:
1
f== 2.
T (2.3)
Quantit y Symbol S.1. Units Direction
Amplitude A m [
Period T S |
Wavelength , m [
Frequency f Hz or sit |
Speed v m:si 1 |

Table 2.1: Units usedin W aves
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Speed:
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Chapter 3

Geometrical Optics

In this chapter we will study geometrical optics. Optics is the branch of physicsthat describes
the behavior and properties of light and the interaction of light with matter. By geometrical
optics we mean that we will study all the optics that we can treat using geometrical analysis
(geometry), i.e. lines, anglesand circles.

As we have seenin the previous chapters, light propagatesas a wave. The wavestravel in
straight lines from the source. Sowe will considerlight asa set of rays. The wavelike nature will
becomeapparernt when the wavesgo from one medium to another. Using rays and Snell's law to
describe what happenswhen the light ray movesfrom one medium to another we can solve all
the geometrical optics problemsin this chapter.

3.1 Refraction re-lo oked

We have seenthat wavesrefract asthey move from shallowver to deeper water or vise versa, thus
light alsorefracts asit movesbetweentwo mediums of di®erent densities.

We may consider the parallel beams of light in Fig 1(a) as a set of wheels connected by
a straight rod placed through their certres as in Figl(b). As the wheelsroll onto the grass
(represeriing higher density), they begin to slow down, while those still on the tarmac move at
a relatively faster speed. This shifts the direction of movtion towards the normal of the grass-
tarmac barrier. Likewiselight moving from a medium of low density to a medium of high density
(Fig 2) movestowards the normal, hencethe angle of incidence (i) is greater than the angle of
Refraction (r): i >r for d1 <d2

(NOTE TO SELF: Diagram of ray moving into more densemedium) (NOTE TO SELF:
Discussionof Snell's Law) (NOTE TO SELF: Follow by discussionof how we can reverserays)
(NOTE TO SELF: Shaw its all the samé
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where both anglesare measuredfrom the normal to the ray. | is the incident ray and R is
the refracted ray.

Rays are reversible
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3.1.1 Apparen t and Real Depth:

If you submergea straight stick in water and look at the stick whereit passeghrough the surface
of the water you will notice that it looks like the stick bends. If you remove you will seethat the
stick did not bend. The bending of the stick is a very common example of refraction.

How can we explain this? We can start with a simple object under water. We can seethings
becauselight travels from the object into our eyeswhere it is absorbed and sert to the brain
for processing. The human brain interprets the information it receivesusing the fact that light
travelsin straight lines. This is why the stick looks bert. The light did not travel in a straight
line from the stick underwater to your eye. It was refracted at the surface. Your brain assumes
the light travelled in a straight line and soit intrepets the information sothat it thinks the stick
is in a di®eren place.

This phenomenonis easily explained using ray diagrams as in Fig??. The real light rays
are represerted with a solid line while dashedlines depict the virtual rays. The real light rays
undergo refraction at the surface of the water hencemove away from the normal. However the
eye assumeghat light rays travel in straight lines, thus we extend the refracted rays until they
corvergeto a point. These are virtual rays as in reality the light was refracted and did not
originate from that point.
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(NOTE TO SELF: Insert an examplewith water - can be worked example)

We note that the image of is seenslightly higher and ahead of the object. Where would we
seethe object if it was submergedin a °uid denserthan water?

(NOTE TO SELF: Insert an example with denser medium showv change - can be worked
example)

3.1.2 Splitting of White Light

How is a rainbow formed? White is a conmbination of all other colours of light. Each colour has
a di®erert wavelength and is thus di®racted through di®erernt angles.

red yellow blue

The splitting of white light into its component coloursmay be demonstratedusing a triangular
prism (Fig4). White light is incident on the prism. As the white light enters the glassits
componert colours are di®racted through di®erert angles. This separation is further expanded
asthe light rays leave the prism. Why? What colour is di®ractedthe most? If red hasthe longest
wavelength and violet the shortest, what is the relation betweenrefraction and wavelength?

As the sun appearsafter a rainstorm, droplets of water still remain in the atmosphere. These
act astiny prisms that split the sunslight up into its componert colours forming a rainbow.
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3.1.3 Total Internal Re°ection

Another useful application of refraction is the periscope. We know that aslight move from higher
to lower density mediums, light rays tend to be di®racted towards the normal. We also know
that the angle of refraction is greater than the angle of incidenceand increasesas we increasethe
angle of incidence (Fig 5(a),(b)). At a certain angle of incidence, c, the refracted angle equals
900 (Fig 5(c)), this angleis called the critical angle. For any angle of incidence greater than ¢
the light will be refracted back into the incident medium, suc refraction is called Total Internal
re°ection (Fig 5(d)).

N/

A periscope usestwo 900 triangular prisms as total internal re°ectors. Light erters the
periscope and is re°ected by the "rst prism down the chamber, where again the light is re°ected
to the obsener. This may be illustrated using a ray diagram asin (Fig 6).

3.2 Lenses

Lensesare usedin many aspects of technology ranging from corntact lensesto projectors.

We shall again use light rays to explain the properties on lenses. There are two types of
lenses,namely: Converging: Lensesthat causeparallel light rays to corvergeto a point (Fig 7).
Diverging: Lensesthat causeparallel light rays to diverge (Fig 8). Suc deviation of light rays
are causedby refraction.

It is now a good time to introduce a few new de nitions: Optical Centre: The certre of
the lens Principal Axis: The line joining two certres of curvature of the surfacesof the lens.
Focal Point: The point at which light rays, parallel to the principal axis, corverge, or appear to
cornverge, after passingthrough the lens. Focal Length: The distance betweenthe optical certre
and the focal point.

40



As seenin Fig 7 and 8, the focal point of a converging lensis real, while the focal point of a
diverging lens s vitual.

3.2.1 Convex lenses

Convex lensesare in general corverging lenses. Hencethey possesgeal focal points (with one
exception, discussedater). Suc focal points allow for real imagesto be formed.

One may verify the above by placing an illuminated object on one side of a corvex lens,
ensuring that the distance betweenthem is greater than the focal length (explained later). By
placing a screenon the other side of the lens and varing the distance, one will acquire a sharp
image of the object on the screen.

The ray diagrams below illustrate the imagesformed when an object is placed a distance d
from the optical certre of a corvex lenswith focal length F.

d Imagetype Magni cation Orientation Image Position (I) Figure >2F Real <llnverted F<I<2F
9(a) 2F Real 1 Inverted 2F 9(b) F<d<2RReal >1Inverted >2F 9(c) F No Image- - - 9(d) <FVirtual
>1 Original >d 9(e)

3.2.2 Concave Lenses

Concave lensesdisperseparallel rays of light and are hencediverging lenses. All imagesformed
by concave lensesare virtual and placed between the lens and the object. Furthermere, ihe
image retains its original orientation while it is smaller in size (Fig 10).
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3.2.3 Magni cation

By De nition the magni cation, m, is:

m = (Height of Image)/ (Height of Object)

howewer, using similar triangles, we may prove that:

m = (Distance of Image) / (Distance of Object)

where both distancesare measuredfrom the optical certre.

The above method allows us to accurately estimate the magni cation of an image. This is
commonly usedin a compound microscope as discussedin the next section.

Worke d Example 2
A

n object is placed 0.5m in front of a corvex a lens.

2 At what distance should a screenbe placed in order to create an image with a
magni cation of 1.5?

2 |If the height of the image and object are equal, what is the focal length of the
lens?

Solutions: a)ym = (Distance of Image)/ (Distance of Object)

therefore Distance of Image = (Distance of Object) x m

Distance of Image= 0.5mx 1.5= 0.75m

b)This implies that the magni cation m = 1. Therefore from the above table it is
seenthat d = | = 2F ThereforeF = d/2 = 0.25m
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3.2.4 Comp ound Microscop e

This type of microscope usestwo corvex lenses. The rst createsa real magni ed image of the
object that is in turn usedby the secondlensto create the nal image. This image is virtual
and again enlarged. The nal image, as seenin Fig 11, is virtual, enlargedand inverted.

The lens, L1 that forms the real image is called the objective lens, while L2 is referred to as
the eyepiece.

7
7
. z
z
z7
7

3.25 The Human Eye

The eye also contains a biconvex lens that is usedto focus objects onto the retina of the eye.
Howevwer, in somecasesthe lens maybe abnormal and causedefectsin onesvision.

Hyp eropia (Long-Sigh tedness)

This occurswhen the imageis focussedbeyond the retina. Hyperopiais due to the eyeball being
too short or the lens not being corvex enough. A corvex lens is used to correct this defect
(Fig12).

Miopia (Short-Sigh tedness)

Imagesare focussedbefore the retina. The lens being too convex or the eyeball being too long
causesthis. A concave lens corrects this defect (Fig 13).

Astigmatism

When this occurs, oneis able to focusin oneplane (e.g. vertical) but not another. This againis
due to a distortion in the lensand may be cured by using relevant lenses.
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3.3 Intro duction

Light is at “rst, somethingwe feel incredibly familiar with. It can make us feel warm, it allows
us to see,allows mirrors and lensesto “work', allows for ...

Under more careful study light exhibits many fascinating and wonderful properties. The
study of light hasled to many important and amazing scierti ¢ discoveriesand much progress.
For example bre optics, lasersand CCD's play a hugerole in modern technology.

2 Light is a form of energy This is demonstrated by Crookes Radiometer or Solar Cells

2 Light travelsin straight lines. This is demonstrated by an experiment involving a card with
an hole looking at light sourcee.g. candle. Also the simple camera: candle black box one
side pin hole other side greaseproof paper. We seethe candle upside down on the paper

2 Light travels at a constart speed. The speeddependson the medium it is in. (substance
like air or water)?.

2 Nothing travels faster than the speedof light in a vacuum ¢ = 2:99790£ 108. This is one
of the fundamertal constarts in physics.

Probably the most important use of light by the majority of living things on earth is that
it allows them to see. If the light from an object ernters our optical detectors/sensorsi.e. our
eyes!, we can seethat object. In somecasesthe light originates at the object itself. Objects
which give out light are said to be luminous objects e.g. a lighted candle/torch/bulb, the Sun,
stars. The moon is not a luminous object! Why?

Most objects however are not luminous, objects which do not give out their own light. We
can seethem becausethey re°ect light into our eyes.

3.4 Re°ection

3.4.1 Di®use re’ection

(NOTE TO SELF: diag of light rays hitting a rough surfacd (NOTE TO SELF: diag of light
rays hitting a polished surface

Most objects do not have perfectly smooth surfaces. Becauseof this di®erent parts of the
surfacere®ect light rays in di®eren directions (angles).

3.4.2 Regular re°ection

Mirrors and highly polished surfacesgive regular re°ection. A mirror is a piece of glasswith a
thin layer of silver (aluminium is commonly used) on the rear surface
Light is re°ected according to the laws of re°ection.

3.4.3 Laws of re°ection
(NOTE TO SELF: diag of i N r rays striking a mirror de ne i r N)

Laws of re°ection:
The angle of incidenceis alw ays equal to the angle of re°ection
The incident ray, the normal and the re°ected ray are all in the sameplane

1There are some substanceswhere light movesso slowly you can walk faster than it moves- more on this later!
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Note that the angle of incidencei is betweenthe incident ray and the normal? to the surface,
not betweenthe incident ray and the surfaceof the mirror.

There are two forms of an image formed by re°ection: real and virtual.

A real imageis formed by the actual intersection of light rays. It is always inverted (upside
down) and can be formed on a screen

A virtual imageis formed by the apparen t intersection of light rays. It is always erect and
cannot be formed on a screen.

Imagesformed in plane mirrors are virtual images. Real imagesare formed by lenses(e.g. the
image on a cinema screen)or by curved mirrors.

3.4.4 Lateral inversion

Where something is bad to front e.g. AMBULANCE
(NOTE TO SELF: How a periscope works, why imagesare right!)

3.5 Curv ed Mirrors

3.5.1 Concave Mirrors (Con verging Mirrors)

(NOTE TO SELF: how to rememnber a con_cave from a convex mirror)
(NOTE TO SELF: diag of light rays striking a concavze mirror baseray diag! de ne things)

P = pole of mirror F = focal point (focus) C = certre of curvature |[CP| = radius of
curvature (r) |FP| = focal length (f)
r= 2f

Rules for ray tracing:
Rays of light that arrive parallel to principal axis leave the surfaceof the mirror through the focal point
Rays of light that arrive through the focal point leave the surfaceof the mirror parallel to principal axis
Rays of light that arrive through the certre of curvature leave the surfaceback through the certre of curvature

(NOTE TO SELF: Maybe diag for eat of these abovel)

In order to obtain the position, nature (real or virtual) and size of the image we need just
apply the rules above. The details depend on the distance of the object from the mirror surface..

Ob ject outside C

diag

Image - located between c and f - inverted (upside down) - diminished (reduced in size,
smaller) - real

Object at C

diag

Image - located at ¢ - inverted (upside down) - samesize- real

Object between C and f

diag

Image - located outside c - inverted (upside down) - magni ed (increasedin size, larger) -
real

Object at f

diag

2The normal is a line that is perpendicular to the surface i.e. the angle betweenthe line and the surface is 90°
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Image - located at in nit y

Object between f and P

diag

Image - located behind the mirror - erect (right sideup) - magni ed (increasedin size,larger)
- virtual

3.5.2 Convex Mirrors

diag baseray diag! de ne things

Image - located behind the mirror - erect(right sideup) - diminished (reducedin size,smaller)
- virtual

We can alsoarrive at the position and nature of the image by calculation, using the following
formula

Tu + v = 1/

AND

Magni cation (=M)

m = v/u

(We will deal with the “pro® for these later)

N.B.

distance betweenf and P = f (focal length negative for corvex mirror) distance betweeno
and P = u (object distance) distance betweeni and P = v (image distance negative for virtual
image)

concave mirror f is positive corvex mirror f is negative real imagev is positive virtual image
Vv is negative

Lots of exampleswith numbers

e.g.u= 10cmv = 20cmm=2

things are bigger if m > 1 (and -1) things are smallerif 0 >m >1 (and -1)

Usesof Convex mirrors

2 imageis always erect
2 wide range of view

They often usedin shops,double deder busses,dangerousbendsin roads, wing mirrors of cars
Disadvantage False senseof distance (objects seemcloserthan they actually are)
usesof concave mirrors
They are usually usedas make-up mirrors or shaving mirrors and in re°ecting telescopes
Advantages

2 if object is inside f the image is magni ed

MAYBE MENTION “Virtual object' in cornvex mirror for completeness

3.5.3 Refraction

When light travels from one medium to another it changesdirection, exceptwhen it is incident
normally on the separating surface. The change of direction is causedby the changein the
velocity of the light asit passesrom one medium to the other.
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.............................

4 : . . .
dtag de*ning dngles? r and N ° 1 2 3 4 5
Light is refracted accordingto the laws of refraction:

3.5.4 Laws of Refraction

Laws of Refraction:
sini /sin r is a constart for two given media (Snell's Law)
The incident ray, the normal and the refracted ray are all in the sameplane

Sini /sin r is known asthe refractive index (n)

EXP verify Snell's law

EXP coin in an empty cup, move headtill it disappears. Then 1l with water. Can you see
it?

diag real apparert depth

Due to refraction a body which is at O beneaththe water appearsto be at | when seenfrom
above. As a result of refraction the pool appearsto be 1.5m instead of 2m. The relationship
betweenthe real depth and the apparent depth is determined by the refractive index of water,
which is 4/3

diag of water depth in pool

n = sini/sin r =|APJ/|PI| | |AP|/|PO| [POJ/|P|

However the above diagram is greatly exaggeratedin size. In practise

[POJ [A O] and|Pl| |Al

Son =|A OJ/|A]l| == real/apparent depth!

More than two media

1n3=1n2£2n3

e.g. air glasswater

The refractive index of glassis 3/2 and the refractive index of water is 4/3. The refractive
index from water to glass

an.w= 4/3 => w.n_a=3/4

w.ng=wnaf ang=34£f 3=2= 98
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3.5.,5 Total Internal Re°ection

This can only happen when light is travelling into a lessdensemedium
Refrectionnumbersaren, = 2and n, = 1:

3 . . . .
dfag aif’glass@ritical®anglet r 3

When light travels from glassto air it is refracted away from the normal asin a above. As
the angle of incidenceis increasedthe angle of refraction evertually reaches90° asin b If the
angle of incidenceis increasedfurther beyond this value total internal re°ection occursasin ¢

The critical anglec is the angle of incidence corresponding to the angle of refraction of 90°

From the above the refractive index from from air to glass

n=sin90/sin ¢ = 1/sin ¢

Also sinc= 1/ n= 2/3 in the caseof glass.

Sin ¢ = 0.6667=> critical angle for glassis 41°49°

Total internal re°ection has somevery useful properties eg

diag prism for turning light 180°

daig prism for turning light 90°

The sizeof the nal imagein a pair of binoculars dependson the distancetravelled by the light
within the binoculars. By using two prisms this distance can be increasedwithout increasing
the length of the binoculars.

Fibre Optics

Water can be directed from one place to another by con ning it within a pipe. In the same
way light can be directed from one place to another by con ning it within a single glass bre.
The light is kept within the "bre by total internal re°ection. The amount of light which can be
carried by a single bre is very small soit is usual to form a light tube tapping a few thousand
“bres together. On great advantage of such a light tube is °exibilit y; it can be ties in knots
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and still function. However sincetotal internal re°ection only occurs when light is going from a
medium to a lessdensemedium, it is necessaryti coat each bre with glassof a lower refractive
index. Otherwise light would leak from one bre at their points of contact.

Light tube can be usedto bring light from a lamp to an object, thus illuminating the object.
A secondlight tub e canthen usedto carry light from the illuminated object to an obsener, thus
enabling the object to be seenand photographed. The procedure has beenusedto photograph
the digestive system the reproductive system and many other parts of the human body. In the
caseof the light tub e carrying light from the object to the obsener, it is vital that the individual
“bres in the tube do not crossead other, otherwise the image will becomegarbled. Like radio
waves, light waves are electromagnetic. (cf section em) Howewer, their shorter wavelength and
higher frequency meansthat a single light beam can carry far more telephone consenations at
onetime comparedwith a radio wave.

In the caseof long "bre cablesit would be necessaryto incorporate a device to boost the
intensity of the light to make up for lossesdue to absorption. Neverthelessthe systemhas great
potential for the communication industry, including the possibility of transmitting pictures over
long distances.

As we said earlier, the reasonwhy light bendswhen going from one medium to another is
becauseof the change of velocity. This will be dealt with in more detail later. For the momen
we consideronly the implication for the refractive index.

1.n_2 = velocity medium 1/ velocity medium 2

3.5.6 Mirage

Yet another e®ectof refraction is the mirage. The most common mirage occursin warm weather
when motorists seewhat appearsto be a pool of water on the road closeto the horizon. The
explanation is this: when air is heated it expandsand becomeslessdenseand when it cools it
cortracts and becomesmore dense. In summer the ground is hot and the layer of air nearest
the ground is hot. The layer above that is cooler, etc etc. A of light coming from the blue sky
passesdown through the layers of air which are getting progressiely lessdense.As it doessoit
is progressiely bent, as shown in the diagram. As a result an image of the blue sky is seenon
the road and is taken to be a pool of water!

3.6 The Electromagnetic Spectrum

They are transversewaves. They can travel through empty space. They travel at the speed of
light.

Short wavelength Long wavelength

Dangers

Microwaveskill living cells Ultraviolet light causesskin cancerand can kill living cells

Uses

Radio waves are usedin TV's and radios Microwaves are usedto heat foods, they are also
usedto transmit signalsto satellites and badk to earth. Infrared light is usedto assesheat loss
from buildings, weatherforecasting,locating survivorsin earthquakesandin TV remote cortrols.
Visible light is usedin "bre optics. Ultraviolet light producesvitamins in the skin if it is in small
doses. Suntan. X-Rays are usedto look at bonesinside your body, my body and everybody's
body. g-rays are usedto treat cancer.
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3.7

Imp ortan t Equations and Quantities

Units

Quantit y

Symbol

Unit

S.1. Units

Direction

or

Table 3.1: Units usedin Optics
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Chapter 4

V ectors

(NOTE TO SELF: SW: initially this chapter had a very mathematical approac. | have toned
this down and tried to presern in a logical way the techniques of vector manipulation after
“rst exploring the mathematical properties of vectors. Most of the PGCE commerts revolved
around the ommision of the graphical techniques of vector addition (i.e. scalediagrams), incline
guestionsand equilibrium of forces. | have addressedthe rst two; equilibrium of forcesand the
triangle law of three forcesin equilibrium | think would be better o®in the ForcesChapter. Also
the Forceschapter should include someexamplesof incline planes. Inclines are introduced here
merely as an example of componerts in action!)

4.1 PGCE Commen ts

2 Useatb = cto illustrate that a = c-b under subtraction.
2 Summariseproperties of vectors at end.

2 Mention that vector multiplication exists in two forms- neither introduced at school, but
usedimplicitly in work and motor rules.

42 "TO DO' LIST

2 Mention that the direction of a vector is measuredfrom its tail.

2 Also include explanations of the ways in which to specify direction (e.g. bearing, compass
points, angle from vertical, etc.)

2 Include exam-type questionsinvolving °owing riversor aeroplanesn wind. Thesequestions
link displacemen, velocity and time and also test the learners understanding of vectors
combining to give a combined result (i.e. resultant).

2 Mention that displacemen at a point is the directed line from the start to that point.

2 Rewrite sectionon velocity to make clear the distinction betweenaverageand instantaneous
rates of change (velocity and speed). The ¢'s in the equationsimply we are calculating
averagequartities. Mention that we take the limit of a small time interval to give instanta-
neousquartities. Perhapsthe exampleof a parabola with averagegradient and gradient of
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tangent canbeusedasan illustration. Else deferuntil chapter on Graphs and Equations of
Motion. Instantaneousvelocity: reading on the speedometerin a direction tangen to the
path. Instantaneousspeedis magnitude of instantaneousvelocity but averagespeedis not
equal to magnitude of averagevelocity. Averagespeedand averagevelocity are the total
distance and resultant displacemert over the time interval related to that part of the path.
The example of the circular track usesthese de nitions and is an important illustration
of the di®erences. Instantaneous calculated at a certain instant in time while averageis
calculated over an interval.

2 Include relative velocity.

2 Address PGCE commerts above and commerts in the text.

4.3 Intro duction

\A vector is “something' that has both magnitude and direction." \'Things' ? What sorts of
“things'?" Any piece of information which cortains a magnitude and a related direction can be
a vector. A vector should tell you how much and which way.

Considera man driving his car eastalong a highway at 100 km=h. What we have given here
is a vector{ the car's velocity. The car is moving at 100 km=h (this is the magnitude) and we
know where it is going{ east (this is the direction). Thus, we know the speedand direction of
the car. Thesetwo quartities, a magnitude and a direction, form a vector we call velocity.

De nition: A vector is a measuremeh
which has both magnitude and direction.

In physics magnitudes often have directions assaiated with them. If you push something
it is not very useful knowing just how hard you pushed. A direction is neededtoo. Directions
are extremely important, especially when dealing with situations more complicated than simple
pushesand pulls.

Di®erert peoplelike to write vectorsin di®erert ways. Anyway of writing a vector sothat it
has both magnitude and direction is valid.

Are vectors physics? No, vectors themseles are not physics. Physicsis just a description
of the world around us. To describe something we needto use a language. The most common
language usedto describe physicsis mathematics. Vectors form a very important part of the
mathematical description of physics, so much sothat it is absolutely essetial to master the use
of vectors.

4.3.1 Mathematical representation

Numerous notations are commonly usedto denote vectors. In this text, vectorswill be denoted

by symbols capped with an arrow. As an example, ls , v and \: are all vectors (they have both
magnitude and direction). Sometimesjust the magnitude of a vector is required. In this case,

the arrow is ommitted. In other words, F denotesthe magnitude of vector F . jF | is another
way of represeting the size of a vector.
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4.3.2 Graphical representation

Graphically vectors are drawn as arrows. An arrow has both a magnitude (how long it is) and
a direction (the direction in which it points). For this reason,arrows are vectors.

In order to draw a vector accurately we must specify a scaleand include a referencedirection
in the diagram. A scaleallows usto translate the length of the arrow into the vector's magnitude.
For instance if one chosea scaleof 1cm = 2N (1cm represens 2N ), a force of magnitude 20N
would be represenied asan arrow 10cm long. A referencedirection may be a line represeting a
horizontal surfaceor the points of a compass.

Worke d Example 3

Dra wing vectors

Question: Using a scaleof 1cm = 2m:si * represen the following velocities:
a) 6m:si ! north

b) 16m:si ! east

Answ er. scalelcm = 2m:si 1

3cm

f 8cm

4.4 Some Examples of Vectors

4.4.1 Displacemen t

Imagine you walked from your houseto the shopsalong a winding path through the veld. Your
route is shavn in blue in Figure 12.3. Your sister also walked from the houseto the shops,but
shedecidedto walk along the pavemens. Her path is shown in red and consistedof two straight
stretches, one after the other. Although you took very di®erert routes, both you and your sister
walked from the houseto the shops. The overall e®ectwas the same! Clearly the shortest path
from your houseto the shopsis along the straight line betweenthesetwo points. The length of
this line and the direction from the start point (the house)to the end point (the shops)forms a
very special vector known as displacemen t. Displacemer is assignedthe symbol 's .

De nition:  Displacementis de ned asthe magnitude and direction
of the straight line joining one's starting point to one's nal
point.
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Finish
(Shop)

Y

Figure 4.1: lllustration of Displacemen

OR
De nition:  Displacement is a vector with direction
pointing from someinitial (starting) point to some nal (end) point and
whosemagnitude is the straight-line distance from the starting point
to the end point.

(NOTE TO SELF: chooseone of the above)

In this example both you and your sister had the samedisplacemen. This is shovn as the
black arrow in Figure 12.3. Remenber displacemen is hot concernedwith the actual path taken.
It is only concernedwith your start and endpoints. It tells you the length of the straight-line path
betweenyour start and end points and the direction from start to "nish. The distancetravelled
is the length of the path followed and is a scalar (just a number). Note that the magnitude of
the displacemen neednot be the sameasthe distance travelled. In this casethe magnitude of
your displacemen would be considerably lessthan the actual length of the path you followed
through the veld!

4.4.2 Velocity

De nition:  Velccity is the rate of change of
displacemen with respect to time.

The terms rate of changeand with respect to are oneswe will use often and it is important
that you understand what they mean. Velocity describeshow much displacemen changesfor a
certain changein time.

We usually denote a changein something with the symbol ¢ (the Greek letter Delta). You
have probably seenthis beforein maths{ the gradient of a st