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AS/A Level course structure

This book has been written to support students studying for

OCR AS Physics A and for students in their first year of studying

for OCR A Level Physics A. It covers the AS modules from the

specification, the content of which will also be examined at A Level.

The modules covered are shown in the contents list, which also shows

you the page numbers for the main topics within each module. There

is also an index at the back to help you find what you are looking for.

If you are studying for OCR AS Physics A, you will only need to know

the content in the blue box.

Year 1 content

1 Development of practical skills

in physics
2 Foundations in physics

ASexam
3 Forces and motion

4 Electrons, waves, and photons

Year 2 content

5 Newtonian world and

astrophysics
6 Particles and medical physics

A Level exams will cover content from Year 1 and Year 2 and will be at a

higher demand. You will also carry out practical activities throughout

your course.

Alevelexam
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How to use this book

MeOoi SaleiactsBaSyRe LN Alec c. This book contains many different features. Each feature is designed to

Learning outcomes support and develop the skills you will need for your examinations, as

ae well as foster and stimulate your interest in physics.
> Atthe beginning of each

topic, there is a list of learning

outcomes.

eeveesee®
Terms that you will need to be able to define and understand are

highlighted by bold text.
eeceeee

> These are matched to the
specification and allow you to
mOnipr Jew! pogo Application features

> Aspecification reference is

also included.
Specification reference: 2.1.3

4 These features contain important and interesting applications of physics

3 in order to emphasise how scientists and engineers have used their
q scientific knowledge and understanding to develop new applications and

technologies. There are also practical application features, with the icon €.

to support further development of your practical skills.

eCOOH EHOSEHSEHOETSELOCHOTSESCSHSEHEESEEHEOEEOF

Study Tips
1 Allapplication features have a question to link to material covered

Study tips contain prompts to with the concept from the specification.

help you with your understanding

and revision.

es + Extensionfeatures

-Thesehighlightthekeyareas
_wheretopicsrelateto eachother.

_Asyougothroughyourcourse,

_knowinghowtolinkdifferent
_areasofphysicstogetherbecomes
_increasingly.important.Many
~examquestions,particularlyat
-ALevel,willrequireyouto bring
_togetheryour|eee from
differentareas.—

These features contain material that is beyond the specification. They

are designed to stretch and provide you with a broader knowledge and
understanding and lead the way into the types ofthinking and areas you
might study in further education. As such, neither the detail nor the depth

of questioning will be required for the examinations. But this book is about
more than getting through the examinations.

1 Extension features also contain questions that link the

off-specification material back to your course.

i These are short questions at the end of each topic.

2 Theytest your understanding of the topic and allow you to apply
theaa and skills you have acquired.



Chapters in this Module

SWansvalvinYansviwrVaraeysvore

Introduction at the beginning

of each module summarises

what you will cover.

ntroauction

deinshngakeseedel
Seaieincedhlycnetpedctane
premio Inordertohelpyou volumecontroldialsand
understandits keyideas,thismoduletakes
youonajourney,startingwithelectrons
andhowtheybehaveinelectricalcircuits

to thefundamentalideasofchargeand
current,exploringthelinkbetweenlightning
strikes,thehumanbrain,andthewonder
materialthatisgraphene.
Energy,power,andresistancedevelops
theuseofelectricalsymbols,along
withkeyideaslikeelectromotiveforce,

willlearnabouthowdifferencesin
resistancehelparchaeologistsdiscover
ancientremainsanddoctorscarefor
prematurebabies.

Visual summaries show how

some of the key concepts of

that module interlink with other

modules, across the entire A

Level course.

emonstrate knowledge, understanding, a: dplic§ g and apr

whyacarbattery
cansupplysuchahighcurrent.TB ey

ETH EHRcenceheutieianaseanese
interferenceofwavesinavarietyofsituations.
Quantumphysicsintroducesseveraltruly
amazingconcepts,includingtheideasthat
notonlydoelectromagneticwaveshave
wave-andparticle-likebehaviourbutthis
dualnatureisalsofoundtobecharacteristic
ofallparticles,includingelectrons.Electrons
canbemadetodiffract!

Nuclear energy (module 6)

4
J «conservationofenergy| cetficiency=Ysetuloutputenergy,99

™ miotreetat | Total inputenergy
2 | +hinetlcerverayB,=pmv?

we Polar osae +gravitationalpotential
| enerayE,,=men
|
|Grantational \

elds (module5) Temperature(module5)
veure 4

esettue Simpleharmonicmotion(module5)
Circular

tas motion(module5) Gravitationalfields(module6)

Pa Motion, ——™ Workenergyandpower

Forcesandmotion = | '
©Neemton'sfirstrw ; } nee
+Newton'swecondtw /
«Newton'stherlw | Gravitationalfields(module5) | / Ws Fxome
°paneipleofconservationofmonerntum | i} {
eoelasticandinelasbccollmices ‘ ~ Electricandmagnetic /
impulse=be Forces fields(module6) Pow
. Fona w
Ot ~ Thermalphysics(module5) “per

, | ope hy
Wave-particleduality

(module4) F ensity j
Materials Eloctricalcircuits

| epaid (module4)
4 ea \

body | peg | .

iwae | | *p= Moe Se Youngmodulus
+treebodydiagrarns

|e tniangleofforces Youngmodulus
twee __Wersilestress

terminalvelocity,friction | Hooke’law = ple shart
> «stress-straingraphs

| Fake ductile|e force-extentiongraphs: ©brittle |
| e&e4 FeandE=1 bx? ee
| FA 2 | —_

Moments
rc " | «elasticandplastic J
| =principleofmoments ieeiselllge ae a

*centreofmass

Knowledge and understanding checklist
From your Key Stage 4 study you should be able to answer the following

questions. Work through each point, using your Key Stage 4 notes and the

support available on Kerboodle

C) Recall that currentis a rate of flow of charge and that for a charge to flow, a

source of potential difference and a closed circuitare needed
as

(J Recall that current depends on both resistance and potential difference \

©. Describe the difference between series and parallel circuits

Calculate the currents, potential differences, and resistances in series circuits.\

Explain the use of circuits containing components including lamps,

diodes, thermistors, and LDRs.

barto)
Describe wave motion in terms of amplitude, wavelength, frequency,

and period

2) Describe how ripples on water surfaces are examples of transverse

waves whilst sound wave air are longitudinal waves, and describe the

differences between transy se and longitudinal waves

O Know that electromagnetic waves are transverse and are transmitted

through space where all have the same velocity,

Maths skills checklist

Allphysicists need to use maths in their studies. In this unit you will need

to use many different maths skills, including the following examples, You

can find support for these skills on Kerboodle and through MyMaths.

C) Determine the gradient and intercept from a graph and use

y= mx +cto find unknown values. You will need to be able to

do this when investigating the resistivity of a wire,

O Recognise and use expressions in decimal and standard form.

Youwillneed to be able to do this when developing ideas around the

electromagnetic spectrum.

C) Sketch relationships which are modelled by Gapalet Youwill need td

be able to do this

_J Substitute nume|

appropriate units

this to.determine

A checklist helps you assess your

knowledge from KS4, before starting

work on the module. There is also a

maths skills checklist to demonstrate

the skills you will learn in that module.

Applicationtask brings
together some ofthe key
concepts of the module in

a new context.
to carefully consider the physical

thematerialswhendesigningabuilding
Materials such as brick, concrete, and stone are weak

intensionbutstrongincompression,Steelisincredibly
in tension, Wood has interesting properties

seitcanwithstandrelativelylargecompressive
andtensilestresses.

conventional brick house with a tiledFigure 1 shows a
roof, The brick walls are in compression, A framework of

wood is used to support the roof and to prevent the brick
walls from buckling outwards, The strut beams in are

compression and the tie beams are in tension.

The Shard in London ts 308 m tall. Iris

constructedaroundasteelframework

1 Describewhatwouldhappentothestructureshown
inFigure2ifthetiebeamswerenotincluded,

2 Couldsteelcablesbeusedinplaceofthetiebeams?
3 Explainwhythecompressivestressisnot

constantalongthelengthofthewall,Wherewould
youexpectthecompressivestressinthewallto
bearmaximum?

4 Figure2showsTheShardinLondon.Discusswhy
verytallbuildingsuseasteelframeworkrather
‘thanbrick,

Tie and strut beams

a

In 4,9 you learnt about pressure due to fluid columns

and the Archimedes’ principles. The measurement

of atmospheric pressure |s important in the study of “4

meteorology (weather). High and low pressures govern the | 4

Jong and the short term weather patterns we observe. On ‘ 5
weather maps, pressure is shown in millibars. Air pressure

can be measured using instruments known as barometers.

Here are some extension tasks Uo

further improve your understan|

may use the internet to carry o Extension task bring together some
key concepts of the module and
develop them further, leading you
towards greater understanding and

further study.

What is the relationship betw

Investigate the different typt

explain why many of them u}

if you were to design you 0

how tall will it be?
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Practice questions: Chapter 6

A spring has a force constant of 160N mv!

The energy stored in the spring is used to

propel an object of mass 80g, The spring is

Practice questions at the end
of each chapter and the end
of each module, including
questions that cover practical

and math skills.

illo20'Nmt 60 Nir Pros

UNIOMIO—

benich

A Figure4

d

(i) Determine the total extension of the

two springs, State any assumptions

made. (3 marks)

(ii) Determine the force constant of the

combination of these sprir (2 marks)

State HookeSslaw, (1 mark)

Define the force constant of a spring,
(/ mark)

Describe how you can determine the

force constant of an extendable spring in

the laboratory. In your description pay

particular attention to

* how the apparatus is used

* what measurements are taken,

* “how the datais analysed. (4 marks)

Figure 5 shows the variation of force F

with extension x for a spring,

12

FIN f

iis

Ayf seunge
Ce eRe

9) E6030BO42100
4Figure5

Use Figure 5 to answer to following

questions.

(i) Explain how the graph shows that

Hooke’s law is obeyed. (2 marks)

(ii) Determine the force constant of the

spring, (2 marks)

(iii) Determine the energy stored in the

spring when its extension is 80 mm

(3 marks)

8 a Define tensile stress and tensile strain. (1 mark)

pb Derive the units for stress in base units.

(3 marks)

c A group of students are carrying out

an experiment to determine the Young

modulus of a metal wire. The wire

has original length of 1.640m and it is

suspended vertically from a support. The

wire is loaded in steps of 10.0N up to

50,0N and then unloaded. Table | shows

the experimental results from the group.

YTable1
| dingthewire nloadingthewire
extensionx/mm| extensionx/mm|

a f z I
0.0 | 0.00 0.00

10.0 | Os

a T
2 | 1.01 |0.0 | 0 |
30.0 | 1.49 1.50

40.0 | 2.00 1.99
poate z

soo | 2.52 2.52

Paper 1 style questions

(i) Use Table 1 to describe the behaviour

of the wire when forces up to 50.0N

are applied to it (2 marks)

(ii) Name the most likely instrument
used to determine the extension of

the wire. (1 mark)

* | MATERIALS|
(iil) The cross-sectional area of the wire

is 3.2 x 10-7 m+, Use the value of

the extension for the force of 50.0'N

to calculate a value for the Young

modulus of the metal

(iv) Describe how the table of results can

be used to plot a graph and hence

determine a precise value for the

Young modulus ofthemetal. (3 marks)

a Define the Young modulus

b_ Figure6showsa violin.
wire support

A Figure 5

Two of the wires used on the violin, labelled

A and G, are made of steel. The two wires

are both 500mm long between the pegs

and support. The 500mm length of wire

labelled G has a mass of 2.0 x 10~kg. The

density of steel is 7.8 x 10*kgm

(i) Show that the cross-sectional area of

(2 marks)wire G is 5.1 x 1077 m?

(ii) The wires are put under tension by

turning the wooden pegs shown in

Figure 5. The Young modulus of steel
is 2.0 x 10'! Pa,

(iii), Wire A has a diameter that is half

that of wire G. Determine the tension

required for-wire A to produce an

extension of 16 x 10~m

(iv) State the law that has been assumed

in the calculations in (ii) and {iii)

(1 mark)

June 2007 2.

10 Figure 7 shows the force F against extension.x

for a metal wire.

(3 marks)

(1 mark)

(3 marks)

(1 mark)

a

b

State the yalue of the force and extension

at the elastic limit of the wire. (I mark)

Calculate the elastic potential energy for

the wire when its extension is 0.25mm

(3 marks

The Young modulus of the metal is

1.2 x 10"! Pa and the length of the wire

is 1.82m.

Use Figure 7 to determine the

cross-sectional area of the wire. (3 marks)

11 Figure 8 shows an arrangement used by a

student to investigate the energy stored in a

compressible spring

A Figured

a The spring is compressed by a distance x

and then released. It dimbs a vertical height

h along the length of the rod. Show that 4
is directly proportional to 2- {3 marks)

Figure 9 shows a graph of ht against ° for

the spring.

26

A Figure S

(i) Use Figure 9 to predict the height h

when x = 2.0cm. State any

assumptions made. (4 marks)

(il) The mass of the spring is 80g.

Use Figure 9 to determine the

force constant of the spring. (3 marks)

SECTION A

Answer all the questions

1 Astudentinvestigatingan electricalexperiment
records the following measurements in the

Practice questions at
the end ofthe book,with
multiple choice questions
and synoptic style
questions, also covering the
practical and math skills.

A

B

Cc

D

0,020 J

0.080 J

0.140 J

1,000

(1 mark)

3 A wooden block is held under water and then

released, as shown in Figure 1

- <— water surface

A Figure 4

The wooden block moves towards the surface

of the water.

Which of the following statements is/are true

about the block as soon as it is released?

1 The force experienced by the face B due to

water is greater than the force experienced
by the face A,

The upthrust on the block is equal to

its weight

6

3 The mass of the water displaced is equal to

the weight of the block

1, 2 and 3 are correct
Only 1 and 2are correct

Only2and3are correctoom>
Only1iscorrect

(1 mark)

Figure 2 shows a stationary wave pattern

formed in an air column.

A Figure 2

Which point A, B, C, or D has a phase

difference of 180° with reference to P

(1 mark)

A ray of monochromatic light is incident at a

boundary between two transparent materials

The refractive index of the materials is 1,30 and

1.50. The angle of refraction for the emergent

ray is 60

+ boundary

{havtoscan]
A Figure 3

What is the angle @of incidence?

A 42

B 49

Cc 60°

D 388

(1 mark)

Figure 4 shows the cross-section of a metal

wire connected to a power supply. The charge

carriers within the metal wire move from right

to left

charge carriers

A Figure 4

The section Qof the wire is thinner thar

sectionF
Whichstatementiscorrect
A The direction of the conventional current

is from right to left

B_ The section Qof the wire has fewer charge

carriers per unit volume

The current in both sections is the same

D The charge carriers are negative ions

A resistor R is connected in parallel with a

resistor of resistance 10Q. The total resistance

of the combination is 6.0Q. What is the

resistance of resistor R

A 0.0672

B 380

Cc 4.0Q

D 15Q

What is a reasonable estimate for the energy of

a photon of visible light?

A 4x to)

B 4x07!)

© 4x loys

D 4xlo'y

(1 mark)

Students A and B use micrometer serew

gauges to measure the diameter of a copper

wire in three different places along its length

The diameter of the wire according to the

manufacturer is 0.278mm. The results recorde

by students A and B are shown in Figure 5

| |

Yh UY LEPi
Bmm 0.278 men

A Figure §

Which statement is correct about the

measurements made by the student B

compared with those of student A?

po

D

The measurements are m ate

The measurements are not as precise

The measurements are both more accurate

and more precise

The measurements are not accurate but are

more precise

10 The circuit in Figure 6 is constructed by a

student in the laboratory

4 Figure
The er

resistance of 3.0.Q. A resistor of resistance 2

of the cell is 1.5 V and it has an intemal

Q

and a variable resistor R are connected in series

to the terminals of the cell. The variable resistor

is sct to-a resistance value of 7.0Q.

What is the value of the ratio

power dissipated in R

power supplied by the cell

(1 mark)

SECTION B

Answer all the questions

lla

b

Detine velocity (1 mark)

The mass of an ostrich is 130kg. It can run at

a maximum speed of 70kilometers per hour

(i) Calculate the maximum kinetic energy

of the ostrich when it is running

(3 marks)

(ii) Scientists have recently found

fossils of a prehistoric bird known as

Mononykus. Figure 7 shows what the

Mononykus would have looked like.

259



Kerboodle

This book is supported by next generation Kerboodle, offering

unrivalled digital support for independent study, differentiation,

assessment, and the new practical endorsement.

If your school subscribes to Kerboodle, you will also find a wealth of

additional resources to help you with your studies and with revision.

Study guides

Maths skills boosters and calculation worksheets

On your marks activities to help you achieve your best

Practicals and follow up activities to support the practical

endorsement

Interactive objective tests that give question-by-question feedback

Animations and revision podcasts

Self-assessment checklists

4.5 Moments and equilibrium

Method sheet
OCR Physics A

Revise with ease using
the study guides to guide

you through each chapter
and direct you towards the
resources you need.

Method

1 Makea modelofthebridgecrane,asshown
inFigure1,usingtwobalances,auniformbar,andasuitableknown neckthatth

‘shorizontal,thenmeasurethi oes te pobtsSteamer
thebar.D=(0,+0.)

2 Suspendweight,Wfromthebar
horizontalsndthebalancesverti

3°Measureandrecordthereadi
withthedistances0,and
bar.(SeeFigure1,)
Repeatthesemeasurementsforsevera
thebar.Recordallyourmeasurements

16distance, D between the points of support of

.Sdjustingthespringbalancestokeepthebar
ing on each spring balance (S, and S. the:

from W to where each spring balance eee the

-
| different positions of the weight along

4 Forcesin action: Objectivetest

n 1 rium?Whichof these isnot in equillD

on lar trackonstant speed on ac rcular tra
A car moving at ac

4,\ _ th
weightofbar 4 W, 7

Figure14 modelbridgecrane

their top speed on 2

velocity. ®

—"" Incorrect. The weight of the

skydiver is equal to the air

resistance acting on them
forces are in equilibrium and

the acceleration equals zero

For more information see Topic

4.4 Drag and terminal velocity

| inal© Askydiver falling at term! :

sults

Abook on a table amberthat
oment=force*perpendiculardistanceof“psig thelineofactionofforcetromthe
=(;+dh)

2UwerorsityPrews2018 ery COUNesdentedoss108sheetmayhavebeenchangedioentreong!

> Resullsa =

Forteachers, Kerboodle also has plenty of further assessment resources,
answers to the questions in the book, anda digital markbook along with
full teacher support for practicals and the worksheets, which include
suggestions on how to support and stretch students. Allof the resources
are pulled together into teacher guides that suggest a route through each

chapter.



MODULE4
Development of practical skills in physics

Physics is a practical subject and
experimental work provides you with

important practical skills, as well as enhancing
your understanding of physical theory. You

willbe developing practical skills by carrying

out practical and investigative work in the

laboratory throughout both the ASand the
A level Physics course. You will be assessed

on your practical skills in two different ways:

e written examinations (ASand Alevel]

practicalendorsement (Alevelonly)

Practical coverage
throughout this book
Practical skills are a fundamental part of a

complete education in science, and you are

advised to keep a record of your practical

work from the start of your Alevel course that

you can later use as part of your practical

endorsement. Youcan find more details of the
practical endorsement from your teacher or

from the specification.

Inthis book and its supporting materials

practical skills are covered in a number of

ways. Bystudying Application boxes and

1.1.1 Planning
e Designing experiments

e Identifyingvariables
tobecontrolled

_Evaluatingthe
experimentalmethod

Skills

ELLAPAID ESODEOTLBEEPIOELE

Exam-style questions in this student book,

and by using the Practical activities and Skills

sheets in Kerboodle you will have many

opportunities to learn about the scientific

method and carry-out practical activities.

1.1 Practical skills assessed in

written examinations

In the written examination papers for AS and

A level, at least 15% of the marks will be from

questions that assess practical skills. The

questions will cover four important skill areas,
all based on the practical skills that you will

develop by carrying out experimental work

duringyourcourse.

e Planning —your ability to solve a
physics problem ina practical context.

Implementing —your understanding of

importantpracticaltechniques and processes.

Analysing —your interpretation of

experimental results set in a practical

context and related to the experiments

that you would have carried out.

Evaluating —your ability to develop a plan
that is fit for the intended purpose.

my Riga fs f Pegs
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) 1.1.2 Implementing

Vs Usinga rangeof practical
apparatus

| Carryingouta range e

oftechniques
e Using appropriateunits

formeasurements
e Recording data and

observations in an

appropriate format

e Processing, analysing,and
interpretingresults

e Analysing data using

appropriate mathematical
skills

Using significant figures

appropriately

e Plottingandinterpreting
graphs

1.1.4 Evaluation

e Evaluating results to draw

conclusions

Identify anomalies

Explain limitations in

method

Identifying uncertainties

and errors

Suggesting improvements



1.2 Practical skills assessed in practical endorsement

Youwill also be assessed on how well you carry out a wide range of practical work and how to

record the results of this work. These hands-on skills are divided into 12 categories and form

the practical endorsement. This is assessed for Alevel Physics qualification only.

The endorsement requires a range ofpractical skills from both years of your course. Ifyou are i

taking only ASPhysics, you will not be assessed through the practical endorsement but the

written ASexaminations will include questions that relate to the skills that naturally form part

of theAScommon content to the Alevel course.

The practicals you do as part of the endorsement willnot contribute to your final grade awarded
to you. However,these practicals must be covered and yourteacher will go through how this

is to be done in class. It is important that you are actively involved in practical work because
it willhelp you with understanding the theory and also how to effectively answer some ofthe

questions in the written papers.

The practical activities you will carry out in class are divided into Practical Activity Group (PAGs). |

PAG1to PAG6 will be undertaken in Year 1, PAG? to PAG10 in Year 2, and PAG11 to PAG12

throughout the two-year course.

Investigative

Research skills

10

Investigating
simple harmonic

motion

Unscaffolded M4

Investigation

2nd year 7
practicals

Investigating
ionising radiation

Investigating

gases

Investigating
capacitors

1Syear 5
practicals

2 3 4

Investigating
motion

Investigating
properties of

materials

Investigating
electrical
properties

Investigating
electrical
circuits

Investigating

waves

Investigating
quantum

effects
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The PAGsare summarised below, together with the topic reference in the bookthat relates to

the specific PAG.

PAG Topicreference

1 Investigatingmotion 3.7,4.4 |
2 Investigatingpropertiesofmaterials Tea, 6.4

Re Investigatingelectricalproperties 2 niA BP

4 Investigatingelectricalcircuits 10.4,10.6
| > Investigatingwaves tA trie rat2.6

: 6 Investigatingquantumeffects 13.4
| _¢Investigatingionisingradiation [29.4 es

8 Investigatinggases 13e
9 Investigatingcapacitors “T2414

10 Investigatingsimpleharmonicmotion eel
11 Investigation Throughout
12 Researchskills Throughout

| Maths skills and How Science Works across Module 1 i

In order to develop your knowledge and understanding in ALevel Physics, it is important to

have specific skills in mathematics. Allthe mathematical skills you will need during your

physics course have been embedded into the individual topics for you to learn as you meet

them. An overview is available in each of the module openers and these skills are further

supported by the worked examples, summary questions, and examination-style questions.

How Science Works (HSW)is another area required for success in ALevel Physics, and
helps you to put science in a wider context, helping you to develop your critical and creative

thinking skills in order to solve problems in a variety of contexts. Once again, this has been

embedded into the individual topics covered in the books, particularly in application boxes
and examination-style questions. The application and extension boxes cover some of the ;

HSW elements.

You can find further support for maths skills and HSW on Kerboodle.

eR ee a REET
«



MODULE2
Foundationsofphysics

Topics in this module

2.1 Quantitiesand units
2.2 Derived units

2.3 Scalar and vector quantities

2.4 Adding vectors

2.5 Resolving vectors

2.6 More on vectors

Introduction

Physics is not only a collection of concepts
about everything from subatomic particles

to the whole Universe. It is a set of different
ways of thinking that have led to countless
successful descriptions and explanations
of the way the Universe works. Physicists

have learned new ways of thinking as they
look for deeper and deeper explanations of
physical phenomena, searching for the most
fundamental answer that can be applied

across the widest range of disciplines.

Foundations of physics introduces the

important ideas and conventions that

permeate the fabric of physics. Youwilldevelop

your skills in critical thinking, reasoning and

logic, and mathematics. Withthese you willbe

able to build models to describe a wide variety .

of systems and to make predictions about
different circumstances.

Through an exploration of units you will
learn about the well-defined and universally

understood methods used by physicists to

Appendices

A1 Physicalquantitiesand units

A2 Recordingresults
A3 Measurements and uncertainties

measure physical phenomena, and methods

that help physicists across the globe
effectively communicate their ideas within

the scientific community.

Bydeveloping your understanding of vectors

you will build a powerful mathematical toolkit

that you will use throughout your studies.

Youwillhone your ability to make

approximations and estimations in order to

gain a sense of magnitudes and to know what

sort of answers to expect. Astudy of errors,
uncertainty, precision, and accuracy

develops your understanding of the limitations

of experimentation. Youwilllearn how to present

your data appropriately and express numerically

a level of confidence in your findings.

Some of these key ideas and skills relate

to and will be developed by experimental

work that you will meet across the different

modules —you will find these topics covered
in detail in the appendices.
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Knowledge and understanding checklist
From your Key Stage 4 study you should be able to do the following.
Work through each point, using your Key Stage 4 notes and the support

available on Kerboodle.

Use vector diagrams to illustrate forces, a net force, and

equilibrium situations.

CL) Explain the vector—scalar distinction as it applies to displacement,

distance, velocity, and speed.

C) Makecalculationsusingratiosand proportionalreasoningto convertunits.

HMO\HH
Maths skills checklist

All physicists use maths. In this unit you will need to use many different

maths skills, including the following examples. You can find support for

these skills on Kerboodle and through MyMaths.

& Recognise and make use of appropriate units in calculations. Youwillneed

to be able to do this when identifying the correct units for physical properties

and converting between units with different prefixes, for example, km and m.

C1) Use calculators to find and use power functions. You will need to be

able to do this to calculate resultant vectors.

() Use sin, cos, and tanin physical problems. Youwill need to be able to do

this when resolving vectors into components.

(_) Visualise and represent two-dimensional and three-dimensional

forms, including 2D representations of 3D objects. Youwillneed to be
able to do this to solve problems involving the addition of vectors through

the use of scale diagrams.

Use Pythagoras’ theorem and the angle sum of a triangle. Youwillneed

to be able to do this to solve various problems involving vectors.

Estimate results. Youwill need to be able to do this when estimating the

effect of changing a value during an experiment.

Find arithmetic means. You will need to be able to do this when

presenting data in tables from various pieces of experimental work.

Identify uncertainties in measurements and use simple techniques
to determine uncertainty when data is combined. Youwillneed to be

able to do this when analysing experimental data.

@MyMaths.couk—|

Jyeee,
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Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> unitsforphysicalquantities
> Sl base quantities and units,

their symbols and prefixes.

A Figure 1 The correct use of units

would have prevented the destruction

of the Mars Climate Orbiter

°Peeoesecesesseoseeseees®
Measurements

Measurements are very important in physics. Not only must they be

recorded accurately, they must also be communicated clearly. In 1998

NASA launched the Mars Climate Orbiter, a mission costing almost

£195 million. When the probe arrived at Mars a few months later, it

disintegrated in the planet’s upper atmosphere instead of going into

orbit. The disaster had a simple cause: one of NASA’s teams worked
in feet and pounds, whilst the other team worked in metres and

kilograms. Each team assumed that the other was using the same units.

In A Level Physics, failure to use units correctly may not cost millions

of pounds but it will cost you valuable marks in the examination.

Quantities

A physical quantity is a property of an object or of aphenomenon

that can be measured. Some quantities are just numbers. For example,

proton number, efficiency, and magnification are numbers. They have

a numerical magnitude or size, but no units. Many other quantities

consist of numbers and units. For example, length is a quantity that

has units. It has many different units, including metres, inches, and

miles. To avoid problems like the one NASA experienced with the

Mars Climate Orbiter, scientists use a standard system of units called

the Systeme International d’Unités (International System of Units),

abbreviated to SI.

SIbaseunitsGyo
SI is built around seven base units, six of which are shown in Table 1.

The seventh unit, the unit for luminous intensity (the candela, cd), is

not assessed in the A Level Physics course.

W Table 1 S/ base units

Base unitQuantity Unitsymbol

metre

Symbols

A unit symbol is written in lower case, for example, m rather than M~

for metres, unless the unit is named after a person. In that situation, its
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name still begins with a lower-case letter but its symbol has a capital Y Table 2 Prefixes for S/units

letter. The unit of electric current is named after André-Marie Ampére, Prefi Prefi
so its name is the ampere (often just amp) and its symbol is A. be bey Jaees

name symbol

Prefixes

SI uses prefixes to show multiples and fractions of units (Table 2). For

example, km stands for kilometre. The prefix is the ‘kilo’, and the unit

is the ‘metre’.

Notice that, apart from k for kilo, the prefixes for multiples all have

initial capitals. Similarly, the prefixes for fractions are all lower case

(pis the lower-case Greek letter mu).

Worked example: Using prefixes

a Convert 1.25KAinto A.
1.25kA= 1.25x 10°A(or 1250A)

b Convert 234uUm into m.

234 pm = 234 x 10°-°m = 2.34 x 10°-*m

c Convert 0.567s into ms.

There are 10’ ms in 1s. To change from seconds to
milliseconds, you have to multiply by a factor of 10°. Study tip

Therefore, 0256719103567 x 10? = 567 ms Standard form is used to display

very small or very large numbers

Hl ina scientificway.Forscientific
Summary questions notationitis ideallyexpressedin

ine fi in hi 60 d 40 the formn x 10”, where 1<7n< 10,
1 Astudent records the following figures in hisnotes: 60 cm an ms. ait roan ntttee

a Name the two quantities being measured. (2 marks)
b Change these measurements into their base units. (2 marks)

2 a Acollision between two molecules lasts for about 100 picoseconds.
Writethis timeinseconds. (1mark) ,

b Achemical bond is approximately 0.15 nanometres long. Youcan showsmall and large
Writethis length in metres. (1 mark) Sintete intanriard cao

c TheSun's core has a temperature of approximately ie
16megakelvin.Writethis temperature in kelvin. (1 mark) Forexample,insteadofwriting

230kmor230x102m,wevert‘thefollowingmeasurementstotheirbaseunits.| couldexpressthisdistanceas
_ Writeyouranswersinstandardform. bcm en
a 200pm; b 0.40Mm;¢ 35ys;d 0.25mA;e 256ns.(5morks) Write45 ns (45 x 1079s) in

standard form.

Studytip
Takecareeinen > writi
aSmeansdigecore®butMMs~ie
‘meansmegasetonds.con



| 2.2 Derived units
Specification reference: 2.1.2
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Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> derived units of SI base

units and the quantities that

use them.

Seoeveseeeseeceseevene®
©

peCC CSE OS ER SESE OES TETESEBSEHREHESESHETOTEF

W Table 1 Some derived units

Derived quantity Derived unit

area [ m?

volume m?
acceleration hase

density kgm?

Study tip

Youcan determine derived units
from the equation for the derived

quantity. Forexample, for density,
you need the equation that links

density, mass, and length:

mass
volume

(where volume = length?]

density =

Thederived unit for density is
therefore the unit for mass (kg]

dividedbythe unitforvolume
- (m3):kem-3.

A Figure 1 Speed is measured in ms~!,
a derived unit in S!

Beyond base units
The seven base units are used to measure the base quantities that

they represent. However, there are many more quantities to measure

than just mass, length, electric current, time, and the other three

base quantities. For example, what are the units for speed and

force? Quantities like these are called derived quantities. They use

derived units, which can be worked out from the base units and

the equations relating derived quantities to the base quantities. With

derived units any quantity can be communicated.

Names and symbols

Derived units without special names
You already know some derived units. For example, the unit for speed

is ms7!. It comes from the equation that links average speed with two

base quantities —distance and time.

distance travelled
average speed = ~ge time taken

Since m is the unit for distance, s is the unit for time, and we are

dividing m by s, the derived unit for speed is m/s, written ms~! at
Auiieveli(ssv= *). We write derived units like this because it is better

for more complex units, such as the unit for specific heat capacity,

Jkg"!K7!, which is much clearer than J/(kg K).

Table 1 shows some derived units without any special names.

Derived units with special names
Some derived quantities are used so often that they have special

names. SI has 22 derived units with special names and symbols, but

you will not need to know them all for your physics course. Table 2

shows a small selection of these units.

WVTable 2 Some named derived units

Derived quantity Unitname Unitsymbol Unit expressed in

other SI units
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SI units can be combined to form a huge range of other derived units.

You may be familiar with some of these already. For example, the

moment of a force is measured in newton metres, Nm.

+ Temperature

The SI base unit for temperature is the kelvin, K. In everyday life you are

likely to use a different unit for temperature, a derived unit called the degree

Celsius, °C. To convert from °C to K you add 273, so 20°C is 293 K and 100°C

is 373 K.

A difference of 1°C is the same as a difference of 1 K, so temperature

differences do not need conversion. For example, if you warm some water

from 20°C to 100°C its temperature increases by 80°C, which is also 80 K.

1 Converting from Kto °Cis equally simple. Convert 298 Kto °C.
2 The degree Fahrenheit, °F is anon-S!unit for temperature. Toconvert

from °Fto °Cyou subtract 32, multiply by 5 then divide by 9. For
example, 68°F = (68 —32) x z= O°C.Deduce the temperature that —

has the same value, whether given in °F or in °C.
=

Summary questions

1 The unit of mass is the kg. Acceleration has the derived unit m oe,

The force acting on an object can be determined using the equation
force = mass x acceleration. Determine the derived unit for force in

base units. (2marks)

onal SRUINSUP WIETE BUIVIVIDDAGgraye) ne



2.3 Scalar and vector quantities
Specification reference: 2.3.1
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Learning outcomes
Demonstrate knowledge,
understanding, and application of:

= scalarand vector

eeeeceeeseenseeenoeoeenesese

Peeceseeeeeeeene®
quantities.

A Figure 1 Flyboarders can hover up to
15m above the water

YWTable 1 Some scalar

and units

Scalar quantity

length

mass

time

speed

temperature

volume

energy

potential difference

power

2

,
|

quantities

Sl unit

3) n

a °Ga

3,

Going up
Flyboarding is a sport in which the rider stands on a board with a long

hose attached that hangs into a lake. Water from the lake is forced

through the hose and into jets under the board. The water rushes out

of the jet nozzles, pushing the rider into the air. Skilled flyboarders

can perform all sorts of aerial acrobatics, thanks to practice in judging

scalar and vector quantities.

Scalar quantities
A scalar quantity has magnitude (size) but no direction. For example,

the distance between a flyboarder and the surface of the water is a scalar

quantity, and so is his mass and the time he can stay in the air. Table 1

shows some examples of scalar quantities with their SI units.

Adding and subtracting scalar quantities
Scalar quantities can be added together or subtracted from one

another in the usual way. For example, if your mass is 55kg and you

pick up a 5kg bag, your new total mass is (55 + 5) = 60kg. If you

sharpen a 16cm pencil and remove 1 cm as you do so, the new length

of the pencil is (16-1) = 15cm.

Scalar quantities must have the same units when you add or subtract

them. If you time something in an experiment you cannot add

together 1 minute and 30 seconds as (1 + 30). Instead, you would

convert the time from minutes into seconds and then add the times:

(60 + 30) = 90s. Alternatively, you could work in minutes to get

a time of (1 + 0.5) = 1.5 minutes.

Multiplying and dividing scalar quantities

Scalar quantities can also be multiplied together or divided by one

another. However, in this case the units can be the same or different,
unlike adding and subtracting. It is important that you work out the
final units correctly.

Workedexample:Lighterthanair
A balloon is inflated with 6.1 x 10-?m? of helium. Its mass
increases by 0.98g. Calculate the density of helium.

Step 1: The equation for density is

Mass _density =Y volume

Step 2: Consider the units of the equation. f i a :
ae as J of 7 nf Pit aYou aredividing together two scalar quantities. The SI base unit we

for mass is the kg. Volume has the unit m?. The mass must be
converted into kg before substitution; mass =9.8x 10-*kg. @



o
Step 3: Substitute the values into the equation and calculate

the density.

9.8 x 1074
density = cea

miler
= O).lekem-

Vector quantities
A vector quantity has magnitude and direction. For example, the

weight of a flyboarder is a vector quantity, and so is the force from the

rushing water from the jet nozzles. Table 2 shows some examples of

vector quantities and their SI units.

Distance and displacement
Distance and displacement are both measured in m, but distance is a

scalar quantity and displacement is a vector quantity. This is illustrated

in Figure 2.

path of object

finish

displacement of object —
a vector pointing from

eet the start to the finish point

A Figure 2 Distance travelled is the length of the red path, whereas the magnitude of
the displacement is the length of the blue arrow and the direction of the displacement

is 70° off due north

Summary questions

FOUNDATIONS OF PHYSICS

YWTable 2 Some vector quantities

and units

Vector quantity SIunit

displacement m
4

velocity ms?

acceleration ms ¢

force N(kgms°]

momentum kgms!

Synoptic link

Youfind out more about vector
quantities when studying motion,
forces, and momentum in

Chapters 3, 4, and ? of this book.

Synopticlink
= 3InChapter3,1youwillcomeaacross

twoimportantvectorquantities=
velocityaneacceleration.asiSa

1 Explain what is wrong with the followingcalculation:

mass, = 150 g, mass, = 0.500 kg; total mass = 150 + 0.500=150.5¢

2 Compare and contrast distance and displacement.

(2marks)

(2marks)

3 Youcancalculatepowerbydividingenergybytime.Explainnet or isascalaroravectorpte (2rome



Adding vectors
Specification reference: 2.3.1
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Learning outcomes
Demonstrate knowledge,
understanding, and application of: eeeveecee
= addition of two vectors with

scale drawings and with

calculations. Peececveeose
eeoceeeoseeeeeeooseneseoesesenes eeoseececsec®

A Figure 1 What effect will theflowing

water have on the dog’s progress across
the river?

5.0 N

A Figure 2 Representing a vector

quantity, in this example aforce of 5.0N

resultant = 7.0 N

A Figure 3 Twoparallel forces acting on

an object are shown at the top, with the
corresponding vector diagrams below

Going against the flow
Many dogs love to jump into rivers to fetch sticks thrown for them. When

a dog swims back to a point on the river bank, it has to swim against the

current. The velocity of the flowing water and the velocity of the dog’s

paddling are vector quantities, so it is possible to work out the overall or

resultant velocity of the dog by adding the two vectors together.

Vectors in one dimension

As you have already seen with displacement in Topic 2.3, a vector

quantity is represented by a line with a single arrowhead:

@ the length of the line represents the magnitude of the vector,

drawn to scale

@ the direction in which the arrowhead points represents the

direction of the vector.

For example, Figure 2 shows a line representing a single vector. It is

drawn to a scale of 1.0cm = 1.0N, soa line 5.0cm long represents a

force of 5.0N.

Parallel vectors

Where two vectors are parallel (they act in the same line and

direction), you just add them together to find the resultant vector.

The direction of the resultant is the same as the individual vectors but

its magnitude is greater. For example, if two forces of 3.0N and 4.0N

act in the same direction on an object, the resultant force is 7.0N.

Antiparallel vectors
Where two vectors are antiparallel (they act in the same line but in

opposite directions), you call one direction positive and the opposite

direction negative (it does not matter which), and then add the vectors

together to find the resultant. The magnitude and direction of the

resultant will depend on the magnitude of the two vectors.

Worked example: Vectors in opposite directions

Two forces act in opposite directions on an object, as shown

in Figure 4. Calculate the magnitude and direction of the

resultant force.

Step 1: Assign positive and negative values to the vectors.

Assume that the positive direction is towards the right, so the —

two forces are -3.0N and +4.0N.

object

pas ON ® —4.0N :
; ~~

A Figure4 Twoforces acting in opposite directions : (>)
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>]
Step 2: Calculate the resultant force.

resultant = —3.0 + 4.0 = +1.0N towards the right

Twoperpendicular vectors

Perpendicular vectors act at right angles to each other. Figure 5a
represents two perpendicular forces of magnitudes 4.0N and 3.0N Summary questions

acting on an object.
1 The steps on an escalator

move upwards at 0.5ms*.

Calculate the resultant vertical

velocity of a person:

a_ standingstillonthe
escalator; (1mark)

b walkingupwards
at 2.0ms}; (1mark)

c walkingdownwards
att Omse: (1mark)

4.0ON resultant

vector

4.0N

object 3.0N 3.0 N 2 The diagrams in Figure 6
vectortriangle represent forces acting on an

object. Foreach one, draw a
vector triangle and therefore
determine the magnitude
and direction of the

A Figure 5 Twoperpendicular forces: (a) the two forces acting on the

object; (b} the vector triangle used to determine the resultant vector

-The resultant vector can be found either by calculation or by a scale

drawing of a vector triangle. Follow the rules below when adding resultant force. (10 marks)

any two vectors.
a

Draw a line to represent the first vector.

2 Drawa line to represent the second vector, starting from the end of 20N

the first vector.
7 3.0N

3 To find the resultant vector, join the start to the finish. You have object

created a vector triangle (Figure 5b).

The method can be used to determine the resultant vector for any two

vectors —displacements, velocities, accelerations, and so on. The angle

between the vectors need not be 90°; any triangle works.

In this case, since the angle is 90°, you can also determine the
magnitude of the resultant force F using Pythagoras’ theorem. A Figure6 ©

F? = 4,0? + 3.07

F= [4.07+3.0?=25

F=5.0N
To find the direction of the resultant force, you can calculate the angle 0

made with the 3.0N force.

Opp _ 4.0
an@ =—— = =— = 1.333ene adj. 23.0

e= 53.



}2.5 Resolvingvectors
Specification reference: 2.3.1

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

eeeeeee

= resolution of a vector into

two perpendicular

component vectors.
e

CCeCeeeeooeeseeeseeeseHoseseeseeseeeeeeesese®

A Figure 1 Pilots must compensate for
the effect of crosswinds during take-off
and landing

Fy

A Figure2 ResolvingaforceFinto
componentsF,and

A Figure3

Crosswinds

The wind can be helpful to aircraft. A tailwind, blowing in the same

direction as the aircraft is travelling, reduces the journey time and

saves fuel. On the other hand, a headwind can increase the journey

time and waste fuel. Crosswinds can blow an aircraft off course unless

the pilot takes them into account. An understanding of vectors is

helpful in situations like these.

Resolving a vector into two components
You already know how to add together two perpendicular vectors to

find a resultant vector. You can reverse this procedure to split a vector

into two perpendicular components. This is called resolving the

vector. It can be done using a scale drawing, but more often vectors

are resolved by calculation.

To resolve a force F into the x and y directions, the two components of

the force are

@ F.=Fcosé

@ F =Fsiné

where @is the angle made with the x direction. These equations can be

used with any vector in the place of x.

Worked example: Acrosswind
At an airport, a horizontal wind is blowing at 15ms7! at an angle

of 60° north of east (Figure 3). Calculate the components of the

wind velocity in the north and east directions.

Step 1: Select the equations for resolving vectors.

@ v.=vcosé

° V= vsin@

Step 2: Substitute the values into the equations and calculate the

components.

velocity component due east = v.= 15 x cos60° = 7.5ms7!

velocity component due north = v, = 15 x sin60° = 13ms7!

You can quickly check your answer using Pythagoras’ theorem.

w= Ve+ a = 7.5"+:13*= 56.29 2169

v= 15ms~
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: smoothrampEg Worked example: Going down

A freely falling object has a vertical acceleration of 9.81 ms~?,
The object is placed on a smooth ramp that makes an angle of

30° to the horizontal (Figure 4). Calculate the component of the a

accelerationadowntheramp. x0"
Step 1: Select the equation.

object

acceleration component down the ramp = a cos@ where @
. A Figure 4
is the angle a makes to the slope. :

Step 2: Substitute the values into the equations and calculate the

component.

component = 9.81 x cos60° = 4.91ms~

You could have used 9.81 x sin 30° instead. The answer will be

the same because sin 30° is the same as cos 60°.

Study tip

Alwayscheck that your calculator
is in the correct mode —in this case

degrees —when you resolve vectors.

1 A force of 10N acts on an object at an angle @to the horizontal. Calculate the horizontal
component ofthe force when 0 = 0, @= 45°, and 0 = 90°. Comment on your answers. (4 marks)

2 Aparascender is attached by a rope to a boat travelling at a constant velocity (Figure Sa).
The rope is angled at 35° to the surface of the sea, and the tension in the rope is 1650N.
Calculate the horizontal and vertical components of the tension in the rope. (2 marks)

3 Asailing boat is travelling north. It is moving because of a force due to the wind, which is 350 N
blowingtowards 40° east of north (Figure Sb). Calculate the components of the force fromthe wind:
a towardsthe north(the directioninwhichthe boatis moving); (1mark)
b towardsthe east (perpendicularto the directioninwhichthe boatis moving). (1mark)

a : bs c

direction of motion

— .4A0 350 N
~ — wind force

nes nos at



2.6 More on vectors
Specification reference: 2.3.1

——S

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

— calculations involving

vectors.
Peeesoeecesere

e
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A Figure 1 Tugboats towing an oil

platform

4 Figure 3 Avector triangle drawn
to scale

3.0 N

A Figure 4 Avector triangle with angles
andforces shown

Tugboats
A tugboat is a small but powerful boat that pushes or pulls larger vessels

such as barges and tankers. Tugboats manoeuvre these large ships through

crowded waterways and harbours. Larger, ocean-going tugboats can tow
damaged ships to safety. Sometimes even the most powerful tugboats

need to work in pairs or groups. Tugboat captains must understand the

vectors involved so that the towed vessel travels in the right direction.

Adding non-perpendicular
vectors

5.0 N There are several techniques you can use

to add together two non-perpendicular

vectors. They all rely on constructing a clear

vector triangle. We will apply each of the

techniques in turn to the following problem
60°

in order to demonstrate how to use them.
object 3.0 N

Two forces, of 5.0N and 3.0N, act ona

A Figure 2 Twonon- single point at 60° to each other (Figure 2).
perpendicular forces acting What is the magnitude and direction of the

on an object resultant force?

Technique 1 —Scale diagram
Choose an appropriate scale for the drawing of your vector triangle. Use

the rules outlined in Topic 2.4 to construct your vector triangle (Figure 3).

Carefully measure the length of the resultant vector: it is 7.0cm. With

1.0cm representing 1.0N in the diagram, the resultant force must
equal 7.0N. The angle made by the resultant and the 4.0N force is 38°.

Technique 2 —Calculations using cosine and sine rules
Figure 4 shows a sketch of the vector triangle. The angles and

magnitudes of the vectors are all shown. The resultant force is F.

You can use the cosine rule (a? = b? + 2 —2bc cos@) to determine the

magnitude of the resultant force.

F? = 3.07 + 5.02 —2 x 3.0 x 5.0 x cos 120°

F=V49 =7.0N

a ba8 i aihe spel # can be found using the sine rule Sia ene

5 Ores web

sin@ sin 120

: 5.0 x sin 120
sin? = ——————— =70 0.6186

6= 33°

The magnitude of the resultant force is 7.0N at an angle of 38° relative
to the 3.0N force.
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FOUNDATIONS OF PHYSICS

Technique 3 —Calculations using vector resolution PRIeCORN
This technique relies on choosing convenient perpendicular axes. One

of the vectors is resolved along each axis so that the magnitude of the

resultant vector can be determined using Pythagoras’ theorem (Figure 5).

total force in x direction = 3.0 + 5.0cos60° = 5.5N

total force in y direction = 5.0sin60° = 4.33N

resultant torce F= ./5 5° 4.4.337 =7.0N 20N oe :xXdirection

AQ a4 1 A Figure 5 Twonon-perpendicular vectors
ipa oie shown as part of a right-angled triangle

Subtracting vectors
Two vectors are represented by X and Y. To subtract Y from X, you > y

simply reverse the direction of Y and then add this new vector to X X

(Figure 6).

X

=Y
1 Three forces act on an object (Figure7). Calculatethe magnitude and X-Y

direction of the resultant force. (4 marks)

2.0N object 3.0N A Figure6 Subtractingvectors

1.0N Figure 7

2 Twotugboats are pullinga ship,

_eachwithaforceof8.0kN,and
withanangleof40°betweenthe

s(Figure8).Calculatethe



"Forcesandmotion
Chapters in this module

3 Motion
4 Forces inaction

5 Work,energy, andpower
6 Materials

¢ Laws of motion and momentum

Introduction

Force and motion are tightly knitted

together. They form a central part of every
physicist’s understanding of the Universe

around us.

In this module you will learn how to

mathematically model the motion of objects
and willdevelop your understanding of
the effects forces have on objects. You will

also learn about the important connection

between force and energy.

Motion explores the key ideas used to
describe and analyse motion in both one
and two dimensions, including the motion of
Olympicswimmers, sprinting cheetahs, and

parachutists jumping from the very edge of
space. &

Forces in action develops ideas about the

effect of forces on objects. In this chapter

you will learn how the motion of an object

changes when it experiences a resultant

force, and how several balanced forces are

essential in contexts including rock climbing
and bridge building.

Work, energy, and power explores the

important link between work done and

energy. You will learn how to apply the

important principle of conservation of

energy to situations from wind turbines to

roller coasters.

Materials introduces several ideas that are

essential in engineering. In this chapter you
will learn how to classify different materials

according to their properties, and the
mathematics of the differences between a

bungee cord and the latest aluminium alloy.

Laws of motion and momentum will

enable you to combine the ideas developed
in the previous chapters. Youwill learn how

Newton's laws are used to predict the motion
of all colliding or interacting objects, from

astronauts in the International Space Station
to the humble supermarket shopping trolley.
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Knowledge and understanding checklist

a From your Key Stage 4 study you should be able to do the following. Work

oh through each point, using your Key Stage 4 notes and the support available

4 onKerboodle.

oe Relate changes and differences in motion to appropriate distance—time

and velocity—time graphs.

a Apply formulae relating distance, time, and speed for uniform motion, and

for motion with uniform acceleration.

CD Recall examples of ways in which objects interact and describe how such

examples involve interactions between pairs of objects that produce a

force on each object.

CA Apply Newton's first law to explain the motion of objects and apply Newton's

second law in calculations relating forces, masses, and accelerations.

() Describe and calculate changes in energy and explain the definition of a

power as the rate at which energy is transferred. 4

OC) Calculate energy efficiency for any energy transfer, and describe ways to

increase efficiency.

Maths skills checklist

Allphysicists use maths. In this unit you will need to use many different
maths skills, including the following examples. Youcan find support for

these skills on Kerboodle and through MyMaths.

E>) Change the subject of an equation, including nonlinear equations.

Youwill need to be able to do this to solve mathematical problems when

“4 dealing with energies.

(_) Use an appropriate number of significant figures. Youwillneed to

be able to do this in solving a variety of problems in the motion topic,

including projectiles.

(_) Plot two variables from experimental or other data and use y = mx + c.

Youwill need to be able to do this when studying Hooke’s law.

Calculate the gradient from a graph (including tangents). Youwillneed

to be able to do this in experiments to determine g by free fall.

(_.) Understand the possible physical significance of the area between
a curve and the x-axis and be able to calculate it or estimate it by

graphical methods. You will need to be able to do this when studying

motiongraphsFARROWCOLLEGE@MyMathisou

O



MOTION

3.1 Distance and speed
Specification reference: 3.1.1

SPOSHHEHSSHLOSHOHEHHHEHHLHEHEHEHHHHEEOSHEHHOHS,

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> average speed

> instantaneous speed

> distance—timegraphsto
determinespeed.

: .COTOHETSOELOOEOCOOEESOCOHOESOOHOHSSESEDOE®

A Figure 1 Toprotect the people
repairing the road, your average speed
on this section of the road must not be
more than 50 miles per hour

. hod

ePoeececsecsesesscoessesesese®
Average speed
Laws limit the speed at which vehicles can travel on roads. Speed

cameras help the police enforce these limits. Average speed check areas

use cameras along the journey (Figure 1). Automatic numberplate

recognition technology identifies individual vehicles, so the time they

take to travel between cameras can be measured. If the distance between

the cameras is also known, the average speed can be calculated.

Calculating average speed
The average speed v of an object can be calculated from the distance

x travelled and the time ¢taken using the equation

distance travelled
average speed = ee en

You can write this in algebraic form as

v=—
At

The Greek capital letter A (delta) means ‘change in’. From the SI base

units for distance and time, the unit of speed is ms7!.

Worked example: Fine or not?
A car travels 2.5km in 1 minute 22 seconds. The average speed

limit for the road is 50 mph (22ms-!). Has the driver exceeded

this average speed limit?

Step 1: Identify the equation and list the known values.

Ax
savy

Ax = 2500m, At= 1 minute 22 seconds = 60 + 22 = 82s

Step 2: Substitute the values into the equation and calculate

the answer.

y = 2500
82

v= 30msy' (2'$.1.)

= 30.49ms7!

Yes, the driver has exceeded the average speed limit.



Distance—time graphs
Graphs of distance against time are used to represent the motion
of objects.

@ Distance is plotted on the y-axis (vertical axis).

® Time is plotted on the x-axis (horizontal axis).

In a distance—-time graph, a stationary object is represented by a

horizontal straight line. An object moving at a constant speed is
represented by a straight, sloping line. The gradient of that line is
equal to the distance travelled divided by the time taken, Ax/At, in

other words, to the speed of the object.

®@speed = gradient of a distance-time graph

In Figure 2

change in distance Ax = 1400 — 400 = 1000m

change in time At = 70 — 20 = 50s

Ax_ 1000speed v = — =20ms~*
At 50

Instantaneous speed
A criticism of checks on average speed is that a vehicle can travel faster

than the average speed allowed for part of the journey, then travel

slowly to increase the total journey time sufficiently to avoid a fine.

Instantaneous speed is the speed of the car over a very short
interval of time. The instantaneous speed at a particular time is found

by drawing the tangent to the distance-time graph at that time, then
determining the gradient of this tangent (Figure 3). The greater the

gradient, the greater the instantaneous speed.

Summary questions

1 Calculatetheaveragespeed inms“ forthe followingbicyclejourneys:
a adistance of 180 mcoveredina timeof9.05; (2marks)
b adistance of2.0km coveredin 6.5minutes. (2marks)

iltravels19.2min1day(24hours).
feitsaveragespeedinms*. (2marks)

(2marks)

et 240ms for12000km.
dsandinhours. (3marks)

naahe th

MOTION

distance/ pasOore)o)1=
400 m

2035 70s

T i i th

0 10 20 30 40 50 60 70 80 90100
time/s

A Figure 2 Adistance—time graph for

an object moving at constant speed —the
gradient of the graph represents the speed

Study tip

When you calculate a gradient,

make sure the triangle that you

draw on the graph is large enough

to provide an accurate answer.

It is advisable to use more than
half the length ofthe line to

determine your gradient.

2000

1800

1600

1400

1200

1000

800

600

400

200

20

distance/m

time/s

A Figure3 Adistance—timegraphfor an
object movingat varyingspeed —you can
determine the instantaneous speedfrom
the gradient of the tangent to the graph

=



3.2 Displacement and velocity
Specification reference: 3.1.1

SRAARANESTPARRARADHACRSAAASITINRRAHGNAAR, Scalar andvector quantities
Learning outcomes A 100m swimming race in an Olympic-sized pool takes two laps.

Demonstrate knowledge, > During the London Olympic Games in 2012, the American swimmer

Missy Franklin beat a previous world record for the backstroke with

her time of 58.335, giving her an average speed of 1.71 ms~'. However,

she finished where she started, which means that, despite all the hard

work she did in racing 100m, her total displacement and average

velocity were zero.

eoeoe®
understanding, and application of:

> displacement

> velocity

> displacement—time graphs to
determine velocity.

CoCoeerereeoeereresoeHEoEOODOEEEOEDELOOS The vector nature of velocity

Displacement s is a vector quantity, unlike distance, which is scalar.

Displacement has both magnitude and direction. Speed is a scalar

quantity calculated from distance, but velocity is a vector quantity

calculated from displacement. The average velocity v of an object can

be calculated from the change in displacement and the time taken.

change in displacement
average velocity = 5 k

ime taken

A Figure 1. Each swimmer has an You can write this in algebraic form as

average speed, but if they do two laps NS
of the pool they all have an average a At

velocity ofzero where As is the change in displacement and At is the time taken.

The SI unit for velocity is ms“.

The worked example below shows that average speed and average

velocity are very different quantities.
53 Station Parade

Workedexample: Speed and velocity
a_ Leeds is about 21 km south of Harrogate, but the distance by

road is about 24km (Figure 2). It takes 37 minutes to travel

from Harrogate to Leeds by road. Calculate the average speed
and the average velocity.

Step 1: Identify the equations needed.

average speed v = average velocity v = =

Step 2: Substitute the values in SI units into the equations and

calculate the answers.

time taken At = 60 x 37 = 2220s

Ax _ 24000average speed v = — = ———~= a -1ge sp acooah 10.8ms LiMisSs (254.5

: As _ 21000
average velocity v = — = ———- = 9, ag y At 086 9.5See (Das

A Figure 2 Thedistance travelled by The magnitude of the average velocity is 9.5 ms~ and its Ne
road on ajourney from Harrogate to direction is due south from Harrogate.
Leeds is differentfrom the displacement -)

a a



b What would happen to the magnitude of the average velocity
if the journey was from Harrogate to Leeds and then back

to Harrogate?

The overall change in displacement would be zero and therefore
the average velocity would be zero.

. . (9)Displacement—time graphs

Graphs of displacement against time are used to represent the
motion of objects.

@ Displacement is plotted on the y-axis (vertical axis). displacement/m
@ Time is plotted on the x-axis (horizontal axis).

Figure 3 shows the displacement-—time graph for a car travelling

along a straight road. The car is travelling at a constant velocity
between t = 0 and f= 20s, as can be seen from the first straight-
line section of the graph. The horizontal section of the graph

between t= 20s and f= 30s shows that the displacement of the car

remains constant. Therefore, the car must be stationary. After

t = 30s, the graph is still a straight line but has a negative slope. The

displacement of the car is getting smaller with time. The car must

therefore be returning at a constant velocity.

time/s

A Figure 3 Adisplacement—time graph for

a car journey

You can determine the velocity of an object from the gradient of its

displacement—time (s—t)graph. If the graph is not a straight line, draw a

tangent to the graph, then calculate the gradient of this tangent for the v=

instantaneous velocity, as illustrated in Figure 4.
2Ga=gradient

A Figure 4 Velocitycan be determined
from the gradient of the displacement—

.Be ~kwardsoe timegraph
ee ras oft

Synoptic link
‘Youwillfindmoreinformation
aboutgradientsandtangentsiin
AppendixA2,FReaidingTesuts.



3.2 Displacement and velocity

o :
The velocity at f=40s can be determined from the gradient of

the straight-line graph between t = 30s and f= 60s.

5 NSO 820 .] t a=] See = =411) Ss :velocity v AROUSED m

The negative sign for the velocity shows that the car is travelling

in the opposite direction to its motion between O and 20s.

sunmeruesione|
1 Describe the journey of the object with the displacement—time (s—t)

~~

» graphshowninFigure5. (3 marks)

4

| IN

O LOL E2.05"3.040 SOR a0
t/s

A Figure5 les Tai
— Bas:

2 Determinethe velocityofthe objectinFigureSattimet=2.0sand
t= 5.0\s. (5 maks)

a Determinetheaveragespeedoftheobject
Pat =0.062 | j



3.3 Acceleration

Specification reference: 3.1.1

Bursts of acceleration

In 2013, scientists fitted wild cheetahs with collars containing a

global positioning system (GPS) module and electronic motion

sensors, so the animals’ velocity and acceleration could be studied.

The cheetahs ran at speeds of up to 26ms7! and were able to turn

very quickly, with an acceleration of up to 13ms~?, more than that of

the fastest production car that year, the Bugatti Veyron.

Determining acceleration
The acceleration of an object is defined as the rate of change of

velocity. In mathematical form, the acceleration a is

_ Av
~ At

where Av is the change in velocity and At is the time taken for

the change. The unit of acceleration is ms~?. Since acceleration

is determined from velocity, it too is a vector quantity —it has

magnitude and direction. A negative acceleration is often called

deceleration.

a

Acceleration can be determined by calculation, or from a velocity—time

(v-t) graph.

Calculating acceleration
You can calculate acceleration if you know the change in velocity of

an object and the time taken for this change.

Worked example: 0 to 62, then slam the brakes on

a_ A Bugatti Veyron can accelerate from 0 to 100km/h

(27.8ms"!) in 2.46s. Calculate its average acceleration.

Step 1: Identify the equation needed.

a=2¥
At

Step 2: Substitute the values into the equation and calculate the

answer.
~ Av _ 27.8-0 _ 13.3ms?

At 2.46
b. The car takes 2.34 to stop from 100km/h under braking.

Calculate its acceleration, assuming that this is constant

during braking.

pe ela28 i ioms
At 2.34

The negative sign means that the velocity of the car is decreasing

over time —it is decelerating.

ett PPPs eeeeeeesesesessesssessesseesesesess

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

=> acceleration

> velocity—timegraphsto
determineacceleration.

eteeeeeeeseeseeeseseeee,
. POCO SETHE HEHEHEHETHOEHEESEEHHEEEOESS

A Figure 1 Cheetahs need to be able

to make rapid changes in speed and

direction in order to hunt

A Figure 2 TheBugatti Veyronhas
similar acceleration to that of a cheetah



3.3 Acceleration

tangent_|__|

A Figure 3 Acceleration can be
determined from the gradient of the

velocity—timegraph

Study tip

Manycandidates confuse
displacement—time and velocity—

time graphs. Lookcarefully at the
labels on the vertical axis.

v/ms-!

v/ms-l

falling falling
through through

air water

A Figure 6

*

Velocity—time graphs
Since d= = it follows that the acceleration of an object can be

determined from the gradient of a velocity-time graph. You have seen
how to determine gradients for straight-line graphs and for non-linear

graphs in the previous topics in this chapter; the only difference in this

case is that the y-axis of the graph represents velocity v rather than

displacement s.

@ acceleration = gradient of velocity—time graph

Figure 4 shows how the motion of an object can be deduced from the

velocity—time graph.

an Ebel ia ithe @ t | 76 t

A straight line of
constant, positive zero gradient:
gradient: constant constant velocity gradient: constant | is changing.
acceleration. or zero | deceleration.

acceleration. |

A straight line of A straight line of =| A curve with changing
:constant negative | gradient: acceleration

|

A Figure 4 Interpreting velocity—timegraphs

1 Aracing cyclist starts from rest and reaches a velocity of 8.0ms?
after 12s. Calculate the acceleration of the cyclist. (2 marks)

2 Atrain slows down from 40 ms! to 10ms~* over 60s.

Calculatethemagnitudeofthedecelerationofthe train. (2marks)

3 Describethejourneyoftheobjectrepresentedinthe ; aac
velocity—timegraph shown in Figure 5.



3.4 More on velocity—time graphs
Specification reference: 3.1.1

The spy in the cab

Tiredness can affect the ability to drive safely as much as alcohol can.

The law sets time limits to ensure that drivers of heavy vehicles take

proper rest breaks and do not drive whilst tired. Tachographs record

the speed and distance travelled by a vehicle. Modern tachographs

are digital, but older ones use a stylus to record the information
on a circular chart. This chart rotates once in 24hours, providing a

permanent record of the journey so that the authorities can check that

the driver has taken regular breaks.

Area under the graph
In the previous topic you saw that acceleration can be determined

from the gradient of a velocity—time graph. In addition, we can read

the displacement of the object from the area under the graph. Figure 2

shows why this is so.

You will recall that the average velocity vis given by the equation

ee
At

where As is the displacement in the time interval At. For the

instantaneous velocity, assume that Aris very small indeed —the

velocity of the object is not going to change much. The change in

the displacement As = vAt. If you look at the graph in Figure 2, this is

the area of the very thin rectangular strip marked under the graph.

Therefore, the change in displacement is equal to the area of this strip. If

you add similar strips for a longer interval of time, then clearly the area

under the velocity-time graph is the total displacement of the object.

Calculating displacement for constant accelerations
Displacement is easy to calculate when the acceleration is constant,
because the areas can be broken down into rectangles and right-

angled triangles. This is illustrated in the worked example below for

the short journey of a cyclist.

Workedexample:Displacementofacyclist
The velocity—time graph for a cyclist travelling along a straight

road is shown in Figure 3.

area=4x10x4.0 area=20x4.0

area=$x20x4.0

BO 2200 2230-750

ett POPP PPOs eeseesesseseseeseseseseeeesssese

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> velocity—timegraphsto
determinedisplacement.

.

emer eee weer seer esse sees eeeeeeesesesereses

A Figure 1 Ananalogue tachograph
record of road speed against time

velocity
area under

graph = displacement

le

ii
E He

A Figure 2 Thearea under the
velocity-time graph is equal to

displacement



3.4 More on velocity—time graphs

ea
Calculate the total distance travelled by the cyclist (the cyclist’s

displacement) in the period of 50s.

Step 1: Identify the method needed.

E distance travelled = area between the graph and the time axis
3 Step 2: Calculate the answer.

: distance travelled = area of triangle A + area of rectangle B

+ area of triangle C
time/s = (+x 10 x 4.0) + (20 x 4.0) + (5 x 20 x 4.0

A Figure4 Calculatingthe area under a =90 4 80 40
non-linear velocity—timegraph =4000

Step 3: There is an alternative method to determine the area

under the graph. Calculate the area of the trapezium

using the formula
area = = x (sum s the parallel sides) x vertical height

distance = — x (50 + 20) x 4.0 = 140m

Calculating displacement for changing accelerations
For non-linear velocity—time graphs, you can determine the area
under the graph by counting squares. Taking Figure 4 as an example,

you would start by counting the squares that are complete or nearly
complete (yellow). Then count the remaining squares that lie mostly

beneath the graph. Omit squares that are mostly above the graph.

1 Thevelocity—timegraph for a car travelling on a straight road is
shown in Figure 5. Without carrying out calculations, describe how the

v/ms-!

0) 50 100 P :
a accelerationofthe carvariesbetweent=Osandt=100s. (2marks)

2 Usethe velocity—timegraphshowninFigure5 to calculate:
a_ the totaldistancetravelledbythe car in 100s; (3 marks)
b the averagevelocityofthe car. (2marks)

3 Thevelocity—timegraphfora sprinterrunningalonga straight tr
SorWikiasakes in showninFigure6. =

t/s Endofrace a CalculatethetotaldistancetravelledbytherunneringetEeoe
zeus b Calculatetheaveragevelocityoftherunner, \ nest

igs

A Figure7

'



3.5 Equations of motion
Specification reference: 3.1.2

Predicting motion
We can use a knowledge of physics to predict the motion of accelerating

or decelerating objects: for example, the impact speed of a small meteor

about to hit the Earth, the initial speed of a car from skid marks left

on the road, and the final speed of a space probe landing on a distant

planet. It is amazing that all this is possible with just four equations.

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> the equations of motion for
constant acceleration ina
straight line.

Equations of motion: the suvat equations
You need four equations to calculate quantities involving motion in a

straight line at a constant acceleration. These equations of motion are c

often informally referred to as the ‘suvat equations’ after the symbols

for the quantities involved.

° SOCCER EHETETEEHEHHEETHEEHEEHEHHEEHHEEEHHEHE

Deriving the equations of motion
Figure 2 shows the velocity—time graph for an accelerating object. The

initial velocity of the object is uw.After a time f the final velocity of the

object is v. The object has a constant acceleration a, as you can see
from the straight-line graph.

gradient=se
velocity

A Figure 1 Canyou predict the time of
fall for this glass of water?

0) time t

A Figure 2 Velocity—timegraph showing how the suvat equations are derived

Equation without s Y Table 1 Thesuvat quantities

From the graph in Figure 2

- This can be rearranged to give

You will recall that the area under the velocity-time graph is equal to

the displacements. =

Equation without v

@ the rectangular area=ut — yi
@thetrian,ulararea=+x(v-u)xt -

a“



Study tip

Thefoursuvat equationsare

v=urtat
ae sreeSaute. at

s=+(ut+vjt
2

2ve =u*+2as

+r Equationwithoutu
There is one more equation,

Is=vt-—ate.
2

See if you can derive it from

the velocity—timegraph.

Study tip

Youcan always make a good start

by jotting down the suvat values

to see what you know.

AFigure3 Acceleratingfromrest

3.5 Equations of motion

From Equation 1 above, (v— 1) = at. If you substitute this into the
° ] nexpression for the area of the triangle, you get — x at x f. With ut for

the area of the rectangle, this gives the total area s.

4+

(2)ls=ut+ ar

Equation without a
If you treat the area under the graph as the area of a trapezium

(with uwand vas the parallel sides of the trapezium, and ¢as the

perpendicular separation between them), this becomes

s=s>(u+v)t (3)

Uu+V

In other words, the displacement s is the average velocity,

multiplied by the time f¢.

Equation without t

You need Equations 1 and 3 to derive the last useful equation of motion.

According to Equation 1 the time fis given by the equation

;a v4)

a
This equation for t can be substituted into Equation 3 to give

(Vie)

a
Se —(Uy axNe

Rearranging this gives

(u+v)(v—u) = 2as

v? —u2 =2as

Workedexample: Caraccelerating from
a standing start

A car on a straight road accelerates from rest to a velocity of

12ms7! in a time of 9.0s. Calculate the acceleration of the car

and the distance travelled in this time.

Step 1: Write down the quantities given in the order suwvatand

identify the equations needed.

s=?,u=0,v=l2ms—,a=?, t=9.0s

Use Equation 1 to calculate the acceleration a and Equation 3

to calculate s.

Step 2: Substitute the values into the equations and calculate the

answers. >)



>]
Acceleration can be calculated from Equation 1.

v=utat

2 =O 4a «9.0

_12-0

9.0

The distance travelled is the displacement s along the straight

road. Equation 3 can be used to calculate s.

a = 1.33ms~2

lsS=—(v+ u)t

s=+x(12+0) x 9.0

c= 54-1

Worked example: Particle accelerating Study tip
A particle travels a distance of 16m as it accelerates from 4.0ms7! Remember that acceleration is the

to 12ms~!. Calculate its acceleration. change in velocity with time, so

although this first sentence refers
Step 1: Again, start with the suvat values and identify the to acceleration the values given

equation needed. are two different velocities. Ifyou

s=16m, u=4.0ms"!, v=12ms"!,a=?,t=? are ever confused, simply look at
the units.

The equation for v, u, and s is Equation 4. We can use this to

calculate the acceleration a.

Step 2: Substitute the values into the equation and calculate

the answer.

v*=u? + 2as

Synoptic link
Youcan find more information

about units in AppendixA1,

127224,07+2% 4x16 Physicalquantitiesandunits.

_ 122 - 4.0?

2x 16
= 4.0ms~?

Study tiWorked example: FallingtoEarth —, Sill

An apple falls from rest in a tree towards soft ground from a

height of 1.50 m. Objects falling to Earth have an acceleration
(free fall) of 9.81 ms~. Calculate the time taken for the apple to
reach the ground. Assume air resistance has negligible effect on

the motion.

NotethatOxt=Oandnott.

Step 1: List the swvat values and identify the equation needed.

s=1.50m, u=0ms"!,a=9.8lms”, t=?

UseEquation2 to calculatethetime¢. 8



i= (OO (nts

a=-9.81ste:| traveldirection of

A Figure4

1 Avehicle accelerated from

13.4ms!to22.3ms tin
8.70s. Calculatethe distance
travelled. (3marks)

Arunner changes her velocity
from 3.2mstto4.2msqt. in

this time she travels 200 m.

Calculate her acceleration.

(3marks)

3 In 2009 Usain Boltsprinted
100 m in 9.58s, setting
a record.Assumingthat
he travelled at a constant
acceleration from start to

the finish,calculatehis
acceleration. (3marks)

Adragster travels 0.25 miles in
atime of 4.6s along a straight
track from a standing start.

~ mile ©1600m.Calculate:
a itsacceleration; (3 marks)

Db its locity.

3.5 Equations of motion

o
Step 2: Substitute the values into the equation and calculate

the answer.

s=ut+= at

1.50=(0xt) +x 9.81xP

p=Sans 0.306(3s.f.)
b= 0553's

° . . 3 5 1In this calculation, the equation is effectively s = = at”, because u = 0.

Worked example: What goes up

A paper clip is flicked vertically up in the air at 6.0ms7! (Figure 4).

Calculate its maximum height. Assume air resistance has negligible

effect on the motion.

Step 1: List the known suvat values and identify the equation

needed.

The paper clip will decelerate as it moves vertically, therefore, a

must be negative. At maximum height it will stop momentarily,
therefore, v = 0.

s=2,u=6.0msy7=O0ms* a@=-9.slins—

The equation for v, u, and s is Equation 4..We can use this to

calculate the height s.

Step 2: Substitute the values into the equation and calculate

the answer.

v? = u? + 2as

0 = u? + 2as

cae ee

2a 2x -9.81

j= 1.83m = 1.8m: (2 sf.)



3.6 Car stopping distances
Specification reference: 3.1.2

Stopping distances
Modern road vehicles transport people in comfort at speeds that would

have astonished our great-grandparents. This speed is not always a

good thing. An alert driver who has left enough room can stop in

good time in good driving conditions on seeing a hazard. However, in

an emergency or in poor conditions, the vehicle may still be moving

when it meets an obstacle, even if the driver is braking hard.

Components of stopping distances
The stopping distance is the total distance travelled from when the

driver first sees a reason to stop, to when the vehicle stops. It has two

components:

@ thinking distance, the distance travelled between the moment

when you first see a reason to stop, to the moment when you use

the brake

@ braking distance, the distance travelled from the time the brake

is applied until the vehicle stops.

Many factors influence these distances, including the speed of the

vehicle, the condition of the brakes, tyres, and road, the weather

conditions, and the alertness of the driver.

Thinking distance

It takes time for a driver to react to a need to stop. For a vehicle

moving at constant speed

thinking distance = speed x reaction time

Worked example: Reaction time

In the UK Highway Code, the thinking distance at 30 mph
(13.4ms~!) is shown as 9.0m. Calculate the corresponding

reaction time.

Step 1: Identify the equation needed.

, : thinking distance
reaction time = speed

Step 2: Substitute the values into the equation and calculate

the answer.

reaction time = le 067s (2 6:4:)
13.4

The greater the speed or the reaction time, the further a vehicle

will travel before its driver applies the brakes. Assuming a constant
reaction time of 0.67s, the thinking distance will be about 21m at the

UK national speed limit of 70 mph (31.1 ms-!). This is equivalent to

the total length of five average cars lined up.

ert eeecereeseocooes SOHC ESSE ESEHEEEEEEEEOES

Learning outcomes
Demonstrate knowledge,

understanding, and application of:

> thinking distance and braking
distance

— the effect of reaction time on

total stopping distance of a

vehicle.

PPPSOHHEHEHEHEHEHEHEHEHEHE

.
COPS HTHHSHHETEHSHESEHHETETSHESTHSHEHEESEES

A Figure 1 Some motorways have
chevron markings to help driversjudge
the safe distance from the vehicle infront

Study tip
Do not confuse distance and time. If

you write that ‘it takes longer to stop’

you must make it clear whether you

mean the distance or the time.

A Figure 2 Vehiclesfollowing each other

too closely may not be able to stop ina
short enough distance in an emergency



a 3.6Carstoppingdistances
Braking distance

Worked example: In the UK Highway Code, the braking distance at 30 mph (13.4ms"')
Braking distance is shown as 14.0m. If you assume constant Cea Ons

13.4ms"! to Oms!, you canvuse one of the equations of motion to
Step 1: Once again, determine the magnitude of the deceleration.

start with the

suvat quantities V Table 1 Thinking,braking, and overall stopping distances according to the
and identify the HighwayCode

equation you need.
Speed / mph

= 14.ioe Speed/ms +

u= 13.4ms7! peeuaeSerefuraleae areneet ae
Thinking distance / m

v=0 Ean A eee a
Te Braking distance /m

Stopping distance /mUse the equation
v* = u? + 2as.

Step 2: Substitute the Summary questions
valuesintothe
equation and 1 Thereaction timeof a tired driver is 1.5s. The speed ofthe car is
calculate the 22ms_-. The braking distance ofthe car is 38 m. Calculate

MESES the stopping distance ofthe car. (3 marks)
y2aesu2

Crpten 2 UseTable1 to answer this question. Accordingto a student, thinking
yer) distance is directly proportional to the speed ofthe car. Show

arti one that this is the case. (2 marks)

es ue 3 Use Table1 to answer this question. Acar is travelling at 70 mph
a ’ (31.1 ms~‘) on the motorway when it has to stop for an emergency. _

ee ek: Tee Calculate:

one a_ the deceleration of the car when travelling at this speed; (4 marks)
=-6.4ms~ (2 s.f.) b the time taken forthe car to stop when the brakes are applied. (3 marks)

piignant.saha oatNyt’ eSThe magnitude of the

deceleration is about
6.4m$ 3.

A Figure 3



3.? Free fallandg
Specification reference: 3.1.2

From the edge of space
Felix Baumgartner made a record-breaking leap from the edge of

space on 14th October 2012. A giant helium-filled balloon lifted his

capsule 39.0km above the surface of the Earth. Then he stepped off.

Baumgartner accelerated as he fell, reaching a maximum speed of

380ms~! —greater than the speed of sound —after just 50seconds. He

fell 36.4km in 4minutes 20seconds before deploying his parachute

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> the equations of motion for
falling objects in a uniform
gravitational field

and landing safely just under 5 minutes later. => the acceleration due to free

: ; fallg
Acceleration due to gravity > anexperimentto determineg.

Objects with mass exert a gravitational force on each other. The “cee e yOCUNS CTUer ee aUSeSUNSre ATT 0seo

Earth is so massive that its gravitational pull is enough to keep us on

its surface. An object released on the Earth will accelerate vertically

downwards towards the centre of the Earth. When an object is

accelerating under gravity, with no other force acting on it, it is said

to be in free fall. The acceleration of free fall is denoted by the

label g (not g, which means grams). Since g is an acceleration, it has

the unit m s~°.

Value for g close to Earth’s surface
The value for g varies depending upon factors including altitude,

latitude, and the geology of an area. For example, g is 9.825ms~ in

Helsinki, 9.816ms~2 in London, but only 9.776ms~ in Singapore. A

value of 9.81 ms~ is generally used.

Determiningg
The basic idea behind determining g in the laboratory is to drop a
heavy ball over a known distance and time its descent. The problem is

that it all happens very quickly, about 0.45s for a 1.0m fall. Methods

for measuring g are described here.
A Figure 1 Staff at the flight control

Electromagnet and trapdoor centre monitoring FelixBaumgartner

An electromagnet holds a small steel ball above a trapdoor (Figure 2). leaving nis eqysile

When the current is switched off, a timer is triggered, the electromagnet

demagnetises, and the ball falls. When it hits the trapdoor, the electrical

contact is broken and the timer stops. The value for g is calculated from
electromagnet

the height of the fall and the time taken. riled

Z ees
10

20
30 height of fall = h to switch
“a and timer

trapdoor

A Figure 2 Determining g using an
electromagnet and timer

5 2



3.7? Free fallandg

Worked example: Anexperimental value for g
A ball drops 85.6 cm from an electromagnet to a trapdoor in

0.421s. Use this information to determine a value for g.

Step 1: List the suvat values and identify the equation needed.

s=0.856m, u=0Oms!,a=g =?, t=0.421s (the distance must be

converted into the SI unit m.)

: ]Using s = ut + > at?, we have

]s= > at? because u = 0

Step 2: Substitute the values into the equation and calculate the

answer.
Dp Se OO

a Sy SSeSlige OMS
Ga=9661s) ois

The inaccuracy in this experiment is caused by the presence of air

resistance and the slight delay in the release of the steel ball because

of the finite time taken for the magnet to demagnetise. The accuracy

may be improved by using a heavier ball and a much longer drop.

Light gates
The electromagnet and trapdoor introduce tiny delays into the timing.

Instead we can use ‘light gates’, two light beams, one above the other,

with detectors connected to a timer. When the ball falls through the

first beam, it interrupts the light and the timer starts. When the ball

falls through the second beam a known distance further down, the

timer stops.

Taking pictures
A small metal ball is dropped from rest next to a metre rule, and

A Figure 3 Thephotos are taken at its fall is recorded on video or with a camera in rapid-fire repeating
regular intervals and the distance mode. Alternatively, a stroboscope illuminates the scene with rapid

between each imageofthe ball flashes. The camera shutter is held open, producing a photograph with
increases as itfalls vertically towards multiple images of the falling ball. The position of the ball at regular
the ground, showing that it is intervals is then determined by examining the recording.
accelerating

31
22
a3
e4
@5

metre rule J
edark s

background
a7stroboscope metre

< |. ruleSynoptic link a

Z camera

a9

A Figure 4 Determining g using a camera and stroboscope



Determining g by plotting a graph

Thetableshowsdataobtainedfromimagesofaballin
freefall. gradient = g/z

The acceleration g of free fall can be determined using the
equation s = ut + > at®.

0
Since the object is dropped from rest anda =g

A Figure S Graph of the experimental
oaks gt* results plotted as s against t®

VYTable 1 Results from the experiment in Figure 4

Timeof fallt/s , O.165-) 0.198} 0.231| 0.264") “0.297| 0,330) 0363 0.396 | 0.429

Distancefallen s /m . 0.134 | 0.192 | 0.262 | 0.368 | 0433 | 0.534| 0.646| 0.769 | 0.903

From the general equation for a straight-line graph,

y =mx +c, you should get a straight line ifyou plota
graph of s against t®(y=s,m ==9,x =t*,c=0).The

gradient, m, willbe equal to ..

1 Determine the gradient of the line using a large

triangle.
2 Calculate the experimental value for g.

3 What is the percentage difference between the

Foreach value oft, calculatet®.Plota graphof s (y-axis) experimentaland acceptedvaluesforg?
against t* [x-axis]. Drawa straight lineof best fit,

ignoring any anomalous points.

1 Twodifferent heavy objects are dropped from the same height.
State the acceleration of free fallof each object. State any
assumptions made. (2 marks) @

2 Amarble is dropped from a height H. It lands on the ground below
after a time of 2.3s. Calculate H.Assume the acceleration of free
fallis9.81ms°. (3 marks) e

Bcme

3 Planasimple experimentto estimate the accelerationg offree fallusing
a stopwatch and a tape measure. Explainhowthe experimentcan be
made precise. (4 marks)

s thewater9.5mbelow.



3.8 Projectile motion
Specification reference: 3.1.3

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

= thetwo-dimensionalmotion
ofprojectiles

=> the equations of motion for

projectiles.

Poececccesersescceseeeesece”®

A Figure 1 Howfar could a cannonball
travel before landing in the sea?

A Figure 2 Multipleexposures of two
objects released together

Hitting the target
In the past, cannons were sited on clifftops to defend against attack

from the sea. How far projectiles like cannonballs can travel depends

on several factors. Ignoring the effect of air resistance, once a cannon

has fired, the range depends on the height of the cannon above the

sea and the initial velocity of the ball.

Independent motion
Figure 2 shows multiple images of two balls. The time interval between

successive images is the same. One ball was dropped vertically, whilst

the other was thrown horizontally. You will notice that both balls fall at

the same rate —they are both at the same height at the same time. It

does not matter whether the ball is moving horizontally. The vertical

and horizontal motions of the ball are independent of each other.

Assuming no air resistance

the vertical velocity changes due to acceleration of free fall

the vertical displacement and time of flight can be calculated

using equations of motion

@ horizontal velocity remains constant.

Why does the horizontal velocity of the projectile remain constant?

Remember that acceleration and velocity are vectors. The acceleration

of free fall is vertically downwards. The component of this acceleration

in the horizontal direction is zero.

horizontal acceleration = gcos 90° = 0

The horizontal velocity is therefore unaffected by the fall.

Worked example: Cannonball
A cannonball is fired horizontally from a clifftop 44.1 m above the

sea. The initial horizontal velocity of the cannonball is 304ms7!.

Calculate:

athe time of flight;

b__ the horizontal distance it travels.

Remember that the vertical motion and the horizontal motion

are independent of each other.

a_ There is acceleration in the vertical direction.

Step 1: Identify the equation needed and list the known values.

We can use the equation s = ut + > at’ to calculate the time t

offlight. >)



>) the horizontal

> ‘ component of velocit304 ms-! :
A : remains the same

te
———> 304 msm44.1m the vertical

component of mice oT parabolic path

increases with time of cannonball

7

range :

A Figure 3 Trajectory of acannonball

The initial vertical velocity u = 0 (initial vertical velocity

u = 304 x cos90° = 0).

faaei mm #=0,d=¢=9.8lms*, t=?

Step 2: Substitute the values into the equation and calculate

the answer.

l 2ode Yell

2s 2x 44.1P==-= = 8.991 s?aa iegianainn7

E=S005
b_ There is no acceleration in the horizontal direction.

Step 1: Identify the equation needed.

No acceleration, therefore

horizontal distance = horizontal velocity x time

Step 2: Substitute the values into the equation and calculate

the answer.

horizontal distance = 304 x 3.00 = 912m

The horizontal range of the cannonball is 912m, almost I km.

Vector calculations

The path described by the cannonball in the worked example is curved

because the vertical component of its velocity increases with time

whilst the horizontal component is unaffected.

The magnitude of the actual velocity v of the cannonball, or any
other projectile, can be calculated from the vertical and horizontal

components v, and Vsof this velocity. You just use Pythagoras’ theorem

(Figure 4).

Actualvelocityv= Jv,+V;
5 3 . \The angle @made by the velocity to the horizontal is given by \_ pathof

v \ projectile
g=tan' —

Vx A Figure 4 Thevelocityv of a projectile
has vertical and horizontal components



3.8 Projectile motion

Worked example: Arrows
An arrow is fired horizontally at 49.2 ms~! from a 29.4m high

castle. Calculate its velocity when it hits the ground.

Vertical motion:

Step I: Identify the equation needed and list the known values.

(A ds

The initial vertical velocity u = 0,a =g = 9.81ms~7, s =29.4m

Step 2: Substitute the values into the equation and calculate the

answer.

v= 0? + (2 x 9.81 x 29.4) = 576.8m?s~?

final vertical velocity v, = 24.0m sa

Horizontal motion:

Step 1: Identify the method needed and list the known values.
1T-SWOVC

Use Pythagoras’ theorem (Figure 5).

A Figure5 The horizontal component of the velocity v, =49.2ms7!.

Step 2: Substitute the values into the equation and calculate the

answer.

velocity of arrow = /24.0° + 49.27 =54.7 ms!

24.0—— =26.0° to the horizontal.
49.2

=tan”

Firing upwards
Figure 6 shows the path of a projectile fired at an angle @to the

horizontal. The initial velocity of the projectile is v. The motion of this

projectile can still be analysed in terms of the independence of motion

in the horizontal and vertical directions.A Figure 6 Thecurved path described
by a projectile fired upwards The horizontal component of the velocity is vcos@ and the initial

vertical upwards component of the velocity is vsin@.

Workedexample: Kickinga ball
A ball is kicked with an initial velocity of 15ms~! at an angle of

30° to the horizontal. Calculate the range R of this ball.

Step 1: Identify the method needed.

ie met Work out the time of flight from the vertical motion, then the

horizontal range from the time (Figure 7).

Fae TEA Step 2: List the values and the equation for the first part.
round :: Vertical motion:

R The time of the ball in flight can be calculated from its vertical

A ripine 7 Sowfor willthis bail travel? motion. Note that the velocity of the ball when it hits the ©



o
ground has the same magnitude as, but the opposite sign to, its

upward velocity when it left the ground.

v= 15sin30° = 7.5ms"!, v=-7.5ms"!, a=-9.81ms~2, t=?

v=urtat

Step 2: Substitute the values into the equation and calculate

the answer.

v=utat

aa 2 ee
153a 9.81 :

Step 3: Use the answer for vertical motion to calculate the

answer for the range.

Horizontal motion:

The horizontal component of the velocity is 15 cos 30° =

13.0ms~!. This remains constant throughout the flight. Therefore

fapee Fh—(1505 30°) x: 1.53 = 20 m (2 5.1.)

1 Aballis kicked into the air. Figure 8 shows the velocity components
of the ball at a particular instant. Calculate the velocity v ofthe ball.

7.0 ms-}

(2marks)

2 Acannonballisfiredhorizontallyfroma cliff29 mabovethe sea.The cet
initialhorizontalvelocityofthe cannonballis 320ms‘. Calculate: ~
a the time offlight; (3marks)
b the horizontaldistance ittravels; (3marks)
c the speed at whichithitsthe sea. (3marks) Fite

3 Acannonballisfiredat 22.0 ms‘at 35°to the horizontal.Calculate:
_ a the maximumverticalheightofthe ball; (4marks) -
the horizontal distancetravelledbythe ball. (5marks)

a htheverticalvelocity—timegraphforthecannonballin2. (3marks)-

a



= Practicequestions:Chapter3
Practice questions
1 a _ Copy and complete by stating the value

or name of each of the remaining three

prefixes.
W Table 1 metre rule

to timer circuit

electromagnet

trapdoor

to timer
circult to timer

circuit

A Figure 2

The metal ball drops when the electromagnet
(3 marks) is switched off. This also starts the timer. The

b Write down all the scalar quantities in the timer stops when the ball opens the trapdoor

list below. below. The time of fall of the ball is ¢.The
density weight velocity distance s between the trapdoor and the

volume acceleration (1 mark) bottom of the metal ball is changed. Figure 3

c The distance between the Sun and the shows the Staph Cte ee

Earth is 1.5 x 10!!m. Calculate the time
in minutes for light to travel from the
Sun to the Earth. The speed of light is
2.0 «10° ms. (2 marks)

May 2010 G481 Mechanics
2 a_ State the difference between a scalar

quantity and a vector quantity. (2 marks)

b__ Define velocity and derive its base units.

(2 marks)

c Figure | show the displacement s against
time ¢for an object.

s/m

t2/s2
mFeure } A Figure 3

Use the graph to describe and explain
how the velocity for this object changes

with time from t= 0 to t= 4.0s.

(5 marks)

3 A student uses the apparatus shown in

Figure 2 to determine the acceleration of 3
free fall g. ee

| 44| r
aes

a_ Use an equation of motion to explain
why the graph of s against ? is a straight
line. (2 marks)

b_ Use the graph to determine the

acceleration of free fall of the ball.



c Calculate the percentage difference

between your value in (b) and the
accepted value for g. (1 mark)

d Explain how you can deduce that there

is a systematic error in this experiment.
Suggest what this error is likely to be.

(2 marks)

(1 mark)

b_ A super-tanker cruising at an initial

velocity of 6.0ms7! takes 40 minutes

(2400s) to come to a stop. The super-

tanker has a constant deceleration.

4 a Define acceleration.

(i) Calculate the magnitude of the

deceleration. (3 marks)

(ii) Calculate the distance travelledin the

40 minutes it takes the tanker to stop.

(2 marks)

(iii) On a copy of Figure 4, sketch a graph

to show the variation of distance x

travelled by the super-tanker with

time f as it decelerates to a stop.

x/km

t/mins

A Figure4
(2 marks)

Jan 2012 G481

5 Figure 5 shows the variation of velocity v

with time f for a small rocket.

ao SsLa_
SHHeESaztoanieaaiins<I

ddei
eeavaeuenseeeee

The rocket is initially at rest and is fired

vertically upwards from the ground. All the

rocket fuel is burnt after a time of 5.0s when

the rocket has a vertical velocity of 200ms"!.

Assume that air resistance has a negligible

effect on the motion of the rocket.

(i) Without doing any calculations, describe

the motion of the rocket

] from £=0' to f= 5.05

2 irom f=o0s 1042255. (3 marks)

(ii) Calculate the maximum height reached
by the rocket. (3 marks)

(iii) Explain why the rocket has a speed
greater than 200ms~! as it hits the
ground. (1 mark)

Jan 2013 G481

Figure 6 shows the path of a ball falling from
the top of a table. The initial velocity of the
ball is in the horizontal direction and has
magnitude 2.0ms"!.

ball
table 2.0 ms"!

path of ball

Pp

A Figure 6

a State the direction of the acceleration of

the ball when at point P. (1 mark)

b Describe and explain the variation of the

vertical component of the velocity of the

ball as it travels towards the ground.

(3 marks)

c The vertical component of the velocity
at P is 2.9ms"!. Calculate

(i) the velocity of the ball at P,
(3 marks)

(ii) the angle made by the velocity of the

ball with the horizontal when at P.
(2 marks)



FORCES IN ACTION

4.1 Force, mass, and weight
Specification reference: 3.2.1

seeeeeececccccccccccecenecccccscccesecen,The last artefact
Learning outcomes
Demonstrate knowledge,
understanding, and application of:

The SI base units for length, time, current, and light intensity are

directly or indirectly defined in terms of the speed of light. The base

unit of mass is still defined by an artefact (an actual object). The

international prototype kilogram or IPK was made in 1889. It is stored

in a vault near Paris. By definition, the IPK has a mass of exactly 1 kg.

Copies are used as standards around the world.

=> the net force onan
accelerating object

—> the newton

> weight.

SCeoeecoeesersescooeesevese0s
Force, mass, and acceleration

The mass of an object is one of its physical properties, and depends on

the amount of matter it contains. A net (resultant) force acting on the

object will make the object accelerate in the direction of the net force.

The net force F, mass m of the object, and acceleration a of the object

are related by the equation

F=ma P:

Force is measured in newtons (N), mass in kilograms (kg), and
acceleration in metres per second squared (ms~).

A force of 1newton will give a 1 kg mass an acceleration of 1ms~? in

A Figure 1 One of the UK's three the direction of the force.

standard kilograms, a 39.17 mm high
cylinder ofplatinum—iridium alloy stored

inabelljarattheNationalPhysical Worked example: High performance
Laboratory :

An electric car has a mass of 2.1 x 10’kg. It accelerates from rest

to 27ms"! in 5.4s. Calculate the net force acting on the car.

Study tip Step 1: Identify the equation needed and list the known values.

Rememberthat F< a whenm m = 2.1x10°kg, u=0, v=27ms"!, t=5.4s
iS constant.

P= IG
1

ae — when Fis constant. ,
m Step 2: Substitute the values into the equation and calculate

the answer.

sas atSynoptic link PEOlle 10ers 1.05x104N
5.4Peat

The net force acting on the car = 1.1 x 104N (2 Siz)

Mass and weight
In physics it is important to distinguish between mass and weight. You

cannot afford to confuse these two quantities (Table 1}:



V Table 1 Mass and weight

Quantity Comment

constant for a specific object or particlekg

N(kgms?} | magnitude is variable —it depends on

location

The weight of an object on the surface of the Earth is the gravitational

force acting on the object. An object in free fall has an acceleration g

of 9.81 ms~?. The only force acting on the object is its weight W. Since

F= ma, it follows that

W=mg

You can calculate the weight of an object on the Moon or other

planets. Remember that the value of g will be different, but the mass m

will be the same.

You can determine the weight of an object using a newtonmeter,

which is calibrated to show the gravitational force acting on an

object in newtons. A 1.0 kg object hanging from the newtonmeter

will show a weight reading of about 9.8N. The same object on the

Moon would give a smaller reading of 1.6 N —the acceleration of free

fall on the Moon is only 1.6 ms~*. The mass remains constant, but

weight is a variable.

+ Understandingmass
The definition of mass goes back to the 17" century when Isaac Newton

related mass, acceleration, and force. Mass was regarded as constant for a

given object or particle (and we willtreat it as constant in this course).

In 1905 Albert Einstein came up with the model of relativistic mass in his

special theory of relativity. He found that the mass mof a particle depends

on its speed v, according to the equation

Mg
Vv2me

c

where m, is the rest mass ofthe object andc is the speed of lightin a
vacuum (c = 3.00 x 10®8ms“*).

m=

Your mass will not alter much at the speeds at which we move around.

You would have to travel close to the speed of light for your mass to change

significantly.

FORCES IN ACTION

A Figure 2 This astronaut weighs less

than on the Earth and can walk in a

heavy suit with little effort because the

value of gon the surface of the Moon is
much less than 9.81 ms~*

Study tip

The equations F=ma and

W=mg are not provided in the

examinations so you willhave to

remember them.

=9.8N
spring

this part is the cylinder

inside the balance tube

that slides out when

weight is added

parcel

A Figure 3 You can use a newtonmeter

to determine weight



4.1 Force, mass, and weight

1 Aresultant force of SOONacts ona stationary car of mass 1200 kg.

Calculate:
a the car’sacceleration; (2 marks)
b itsvelocityafter6.0s. (2marks)

2 Calculatethe mass in grams of a mobile phone of weight 1.1N. (2 marks)

3 Agolf ball has a mass of 46 g. It is hit with a force of 5.8 KN.

Calculate the initial acceleration of the ball. (2 marks)

4 The weight of acar is 1.8 x 107N. It accelerates from rest toa

velocity of 28ms*ina time of 9.6 s. Calculate the acceleration

of the car. (5 marks)

5. Theforcesactingon a proton(mass 1.7x 10-° kg)are shown in
Figure4. Calculatethe magnitudeand directionofthe accelerationof
the proton. (6 marks)

2.0x10-18N

proton
1.5x 10-716N

A Figure4
6 A8.0gpellettravellingat 420ms-! hits awoodencrate.Thepellet-

penetrates 98 mm into the crate. Calculatethe average magnitude
of the force acting on the pellet. (3 marks)



4.2 Centre of mass

Specification reference: 3.2.3

Abalancing act
You need a sense of balance to stay upright. If you lean too far to one

side you may fall over. Idol Rock in North Yorkshire (Figure 1) is an

example of a natural balancing act. Over many years, the weake1

layers of millstone grit have been eroded, leaving 200 tonnes of rock

perched perilously on a small pyramid. As long as its centre of mass

does not move to one side, Idol Rock will stay upright.

Where weight acts
Imagine pushing a spanner floating freely in space with your finger.

The spanner will rotate, or move in a straight line, or both. The

spanner can be made to move in a straight line if the force is applied

along a line of action that coincides with its centre of mass. The centre

of mass of an object is a point through which any externally applied

force produces straight-line motion but no rotation.

Figure 2 shows an irregular object made up of identical atoms, each

having a tiny weight w. The resultant gravitational force on the object,

its total weight W, will act through a point often called the object’s

centre of gravity, which coincides with its centre of mass. The centre

of mass of an object is an imaginary point where the entire weight of

an object appears to act. The centre of mass of a uniform metre rule

will be at its 50.0cm mark. If you stand upright, your centre of mass is

just behind your navel.

It is much easier to analyse and solve physics problems if we think

about the weight of an object acting through its centre of mass rather

than as a collection of many tiny forces on each part of the object. In

Figure 3, for example, the complicated movement of the stunt rider

can be represented by the smooth parabolic path described by his

centre of mass.

A Figure 3 /t is easier to analyse the motion of the stunt rider by looking at the

motion of his centre ofmass instead of his whole body

et eeeeeseeses PORE ETEEEEHEH EE EEEEE

Learning outcomes
Demonstrate knowledge,

understanding, and application of:

> centre of gravity

V anexperimenttodeterminethe
centreofgravity ofanobject.

eeeeeeeeeeeseeeeeeeee
°
. COC HSEHEEETEHEHHEHEEHEEHEHHEHEHETETHESEEHEEEEES

ee ne

A Figure 1 Idol Rock at Brimham Rocks

near Harrogate in North Yorkshire

object

centre of

gravity

A Figure 2 Thecentre of gravity,
through which the object's weight acts,
coincides with its centre of mass



4.2 Centre of mass

A Figure 4 Determining centre ofgravity

Study tip

If anobject's centre of gravity falls
outside of the base ofthe object, it
willtopple as amoment (turning
force) is introduced.

Study tip
On the Earth, the centre of mass

and the centre of gravity are at the

same point.

Finding the centre of gravity
A freely suspended object will come to rest with its centre of gravity

vertically below the point of suspension. This is the idea behind a

plumb-line, used in construction. Aheavy object, the plumb-bob, is

suspended from a piece of string. When the plumb-bob comes to rest,

the string is vertical.

You can use a plumb-line to find the centre of gravity of an object.

This can be difficult in practice with complex three dimensional

objects, but it is easy to do with objects made from card.

Make small holes along the edges of the object made from card. Insert

a pin through one of the holes and hold the pin firmly in a clamp.

Allow the object to swing freely. It will come to rest with its centre

of gravity vertically below the pin. Hang a plumb-line from the pin

and draw a line along the vertical string of the plumb-line. Repeat

this process for other holes. The centre of gravity will be the point of

intersection of the lines.

You can check that the position of the centre of gravity is correct by

removing the card and seeing whether it will balance on a pin, or your

finger, at this point.

1 The centre of gravity of a metre rule is found to be at its 48.3 cm mark.

Suggest why it is not at the 50.0 cm mark. (1 mark)

2 Use diagrams to show the centre of mass of:

a_a flatcircularplate; (1 mark):
b arectangulartable; (1mark)
¢ arectangular card. (1 mark)

3 Describe how you could determine the centre of gravity of an
irregularly shaped piece of card using the edge ofthe ruler
instead of the plumb-line method above. (4 marks)

4 Explainwhy the centre of gravity for a table-tennis ball is in the
empty space inside the ball, rather than in the plastic of the

ballitself. a (2marks)

5 Suggesthowyoucanlocatethe centreofmassofan object *
inspacewherethereisnodetectablegravitationalfield. (4 marks)



4.3 Free-body diagrams
Specification reference: 3.2.1

Hanging around
How can we analyse the forces acting on an object? The easiest way to

do this is to draw a free-body diagram, which isolates all the forces

acting on a particular object. The photograph of the cliff climber in

Figure | reveals many forces in operation: there are forces within the

rope, forces acting on the climber, and forces acting on the cliff face

too. Fortunately, we can isolate three key forces when analysing the

stability of this climber —her weight, the tension in the rope, and the

normal contact force between her shoe and the cliff face.

Some important forces
Table 1 summarises some of the forces that you will meet in your

study of mechanics.

¥YTable1 Asummaryof keyforces

Force Comment Forcediagram

weight the gravitational force

acting on an object
through its centre of mass

friction the force that arises when

drag

two surfaces rub against

each other

upthrust

normal contact

force

motion of box

——>

friction|

motion
the resistive force on an
object travelling through a
fluid (e.g., air and water);

the same as friction

MAshuttle cock

the force within a

stretched cable or rope

stretched

ropetension

tension

an upward buoyancy
force acting on an object

when it is in a fluid

upthrust

\

\ toy boat

a force arising when
one object rests against

another object

normal

contact force

Learning outcomes
Demonstrate knowledge,
understanding, and application of:eeeeeeeseeeeeres
> free-body diagrams.

.
SOC E ETH EEEEEEEEHEHHEEHEEETEEHEHEHTHHEHEEHEEEE

A Figure 1 What are the major forces

acting on this climber?

Study tip

‘Normal’means‘atright anglesto’.



object

megsing

mg cosé

A Figure 3 Objectona slope

—ae

4.3 Free-body diagrams

Representing forces
In a free-body diagram

® each force vector is represented by an arrow labelled with the

force it represents

® each arrow is drawn to the same scale (the longer the arrow, the

greater the force).

Figure 2 shows the free-body diagram of the climber from the start of

this topic.

Vvweiehi

A Figure 2 Thefree-body diagram for a climber

Ona slope
Figure 3 shows an object on a smooth inclined slope.

Assume that there is no friction —the only force acting on the object
is its weight. This weight can be resolved into two components,
parallel and perpendicular to the slope.

Force parallel to the slope = Wsin@ or F.. = mgsin@
smooth
Sone Force perpendicular to the slope = Wcos@ or F, = mgcos@

The component of the weight down the slope is
responsible for the acceleration of the object down the

slope. There is no acceleration of the object perpendicular

to the slope. Therefore, this component of the weight

must be equal to the normal contact force N acting on
the object, that is

F, = N=mgcosé

The worked example shows how you can analyse the
motion of an object down the slope.



Worked example: Downthe slope

An 850g trolley is held at the top of a 1.2m long ramp (Figure 4).

The ramp makes an angle of 15° to the horizontal. The trolley is

released from rest. Calculate the acceleration a of the trolley as it
travels down the ramp and the time f it takes to reach the bottom

of the ramp.

Step 1: Identify the equations needed.

force on trolley down the ramp = mgsin@

F=ma

Step 2: Substitute the values into the equation and calculate

the answer.

acceleration of trolley a = = = mgsin’ = gsin@ (note that the

acceleration is independent of the mass)

@=19-81 Xspvid°=2.54ms~

You can now use the equation of motion s = uf + = at? to calculate

the time t¢.

1.2=—x2.54x1?(u=0)

Ae,

io aeAT = 00 75:( 25:6)

1 Drawalabelledfree-bodydiagramfor:
a aball fallingverticallythroughthe air, (1mark)
b a toy boat restingonthe surfaceofwater. _ (1mark)

pr Figure 5 shows the free-body diagram for a bag on the floorof a lift.The
mass of the bag is 8.0 kg.Thenormal contact force is N.Thelift travels
i vertically upwards with an acceleration of 1.5m s*. Calculatethe

{=‘resultantforceonthebagandthereforethemagnitudeoftheforceN.
Explain youranswer. (4marks)

G

FORCES IN ACTION

trolley

A Figure 4 Trolleyona slope

normal contact

force

weight ts

A Figure 5 Abag on thefloor of a lift



4.4 Drag and terminal velocity
Specification reference: 3.2.2
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Learning outcomes

Demonstrateknowledge,
understanding, and application of: :

> drag

=> the motion of objects inthe
presence ofdrag

=> terminal velocity.

A Figure 1 Aperegrine falcon

; Streamlined to sAve fuel

‘hePlanA

A Figure 3 Streamlining reduces

dragforce

)

Stooping to prey
The peregrine falcon is one of the fastest birds in the world. In level

flight it can reach 30ms!, but when it goes into a controlled dive,

or ‘stoop’, to catch its prey, it folds its wings back to minimise air

resistance and hurtles vertically downwards at up to 108ms-!. At this

speed the bird has reached its terminal velocity, the velocity at which

the drag force on it balances its weight.

Movingthrougha fluid
An object moving through a fluid, for example, air or water, experiences

a drag force from the fluid. Drag is a frictional force that opposes

the motion of the object. Its magnitude depends on several factors,

including the speed of the object, the shape of the object, the roughness

or texture of the object, and the density of the fluid through which it

travels. The two most important factors that affect the magnitude of the

drag force are speed of the object and its cross-sectional area.

Large cross-sectional areas result in greater drag force. For most objects,
including those falling through air, the drag force is directly proportional

to speed’. This means that, for example, when the speed of an object is
doubled, the drag force increases by a factor of four (Figure 2).

dragforce/N

speed/ms-

A Figure 2 Thedragforce—speed graph for many objects: dragforce < speed®

The drag force experienced by objects moving in air is often called

air resistance. Modern vehicles have smooth, streamlined shapes to

reduce the air resistance exerted against them whilst travelling
(Figure 3). This increases the top speed of the vehicle and also reduces ;

the amount of fuel used on a journey. |



Terminal velocity
During a vertical fall through air or another fluid, the weight of the

object remains constant but the drag force increases as the speed
increases.

At the instant an object starts to fall, there is no drag force on the

object. The total force is equal to the weight. The acceleration of the

object is g, the acceleration of free fall.

As the object falls, its speed increases and this in turn increases the

magnitude of the opposing drag force. The resultant (net) force on

the object decreases and the instantaneous acceleration of the object

becomes less than g.

Eventually the object reaches terminal velocity, when the drag force

on the object is equal and opposite to its weight. At terminal velocity,

the object has zero acceleration and its speed is a constant.

Figure 4 shows the velocity—time graph for an object falling through

air and the corresponding free-body diagrams at three different times.

The weight of the object is mg, the variable drag force is D, and the

instantaneous acceleration is a. The gradient of the graph gives the

instantaneous acceleration of the object.

- terminal velocity

velocity

ie)

b=0 net force = mg— D net force = 0

net force = mg nes AE a8]

4=8

A Figure 4 Velocity—timegraph for an objectfalling through air: the object has an
acceleration of g at the start of the fall and zero acceleration when terminal velocity

is reached

FORCES IN ACTION

Synoptic link
Youwillfind more information

about gradients ofgraphs in

AppendixA2,Recording results.



sa 4.4Dragandterminalvelocity
cape ee wyInvestigating motion ina fluid (yo

Youcan easily investigate the motion of an object is attached to a light polystyrene ball by a thin thread

falling affected by a drag force by using a motion sensor —_passed over a pulley. The object is then dropped

connected to a data-logger or a laptop. The falling object through a cylinder of liquid such as water or glycerol,
pulling the polystyrene ball vertically upwards. The

motionofthis ball is identical to that of the object
falling through the fluid. Youcan generate and analyse

velocity—time and acceleration—time graphs with

this arrangement.

pulley

thread

object
ligitt falling in 1 Astudent suggests that the motion sensor can

peli 3 ie be pointed directly towards the object falling in

the fluid. Explain why this will not produce any
useful data.

Describe how you could estimate the terminal

velocity of the falling object without using the
motion sensor.

* motion sensor

A Figure 5 Investigating an objectfalling througha fluid

1 Askydiver is fallingtowards the Earth at a terminal velocity of 45 ms~‘.Describe what she could do
to change her terminal velocity. (1 mark)

2 Arubber ball of mass 0.120 kg is dropped froma tall building. Calculate the magnitude of the drag force
as it falls through the air at its terminal velocity. Explain your answer. (3 marks)

3 At10ms“ the drag force acting on a car is 1.0 KN.What is the drag force on the same car travelling at
30ms!? Explainyour answer. (3 marks)

4 Determine the instantaneous acceleration of each object in Figure 6. : (10 marks)

300 N 2.5N

~ motion
igs PNG motion

2BOUINet 2.0N



4.5 Moments and equilibrium
Specification reference: 3.2.3

Crossing rivers Pree COCOCEOOOCOOOeceeeeeceeeereererers
Learning outcomes
Demonstrate knowledge,
understanding, and application of:

The Tees Transporter Bridge crosses the River Tees at Middlesbrough.

It is an unusual solution to building a river crossing that allows ships

to pass underneath. Instead of going over the bridge, pedestrians

and vehicles travel in a gondola suspended by cables from a system > moment offorce

of wheels and rails. The engineers who designed it had to take into > the principle of moments

eereeeeeeesecesecsces
account the changing forces as the gondola moves across the river.

. POCO SHEE EEETEHEEHEHEEHETEEEETEHEHEETEEEES

The moment of a force

The weight of the gondola shown in Figure | creates a turning or a

twisting effect about its two supports. The engineers took this into

account when thinking about the stability of the structure.

The moment of a force is the turning effect of a force about some axis

or point. It is defined as follows (Figure 2):

moment = force x perpendicular distance of the line of

action of force from the axis or point of rotation A Figure 1 The Tees Transporter Bridge,

opened in 1911, is one of only twenty

such bridges ever built
moment = Fx

The SI unit for the moment of a force is Nm.

. . | tPerpendicular distance ae

It is important that you use the perpendicular distance in calculations

involving moments, not just the distance from force to pivot. Figure 3 am,
illustrates what is meant by the perpendicular distance. You can calculate 4 Rill La

the perpendicular distance x from the pivot using trigonometry.

x = 0.20cos@
|

The clockwise moment of the force must therefore be x gi

= ; 6 = 0.20 Fcosé |TE tM Te aaa A Figure 2 Moment of aforce

There is another method, in which you simply resolve the force F into

two perpendicular directions. The perpendicular component of the

force, Fcos@, has a perpendicular distance of 0.20m from the pivot in

Figure 3. Its clockwise moment about the pivot is

moment = Fcos@ x 0.20 = 0.20 Fcosé

This is exactly the same as in the first method. The other component

of the force, F sin@, has zero perpendicular distance from the pivot, so ,

its contribution towards the moment is zero. .
eae : Fsin @

The principle of moments |

When a body is in equilibrium, the net force acting on it is zero and 0.20 m Fone

its net moment is zero. You can use the principle of moments to |

solve problems where an object is in rotational equilibrium. A Figure 3 Understanding

perpendicular distance

: 7 57. ee



a 4.5Momentsandequilibrium
2 Principle of moments: For a body in rotational equilibrium, the sum

Study tip of the anticlockwise moments about any point is equal to the sum of

the clockwise moments about that same point.When you define the moment

SERSUGEMISNOSIGNTEAENO The principle of moments was recognised almost 2000 years ago by
HORIrGIBUEN eTuclieiyUSveibiealee. Archimedes. Engineers still use this important principle when designing

buildings and other complex structures. The worked examples below

show how you can analyse problems using this principle. As you can
see, it is important to draw clearly labelled free-body diagrams.

Worked example: Asimple see-saw

Figure 4 shows a metre rule pivoted at its 50 cm mark

50cm mark. Two objects of weights 0.70N 3 ; aan td 1

and W are placed on the ruler as shown to

balance it. Assume the weight of the ruler is

negligible.

Calculate the size of W and the force acting

at the pivot.

0.70N
A Figure4

Step 1: Identify the equation needed.

According to the principle of moments

sum of clockwise moments = sum of anticlockwise moments

Step 2: Substitute the values into the equation and calculate the answer.

0.14 x W=0.70 x 0.32 (note that the line of action of the normal contact force R passes through the

pivot, so its moment is zero)

Now rearrange this equation to determine W.

_ 0.70 x 0.32
= 1.6

0.14

The size of Wis 1.6N.

Step 3: To calculate the force R at the pivot, you can now use the idea that the net force on the

ruler is zero. There are two downwards vertical forces, 0.70N and 1.6N. This implies that

there must be an upwards vertical force R at the pivot equal to sum of these two forces.

Therefore

R=0.70+ 1.6=2.3N

Workedexample: Aloaded bridge
Figure 5 shows a model of a loaded section of a centre of gravity

bridge made using a uniform wooden beam. R of beam

The wooden beam is 120cm (1.2m) long and

has weight 15N. One end of the beam rests

on a support and the other end is fixed to a

vertical string. Calculate the vertical force R at
the support.

13 N

AFigure5 x) .



FORCES IN ACTION

Step 1: To solve this problem you need to examine where to take moments. Taking moments about

the support will not be helpful. The most convenient point to take moments would be the end

A, where the string is tied. The tension Tin the string will have zero moment about A.

The weight of the beam acts through its centre of gravity.

Taking moments about A, we have

sum of clockwise moments = sum of anticlockwise moments

Step 2: Substitute the values into the equation and calculate the answer.

R x 1.20 = (15 x 0.60) + (13 x 0.40) (note that all perpendicular distances are from A)

pe Feng Rs BN 12 <8)

1.20

You could now calculate the tension T from the fact that the net force on the beam is zero.

T=16N(2s-f.)

1 Calculate the moment from each force about the pivot in Figure 6. (3 marks)

4.0N

0.10 cm
A Figure 6 SSN Figure 7

?showsahumanforearmheldhorizontallyandstill.Calculate:
ckwisemomentabouttheelbowjoint; (3marks)

ce Finthemuscle. 3 (3marks
eit oe ; ; ; Poot Ne



4.6 Couples and torques
Specification reference: 3.2.3
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Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> couples and torques

=> equilibriumofobjects underthe
actionofforcesandtorques.

A Figure 1 An example of a couple:
a pair of equal but opposite forces are

applied to the pedals

°

°

°

A Figure 2 Themoment of this couple
is called a torque

32 cm

20 N

A Figure 3 Thecouple on this steering
wheel willmake it turn

Couples
Imagine pushing the side of your calculator on the table with your

finger. If the line of action of this force does not coincide with the

centre of mass of the calculator, then it will both slide along the table

(translate) and rotate. How can you make an object spin without any

translational motion? The trick is to apply a pair of equal but opposite

forces to the object. These two forces must be parallel and along

different lines. Such a pair of forces is referred to as a couple.

Torqueof a couple
Figure 2 shows a couple applied to an object. The magnitude of each

force is F and the perpendicular distance between them is d. The

moment of this pair of equal but opposite forces about the centre

point C is

moment =
d

Fx=
2 +(Fx)=Fa

The moment of a couple is known as a torque. The torque of a couple

is defined as

torque of a couple = one of the forces x perpendicular

separation between the forces = Fd

Workedexample: Steering wheel
Use Figure 3 to calculate the torque of the couple on this car

steering wheel.

Step 1: Identify the correct equation to use.

torque = Fd

Step 2: Substitute the values in and calculate the torque.

torque = 20 x 0.32

=6.4Nm

The torque applied is 6.4Nm in a clockwise direction.

Workedexample: Preventing rotation
Figure 4 shows a rod of length 50cm with a disc of radius 10cm

fixed at its centre. Two forces, each of magnitude 30N, are

applied normal to the rod at each end. Calculate the torque
produced by the pair of 30N forces and the minimum tension in

the rope that would prevent the disc from rotating.

Step 1: Identify the correct equation to use.

torque=Fd °



FORCESINACTIONa
© DeeZpornaeel10 cm

<>Step 2: Substitute the values in and calculate the torque. 30 N

torque = 30 x 0.25 =7.5Nm

Step 3: To prevent rotation, the moment of the tension T in the

rope must be equal but opposite to this torque.’

moment= 7 x distance = Tx 0.10 = 7.5

Pa -78N
0.10

A Figure 4

Summary questions

1 Asnooker ball is resting on a table. Asingle off-centre force is
applied to its surface with a cue. Describe the subsequent motion
of the ball. (2 marks)

2 Thetop of a kitchen tap has diameter 4.0 cm. Estimate the torque Synoptic link
required to open such a tap using your thumb and one of the ‘ Yeutwahlfindeons idformation
adhd ae (3 marks) on estimations inAppendixA3,

a b Measurementsand uncertainties.

rm

slythetypeofmotioneachdiscwillperform.
et (4marks)>, }



4.7 Triangle of forces
Specification reference: 3.2.3

AGRAspesansscsansccaasscsanss'+,Bouncingbabies
Learning ouKcomes > Baby bouncers help babies to develop their leg muscles so that they
Demonstrate knowledge, are ready to learn to walk. The bouncer is securely suspended
understanding, and applicationof: =: from a door frame and the baby is supported in a padded seat. The

=> the equilibriumofthree > weight acts vertically downwards and is balanced by the tension

coplanar forces in the straps.

> therule ofthe triangle of forces. aide

Forces in equilibrium
A heavy ball is held at rest by two ropes (Figure 2, left). The tensions

in the ropes have magnitudes F and T. The weight of the ball is W. The

resultant of these three coplanar forces must be zero.

To add three vector forces you simply extend the procedure for

adding two vectors. Figure 2 below shows the vectors in the free-body

diagram for the ball (centre) and in a triangle of forces (Figure 3).

@ Arrows are drawn to represent each of the three forces end-to-end.

@ The triangle is closed because the net force is zero and so the
object is in equilibrium.

Different ways of thinking
The triangle of forces gives you a method for solving problems. You

can, however, interpret the equilibrium of the object in Figure 2 in

two other ways.

A Figure 1 Ababy having fun withforces © The resultant of forces F and T must be equal in magnitude to the

third force W but in the opposite direction. The same is true for

any pair of forces in Figure 2.

@ The resultant force vertically must be zero and the resultant

horizontal force must also be zero. Therefore, the force T can be

resolved into its vertical and horizontal components, with

Tcos@ =F and Tsin@ =W.

ball

Z\ a
F

A Figure 3 Triangleofforces showing
A Figure 2 Allthree forces acting on the ball act through the same point, as shown in the situation in Figure 2 —all arrows
thefree-body diagram in the centre follow one another



FORCES IN ACTION

Worked example: Resting ona slope

Figure 4 shows a block of wood weighing

1.20N resting on a rough ramp that makes

an angle of 30° to the horizontal. The normal

ramp
block

contact force between the block and the ramp ,

is N and the frictional force on the block is F. x 1.20 N
Draw a triangle of forces and determine the = @i12+--_J|--_----__~-- ;

magnitude of the forces N and F. xa

Step 1: Draw a triangle of forces (Figure 5).
A Figure 4 Ablock resting on a ramp A Figure 5

Step 2: Calculate the unknown forces.

coss0h= on therefore N = 1.20 x cos30° = 1.04N

sin 30° = en therefore F = 1.20 x sin30° = 0.60N

You can check the answers using Pythagoras’ theorem.

0.607 + 1.04? = 1.20?

Worked example: Baby bouncer
A baby and its bouncer seat weigh 120N (Figure 6). Two straps holding the seat are suspended

from a plastic bar. The tension in each strap is the same, and they meet at a point on the seat at an
angle of 50°. Figure 6 shows the corresponding free-body diagram.

|
\ ! /

if \ 25°25 0/ T
There is no net force in any direction as the forces balance. Therefore

Step 1 (one possible method): Resolve the diagonal forces by inspection.

TOOS2 5 427008 25 = 120

a Tans 25°] 120

ee ee GEN (26.L} 120N

2.cos 25

You can of course draw a triangle of forces to determine the magnitude of T, but the
method above is quick and neat. A Figure6

The horizontal components of T are equal and opposite and therefore balance each other.



4 |} 4.7?Triangleofforces

Three coplanar forces acting on an extended object
The triangle of forces method ean also be applied to objects that have

shape and form, from bridges to bicycles.

force

|

|

| q
See ee | tension

|

|

|

|

—|

| Coplanarforcesareforcesthat lie aero
in the same plane. Ey platform

: 4

pues weight Figure ? Thelines of action

of all three forces on the
= platform act through point P

Figure 7 shows the free-body diagram of a section of a bridge
platform. All three coplanar forces pass through a point P in space,

so you can draw a triangle of forces for the forces passing through P.
This method simplifies a complex problem to the equilibrium of this

imaginary point in space.

1 Three coplanar forces act on an object. Thevectors representing these three forces form a closed triangle

(triangleofforces).Statethe resultantforceactingonthe object. (1mark)

2 Figure8 showsan objectinequilibrium.
a Drawa clearlylabelledtriangleofforces. (2marks)
b Calculatethe magnitudeofthe forceT. (2marks)
€ Stateandexplainthe magnitudeofthe

resultantofthe forces
5.0Nand12N. ~ (2marks) -

Re



4.8 Density and pressure
Specification reference: 3.2.4

Light for its size
Aerogel is one of the least dense solids known. It is so lightweight

and wispy that it is sometimes called frozen smoke. Made from silica,

aerogel has a density of just 1.9kgm~’. By comparison, the density

of air is about 1.3kgm~> and the density of water is 1000kgm~°. Its

low density means that aerogel has very little mass for its volume.

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> densityp=7eeeeeeeeseeseesseseeere,
> pressurep=f

Density eeemeeeweereresrereeseeesesesesesseseseee
The density of a substance is defined as its mass per unit volume. You

can use the following equation to calculate density p.

where m is mass and V is volume. The SI unit of density is kgm~?.

Worked example: Dense osmium ' |
A Figure1 A0.70q piece ofaerogel

A 50.0cm?* sample of osmium has a mass of 1.13 kg. Calculate supporting a 100 gmass —you can see a

its density. coin through it

Step 1: Select the equation for density.

Fa

Step 2: Substitute in the known values in SI units and calculate

the density.
m= 1.13kg V=50x 10° m?

(note that 1cm? = (10-?m)? = 10-°m?)

[a r.13V =500x10°~ pheno104kgm~>
UX

p=

Osmium is 22.6 times denser than water. = Pees

Determining density
You need to know mass and volume to determine the density of

a substance. The mass can be measured directly using a digital
balance. For liquids, you can use a measuring cylinder to determine
the volume. The volume of a regular-shaped solid can be calculated

from measurements taken with a ruler, digital callipers, or a
micrometer. The volume of irregular solids can be determined by

displacement(Figure2). Vee
A Figure2 Determiningthe volume
ofan irregularsolidby displacement
of a liquid:the volumeis the difference
between the two water levels



4.8 Density and pressure

Pressure

Drawing pins are designed to be pushed

into noticeboards without hurting you.

The pin’s head has a much Jarger surface

area than its point. This means that,

when you push it into a noticeboard, the

pressure exerted on your thumb is much :

less than the pressure exerted on the baos
board. If you used the drawing pin the a8 pa

other way round it would hurt.

A Figure 3 Spreading weight

Synopticlink
You will find more information

on estimations in Appendix A3,

Measurements and uncertainties.

; ;Pressure is the normal force exerted per ;Summary questions 2 d I over a smaller area increases

unit cross-sectional area. You can use the
: ; the pressure exerted

4 Calculate the mass of airina following equation to calculate pressure p:

room of volume 140 m?. P:

(2 marks) aE 5

2 Acircular head of a drawing

pin has a diameter of 7.5mm.
Athumb presses against the

where F is normal force and A is cross-sectional area. The SI unit of

pressure is Nm~ or pascal (Pa), where 1 Pa = 1Nm°~.

head with a force of 8.0N. We are under pressure all the time. The Earth’s atmosphere exerts

Calculate the pressure exerted about 1.0 x 10° Pa on everything on its surface, including us. Tiny

on the head. (2 marks) fluctuations in this pressure are responsible for the variety of weather

patterns we see on the Earth.
3 Ameasuring cylinder is filled

with water up to its 70.cm?
mark. Anirregular rock of mass Worked example: Standing still

0.080 kg is gently placed inSra Estimate the pressure you exert on the floor when standing up.
the water. The new water level

mark is 85 cm?.Calculatethe An estimate is a rough calculation, not a guess. The numbers you
density of the rock. (2 marks) use should be realistic.

4 Calculatethe vertical force Step 1: Select the equation for pressure and estimate the
exerted by the atmosphere on numbers you need for the calculation.

the surface of a calculatorof F
ee 15cm and width 2.5cm. ‘fue

| _ (3 marks)
You can estimate the area of one shoe by measuring its width and
length.

cross-sectional area of each shoe A = 0.25m x 0.10m
=2.5x10"m7{2 34)

The force exerted on the floor is your weight, mg. In this
calculationm is estimated to be 65kg.

Step 2: Substitute your estimates into the equation and calculate

the estimated pressure.

SE ansx oe ‘
P= PACTie 1.3 * 10*Pa(25.£.)



4.9 p=hpg and Archimedes’
principle
Specification reference: 3.2.4

Deep water
You can safely swim underwater in the sea at depths of a few tens of

metres. However, humans need a pressurised submersible to do any

work at greater depth, because of the enormous pressure due to the

weight of the water. Figure 1 shows a research submarine with a clear

acrylic bubble housing that is 9.5cm thick. At a depth of 610m, the

pressure acting on this submarine is about 6000000 Pa.

Pressure in fluids

Gases and liquids are fluids — substances that can flow. Gases, such as

air, exert pressure on surfaces because of the constant bombardment

by their molecules. Liquids also exert pressure for the same reason.

The pressure exerted by the atmosphere of the Earth varies with

altitude. At sea level, atmospheric pressure is about 101 kPa. At the top

of Ben Nevis (Britain’s highest mountain) the pressure is only 87 kPa.

Liquids

You can calculate the pressure p exerted by a vertical column of any

liquid from its weight and the cross-sectional area of the base.

p =hpg

where /7 is the height of the liquid column, p is the density of the

liquid, and g is the acceleration of free fall (9.81 ms“).

It is important to understand how this equation is derived. Figure 2

shows a cylindrical column of liquid with height / and base of cross-

sectional area A.

The pressure at the base is equal to the weight W of the column

divided by A.

W = mass of column x g

The mass of the column is the density x the volume.

W= (pV) xg

The volume Vof the column is Ah.

W=pxAhxg

Finally, the pressure p is given by

_PpxAxhxg_,[fn ne pg

This equation shows that pressure does not depend on the cross-sectional

area. It also clearly shows that p x /, so water pressure increases with
depth. The term p shows that denser liquids will exert greater pressure.

et PPPS OHHH SHEE EHEEH EH EEO ESE SEES EEE EEES

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> p=hpg

> upthrust and Archimedes’
principle.

e Ce COCO TSEHEHTHHTESEHEHEHEEEETHTETHEEEHEEEE

A Figure 1 Thissubmarine has a

spherical shape to resist the pressure of

the surrounding water, which increases

with its depth

‘Lfluid column

| fluidof
| densityp

cross-sectional
ritarea Aeee

A Figure 2 Pressure ina column

of liquid



A 4.9p=hpgandArchimedes’principle
The pressure in a fluid at any particular depth has an unusual feature —

it is the same in all directions.

Workedexample:Feelingthepressure
Calculate the total pressure acting on a submarine at a depth

of 20m.

atmospheric pressure = 101 kPa

density of seawater = 1.03 x 10?kgm~

Step 1: Select the equation needed to calculate pressure in a fluid.

Take care! The pressure on the submarine will be the sum of

the atmospheric pressure and the pressure due to the water.

Therefore

pressure = atmospheric pressure + /ipg

pressure = 1.01 x 10° + (20-x 1.03x 10? x 9.81)

presstire ='3.03 x 107 Pa

The pressure exerted by the seawater is twice that of the atmosphere.

Upthrust
Try pushing a small piece of wood into water and then letting it go.

The wood will immediately pop out of the water, bob up and down on

the surface, and remain afloat. The buoyant force on the submerged

wood can be explained in terms of the pressure differences at its upper

and lower surfaces.

Figure 3 shows the position of a submerged rectangular block of wood

of cross-sectional area A. The density of the fluid is p. This block of

wood will displace the fluid.

force at the top surface = hpgA

force at the bottom surface = (4 + x)pgA

resultant upward force = (4 + x)pgA —hpgA = xpgA

This resultant force is called upthrust.

upthrust = Axpg

The volume of the block of fluid displaced is Ax and it has mass (Ax)p.
So the upthrust is equal to the weight (Axp)e of the fluid displaced

by the block of wood. This idea was known to Archimedes almost _

2000 years ago and is still important to engineers, who design ships and

structures under water. It applies to fully or partially submerged objects.

Archimedes’ principle: The upthrust exerted on a body immersed in
a fluid, whether fully or partially submerged, is equal to the weight of
the fluid that the body displaces.

A Figure3 Upthrust is due topressure
differences

An object will sink if the upthrust is less than the weight of the object.
For a floating object, such as a ship or a person in water, the upthrust



ey FORCES IN ACTION

must equal the weight of the object. This in turn means that the weight

of a floating object must be equal to the weight of the fluid it displaces.

Icebergs
It is said that nine-tenths of an iceberg lie hidden underwater. At 0°C

the density of ice is about 900 kgm~’, whereas the density of water is

about 1000kgm~’. A cube of ice with sides 1.0m will therefore have

a weight of (900 x 9.81) = 8.83 x 10’°N. When it floats, it will displace

water of weight 8.83 x 103N. This has a volume of (8.83 x 10°)/

(1000 x 9.81) = 0.90m?. So the 1.0m? cube of ice will sink until it has

displaced 0.90 m? of water, that is, nine-tenths of the cube is below

the surface of the water.

+ Deep-waterdivers

Barotrauma Is the physical damage to body tissues caused bya difference

in the pressure within the body and that in the surrounding fluid. Divers

swimming in deep water can sometimes suffer ear or lung damage.

Adescent of 10 m in water doubles the external pressure ona diver. A Figure 4° Most of an iceberg is

The record for deep-water scuba diving stands-at about 330 m. Divers underwater

attempting such records are highly trained.

1 Explain, with the help of a calculation, how the external pressure on

a diver at a depth of 10 m is doubled.

2 Estimate the vertical force acting on a diver’s hand at a depth of 330m.

Assume the cross-sectional area of the hand is 1.2 x 10-*m?.

Suggest why a scuba diver who breathes air from the tank at 10m

depth and then ascends without exhaling can cause lung damage.

A Figure 5 Thedifferences in pressure at

different depths pose a danger to divers
Summary questions

Assume the density of water = 1.0 x 10?kgm”?.

4 The density of mercury is 1.35 x 10*kgm®. Calculate the pressure
exerted by a column of mercury at a depth of 0.765 m. (2 marks)

2 Show that the pressure exerted at a depth of 610 m in water
is about 6 million pascals. (2 marks)

3 Atable-tennis ball is held under water and then released.
Describe and explain the subsequent motion of the ball. (5 marks)

4 Ametal bar is suspended from a newtonmeter. The reading is

1.54N in air but only 1.34 Nwhen the bar is fully submerged in water.
Calculate: a the upthrust onthe bar; b the density of the bar.

% (4 marks
ed

:
a AG



Practice questions: Chapter 4

Practice questions

1 a Define the newton and derive its base
units. (3 marks)

b_ Figure 1 shows a rocket on the surface of

the Earth.

rocket

surface of Earth

A Figure 1

The mass of the rocket is 3.0 x 10°kg. At lift

off, the vertical upward thrust on the rocket

is 34MN.

(i) Calculate the initial vertical acceleration
of the rocket.

(3 marks)

(ii) The upward thrust on the rocket remains
the same. Explain why after some time, the
vertical acceleration is much larger than
the value calculated in (i). (2 marks)

2 Figure 2 shows the vertical forces acting on
a helium-filled weather balloon just before
lift off.

120N

wind direction balloon

90N
A Figure2

The balloon experiences an upward vertical

force (upthrust) equal to 120N. The weight
of the balloon and its contents is 90 N. The

magnitude of the horizontal force provided by
the wind is 18N. |

Ey

a Determine the magnitude of the resultant

force acting on the balloon and the
angle this resultant force makes with the
horizontal. (4 marks)

b_ As the balloon rises through the air, it

experiences a drag force. State two factors
that affect the magnitude of the drag
force on this balloon. (2 marks)

May 2012 G481

3 Figure 3 shows a lamp supported by two

cables. The weight of the lamp is 24N.

horizontal
12) y,

— eae t,o SSS SS SS Se

lamyee P

A Figure 3

The lamp is in equilibrium. The tensions in

the cables are T and F.

a Without any calculations, explain the

value of the resultant force due to

T and F. (2 marks)

b- Calculate the magnitude of the
forces Tandy (4 marks)

c The angle made by the force Twith
the horizontal is decreased.

Explain the effect this has on the
tension T. (2 marks)

Define density.

(1 mark)

b Figure 4 shows the variation of density of
the Earth with depth from the surface.



density

!
0 20 4.0 eof

depth/10°m centre of

Earth
A Figure4

(i) Suggest how Figure 4 shows that the
Earth consists of a number of distinct
layers. (1 mark)

(ii) Geophysicists believe that the central

core of the Earth is solid iron and

nickel. This central core is surrounded

by a layer of molten metal. The central

core starts at a depth of 5.1 x 10°m.

The solid iron core accounts for 18%

of the mass of the Earth. The mass

of the Earth is 6.0 x 107*kg and its

radius is 6.4 x 10°m. Calculate the

mean density of the central core of the

Earth. Volume of a sphere = Snr?

(3 marks)

May 2011 G481

The atmosphere of the Earth exerts

pressure on all objects on its surface. Ata

depth d in water, the total pressure is P On

a copy of the axes below, sketch a graph to

show the variation of Pwith d. (2 marks)

Px

d
(e) Hay

- Figure 5 shows an object under held
under water.

FORCES IN ACTION.

The density of the object is 400 kgm~ and it
has a volume of 6.0cm’. The density of water

is 1000kgm”’.

(i) Explain why the object experiences an
upthrust. (3 marks)

(ii) Calculate initial upwards

acceleration of the object when

it is released. (5 marks)

a State what is meant by the centre ofgravity
of an object. (1 mark)

(1 mark)

c Figure 6 shows a baby’s mobile toy.

X Define momentof a force.

horizontal rod

0.12N

0.35N

A Figure6

The toy consists of a horizontal rod from

which two objects shaped as a crescent moon
M and a star S$are suspended from lengths of
string. The weight of the rod is negligible and

it is pivoted about an axis passing through
point A perpendicular to the plane of the
diagram. The weights of M and S$and the
separation between the strings are shown in
Figure 6. The distance between the string on

the left and point A is x. The arrangement
shown in Figure 6 is in equilibrium.

(i) State two conditions necessary for

the rod to be in equilibrium.
(2 marks)

(ii) By taking moments about A
determine the distance x.

(3 marks)

(iii) Determine the magnitude of the —

tension in the string attached to A.

(1 mark)

May2013G481



WORK, ENERGY,AND POWER
5.1 Work done and energy

Specification reference: 3.3.1

OCCOAOCHCHHOHHOHEEEBOEeee. Moving up and along

Learning ow cene. : Moving an object can be difficult if it has a large mass or it must be

Demonstrate knowledge, : moved a long distance. Fork-lift trucks are used in warehouses and
understanding, and application of: : other places where a load may need to be stacked or moved. A system

=> work done by a force : of hydraulics powered by a motor in the base of the machine provides
the force to move the platform. The energy needed depends upon the=> theunitjoule ;
force and the distance over which this force acts.

=> W=Fxcos6@ forthe work done

by a force 3
: Work done and energy

> transfer ofenergy equal to ;
workdone. : In everyday conversation, the word work can‘mean any kind of physical

or mental activity. Work done in physics has a very precise definition.

It involves a force F and distance x moved in the direction of the force.

work done = force x distance moved in the direction of the force

Wi FEx

Work done therefore has the unit Nm, or joule (J). 1J = 1Nm. 1J is

the work done when a force of 1J moves its point of application 1m in

the direction of the force. r

You do no work when holding a heavy book in your hand. You exert a

force on the book, but there is no movement. You do work when lifting

the book vertically. You apply a force on the book and it moves through

a certain distance. Energy is transferred when you do work. The book

has gained gravitational potential energy. If you let the book fall, then

its weight will do work, which is transferred into kinetic energy. In fact

work done = energy transferred

A Figure 1 How much work is done This is not surprising, because energy is defined as the capacity to

raising the boxes to this height? do work.

Worked example: Workdone

How much work is done by:

pushinga boxona roughsurfaceat a a phonefallingfreelyto Earth an objectbeing movedup a smooth
constant speed (Figure2}? (Figure3)? slope (Figure4) ?

weight = 8.0 N

A Figure3 A Figure4



WORK, ENERGY, AND POWER

‘| W=Fx The force acting on the objectis | Thedistance travelled in the direction of

W=40 x 2.0=80J its weight mg. the force (the weight] is 0.5m, and not
W = Fx 1.3mnor 1.2m.

W= (0.150 x 9.81) x 1.0 aa

HLS feet) W=8.0x0.5=4.0J

The work done on the box is The work done by the force The work done against the force of

transferred into thermal energy of the | of gravity on the object is gravity is transferred into gravitational

box and the surface below. transferred to kinetic energy. potential energy.

Work done at an angle to motion

Quite often, a force is applied at an angle to the direction in

which an object can move, as in Figure 5. How do you calculate
the work done by the force? J direction of

motion

The component of the force F in the direction of motion is Fcos 6.

Therefore A Figure 5 Force exerted on an object at an

angle to the direction of motion
work done W = (Fcos@) x x

Or simply :
Study tip

W = Fxcos6é Bee
Whena force acts in the direction

The work done for the object moving up the slope in Figure 4 can "oftravel, 0 =0° and cos 0°= 1.
be calculated using this equation. You just need to know the angle 4 This means you can use a simpler
between the force and direction of motion. Try it for yourself with this expression, W= Fx.
alternative equation —you will get the same answer.

1 Calculate the work done when a force of 24.Nmoves an object a distance of 0.50m
in the direction of the force. (2 marks)

2 The thrust from a hovercraft fan is 430N. Calculate the work done when the thrust moves
the hovercraft by 1.0 km. : . (2 marks)

PRT eae: |tetheworkdonebyapersonof mass60kgtoclimbtothetopof a5.8mwall. * (2marks)
38keshoppingtrolleyataconstantspeedupacarparkramp. reed ey

talandis3.1mhigh.Calculatetheworkdonetopushthe |

iBee



5.2 Conservation of energy

Specification reference: 3.3.1

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

— the principle of conservation

of energy

> energy in different forms,

transfer and conservation.

Peoesevesreeveeseeeeceseseosens®

A Figure 1 /n this designfor a perpetual
motion machine, weightsfalling on one
side of the wheel make weights on the
other side move upwards, supposedly
keeping the wheel turningforever. In
reality this willnot happen —why not?

A Figure 2 Thespinning blades ofa
windturbinehave kineticenergy,and
they gained gravitationalpotential energy
when they wereliftedintoplace by a crane

Perpetual motion
There have been many attempts to build a perpetual motion machine —

a device which, once started, will continue to move and do work

without any further input of energy. None of them work and all

eventually stop. In fact, perpetual motion is impossible according

to the principle of conservation of energy. Would-be inventors
should know that a patent will never be granted because their designs

violate this well-established physical law.

Energy
Energy is the capacity for doing work. It is a scalar quantity, with

magnitude but not direction. The SI unit for energy is the joule (J), the

same unit as for work done.

Forms of energy

The energy of systems with mass can be classified as kinetic energy

and gravitational potential energy.

@ Kinetic energy is the energy due to the movement of an object.

@ Gravitational potential energy is the energy due to the position of

an object in the Earth’s gravitational field.

The term potential is often used in physics to mean ‘hidden’ or ‘stored’.

Table 1 summarises some other forms of energy you have come across

in your physics lessons.

V Table 1 Forms of energy

Formofenergy Description Examples

kinetic energy energy due to motion of an | moving car

object with mass moving atoms

gravitational energy of an object due child at the top of a slide
potentialenergy | toits positionina

gravitational field
water held in clouds

chemical energy | energy contained within the | energy stored within a

chemical bonds between chemical cell

atoms —it can be released

when the atoms are

rearranged

energy stored in petrol and

released when it is burnt

elastic potential energy stored in an object a stretched guitar string

energy as a result of reversible
change in its shape

a squashed spring

electrical energyofelectricalcharges| electricalchargesona
potentialenergy | duetotheirpositioninan thundercloud

electtic field static charge on a charged

balloon
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YWTable 1 Continued

Formofenergy Description Examples
nuclear energy energy within the nuclei of | energy from fusion

atoms —it can be released processes in the Sun

when the particles within
energy from nuclear fission

the nucleus are rearranged
reactors

radiant (or energy associated with all energy from the hot Sun

electromagnetic] | electromagnetic waves, energy from an LED

energy stored within the oscillating

electric and magnetic fields
+ — —e

| energy of mechanical | energy emitted when
|

waves due to the | you clap

sound energy

movement of atoms output energy from your

headphones
+ } 4

internal (heat or the sum of the random a hot cup of tea has more : : ;
ae A Figure 3 /nafire, chemical energy

thermal} energy potential and kinetic energies | thermal energy than
stored in the substances that make up

of atoms in a system a cold one
the building and its contents is converted

to thermal energy and radiant energy

The principle of conservation of energy jo
Energy can be converted from one form to another. For example, an

thermal

energy of road

ther’s bow usefully converts elastic potential energy into kineticarcher’s bow usefully ¢ é I é gy maeeonieee

energy in an arrow. The bow also converts some of the elastic potential of air turbulance

energy into thermal energy and sound energy, but the total final energy

is always equal to the fofal initial energy.
; thermal energy

The principle of conservation of energy states that the total energy of exhaust gases

of a closed system remains constant: energy can never be created or A Figure 4 Energy conversions from

destroyed, but it can be transferred from one form to another. fuel burnt

Summary questions

1 a Statewhat is meant bythe termpotential inphysics. (1mark)
b Statethe energychanges takingplacewhenyourubyourhands together. (1mark)

2 Alamp converts 20 J of electrical energy into 5 J of light energy and one other form of energy.
Suggest what this other form of energy is, and calculate its quantity. (2 marks)

ribe theusefulenergyconversionsthat happenin:
amentlamp; (1mark)

(1mark)-



5.3 Kinetic energy and

gravitational potential energy
Specification reference: 3.3.2

COHHCEOSELCHLOEBEESEL® eeeseeseeeeooeeooecre,

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

=> kinetic energy of an object;

ey.E.=5mv
> gravitational potential energy

of an object in a uniform
gravitational field;E. =mgh

=> the exchange between
gravitational potential energy
and kinetic energy.

.
@oesesereeesossesesesoceeseeeseseeseeeeees®

A Figure 1 Theloop in this rollercoaster
plunges thrill-seekers vertically
downwards, converting GPEinto KE

Study tip

TheequationsE.=3mv?and
E,=mgh are notprovided in the

- examinations so you willhave to
remember them.

Don’t look down

Roller coasters have been thrilling people for at least two hundred

years. In a typical rollercoaster, the cars are hauled up a steep slope

by a motor, and then the force of gravity takes over. As the cars hurtle

along the track, gravitational potential energy (GPE) and kinetic

energy (KE) are interchanged repeatedly, enough to excite or terrify

the passengers without causing injury. It is possible to analyse the

motion of the rollercoaster from its GPE and KE.

Kinetic energy

Kinetic energy is energy associated with an object as a result of its

motion. You can calculate the KE £, of an object in linear motion from

its mass m and speed v using the equation

i 5
EB,==mv-

ore?

Notice that for objects travelling at the same speed, the KE is directly
proportional to the mass. For a given object, the KE is directly

proportional to the square of its speed.

Worked example: Ameteor hitting the Earth
The Chelyabinsk meteor was a near-Earth asteroid that crashed

into Russia in February 2013. It had a mass of 1.2 x 10’kg anda

speed on impact of 19kms~!. Calculate its KE, and compare this

energy with the KE ofa 1.2 x 10*kg truck travelling at 20ms7!.

Step 1: Identify the equation needed and list the known values.
E, = sm

Meteor: m= 1.2 x 10’kg, v= 19 x 10>ms7! (1.9 x 104ms7!)

Truck: m= 1.2 x 10*kg, v= 20ms"!

Step 2: Substitute the values into the equation and calculate

the answer.
; ]Meteor: F,. = 5m = ; x 1.2 x 10’ x (1.9 x 104)? (note that you

must convert the speed into ms7!)

FE,= 2.17 x 10>J = 22 x 1027

Truck: B= 5m =3x1.2x,10*x202
E,=2.4x10°J

2.17 x 1015 _ ;

54 10

So, the KE of the meteor on impact was equivalent to the KE of

900 million trucks!

The ratio of the kinetic energies is
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see 1 2 gx
Deriving E, = > mv" Oye

Youcan derive the equation for KEby using ideas E.=maxs=ma x
developed in this bookalready. 1 :

Ee, =SNe
2

(where... denotes therefore}.

The force F is given by F = ma. Therefore

2

Figure 2 shows a constant force F acting on an

object of mass m. The object is initially at rest. The

acceleration of the object is a. After a distance s it initialposition
\gleige speed v at rest speed vat time t

-.—>@ F—»>m
The distance s travelled by the object can be determined |< >)

from the equation of motion v* = u* + 2as.
distance s

‘ ve ee) A Figure 2 Gaining kinetic energy
ey he

The work done by the force is entirely transferred to the

KEof the object. Therefore

1 Use the equation for E, to derive the SIbase units

for kinetic energy.

Derivean equation for E, in terms of speed v,

work done = E, =Fs weight Wof an object, and acceleration of free fallg.

Gravitational potential energy
Gravitational potential energy is the capacity for doing work

as a result of an object’s position in a gravitational field. You

Synopticlink
Youcanuseworkdone=changein |

_KEorFs=>mv’toexplainwhythe
brakingdistance(s)ofaparticular
carisdirectlyproportional10°?aie)
[initialspeed)(ae Topic3.6,‘
Carstoppingdistances.

can calculate the change in GPE E, of an object in a uniform
gravitational field from its mass m and the change in height h

using the equation E, = mgh

where g is acceleration of free fall.

You can use this equation for all objects close to the Earth’s surface, where

g may be assumed to be constant and to have a value of 9.81 m sr.

Study ti
GPE is gained when an object gets higher, and is /ost when an object J&P
gets lower. Rememberthat thingsfallwithout

anyextraenergybeingsupplied,
You can explain the origin of the equation for GPE using the idea so GPE is dissipated.

of work done by a force. Imagine lifting a mass vertically upwards

through a height /: at constant speed (so its KE does not change). You
have to apply a force equal to its weight mg. The work done Wby this

force is transferred into GPE. Therefore

1s — W = force x distance moved in the direction of force

E,,= (mg)x h E,,= mgh

Workedexample: Skydiver
A skydiver with a mass of 80kg falls through a distance of 2.0km

at a terminal velocity of 45.0ms"!. Calculate the loss of GPE and

explain what happens to the energy lost.

_ Step 1: Identify the equation needed. A Figure3 Parachutistsgaingravitational

Joss in GPE = E, = mgh (>) potential energy on the way up inan aircraft,
i and lose it as theyfall to the ground

7?7 i



5.3 Kinetic energy and gravitational potential energy

o
Step 2: Substitute the values into the equation and calculate

the answer. ‘

E, = 80 x 9.81 x 2000 = 1.6 x 10°J (remember /: must be in metres)

There is no change in the KE of the skydiver, so the GPE is

transferred to the thermal energy of the surrounding air.

Energy exchange
There are many situations where KE and GPE are exchanged. For

example, as an object falls, its GPE decreases and its KE increases. You

yy, can see this happening for a waterfall or when you drop a pen. An

object falling from rest will lose GPE. From the principle of conservation

of energy, the object will gain an sa amount of KE. Therefore

height drop

A Figure 4 Thehe of the roller

coaster at the bottom is given by
2gh, as longas there are no mgh = Lin

frictional losses =
where v is the final speed of the object.

The mass m on both sides of the expression cancels out. Therefore

gh= a v? = 2gh v=. J2gh

The equation above is only valid if there are no resistive forces

involved. The mass of the object has no bearing on its final speed. You

should not be too surprised by this because you already know that the

acceleration of free fall is the same for all objects. An object dropped

from a height of only 7.0m will hit the ground at a speed of 31 ms7!

(70 mph) —you can use the equation above to check this.

Summary questions

1 Calculatethe kineticenergyofa 1500kgobjecttravellingat 10ms~!. (2 marks)

2 Calculatethe gaininthe gravitationalpotentialenergyofa planeof mass =9.4 x 10*kg
climbinga verticaldistance of 1500m. (2 marks)

3 A120g ballis droppedfromrest froma heightof90 cm. Its reboundheight is 70cm. au
Calculatethe energylost to the ground. —~ . (3marks)

es Arollercoaster ridebeginsat rest, then drops 55m intoa tunnel.Assumethat air resistance Die ss

Se epee effectonitsmotion. | a
- Calculatetheinitial GPEofthe rollercoaster. 4 ae |

‘KEasitentersthetunnel. 3 4 ;
S calculateitsspeed



9.4 Power and efficiency
Specification reference: 3.3.3

Electric mountain «98)2\0:9:0.9,0:9.0:0.0.0.0,0.8.0.0.0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.0.0.0.0.0.0.0.0.0;
Learning outcomes
Demonstrate knowledge,
understanding, and application of:

The Dinorwig Power Station in north Wales is an unusual

hydroelectric scheme. Built into a mountain in Snowdonia National

Park, it has two reservoirs, one more than 500m above the other.

Several kilometres of water-filled tunnels pass through the mountain, > power; the unit watt; P=
t

> P=fv

> efficiency of mechanical

systems; efficiency =

useful output energy 100

total input energy

up from the lower reservoir. Dinorwig is the largest pumped storage “EVUSSINTTSTVSCVVCSTOVONSETNTTSTTUWOSSUOT

facility in Europe, but although it is a brilliant solution to providing

electricity at short notice, it is not 100% efficient.

carrying water between the reservoirs. Ahuge cavern excavated deep

inside the mountain contains six reversible turbines.

When there is a high demand for electricity from the National Grid,

water flows from the upper reservoir, driving the turbines and
‘ : é te.

generators. During off-peak times, the turbines pump water back ;

SPSSHEHEHEEHHEHEEEEESESHOES

Energy and power
For a sprinter or a racing car, we are interested not only in the

amount of energy but also in the rate at which energy is transferred.

A powertul car is the one with the largest value for the rate of energy

transfer.

Power is the rate of work done.

As an equation, this is written as

_W
ne

where P is the power and W is the work done in a time f. Since work

done is equal to energy transfer, we can also define power as the rate

of energy transfer.

P

A Figure 1 The upper reservoir for the

Power is measured in joules per second (J s~!) or in watts (W). 1 W is Dinorwig Power Station has a low water

equal to one joule per second. levelin the daytime

Worked example: Body power
A 60kg person runs up a flight of steps in a time of 7.2s. The gain

in vertical height in this time interval is 5.0m. Calculate the rate

of work done against the force of gravity.

Step 1: Calculating the rate of work done against gravity is the
same as calculating the power P. Also, the work done

against the force of gravity is the same as the gain in the

gravitational potential energy E,, of the person.

nate work done
P time

es een : >)



5.4 Power and efficiency

>]
Step 2: Substitute the values into the equation and calculate the

answer. ‘

_ 60 x 9.81 x 5.0
IP

dee
= 410W (2s.f.)

The rate of work done against the force of gravity is about 410 W.

This is the same as 410J per second.

The actual power developed by the person is much greater than

this value. Our muscles are incapable of transferring all available

energy into movement —some is wasted as thermal energy

within the muscles. This is why you get hot when you exercise.

Muscles are not very efficient at transferring energy (see Table 1).

Power and motion

There are situation in physics where constant force has to be exerted

on an object to maintain its constant speed. A good example of this is

a car travelling on a level road at a constant speed (Figure 2). The net

force on the car is zero. The rate of work done by the forward force

provided by the car engine is equal to the rate of work done against

the frictional forces acting on the car. It is possible to calculate the

power P developed by the force provided by the car.

A Figure 2 Thepower developed by the car depends on the force F and the speed v

A constant force F moves the car a distance x in a time ¢.

work done by the force W = F x x

Pp=—=W_Ex
t t

The speedv of the car is - , therefore

P= Fy

This equation is not just for cars. You can use it in a variety of situations

where a constant force is necessary to maintain a constant speed.

Examples include a swimmer travelling though water at constant speed
(Figure 3) and a skydiver falling through the air at terminal velocity.

Efficiency
You will remember the principle of conservation of energy: the total

energy of a closed system remains constant. However, this does not

mean that processes and machines convert all their energy into useful —

A Figure 3 Greater power is required to work. In particular, thermal losses can mean that some of the input

swim faster through the water energy is not converted into useful output energy. .



WORK,ENERGY,ANDPOWER“
You can calculate efficiency using the expression

efficiency= useful output energy x 100%
total input energy

The greater the efficiency, the greater the percentage of input energy

converted. Some examples of efficiency are shown in Table 1

Y Table 1 Typicalefficiencies —can you suggest why the electric heater is almost 100%efficient?

Systemfilament| muscles| petrolsolarcell dieselwind-electric
—____ ii a enginegenerator| heater

1 Calculate the power of a lamp that transfers 240 J in 30s. (2 marks)

2 Calculate the energy transferred by a 2.0 kWmotor ina time
of 60s. (2 marks)

—

3 Alamp is about 5.0%efficient at producing light energy from
electrical energy. Calculate the light energy produced from
a 60 Wlamp in a time of 1.0 hour. (3 marks)

4 Acar of mass 1200 kg starting from rest reaches a speed
of 18ms~‘ in 20s. Calculate the average rate of work
done onthe car. (3 marks)

afhasfourjetengines,eachproducing210kNof

ilatethetotalpowerote oftheso tewhen
(2marks)



S Practicequestions:Chapter5
Practice questions

a_ Define power. (1 mark)

b An electric motor on a mechanical crane
is used to lift heavy objects, see Figure 1.

1

A Figure1

The cable attached to the motor is used

to lift a load of total mass of 1500kg ata

constant vertical velocity of 1.2ms7!.

(i) Calculate the tension in the cable.
Explain your answer. (3 marks)

(ii) Calculate the minimum output

power of the motor needed to raise

the 1500 kg mass. (3 marks)

Write a word equation for kinetic energy.

(1 mark)

A bullet of mass 3.0 x 10-*kg is fired at a

sheet of plastic of thickness 0.015 m. The

bullet enters the plastic with a speed of

200ms~! and emerges from the other side

with a speed of 50ms~!.

Calculate

(i) The loss of kinetic energy of the
bullet as it passes through the plastic

(3 marks)

(ii) The average frictional force exerted
by the plastic on the bullet. (2 marks)

Plan a simple experiment to determine
the kinetic energy of a student running
round a track. (4 marks)

State the principle of conservation of energy.

(1 mark)

Define work done by a force and state
its unit. (1 mark)

Figure 2 shows a crater on the surface of

the Earth.

A Figure2

The crater was formed by a meteorite

impact 50,000 years ago. The meteorite

was estimated to have a mass of

3.0 x 10§kg with an initial kinetic energy

of 8.4 x 10°J just before impact.

(i) State one major energy
transformation that took place during
the impact of the meteorite with
the Earth. (1 mark)

(ii) Show that the initial impact speed of

the meteorite was about 2.0 x 10*ms7!.

(2 marks)

(iii) The crater is about 200m deep.
Estimate the average force acting on
the meteorite during the impact.

(3 marks)

Jan 2012 G48]

Derive the base units for work
done. (3 marks)

Figure 3 shows a person at the base of an

escalator.

escalator

person

A Figure 3



WORK, ENERGY, AND POWER

PeteeneievigSires

The mass of the person is 70kg. The

escalator travels at an angle of 32° to

the horizontal. The person travels a total

distance of 12m from the bottom to the

top of the escalator in a time of 8.0s.

(i) Calculate the kinetic energy of the

person on the moving escalator.

(3 marks)

(ii) Calculate the gravitational potential

gained by the person. (3 marks)

(iii) Calculate the power required to lift

the person from the bottom to the

top of the escalator. (2 marks)

5 A skydiver jumps off a helicopter and falls
vertically towards the ground. The skydiver
reaches a steady velocity before he opens his
parachute and lands safely on the ground.

a Describe the energy changes taking place
from the time the skydiver jumps off the
helicopter to the instant before he opens
his parachute. (4 marks)

b_ The total mass of the skydiver is 80kg

and his terminal velocity is 45ms"!.

Calculate the rate of work done

against drag. (3 marks)

a_ Explain what is meant by energy and relate
it to power. (2 marks)

b_ Define the watt. (1 mark)

c_ A lift is used to carry people up a building.

The mass of the lift is 1500 kg and it can
carry a maximum of 8 people of average
mass 70kg. The vertical height travelled

by the lift is 120m and it takes 55s.

(i) Calculate the gain in gravitational
potential energy of the 8 people in
the lift. (2 marks)

(ii) Calculate the minimum output
power of the electrical motor used to
operate the lift. (3 marks)

iz a Ina downhill race, the total distance

between start and finish is 5.00km,

and the total vertical drop is 520m. The

weight of a runner is 70 kg and the time
taken for the descent is 15 minutes.

(i) Calculate the average kinetic energy of

the runner during this race. (3 marks)

(ii) Calculate the total loss in the
gravitational potential energy of the
runner. (2 marks)

(iii) Explain why your answers to (a)(i) and

(a) (ii) are not the same. (1 mark)

State the principle of conservation
of energy. (1 mark)

(ii) Use the principle of conservation
of energy to show that an object
dropped through a vertical distance

of 520m can have a speed of more
than 100ms"!. (3 marks)

A stunt person, initially at rest, slides down a
cable attached between a tall building and the

ground.
building

stunt Sel

person
horizontal
ground

A Figure4

The person has mass 72 kg. The speed of the
person at the bottom of the cable is 20ms-'.

a_ Calculate the loss in gravitational
potential energy of the person. (2 marks)

b Calculate the work done against resistive
forces. (3 marks)

c Calculate the average frictional force
acting on the person. (3 marks)
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6.1 Springs and Hooke’s law
Specification reference: 3.4.1, 3.4.2

SPOSSCHHHSHESHHHHHHOSHEHHHHOHSSHHOHEEHHHHEEOG,

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

=> tensile and compressive
deformation

=>

=>

Hooke’s law

force constant k of a spring or
wire and F =kx

force—extension
(orcompression) graphs for

springs and wires

— elastic and plastic

deformationofsprings.
e

@eoeeceesecosceoeeeseseseseeeesenseeseoeeneee®

A Figure 1 The Forth Road Bridge in
Scotland

CMM

A Figure 3 Youcan easily identify the
spring that has been stretched beyond
its elastic limit

Coeecerosceverescesereeorecseeeeoeeereseseesese®®
Tensile and compressive forces
You need a pair of equal and opposite forces to alter the shape of

an object. For example, you can extend the length of a rubber band

by pulling its ends. Forces that produce extension are known as

tensile forces, and those that shorten an object (compression)

are compressive forces. Imagine sitting on a stool. Your weight

downwards and the contact force upwards from the ground provide

the pair of compressive forces on the stool; these will shorten the

length of the stool by a tiny amount.

In the suspension bridge shown in Figure 1, the cables and the huge

vertical supports hold together the road structure below. Can you

identify where the tensile and compressive forces act?

Hooke’s law

A helical spring undergoes tensile deformation when tensile forces

are exerted and compressive deformation when compressive forces

are exerted.

Figure 2 shows a simple apparatus used to investigate how the

extension x of a helical spring is affected by the applied force F, and a

typical graph of force against extension obtained.

F

original
length

spring

removing force

at B produces

permanent

set extension e.

squareq metre @)

rule x

Hooke's
law region

A Figure 2 Recordingtheforce—extensiongraphfor a spring

The force-extension graph is a straight line from the origin up to

the elastic limit (point A) of the spring. In this linear region, the

spring undergoes elastic deformation. This means that the spring

will return to its original length when the force is removed. Beyond
point A, the spring undergoes plastic deformation: permanent

structural changes to the spring occur and it does not return to its

original length when the force is removed (Figure 3).



For forces less than the elastic limit of the spring, the spring obeys

Hooke’s law: The extension of the spring is directly proportional to

the force applied. This is true as long as the elastic limit of the spring is

not exceeded.

Force constant k

For a spring obeying Hooke’s law, the applied force F is directly

proportional to the extension x. Therefore

or

| aN

where k is called the force constant of the spring (SI unit newton

per metre, Nm~'). This is a measure of the stiffness of a spring. A

spring with a large force constant is difficult to extend and you would

refer to it as a stiff spring. You can also use the equation F = kx fora

compressible spring: x then represents the compression of the spring.

You can determine the force constant k from the gradient of the linear

region of the force—extension graph.

Hooke’s law also applies to wires under tension and concrete columns

under compression. You can even model the behaviour of atoms in a

solid using Hooke’s law. In fact the equation F = kx can be applied to

almost any object that can be elastically squashed or extended.

Worked example: Force constant of a wire
A shelf of mass 14.00 kg is supported by four identical wires.

The original length of each wire was 1.800m. When attached to
the shelf, the length of each wire is 1.804 m. Calculate the force

constant of each wire.

Step 1: Select the correct equation to calculate the force F acting

on each wire.

The weight W of the shelf can be calculate using W = mg; assume
that this weight is shared equally amongst the four wires.

a ae xfk. ALoa
Step 2: Determine the extension x of each wire.

x = new length —original length

= 1.804 —1.800 = 0.004m

Step 3: Select the correct equation to calculate k.

Fak

34.3 =k x 0.004

paw =0 x 104Nia *(1sf.)
0.004

The force constant of each wire is 9 x104Nm! (1 s.f.).

MATERIALS

Synoptic link

Youwillfind more information about

gradients of straight-line graphs in
AppendixA2,Recordingresults.



Synoptic link
You will find more information

about accuracy of readings in

Appendix A3, Measurements

and uncertainties.

A Figure 4 Every year in summer
the swans born ona section of the
river Thames are caught, weighed and

measured, and ringed before being
released to grow to maturity

6.1 Springs and Hooke’s law

Pm)
Investigating Hooke’s law
You can investigate Hooke’s law using a spring and some standard

masses (see Figure 2).

Attach the spring at one end using a clamp, boss, and clamp stand

secured to the bench using a G-clamp or a large mass. Set up a metre

rule with a resolution of 1 mm close to the spring. Suspend slotted

masses from the spring and, as you add each one, record the total

mass added and the new length of the spring.

You can improve the accuracy of the length measurements using a set

square, and by taking readings at eye level to reduce parallax errors.

You might also measure the mass of each slotted mass using a digital

balance. To obtain reliable results, aim to take at least six different

readings and to repeat each one at least once.

Force meters

Hooke’s law is used in the design and calibration of simple force meters

or newtonmeters, often used for weighing. Such spring-loaded scales are

useful in situations where scales must be mobile or robust and easy to

repair. They are used to monitor babies’ growth in clinics in developing

countries, for example. In Figure 4 a cygnet —a young swan —is weighed
in a wildlife survey.

1 The extension ofthe spring in the force meter is 12 mm when a

cygnet with a mass of 4.0 kg is weighed. Predict the extension
of the spring when a cygnet of 6.0 kg is weighed. State any

assumptions made.
2 Determine the force constant of the spring in Nm

Summary questions

1 Figure 5 shows the force 2 A
F against compression x graphs

for two metal rods Aand B.
Compare the behaviour
of the rods.

1)
P Figure5 —0 x (2 marks)

2 The elastic limit of a wire is at 5.ON. When a force of 2.5Nis

applied the wire has an extension of 4mm. Sketcha }

force—extension graph for this wire.

3 Aspring is compressed by 5mmby a force of 4.0N.

a Calculate the force constant of the spring.
b Calculate the force applied when its compression is 32 mm.

State any assumptions made.



4 Table1 shows the results obtained for a spring in the experiment
described above. Repeat readings could not be taken in this experiment
because the spring was stretched beyond its elastic limit.

¥ Table1 Resultsfrom an investigation
into the extension ofa spring

Mass attached | Lengthof spring,

to the spring / g

,4 a Copythetableofresults.Add-acolumnfortheforceF/Nactingon
the springbycalculatingF=mqg,wheremisthemassinkgand
— g=9.81ms*. (1mark)

ag PlotagraphofforceFagainstlengthLofthespring. (3marks)
poe howthegraphshowsthatthespringobeysHooke's |

and:statethevalueoftheforceattheelasticlimit. (3marks)
ss beeconstantofthespringiinNmt. (2marks)
ig gissuspendedVerticathyThelengthofthe
sto294mmwhenamassof280gisattachedtoit.

1etheforceconstantofthespring. (3marks)
id sp ngssuspendedalongsidethefirstspring

‘to0arodofnegligiblemass(Figure6).
7— AAAs

4
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6.2 Elastic potential energy
Specification reference: 3.4.2

ppaaiusasecsiasasteceecaneecenety Stored energy

Learning oe comes 3 Imagine holding a rubber band between your fingers and applying a

Demonstrate knowledge, : force by stretching it. The rubber band will extend in the direction of

understanding and application of: : the force. The work done on the rubber band is transferred into stored

> force—extension graph and > energy in the band. You can show that a stretched rubber band has

work done stored energy when you suddenly let it go and it flies across the room.

elastic potential energy Clockwork toys use coiled springs to store and then release energy.
> E=>Fx and E => kx?. The stretched strings of a guitar store energy —when a string snaps,

ec eeeeeeeeccccsccccccceseseesreccceceeee® this energy is transferred to kinetic energy and the broken string flies

away at 15ms-!. Figure 1 shows another store of energy.

Workdone and springs
When a material is compressed or extended without going beyond its

elastic limit, the work done on the material can be fully recovered. If

the material has gone through plastic deformation, then some of the

work done on the material has gone into moving its atoms to new

permanent positions. This energy is not recoverable.

How can you determine the energy stored in an elastic material?

A good start is the force—extension graph for a spring (Figure 2).

The small amount of work done AWby a force Fin extending the

spring by a small length Av is given by the equation
A Figure 1 Thestretched elastic of a
catapult stores energy and transfers it to hg ELS a

kinetic energy when released If Ax is very small indeed, the force F acting on the spring will change

very little over the range Ax. In the graph in Figure 2, FAx is the area

of the thin rectangular strip, which is equal to AW. If you add similar

strips for the entire extension of the spring, the area under the graph
is the total work done on the spring.

area under a force—extension graph = work done

. eae gy area~FAX The work done on the spring is transferred to elastic potential

tinystrip energy within the spring. This energy is fully recoverable because

0 ‘ ; ;i SRFE tee of the elasticbehaviourof the spring.
Ax

A Figure2 Force—extensiongraph Elastic potential energy
andworkdone You can derive an equation for the elastic potential energy E for a

spring from the area under the force-extension graph (Figure 3).

E= area under graph= area of shadedtriangle
Synoptic link poly

whereF is the forceproducingan extensionx.

You can also interpret the equation above as ‘work done =

average force x final extension’.
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A spring obeys Hooke’s law, F = kx. Substituting this equation into

2 = oe gives us another useful equation for elastic potential energy.

l: : lE=>Fx ==(kx) xx2 2

B=1K2
2

tl DG “akel } erm i 0 X extensionFor a given spring, F is directly proportional to extension?, so doubling
the extension quadruples the energy stored. A Figure 3 Force—extensiongraphfor

a spring or wire

Worked example: Firinga spring

A compressiblespringof forceconstantk =50Nm7!and mass4.0 is
placed around a short horizontal rod (Figure 4). The spring is compressed

by 8.0cm and then released.

compressible
spring

a_ Calculate the elastic potential energy in the spring when compressed.

horizontal
Cpa rod

b= Calculate the speed of the spring immediately after it has fully

extended. State any assumptions made.

a Step 1: Write down all the quantities given in this question in SI units.

k=50Nm!, m=4.0 x 10°*kg, x= 0.08m

Step 2: Select the equation for the energy stored in the spring and calculate it.

A Figure4

E= Ske = : x 50 x 0.082 = 0.16J

b Step 3: Assume all the elastic potential energy in the spring is transferred to its kinetic energy. Therefore

kinetic energy = mv? O16)

Step 4: Rearrange this equation for v and then substitute the mass of the spring to calculate the speed.

2 x kinetic energy 2x 0.16— |__| = J —; = 8.9v=\ m =V4.0x10" (25%)

The speed of the spring is 8.9ms7! (2 s.f.).

1 Arubber band is extended by 20 cm bya force of 18 N.Estimate the energy stored in
this stretched rubber band. (2 marks)

2 The energy stored in a stretched cable is 1.5 Jwhen itis extended by 2.0mm.

| Calculatetheforceconstantofthewire. hs; SESSaecssaeasaccessaseees(3marks)
3 Figure5sho —extensiongraphfora spring.20== eaeOe aia nee capa B5eze:s2eeeeeeseoeeeeere=
___itsextensionchangesfrom5.0.cmto15.0.cm.b Sseedaeaeee2ecsse=eseese=(3ney:

pgcsnecaSeresesssasssee=s

Bepetiinchers300 Prigues0 50 100 150200,/19-2m



6.3 Deforming materials
Specification reference: 3.4.1, 3.4.2

eFey en ee eeeee, Bungee cords :
Learning outcomes
Demonstrate knowledge,
understanding, and application of:

Bungee jumpers leap from heights whilst securely attached to a long

bungee cord. At first the jumper free falls, but then the slack is taken

up, the cord stretches, and the jumper slows to a halt. As elastic

potential energy in the cord is converted into kinetic energy and

gravitational potential energy, the jumper accelerates upwards again.

For safety, operators of bungee jumps need to take into account factors

such as the weight of the jumper, the height of the jump, and the

force—extension properties of the cord.

> force—extension graphs for
metal, rubber, and polythene

— elastic and plastic
deformation.

°peeeceeeeoseeoeeeesereesereoeresesesesenee®

Poeeececesoveseseeoseseeees®
Loading and unloading
Different materials respond differently to tensile forces. Their

extension increases as the force increases, then decreases again as the

force is reduced. However, the loading curve and the corresponding

unloading curve may not be the same.

Metal wire

Figure 2 shows a typical force—extension graph for a metal wire.

The loading graph in Figure 2 follows Hooke’s law until the elastic

A Figure 1 Bungee cordmustbe strong __ limit of the wire. The unloading graph will be identical for forces less

and elastic than the elastic limit. However, beyond the elastic limit it is parallel

aigpiiecnt to the loading graph but not identical to it. The wire is permanently

| extended after the force is removed —it is longer than it was at the
start. Like the springs in Topic 6.1, Springs and Hooke’s law, the wire

has suffered plastic deformation.

we z
3) 7 unloading Rubber
2

Figure 3 shows a typical force—extension graph for a rubber band.

Rubber bands do not obey Hooke’s law. The rubber band will return to

its original length after the force is removed —elastic deformation —but

A Figure 2 Loading and unloading the loading and unloading graphs are both curved and are different.
curves for a metal wire

0 extension x

The ‘loop’ formed by the loading and unloading curves is called a

hysteresis loop. You will recall that the area under a force-extension

graph is equal to work done. More work is done when stretching a
rubber band than is done when its extension decreases again. Thermal

energy is released when the material is loaded then unloaded,

represented by the area inside the hysteresis loop.
loading

forceF
Polythene

loadi ‘ 3Pe Figure 4 shows a typical force—extension graph for a strip of polythene,
the polymer used in plastic carrier bags.

0 extensionx
A polythene strip does not obey Hooke’s law. Thin strips of polythene

A Figure3 Loadingand unloading are very easy to stretch and they suffer plastic deformation under
curvefor a rubber band
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relatively little force. As you know, shopping bags made from
polythene do not return to their original size after being stretched. loading

Plastic deformation is not necessarily a bad thing. For example, steel unloading

sheet is pressed into car body parts, which must retain their new shape

after manufacture.

O
6) extensionx

. ©
Wa rming up A Figure 4 Loadingand unloading

Rubber consists of squashed and tangled long-chain molecules. These can ma i te ad A

be untangled easily with small forces, but once straightened they require

large forces to extend any further (Figure 5}.

forceF

Rubber is an elastic material, but it is poor at storing energy. This makes

it an ideal material for aeroplane tyres. Aeroplane tyres suffer sudden

impact forces during landing. Their material makes landings smooth.

Thetemperature of an aeroplane tyre can increase by as much as 100°C
during landing.

1 Suggest how the shape of the loading curve forrubber shown in
Figure 3 can be explained by the molecular structure of rubber.

2 Explainwhat is meant by the statement ‘Rubberis an elastic material,

but it is poorat storingenergy’. fs
H Hy + Hi Pee oS ——a)

: ’ Se ee es ee3 Usethe force—extensiongraphinFigure3 to explainwhy ee ee
aeroplane tyres: / ee pre as

. ° 5 s =a reduce the bumpiness oflandings;
b warmup duringlanding. i A FigureS Thelongchainsofrubber

molecules can easily be extended up
to a certain point

Summary questions

1 Rubberis an elastic material.Explainwhatthis means. (1mark) me

2 Explainwhya rubberbanddoes not haveaforce constant. (2marks) <

— z
3 Compareand contrast the behaviourofa metalwireand eer

a strip ofpolythene. (2marks) g

aah 10

0 iil 102 Oksy ot

extension x/m

A Figure6



6.4 Stress, strain, and

the Young modulus
Specification reference: 3.4.2
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Learning outcomes
Demonstrate knowledge,
understanding, and application of:

=> stress, strain, and ultimate

tensile strength

> Youngmodulus

> stress—strain graphs for
ductile, brittle, and polymeric
materials

— elastic and plastic
deformation.

A Figure1 Spiderweb

Synoptic link

Feoceeecoeesseeereseeceesesereseseeeessee®
As strong as a cobweb
Spiders make their webs from a natural protein polymer called fibroin.

A single strand of spider silk can be stretched up to 40% of its length

before it breaks. As well as being very elastic, it is as strong as steel but

has one-sixth the density.

Stretching materials
Imagine extending a wire by pulling at its ends. The extension will

depend on the original length of the wire, its diameter, the tension in

the wire, and of course the material of the wire. There are two helpful

terms for the behaviour of materials under tensile forces: tensile

stress and tensile strain.

Tensile stress

Tensile stress is defined as the force applied per unit cross-sectional

area of the wire.

force
tensile stress = —————_

cross-sectional area

You can write this as

F
o=—

A
where o (Greek letter sigma) is the tensile stress (units pascals),
F is the applied force, and A is the cross-sectional area.

Tensile strain

Tensile strain is defined as the fractional change in the original length
of the wire.

extensiontensile strain =——————__.
original length

You can write this as

where € (Greek letter epsilon) is the tensile strain, x is the extension,

and L is the original length. Tensile strain is the ratio of two lengths,

so has no units. Sometimes strain is written as a percentage,
for example, 6.4% instead of 0.064.

Stress—strain graph for a metal
Figure 2 shows a typical stress against strain graph for mild

(low-carbon) steel, a ductile material. A ductile material can
easily be drawn into a wire or hammered into thin sheets.
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: breaking

point B
6
n r
wn
~
:

0+

0) strain €

A Figure 2 Astress—strain graph for mild steel wire
+

In this graph, the stress is directly proportional to the strain from the

origin to P, the limit of proportionality. The material obeys Hooke’s

law in this linear region. E represents the elastic limit. Materials may

obey Hooke’s law up to this limit but not always. Elastic deformation

occurs up to the elastic limit, and plastic deformation beyond it. Y1]

and Y2 are upper and lower yield points, where the material extends

rapidly. This part of the curve is typical of mild steel but may be absent

from other ductile materials.

The stress at the point labelled UTS represents the material’s ultimate

tensile strength. This is the maximum stress that a material can

withstand when being stretched before it breaks. Beyond this point,

the material may become longer and thinner at its weakest point, a

process called necking. The material eventually snaps at its breaking

point, labelled B. The stress value at the point of fracture is known as

the breaking strength of the material.

A strong material is one with a high ultimate tensile strength.

For example, copper is stronger than lead, but mild steel is stronger

than copper.

The Young modulus E
Within the limit of proportionality, stress is directly proportional to

strain. The ratio of stress to strain for a particular material is a constant

and is known as its Young modulus, E£.That is

tensile stress
Young modulus = : :

tensile strain

or

ipee
The unit of the Young modulus is the same as that for stress, N m7? or Pa.

The Young modulus £ of a material is the gradient of the linear region Synoptic link
of the stress-strain graph (y = mx + cis the same as o = E€). It depends .

only on the material, not its shape and size. An experiment carried out
on a block of copper and a thin copper wire will give the same value

for the Young modulus.

= ae



6.4 Stress, strain, and the Young modulus

You can compare the stiffness of materials by comparing their Young

modulus values. A material with a large Young modulus is stiffer than

one with a smaller Young modulus (Table 1).

W Table 1 Youngmodulus of some materials

Material

polystyrene ~ 3x 10°

lead 1.8 x10"

aluminium 7.0 x 10%° |

mild steel ZAG Ate

graphene lig he
diamond site 12x 10%

Worked example: Crane cable
An object of weight 790 N is suspended vertically from a crane

on a steel cable 5.0m long and 6.0mm in diameter. The Young

modulus of the material of the cable is 2.0 x 10!! Pa. Calculate

the extension of the cable.

Step 1: Select the equation for the stress in the cable and

calculate it. Remember to convert the diameter into

metres when calculating the cross-sectional area.

GpsellesBe at nd OO ae Pere ee
A ar nx (3.0x 1073)2

Note: Although the data is given to two significant figures, the
value for o above is an intermediate value in the calculation, so it

is best to retain as many significant figures as you can.

Step 2: Rearrange the equation for Young modulus to calculate

the strain of the cable.

q 2.794 210°ea & _2:774%10 7307x 104PE 20x10" a.
Step 3: Calculate the extension x. Rearrange the equation first

to make x the subject.

ea
i

x= €L = 1,397,1054%.5.0 =7.0 x 104m 525

The extension of the cable is about 0.7 mm.

Determining the Youngmodulus of a wire
You can determine the Young modulus of a material in the form
of wire by measuring its diameter, applying various loads to it, and

measuring its length each time.

Figure 3 shows a simple method in which a wire of starting length

greater than 1.00m is clamped securely at one end, passed over a

pulley, and loaded with slotted masses at the other end. You should

Wear eye protection in case the wire breaks.
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4 Figure 3 Stretching a wire

in the lab —the marker (tape)

helps you to determine the

length accurately

The diameter d of the wire can be measured using a micrometer. .

The cross-sectional area A of the wire can be calculated from A = 7—

You can obtain a more accurate diameter by averaging measurements

from several places along the wire, and also by monitoring any

changes during the experiment. The tensile force F acting on the wire

can be calculated from the hanging mass m using F = mg, where g is

the acceleration of free fall.

After applying each additional mass, the extension is calculated

(x = extended length —original length L). You can improve accuracy

by taking readings for at least six different masses, and repeating them.

The stress and strain values for each load are calculated and used to

plot a stress-strain graph. The Young modulus of the material can be

determined from the gradient of the linear section of the graph.

More stress-strain graphs
Not all materials behave in the same way. You can infer a great deal

about the properties of a material from its stress-strain graph.

You have already seen the stress-strain graph for a ductile material

(Figure 2). The stress-strain graphs for glass and cast iron, both brittle

materials, are shown in Figure 4. A brittle material shows elastic

behaviour up to its breaking point, without plastic deformation.

Polymeric materials are materials that consist of long molecular
chains. (You have already met an example of a polymer, rubber, in

Topic 6.3, Deforming materials). These behave differently depending

on their molecular structure and temperature. Both rubber and
polythene can stretch a great deal before breaking, but rubber shows

elastic behaviour and polythene shows plastic behaviour (Figure 5).

fa) 10 i) 30

& 08 ri

&o6 ey
b 6oe 4 10
B 0.2 o

@)
ue l Dy) 2 4 a) a eeee eee!

strain €/ %

A Figure 5 Stress—straingraphs forpolymers: (a] rubberand (b) polythene

300

cast iron

200stresso/10°Pa

@) 0.1 Oe O38

strain €/ %

A Figure 4 Stress—strain graphs for
two brittle materials —ultimate tensile

strength is the same as breaking
strength for a brittle material

Se if has
strain €/ %



stress

0 E strain

A Figure 6 Stress—strain graph for an

elastic material

A Figure? Amodernaeroplane

6.4 Stress, strain, and the Young modulus

Storing energy per unit volume

For a wire or a spring, you can use the area under a force—extension graph

to determine work done and.therefore, as you saw in Topic 6.2, Elastic

potential energy, to determine the elastic potential energy. Figure 6 shows

the stress—strain graph for an elastic material.

1 Show that the area under the graph is the energy stored per unit

volume by the material.
2 Show that the base units for energy per unit volume and tensile

stress are the same.

3 Asingle strand of spider silk can store 120 MJ of energy per unit volume.

Use this and the information given in the introduction to estimate the

typical stress for a spider's silk. State any assumptions made.

Aeroplanes are engineered to exploit the useful properties of these

materials. Their wings are made of an aluminium alloy that is both

strong and stiff (high Young modulus). The rotor blades in its jet

engines are made from ceramics that can withstand high temperatures

and are very strong. Ceramics are brittle and show no plastic

deformation. The tyres of planes are made from rubber, which is a

polymeric material. Rubber has elastic properties and is an excellent

shock absorber (Figure 7).

sunmanwesions
1 Explainwhatismeantbyultimatetensilestrengthofa material. (1mark)

+
2 UseFigure4todescribethepropertiesofcastiron. (1mark)

3 Ametalwirehasdiameter0.20mm.Aforceof6.3Nchangesits =~
lengthfrom1.035mto1.048m.CalculatetheYoungmodulus
of themetal. : Ra (3miei ;

4 Theultimatetensilestrengthofametalis220MPa.Calculate Lr as
the maximumforcethatcanbeappliedonawireof Wea oees
diameter1.2mmmadefromthismetal. “itbemarks)|



Practice questions
1 a _ Describe how you can determine the force

constant of an extendable helical spring in
the laboratory. (4 marks)

b (i) Sketch a graph to show the variation

of elastic potential energy F fora

spring with its extension x. (2 marks)

(ii) The energy stored in a spring is 0.10J

when it has an extension of 6.0cm.

Calculate the energy stored when

the extension is 9.0 cm. Explain your
answer. (3 marks)

2 A glider of mass 0.180kg is placed on a
horizontal frictionless air track. One end
of the glider is attached to a compressible
spring of force constant 50Nm_!. The glider
is pushed against a fixed support so that the
spring compresses by 0.070m, see Figure 1.
The glider is then released.

compressed spring

glider

air track

A Figure 1

(i) Calculate the horizontal acceleration of
the glider immediately after release.

(3 marks)

(ii) After release, the spring exerts a force on
the glider for a time of 0.094 s. Calculate
the average rate of work done by the

spring on the glider.

(2 marks)

May 2012 G481

A metal wire is suspended from a tall ceiling.
The wire has diameter of (0.90 + 0.01) mm
and length 2.500 m. A mass of 8.00 kg hung
from its lower end produces an extension of

4.0 mm.

a Calculate the absolute uncertainty in the

value of the cross-sectional area. (3 marks)

: b Calculate the Young modulus of

- the metal. State any assumptions
made. © (4 marks)

(i) Ona copy of the axes below, sketch

the stress against strain graphs for a

ductile metal and a brittle metal.

(2 marks)

stress

@)
6) strain

A Figure 2

(ii) Describe the behaviour of the ductile

material as itis stretched. (2 marks)

Define tensile stress and tensile strain.

(2 marks)

A metal wire of length 1.80 m and cross-

sectional area 1.92 x 10-7 m? is extended

by a force of 12.0 N. The metal has a

Young modulus of 2.00 GPa.

(i) Calculate the extension of the
wire. (3 marks)

(ii) A second wire made from the same

metal has the same length but twice

the diameter. State and explain

whether the extension of this second

wire under the same force is greater,

the same or less than the first wire.

(3 marks)

Figure 3 shows the force F against
extension x graph for a spring.

(0) x

A Figure3

State what is represented by

(i) the gradient of the graph (1 mark)

(ii) the area under the graph. (1 mark)



6. Practicequestions:Chapter6
b_ A spring has a force constant of 1}60Nm'!.

The energy stored in the spring is used to
propel an object of mass 80g. The spring is
compressed by 7.2cm and then released.

(i) Calculate the energy stored in
the spring. (2 marks)

(ii) Calculate the initial speed of the

object leaving the spring, assuming
60% of the energy stored in the
spring is transferred as kinetic energy
of the object. (3 marks)

6 a_ A spring shows elastic behaviour when it

is subjected to forces. State what is meant

by the term elastic.

b_ Figure 4 shows two springs A and B,
connected in series and supporting a
weight of 16N. The force constant of
each spring is shown on the figure.

20 Nm-1 60 Nm hd

A Figure 4

(i) Determine the total extension of the

two springs. State any assumptions
made. (3 marks)

(ii) Determine the force constant of the
combination of these springs. (2 marks)

7 a_ State Hooke’s law. (1 mark)

b Define the force constant of a spring.

(1 mark)

c Describe how you can determine the

force constant of an extendable spring in
the laboratory. In your description pay

particular attention to

e how the apparatus is used

e what measurements are taken

e how the data is analysed. (4 marks)

d_ Figure 5 shows the variation of force F
with extension x for a spring.

6 i006"
40-60. 80

A Figure 5

Use Figure 5 to answer to following
questions.

(i) Explain how the graph shows that
Hooke’s law is obeyed. (2 marks)

(ii) Determine the force constant of the
spring. (2 marks)

(iii) Determine the energy stored in the

spring when its extension is 80 mm.
(3 marks)

Define tensile stress and tensile strain. (1 mark)

Derive the units for stress in base units.

(3 marks)

A group of students are carrying out

an experiment to determine the Young

modulus of a metal wire. The wire
has original length of 1.640m and it is

suspended vertically from a support. The

wire is loaded in steps of 10.0N up to

50.0N and then unloaded. Table 1 shows

the experimental results from the group.

WVTable i

eer loadingthe wire unloadingthe wire

(i) Use Table 1 to describe the behaviour
of the wire when forces up to 50.0N —

are applied to it. (2 marks)

(ii) Name the most likely instrument
used to determine the extension of _

“

the wire. (1.mark)
ffadeae5OEaSeee

:
i
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(iii) The cross-sectional area of the wire

is 3.2 x 10-7 m?. Use the value of

the extension for the force of 50.0N

to calculate a value for the Young

MATERIALS

State the value of the force and extension

at the elastic limit of the wire. (1 mark)

Calculate the elastic potential energy for

the wire when its extension is 0.25mm.
| modulus of the metal. (3 marks) onnnea

Sl a iat ae the table of results can The Young modulus of the metal is

chee 7 epee graph and hence 1.2 x 10'! Pa and the length of the wire
determine a precise value for the <1 82m
Young modulus of the metal. (3 marks) ; :

9 Defi he Y, dul Use Figure 7 to determine the
i paneer eted Spares. (1 mark) cross-sectional area of the wire. (3 marks)

> Ngute 6 shows a violin. 11 Figure 8 shows an arrangement used by a

wiresupport student to investigate the energy stored in a

compressible spring.

A Figure 6

Two of the wires used on the violin, labelled ime

A and G, are made of steel. The two wires

are both 500mm long between the pegs

and support. The 500mm length of wire
labelled G has a mass of 2.0 x 10-*kg. The spring

density of steel is 7.8 x 10’?kgm™>.

(i) Show that the cross-sectional area of
wire G is 5.1 x 10-7 m?. (2 marks) A Figure 8

(ii) The wires are put under tension by a_ The spring is compressed by a distance x
turning the wooden pegs shown in and then released. It climbs a-vertical height
Figure 5. The Young modulus of steel h along the length of the rod. Show that

is 2.0 x 10! Pa. (3 marks) is directly proportional to x’. (3 marks)

(iii) Wire A has a diameter that is half Figure 9 shows a graph of h against x? for
‘ that of wire G. Determine the tension the spring.
f required for wire A to produce an gsc eagerteatcanestECadteaseR TRENCaeee

; extension of 16 x 10m. (1 mark)

(iv) State the law that has been assumed

in the calculations in (ii) and (iii).
(1 mark)

June 2007 2821

10 Figure 7 shows the force F against extension x

for a metal wire.

7
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AFigure99

(i) UseFigure9topredicttheheight1
when x = 2.0cm. State any
assumptions made. (4 marks)

(ii) The mass of the spring is 8.0g.

Use Figure 9 to determine the
force constant of the spring. (3 marks)
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Learning outcomes
Demonstrate knowledge,
understanding, and application of:

= Newton's first and third laws

of motion.

epOoCCOHESCHHHEOLOOSHEGOESEHOHHEHDESESETEHOETESESE

A Figure 1 A trainee astronaut in ‘zero

gravity’ —the padded interior reduces
the risk of injury

Fishes i Ag
Study 1‘ip}

| When defining Newton's first law

| of motion, take care to refer to

| constant velocity rather than to

constant speed.

Weightless seconds
Figure 1 shows a NASA astronaut training in simulated ‘zero

gravity’ on an aircraft. The aircraft climbs, gradually reducing

engine thrust, and then points downwards with the thrust

increasing again. This manoeuvre allows trainees to experience

about 25s of free fall. The ideas developed by Sir Isaac Newton

more than three centuries ago can predict and explain this and

other effects of motion and forces.

Newton’s laws of motion

First law

An asteroid moving in deep space will keep moving at constant

velocity. There is no force acting on it to alter its motion.

A cyclist travelling on a straight road at constant velocity experiences
several forces, including contact force, weight, and air resistance.

Again, no resultant force acts on the cyclist and the acceleration

1S!ZELO:

You have already met Newton’s first law of motion. A formal

statement of this law is given below.

Newton’s first law of motion: An object will remain at rest or

continue to move with constant velocity unless acted upon by a

resultant force.

If an object’s velocity changes, then you know a resultant force must

be acting on the object. Remember that velocity is a vector quantity,

so an object’s velocity changes if its speed and/or direction changes.

Third law

Tap the screen of your mobile phone. Your finger will feel a force.

You also exert a force on the screen. In fact, the forces acting on

your finger and on the screen have the same magnitude, but they

are in opposite directions. The same happens when you stand on

the ground, clap your hands, or use a hammer to hit a nail. These

interactions between objects are summed up in Newton’s third

law of motion. (You will study Newton’s second law of motion

in Topic 7.3, Newton’s second law of motion.)
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Newton’s third law of motion: When two objects interact, they F . 3 F
exert equal and opposite forces on each other. a

ae,
When two objects interact, the pair of forces produced will always be electrons
equal and opposite. The forces acting on the interacting objects are

always of the same type. person

Electrons have a negative charge; they exert an electrostatic repulsive
force on each other (Figure 2). The two electrons experience the same

magnitude of force but in opposite directions. Similarly, the unlike c

poles of the two magnets exert a pair of magnetic forces. Once again

the forces are equal and opposite. When you jump off a wall and fall - Earth

towards the Earth, you and the Earth are interacting. The gravitational _

force exerted by the Earth, your weight, is equal and opposite to f

the gravitational force that you exert on the Earth. Notice how each

interaction in Figure 2 involves a pair of forces of the same type each

actingon a differentobject.In Newton'sThirdLawyou neversee aeboth forcesactingon the sameobject. 5 onl “508

Types of interaction owes

All interactions can be explained in terms of four fundamental forces — ea

gravitational, electromagnetic, strong nuclear, and weak nuclear. The
two nuclear forces have an extremely short range and so very little

impact on the things we observe in daily life. You are familiar with

gravitational force. When you push your hands together, the contact

force you feel is due to the electrostatic repulsive forces between the

electron clouds around the atomic nuclei in your hands. Next time

you walk, remember that you are exerting a backward force on the

ground and the ground is exerting a forward force on you, both forces

of electrical origin.

A Figure 2 Interacting objects exert
forces of the same type on each other

Summary questions

1 Acaris travelling at constant velocity. State the resultant
force on the car. (1 mark)

2 Apersonofweight600N is standingstillonthe ground.
State and explainthe forceexertedbythe personon

the Earth. (2marks)

Stateandexplainthe
\themagnets.== (2 marks)

A Figure 3. Thisflying Dalmatian
pelican is interacting with the Earth

101



7.e Linear momentum

Specificationreference: Siiie.005.1;'3.5:2

SCHHSOOSSHSEHOHSHSHSSHEHHHESHEHHHHEHHHEHEHEHHS,

Learning objectives

Demonstrate knowledge,
understanding, and application of:

=> linear momentum; p = mv;

vector nature of momentum

> principle of conservation of

momentum

> collisions and interactions
of bodies in one dimension

> perfectly elastic and
inelastic collisions.

e@eeeeeeeeeeeeeseHeTESeTeseoeeseeHeEeEEeeese®

A Figure 1 AnAtlas Vrocket burning
the fuel it carries

positive direction

A Figure 2 Bothcars have the
same magnitude ofmomentum,
2.4 x 104kg ms“, but the green

car has a negative momentum

102
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Mission to Mars

The Mars Science Laboratory spacecraft was launched on top of an

Atlas V rocket in November 2011. It landed on Mars on August 2012

on a mission to determine if Mars is, or was ever, able to support

microbial life.

Because the mass of the rocket carrying it decreased as its fuel was

consumed and expelled, the equation F = ma cannot be used to

predict the motion of the rocket. We need a new quantity —linear

momentum - to analyse motion of objects such as rockets.

Momentum

The linear momentum (or simply momentum) p of an object depends

on its mass m and its velocity v.

momentum = mass x velocity

Or

p=mv

The SI unit of momentum is kgms~!. Momentum is a vector quantity

because it is a product of a scalar (mass) and a vector (velocity).

Figure 2 shows two identical cars, each of mass 1200 kg, travelling

at the same speed of 20ms7! in opposite directions. The car moving

to the right has a velocity of +20ms~! and the car moving left has a
velocity of -20ms"!. Therefore

® momentum of car moving to right

= mv = 1200 x (+20) = +2.4 x 10*kgms"!

® momentum of car moving to left

= mv = 1200 x (-20) = -2.4-x 10¢kgms7!

It does not matter which direction is taken as positive. The important

idea is that one of the values for momentum is negative.

Conservation of momentum

What happens when two or more objects collide or interact? The

objects transfer both momentum and kinetic energy between
themselves, but the total momentum does not change, provided
that no external forces act on the interacting objects. The group of

interacting objects is referred to as a closed system. The principle
of conservation of momentum is expressed as follows:

For a system of interacting objects, the total momentum in a specified

direction remains constant, as long as no external forces act on
the system. Esee|eeey

7
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This means that when objects collide, the total momentum before and

after the collision is the same. You can use this principle to predict the

motion of interacting objects, which could be atoms bouncing off each

other, cars crashing, and even colliding distant galaxies.

Workedexample:Airtrackcollision
Two gliders are on a linear air track. Glider A is travelling at

0.20ms"! and has mass 0.10kg. It is hit by glider B of mass

0.15 kg travelling at 0.40ms"! in the opposite direction. They

stick together. Calculate their new velocity v.

Step 1: Write down the information given for each glider before

and after the collision. Alternatively, you can do a quick

sketch to help you to visualise the problem, as shown in

Figure 3.

A AdheApES B A B- +0.20ms*
0.10 kg <=] 015k O10kg + 0.15kg }—>v

—0.40ms*

before after

A Figure 3 Before and after sketches

The velocity, and therefore momentum, of one glider must be

negative because of its direction of travel.

Step 2: Write an equation for this collision using the principle

of conservation of momentum.

total momentum before = total momentum after

(0.10 x 0.20) + (0.15 x —0.40) = (0.10 + 0.15)v

Step 3: Solve this equation to calculate v.

0.020 — 0.060 = 0.25v

—0.040 = 0.25v

v= 0.040 _ —0.16ms:

0.25

The velocity of the joined gliders is -0.16ms"'.

Note: The negative sign shows that the gliders move in the

direction in which glider B was originally travelling.

Zero momentum?
A gun recoils when a bullet is fired. The total momentum of this

system remains the same and is equal to zero. The momentum of the

gun and the momentum of the bullet have the same magnitude but

act in opposite directions. The same physics can be used to explain a

recoiling radioactive nucleus when it emits an alpha-particle, and an

exploding firework (Figure 4).

A Figure 4 Thetotal momentumof this

explodingfirework is zero



data logger

motion

sensor

trolley

horizontal runway

A Figure 5 /nvestigating linear

momentum using trolleys and a

motion sensor

A Figure 6 An example of an inelastic
collision

7.2 Linear momentum

eae ©Investigating momentum
There are several ways to investigate momentum in the laboratory.

A linear air track is ideal because a cushion of air minimises the

friction between the gliders and track, but trolleys and a horizontal
runway also work (Figure 5). The velocity of each object is determined

with a motion sensor and a laptop, light gates and a digital timer,

ticker timers, or simply a stopwatch to measure the time taken to

cover a known distance.

Elastic and inelastic collisions

Momentum and total energy are both conserved when two objects

collide. All the kinetic energy could be retained by the objects, or the

kinetic energy could be transformed into other forms such as heat

and sound. In a collision of two cars, the kinetic energy could be

completely transformed as the cars crumple and deform (Figure 6).

There are two types of collisions: perfectly elastic and inelastic.

Table 1 summarises the key characteristics of these two types.

YVTable 1 Summary of the two types of collisions

Typeofcollision| Momentum| Totalenergy| Totalkineticenergy
perfectly elastic conserved conserved conserved

inelastic conserved conserved not conserved

1 State two quantities conserved in all collisions.

2 Twoidentical objects, each of mass 2.0 kg, collide.Afterthe
collision,the loss of momentum for oneofthe objects is
120 kgms~*. Calculate the change in momentum ofthe

other object and the change in its velocity.

3 Astationarycannonofmass 1200kgfiresa 20kgshell aici A
at a velocityof300 ms~!.Calculatethe recoilspeedof Ns ae
the cannon.Explainyouranswer. (3 marks’



?.3 Newton’s second law

of motion

Specification reference: 3.5.1

Air bags
Air bags in modern cars are designed to reduce the chance of injury
to occupants in an accident. Sensors detect the rapid changes in

acceleration associated with a crash and trigger an explosive chemical

reaction, which fills the air bag with nitrogen gas in just 30ms to

provide a cushion for the occupant’s head and upper body. This

reduces the momentum of the occupant to zero more gradually than

sudden deceleration by contact with the dashboard or windscreen, and

therefore reduces the force and minimises injuries.

Newton’s second law

Newton’s second law of motion links the idea of net force acting

on an object and rate of change of its momentum. A formal statement

of the law is given below.

Newton’s second law: The net (resultant) force acting on an object

is directly proportional to the rate of change of its momentum, and is

in the same direction.

Therefore -

net force x rate of change of momentum

or
Fux Sb

At

where Fis the net force acting on the object and Ap is the change
in momentum over a time interval At. The expression above can be

rewritten as an equation with a constant of proportionality k.

pa KAR
At

The value of kis made equal to 1 by defining the unit of force, the

newton, as the force required to give a 1kg mass an acceleration of 1ms~?.

Newton’s second law of motion can therefore be written

“mathematically as
paDP.

AtThis astonishingly useful equation can predict the motion of any object
subjected to forces, even when its mass changes with time, like a rocket.

Worked example: Crash-test dummy
~ IMacrash test at 14ms~!, a 4.5kg dummy head hits the steering
wheel and comes to rest in 9.1 ms. Calculate the net force acting

on the head in the impact. >]

ett PPP ee eseescsscessecorecsesescesseosecoesecs

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

= Newton's second law

of motion

> net force = rate of change

peeof momentum;F= Ar

A Figure 1 Crash-test dummies are

used to test air bags

Study tip
Remember that the letter delta A is

a shorthand for change in.



Synoptic link

The equation F =ma was

introduced in Topic4.1, Force,

mass, and weight.

Summary questions

1 Inaperiod of 5.0s the
change in momentum of
ance Sele x0 komica.

Calculate the net force

acting on the car.

2 A force of 150N acts on

a ball for a time of 0.025s.

Calculate the change in

momentum of the ball.

(2marks)

3. Themass ofa rocketis

2.3 x 10°kg and its velocity is
1.2 x 10?ms"!. After burning

fuel for 200s, its mass has
- decreased to 1.0 x 10°kg

and its velocity has increased
to3.4x 102°ms“!.
Calculatetheforce

~actingonthe rocket.(2marks)

(2marks)

?.3 Newton’s second law of motion

o
Step 1: Write down all the quantities given in SI units, and select

the equation you need.

initial velocity uv= 14ms~4, final velocity v=Oms"!, At= 9.1 x 10~s,

m=4.5kg

pa Ae
At

Step 2: Determine the change in momentum Ap.

Ap = final momentum —initial momentum

Ap = (4.5 x 0) - (4.5 x 14) =-(4.5 x 14)

Step 3: Substitute the values above into the equation to calculate F.

fe oa AgAS Bg ca Vira
At ee BoveUWge

Note: The magnitude of the force is 6.9kN, roughly 10 times

your weight. The minus means that the net force is opposite to

the initial velocity, so the net force causes a deceleration.

° {9}F =ma — a special case

Figure 2 shows a constant force F acting on an object of constant

mass m. The initial velocity of the object is u and after a time rit has a
final velocity v. According to Newton's second law

| ee ee mv—mu=m(2—HM
At if t

The term in brackets is the acceleration a of the object. Therefore

F=ma

This equation is just a special case of Newton’s second law when

the mass m of the object remains constant during the period of

acceleration. In the worked example above, you could have used

F= mmato determine the force on the dummy’s head.

F Q . F

A Figure 2 Theconstant force Fappliedfor a A Figure 3 Twointeracting objects
time t increases the momentum of the object

Why is momentum conserved in collisions?
The principle of conservation of momentum is a natural consequence

of Newton's laws. Figure 3 shows two interacting objects. According to

Newton’s third law, each experiences an equal but opposite force F.

The net force acting on the objects in this closed system is zero..

According to Newton’s second law as 0. The change in momentum

Ap of both objects must be zero; therefore, the total momentum of the

objects does not change. Momentum is always conserved.



7.4 Impulse
Specification reference: 3.5.1

Squash
Squash is a fast-paced racket game played in a walled court. The

40mm diameter rubber balls are hit at speeds of up to 76ms™!. A cold

squash ball does not bounce well, so it must be warmed up before

play by hitting it around the court. The forces exerted on a squash ball

change during impact with a racket (Figure 1), and can be analysed

using force-time graphs.

Impulse of a force
Forces accelerating or decelerating an object usually change over time,

for example, kicking a ball or crashing a car into a barrier. This type of

motion can be analysed using the idea of impulse.

According to Newton's second law of motion

net force = rate of change of momentum

paAP.
At

Rearranging this equation gives

F x At = Ap

The product of force and time is equal to the change in momentum Ap.

Impulse of a force is defined as the product of force and the time for

which this force acts on an object.

Therefore

impulse of a force = change in momentum

The unit of impulse is Ns or kgms!.

Force—time graphs

Figure 2(a) is the force-time graph for an object experiencing a

constant force F for a time t.

a b

force force

F

area = Ap

0)0 fe) t time re) time

A Figure2 Force—timegraphs for (a} constant force; (b}changingforce

As you can see from Figure 2(a), the area under the graph is equal

to Ft, which is the impulse of the force or the change in momentum
of the object. In fact, the area under a force-time graph is always

equal to the change in momentum, even when the force is changing

(Figure 2(b)).

et PPPS eeeeeesreseseeresesesoeseseosoesoere

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> impulse of a force;
impulse = FAt

> impulse as the area undera
force—timegraph.

eSOOOHEEEHEHEHEEEEES
. POSSESS SESE HTHEHTSTSEHEHEHEHTHEHTEHSHEHEHTEEHHTHTHTEEe

A Figure 1 Aball stretches the racket's

strings and changes shape itself when

itis hit
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7.4 Impulse

t/ms

A Figure 3

Worked example: Hitting a squash ball
A stationary squash ball of mass 0.025 kg is hit with a racket.

Use the force-time graph for the ball in Figure 3 to determine the
final velocity v of the ball.

Step 1: The area under the graph is equal to the impulse of the

force. Calculate the area of the triangle.

impulse = area = = x 40 x 50 x 10-7 (remember: 1 ms = 107?s)

Ap = 1.0Ns orkgms"!

Step 2: The impulse of the force is equal to the change in

momentum. Use the mass of the ball to calculate the

final velocity.

Ap = mv —mu = 0.025v —0 (because u = 0)

N02. 1k0

ee!)
0.025

The final velocity of the ball is 40ms"!.

= 40ms"!

ate Photonshavemomentum
Youmay have heard of photons, subatomic particles that

travel at the speed of light and have no mass. According

to quantum physics, as well as having energy, photons
have momentum. The momentum p of a photon is given

State and explain how the momentum of a photon

depends on its wavelength.

Calculate the momentum ofa visible light
photon of wavelength 500 nm. The Planck

by the equation p = A where h is the Planck constant constant h = 6.63 x 10-34Js.

and Ais the wavelength of the photon.

Photons exert a tiny force when they collide with objects.

OurSun is a source of photons. These photons exert a

Estimate the area required to produce a force of

1N at the Earth from the radiation pressure from
“the Sun.

radiation pressure of about 9.1 Pa at the Earth.

1.0

A Figure4

108

| Summary questions

1 Statethe twoSIunitsforimpulseand momentum. (2marks)

2 Aconstantresultantforceof200Nacts onacar for5.0s.
Calculatethe me ofthe force. (2marks)

3Astationary0.050kgballexperiencesaanimpulseof NsVs
_Calculateitsfinalvelocity,



?.5 Collisions in two dimensions

Specification reference: 3.5.2

Collisions big and small
When a snooker ball collides obliquely with an identical ball, they

move off on paths at an angle of 90° to each other. This is an example

of a collision in two dimensions. As with all collisions, both total

energy and linear momentum are conserved.

Similar events also occur at microscopic levels. Figure 1 shows a

collision between a helium nucleus and a proton. The angle after the

collision is not 90° because the particles have different masses. Physicists

can use particle tracks to determine the momentum of particles.

Conservation of momentum

In collisions and interactions, linear momentum is conserved in all

directions. You can use your knowledge of vector triangles and of

resolving vectors to analyse a variety of problems.

Adding momentum
Figure 2 shows an object A moving to the right with momentum p. It

collides with a stationary object B. After the collision, Aand B move

off in different directions with momenta p, and p,, respectively,

as shown. Since linear momentum must be conserved, the vector

sum p, and p, (total final momentum) must be equal to p (initial

momentum). You can draw a vector triangle to add the vectors p,

and p, together (Figure 2).

Pj

Po

'

1

1

'

'

'

‘

1

1

'

'

'before after

A Figure 2 ObjectsAand Bbefore (left) and after the collision,and the vector

triangle (right)

Worked example: Snooker balls
A 160g white ball travelling at 4.0ms7! hits a stationary 170 g

black ball (Figure 3). After the impact, the balls move apart at

approximately 90° to each other, with the white ball travelling

at 2.5 ms~!. Calculate the magnitude of the final velocity of the

black ball.

Step 1: Select the equation you need and calculate the

; momentum of each ball.

= pam >)

ett PPP eeeeseseseressessesseseesessereseees

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

+ collisions and interactions of

bodies in two dimensions.

etereeeeeeeeeeeeete
.
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Study tip
You will not be assessed on two-

dimensional collisions until A Level.

A Figure 1 Aftera collisionbetween a
helium nucleus anda proton, the proton
shoots off to the right (red track} and
the helium nucleus moves off to the left
(yellowtrack}

A Figure3



7.5 Collisions in two dimensions

o
initial momentum of white ball = 160 x 10-3 x 4.0 = 0.64kgms"!

initial momentum of black ball = 0

final momentum of white ball after impact = 160 x 10~? x 2.5°= 0.40kgms™!

Step 2: Draw a vector triangle for the momenta after the impact (Figure 4).

These must add up to the initial momentum of 0.64 kgms7!.

Step 3: Use Pythagoras’ theorem to determine the final momentum p

of the black ball.
0.64 kg ms?

p? = 0.642 —0.407=0.25  p=0.50kgms7!
; A Figure 4

Step 4: Use the equation p = mv to calculate the velocity of the black ball.

0.50 =50 = 0,170 =—— =2.9ms"!: ers ie

The magnitude of the final velocity of the black ball is 2.9ms7.

Resolving momentum
Figure 5 shows a general collision involving two objects of mass m,

and m,. The white object travels at velocity v, and collides with the

stationary black object. After the collision, the white object travels at

angle 6, to its original direction with velocity v,, and the black object

travels at angle @,with velocity v,.

The momentum in any direction must be conserved. In this case, the

A Figure 5 The white object is momentum must remain the same in the x direction and y direction.

originally moving in the x direction, so

after the collision, the total momentum

in the y direction must be zero Vo = M,V, COS8, + m,V, Cos 8,

x direction: total initial momentum = total final momentum

y direction: total initial momentum = total final momentum

0 =m,v, sin 6, + m,v,sin 6,

Tokenet Summary questions

90° 1 Twoobjectsofthe same mass have an obliquecollision.State the angle
between the directionsinwhichthe objects travel after the collision. (1 mark)

2 Figure 6 shows the momentum of two objects Xand Ybefore

and after a collision. Explain how you can tell that the collision

is incorrectly represented.ee y rep (2 marks)

: : . _ -A Figure7 Xx y Keine wf

xX Oo10kgms} @ 5kgms?

Bouse
250 g@——> PFigure6 —§_before after

3 Figure ? shows the final momenta of two particles after sf dpceaeel
4.0ms a collision.Calculatethe magnitude of the initialmomentum .

of the particles. Explainyour answer. (3 marks)
150g = ee! ees or = 5ne , P ; se

A Figure8

110



LAWSOFMOTIONANDMOMENTUM7
Practice questions (1) Ona copy of Figure 2(b), sketch a

Va. Derive the base units of graph to show the variation of the

Pent, (3 marks} velocity of the car with time t. You

Bie sta danary tenis ball of are not expected to show the values

are on the v-axis. (2 marks)
mass 60g is hit with a racquet. od
Figure 1 shows a graph of force (iii) The mass of the car is 1200 kg.

F on the ball against time ft of impact Calculate the final kinetic

between the racquet and the ball. pret gy OFte car. (5 marks)

3 a _ State Newton’s second law
of motion. (1 mark)

b Use Newton's second law of

> motion to show how the net force
w F acting on an object is related to

its mass m and acceleration a. (3 marks)

@) c An 80g ball is dropped from a height /
0 < 4 6 8 10 above the ground. It has a speed of 5.4ms7!

t/ms just before it hits the ground. After hitting
A Figure 1 the ground, it has a rebound speed of

The area under the graph is 3.2Ns. 3.0ms™.
(i) Calculate the final velocity of (i) Calculate the height / of the ball.

atalt: (3 marks) State any assumption made. (4 marks)

(ii) Show that the maximum (ii) Figure 3 shows a graph of force F
force acting on the ball is exerted by the ground on the ball

Sivaae LAN. (3 marks) against the time t of contact between
rs the ball and the ground.

(iii) Describe and explain the
motion of the racquet after

it has hit the ball. (3 marks)

2 a Define impulse of a force. (1 mark)

b_ A driving force acts on a stationary car

on a level road. Figure 2(a) shows the

variation of the net force

F acting on the car with time ¢.
A Figure3

si On a copy of Figure 3 sketch a
10 graph to show the variation of

the force exerted by the ball on
the ground. Explain your

0 1.0 2.0 3.0 0) 1.0 2.0 3.0 answer (2 marks)
t/s t/s

A Figure2a A Figure2b

F/KN

Calculate the magnitude
of the change in momentum

} (i) Describe how the acceleration of the ball. (2 marks)

j of the car changes time t = 0 Jan 2013 G484
‘ to f= 3.0s. (2 marks)

(iii ——

es= aT: . : 7s



Practice questions: Chapter ?

4 This question is about pressing a red hot bar (i) Determine the velocity v, stating its

of steel into a sheet in a rolling mill. magnitude and direction.

a_ A bar of steel of mass 500kg is (3 marks)

moved on a conveyor belt at

0.60ms.

Calculate the momentum of the

bar, giving a suitable unit for your
answer. (2 marks)

From the conveyor belt, the bar

is passed between two rollers,

shown in Figure 4. The bar enters

the rollers at 0.60ms~!. The rollers

flatten the bar into a sheet with the

result that the sheet leaves the

rollers at 1.8ms7!.

steel bar

conveyor belt conveyor belt
v =0.60ms v=18ms1

A Figure 4

(i) Explain why there is a resultant
horizontal force on the bar at
the point immediately between
the rollers. (2 marks)

(ii) In which direction does
this force act? (1 mark)

The original length of the

bar is 3.0m. Calculate the

time it takes for the bar to

pass between the rollers. (1 mark)

(iii SS

Calculate the magnitude of
the resultant force on the

bar during the pressing
process. (3 marks)

(iv SS

(ii) Determine the impulse of
the force experienced by the

object A and state its direction.
(2 marks)

(iii) Explain, using Newton’s third
law of motion, the relationship

between the impulse
experienced by A and the
impulse experienced by B
during the impact. (2 marks)

Jan 2013 G484

Collisions between two objects can be
described as being either elastic or inelastic.

Copy and complete Table 1 by placing
a tick (W) in the relevant row(s) for

each statement that is true for each type

of collision.

YWTable 1

Statement Elastic Inelastic

collision | collision

Total momentum for the

objects is conserved.

Totalkineticenergyofthe
objects is convserved.

Total energy is conserved.

Magnitude ofthe impulse

on each object is the

same.

A snooker ball is at rest on a smooth

horizontal table. It is hit by a snooker cue.
Figure 6 shows a simplified graph of force

_ F acting on the ball against time tf.

5 Figure 5 shows the masses and velocities of
two objects A and B moving directly towards
each other. A and B stick together on impact

and move with a common velocity v.

5.0ms= =2:0ms=2

C]
|
ny
rt
Ly
i]
=
a
‘=
NI

3.0kg 7.0kg

A Figure5 71

A Figure 6 a



(i) Describe how the velocity of the
ball varies between ft = 0.6ms

and t= 0.9 ms. (1 mark)

(ii) Use Figure 6 to calculate the impulse

acting on the ball.

(2 marks)

(iii) The mass of the snooker ball is 140g.

Calculate the final speed of the

snooker ball as it leaves the cue.

(2 marks)

a Compare and contrast elastic
and inelastic collisions. (3 marks)

b_ Figure 7 shows an object. It has two
sections A and B. The mass of section A

is 25% of the total mass of the object. An
explosion within the object ejects A and B
in opposite directions.

A Figure 7

(i) Use Newton’s third law of motion to
explain why A and B are ejected in
opposite directions. (2 marks)

(ii) Calculate the ratio
kinetic energy of A TPR

kinetic energy of B

a_ State what is meant by an
inelastic collision. (1 mark)

b Two objects A and B collide. Figure 8 shows
the variation momentum p of A with time f
before, during, and after the collision.

f

LAWS OF MOTION AND MOMENTUM

Use Figure 8 to determine

(i) the magnitude of the change in
momentum of B (2 marks)

(ii) the magnitude of the force acting on
B during the collision. Explain your
answer. (3 marks)

c Figure 9 shows the initial and final states

of two trolleys involved in a collision.

positive direction
>

Before After

1

2.0 ms-} 20m * “Osis v
> < | > >

i

i]ee ewe.
1.2 kg O80kg 1 12kg 0.80 kg

|

A Figure 9

The mass and the velocities are shown in

Figure 9.

Calculate the velocity v of the 0.80kg
trolley after the collision. (3 marks)

d_ Figure 10 shows the initial and final states

of two identical balls, Xand Y, involved in

a collision.

Before After; 5.2 ms-1
i}=I

6.0 ms ! CK ae

()>--(7) Pogocheat.BiberSeeoriginaldirection
; of travel

stationary |

i)
3.0 ms-1

A Figure10

Before the collision, X has a velocity of
6.0ms7! and Y is stationary. After the

collision, X has a velocity of 5.2ms~! at an
angle of 30° to its original direction of travel.
Y is deflected at an angle @and has a velocity

of 3.0ms"!.

(i) Explain why the total momentum
in the direction at right angles to the
initial velocity of X is zero. (1 mark)

(ii) Calculate the angle 0. (3 marks)
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Buildings

Architects have to carefully consider the physical

properties of the materials when designing a building.

Materials such as brick, concrete, and stone are weak

in tension but strong in compression. Steel is incredibly

strong in tension. Wood has interesting properties

because it can withstand relatively large compressive
and tensile stresses.

Figure 1 shows a conventional brick house with a tiled

roof. The brick walls are in compression. A framework of

wood Is used to Support the roof and to prevent the brick

walls from buckling outwards. The strut beams in are

compression and the tie beams are in tension.

, tie beam

strut beam
roof

Tie and strut beams

In 4.9 you learnt about pressure due to fluid columns

and the Archimedes’ principles. The measurement
of atmospheric pressure is important in the study of

meteorology {weather}. High and low pressures govern the

long and the short term weather patterns we observe. On

weather maps, pressure is shown in millibars. Airpressure

can be measured using instruments known as barometers.

Here are some extension tasks you can carry out to

further improve your understanding ofthis topic. You

may use the internet to carry out some of the research.

What is the relationship between millibars and pascals ?

Investigate the different types of barometers and

explain why many of them use mercury.
If you were to design you own barometer using water,

how tall will it be?

TheShardinLondonis 308mtall.Itis
constructedarounda steel framework.

Describe what would happen to the structure shown

in Figure 1 if the tie beams were not included.

Couldsteel cables be used in place ofthe tie beams?

Explain why the compressive stress is not
constant along the length ofthe wall. Where would

you expect the compressive stress in the wall to

be amaximum?
Figure 2 shows The Shard in London. Discuss why

very tall buildings use a steel framework rather

than brick.

4 Design an aneroid barometer using everyday items

around you.
5 Howdoes air pressure vary with altitude?



MODULE 4
|Electrons,waves,andphotons

Chapters in this Module
Demonstrate knowledge, understanding, and application of:

Charge and current

Energy, power, and resistance

Electrical circuits

Waves 1

Waves 2

Quantum physics

Introduction

Quantum phusics is perhaps one of our
greatest ever achievements. It allows us
to make incredibly accurate predictions
of what happens on tiny scales far
smaller than an atom. In order to help you
understand its key ideas, this module takes
you on a journey, Starting with electrons
and how they behave in electrical circuits
through an exploration of wave properties
ending with quantum physics.

Charge and current provides an introduction
to the fundamental ideas of charge and
current, exploring the link between lightning
strikes, the human brain, and the wonder
material that is graphene.

Energy, power, and resistance develops
the use of electrical symbols, along
with key ideas like electromotive force,
potential difference, and resistivity. You
will learn about how differences in
resistance help archaeologists discover
ancient remains and doctors care for
premature babies.

Electric circuits brings together ideas from
the previous two chapters to explore the use
of electrical circuits, including explanations
of how potential dividers are used to make
volume control dials and whya car battery
can supply such a high current.

Waves 1 explores waves and their properties.
Youwill learn about electromagnetic waves,
earthquakes, and how diamonds get their
sparkle.

Waves2 includes explanations of how musical
instruments produce their characteristic notes
and how noise-cancelling headphones work
so effectively. You will learn about the effect of

interference of waves in a variety of situations.

Quantum physics introduces several truly
amazing concepts, including the ideas that
not only do electromagnetic waves have
wave- and particle-like behaviour but this
dual nature is also found to be characteristic
of all particles, including electrons. Electrons
can be made to diffract!

Hearaeae EUURURNUNINUNNINNL\\\ \



| Knowledgeand understanding checklist
.
4 From your Key Stage 4 study you should be able to answer the following

questions. Work through each point, using your Key Stage 4 notes and the

support available on Kerboodle.

:

: CL) Recallthatcurrentis a rateofflow ofchargeandthat forachargeto flow,a
| sourceofpotentialdifferenceanda closedcircuitareneeded.

Recall that current depends on both resistance and potential difference.

| Describe the difference between series and parallel circuits.

Calculate the currents, potential differences, and resistances in series circuits.

Explain the use of circuits containing components including lamps,

diodes, thermistors, and LDRs.

Describe wave motion in terms of amplitude, wavelength, frequency,

and period.

O0OOOO
Describe how ripples on water surfaces are examples of transverse

waves whilst sound waves in air are longitudinal waves, and describe the

differences between transverse and longitudinal waves.

C) Know that electromagnetic waves are transverse and are transmitted

through space where all have the same velocity.

AU

Maths skills checklist
All physicists need to use maths in their studies. In this unit you will need

| touse many different maths skills, including the following examples. You

‘ can find support for these skills on Kerboodle and through MyMaths.

7

(_) Determine the gradient and intercept from a graph and use
\ y = mx + c to find unknown values. You will need to be able to

\ do this when investigating the resistivity of a wire.

(_.) Recognise and use expressions in decimal and standard form.

Youwillneed to be able to do this when developing ideas around the

electromagnetic spectrum.

(_) Sketch relationships which are modelled by equations. Youwillneed to

be able to do this when studying the photoelectric effect.

(_) Substitute numerical values into algebraic equations using
appropriate units for physical quantities. Youwillneed to be able to do
this to determine the wavelength oflight froma double slit experiment.

@ MyMaths.co.u
Te
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8.1 Current and charge
Specificationreference:4.1.1

$00:.0:0,0)0)0,0,0,0,9:0,0,0,0,0,0,0.0,8,0)0,0,0,0,0,0.0.0.0,2,0:0,0,0.0.0.0.0.010. A bolt from the blue
Learning outcomes

Demonstrate knowledge,
understanding, and application of:

A lightning storm is one of nature’s most awesome spectacles. Each

bolt of lightning shows the path taken by billions and billions of

electrons travelling from the cloud to the ground (or occasionally

> electric current as rate offlow the other way around). This flow of charged particles produces a

of charge I =AQ massive electric current.
At

-> the coulomb as the unit Whereas current of 1.2 A is enough to charge a typical smartphone,

of charge the current in a lightning strike is often in excess of 30000A and heats

> the elementary charge the surrounding air to over five times the temperature of the surface

e=1.60x10-19C

> netcharge ona particle or Pr F
an object is quantised anda Defining electric current

multiple of e. Electric current is measured in amperes (or just amps for short).

RADI ce llth alll The ampere is one of the seven SI base units.

of the Sun.Peeececeeseeseenoeeseeeseseseeseseeeeeoeseseseseeeee®
Electric current is defined as the rate of flow of charge, and can be

calculated using the equation

7 AQ

At

where /is the electric current in amperes, AQ is the charge transferred

in coulombs, and At is the time in seconds.

In simple terms this is the amount of charge passing a given point in a

circuit per unit time. One ampere (1 A) is the same as one coulomb of

charge passing a given point per second (1 Cs~!), 12kA is the same as
A Figure 4 Themajorpath of ionised air 12000 coulombs per second, and so on.
through which billions of electrons have

travelled to the ground is clearly visible here

Worked example: Current in a heater
A charge of 0.26 MC passes through a heater in 6.0 hours.

Calculate the average current in the heater in that time, giving

your answer to an appropriate number of significant figures.

Synoptic link

YouwillrecallfromTopic2.1,
Quantitiesand units, that the
ampere isone ofthe seven base
units. Itis used to define many
other derivedunits in electricity,
for example,the coulomb (As) and
the ohm (kgm*s-tA~2), |

Step 1: Identify the equation needed.

Usep=82
At

Step 2: Substitute known values in SI units into the equation

and calculate the answer.

Studytip p=0:26 10°
6.0x3600

Be sure to convert time into
S| units (seconds) when using

the equation for current. f=12A (2.3.2)

Express the answer to the correct number of significant figures.
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What is electric charge?
Electric charge is a physical property, much like ®\,
mass, volume, or temperature. You can think of it e)

as a measure of ‘chargedness’. Some particles are ©@

charged, like protons and electrons, and others are a)

not, like neutrons. Any object that is not charged is \called neutral. \«

like charges repel opposite charges attract
There are two types of charge, positive yativeF YI atete POS e and negative. (+ and +, —and -) (+ and —,—and +)

Objects with charge interact and exert forces on each AF 5
Spe ; igure 2 Electrostatic forces

other. Like charges repel each other, and opposite fi

charges attract.

Measuring electric charge
Electric charge is measured in coulombs (C). The coulomb is a. ie Study tip
derived unit, named after the French physicist Charles-Augustin de
Coulomb. It is defined as the electric charge flowing past a point in Electric charges should not be

one second when there is an electric current of one ampere. confused with magnetic poles.
There is a deep link between

From AQ = JAt, in base units, one coulomb (1 C) is equivalent to one

ampere second (1A 5s).
electricity and magnetism,

but north and south poles are

Any particle that has an electric charge is a charge carrier. Table 1 not the same as positive and

lists some examples of charge carriers and their charges. negative charges.

You will be familiar with measuring charges as simply +1 or —2, for

example, on ions in chemistry, but these are relative charges, that VWTable 1 Charges

is, measured against the constant e. This is the elementary charge

and is equal to 1.60 x 107!’C. It is the same as the charge on one Charge carrier Charge /C

proton. A proton has a relative charge of +1 e and an electron —lLe, proton 1.60 x 10712

not just +1 or -l.} electron ~1.60 x 10-19

c J Q j i mple, we ; 2If we know the value of the current in a metal wire, for example copper2* ion 3.20 x 10-19

can also calculate the charge passing through it in a given time and

even the number of electrons.
1.60 x 10-19sodium” ion

chloride” ion =1.60x 10-8

Worked example: Electrons passing through a lamp
The current in a lamp is 6.2 A. Calculate the number of electrons

passing SNe one point in the lamp in 2.0 minutes.

Step 1: Identify the correct equation to use.

AQ
[=—>

_At

Rearrange to make the charge the subject. AQ = IAt

_ Step 2: Substitute all the values in SI units and calculate

the answer.

AQ= 6.2 x 120 =744C

‘Step 3: The number of electrons responsible for the charge of
ml 744C can be determined by dividing this charge by the

charge e on each electron. “ee >)
~



8.1 Current and charge

>)
744

P:60>5al0r?

=4.65 % 1074 = 47.5010"

number of electrons =

’

The number of electrons is about 4700 000 000 000 000 000 000.

Net charge
The charge on most objects results from either a gain or a loss of

electrons by the object. If electrons have been added to the object it
will be negatively charged, if electrons have been removed it will have

a positive charge. The size of the charge on a particular object can be

expressed as a multiple of e. The net charge on an object is given by

@ Sesie

where Q is the net charge on the object in coulombs, 7 is the number

of electrons (either added or removed), and e is the elementary charge.

We describe the charge on an object as being quantised. This is

because charge can only have certain values. These values must

be integer multiples of e. For example, an object with a charge of

1.92 x 107!8C has a charge of +12e.

Millikan’sexperiment —the discovery ofthe
quantisation of charge

In 1909 Robert Millikan,aided by Harvey Fletcher, carried out one ofthe

most important physics experiments of the 20" century, now simply

called ‘the oil-drop experiment’. He managed to levitate charged oil droplets

between two oppositely charged metal plates by precisely balancing the

weight of the negatively charged droplet acting downwards with an upwards

attractive force from the positively charged plate.

positively charged plate

fine oil spray

negatively
charged drop

2 negativelychargedplate

A Figure 3. Millikan’sexperiment balanced the forces on an oildrop to

determine the charge on the drop precisely



By taking very precise measurements he was able to determine the charge

on each droplet, and did this for many droplets. He found that the charge on

the drops was quantised: it did not take just any value, but only values that

were multiples of elementary charge.

Using his data Millikan calculated e to be —1.59 x 10-9. He was within

1%of the currently accepted value.

1 Using our current understanding of charge, explain why the charge on
each oildrop was quantised.

2 Millikanwas not able to directly determine the mass of each oil drop.

‘Instead he took careful measurements of the diameter of each drop

and calculated its weight using the density of oil.Suggest the steps

he would have taken and the formulae he would have used.

It is now alleged that Millikanmay have ignored some of his data in

order to provide a smaller range of readings. Discuss the importance

of including all raw data in scientific papers.

1 Calculate the charge in coulombs for the following relative charges:
a +2.0e (1mark)
b -5.0e (1mark)
c -i2e (1mark)
d +41e. (1mark)

2 Anobjectacquiresachargewhenelectronsareeitherremoved
! fronitordepositedonit.Determinethenumberofelectrons
aa

- (1mark) bite . (3marks)
ilephonechargerdraws500mAandtakes4.0hoursto

nesali theelectriccurrentif5.0x10"electrons
wireintOs.== (2marks)

CHARGEANDCURRENTPs

ieppamecobeuatethechargetransferredinthattime.(3nae):



8.2 Moving charges
Specification reference: 4.1.1
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Learning outcomes
Demonstrate knowledge,
understanding, and application of:

=> currentas the movement
of charged particles

=> conventional current and

electron flow.

.eee osrseeoeeeeseeeesEeeEeseTeSeeeseresesee®

A Figure 1 Neurons within the brain

conduct an electric current, but it is not

just a simple flow of electrons

Aflow of charge, not just electrons
Electric currents are everywhere: not just confined to wires, but

in the Earth’s core, within the layers of the atmosphere, and

even inside the cells in your body. We have already described an

electric current as a flow of charge, amovement of charge carriers.

Remember that this does not necessarily mean a flow of electrons: an

electric current is a flow of any type of charge carrier —an electron is

just one possibility. In metals the charge carriers are electrons, but in

liquids the charge carriers tend to be ions.

The electric current in the nerve cells in your brain involves sodium

and potassium ions passing through different parts of the membrane

surrounding each cell.

Modelling electric current in metals
To help us better understand electric current, we use models to

describe the movement of charge carriers through different materials.

In metals an electric current is usually a flow of electrons. Because of

the way atoms in metals are bonded, most electrons in metal atoms

remain fixed to their atom. However, a small number of electrons

from each atom are free to move (Figure 2).

free electrons are attracted

to the +ve end

positive metal ctr
ion (fixed)

free electron
a flow of electrons

(an electric current)

% freeelectronsareopie
from the -ve end

A Figure 2 Amodel of electric current in metals: free electrons move through the wire,
randomly collidingwith the positive ions as they driftpast them

The structure of a metal can be thought of as a regular crystal structure

or lattice of positive ions, surrounded by a number of free electrons

(sometimes called conduction or delocalised electrons). The positive

ions are not free to move, but they do vibrate around fixed points,

and they vibrate more vigorously as the temperature of the metal

increases.

One way to make electrons move is to make one end of a wire positive

and the other negative. The electrons in the metal of the wire will be

attracted towards the positive end, and so move through the wire as
->



CHARGE AND CURRENT

an electric current. The greater the rate of charge flow, the greater the

electric current in the wire. A larger current may be due to:

@ a greater number of electrons moving past a given point each

second (for example, a wire with a greater cross-sectional area)

@ the same number of electrons moving faster through the metal.

Conventional current and electron flow

Electric current has been studied for centuries. Conventional

current was defined long before the discovery of the electron as a

current from a positive terminal towards a negative one. The direction

of all electric currents is still treated as from positive to negative,

regardless of the direction of movement of the charge carriers. In

metals, for example, electrons travel from the negative terminal

towards the positive terminal, but this flow of electrons is in the

opposite direction to the conventional current (Figure 4).

electron flow

YO

conventional ie ee

current

A Figure 4 Conventional current is always writtenfrom positive to negative, but in

metals the electrons move the other way

Electric current in electrolytes
It is not only metals which can conduct electricity. Several liquids

can also conduct. Liquids that can carry an electrig current are called

electrolytes. In these cases the electric current is"not a flow of

electrons but a flow of ions. All electrolytes are either molten ionic

compounds or, more commonly, ionic solutions. Pure water is an

~ excellent insulator, but water from taps and rivers is an ionic solution —

it contains dissolved ions, so can carry an électric current.

A common example of an ionic solution is salt (sodium chloride, NaCl)

dissolved in water. The salt separates into positively charged sodium

ions (cations), Na*, and negatively charged chlorine ions (anions),

Cl (Figure 5).

If a positive electrode (anode) and a negative electrode (cathode)
are placed in the solution, ions are attracted to the electrodes. The

Nat ions move towards the cathode and the Cl- ions move towards the

anode. This movement of ions is a flow of charge, an electric current.

A Figure 3 Modernprocessors contains

billionsof connections, each one allowing

a tinyflow of charge to pass through it.

In 1985 the conductors inside chips were
1500 nm across, whereas in 2014 this
size has fallen tojust 14 nm (only afew

tens of atoms across}



8.2 Moving charges

CI- ions

(anions)

cathode
anode (-ve electrode)

(+ve electrode)

electrolyte:
ionic solution beaker

(NaCl)

P Figure 5 /nanelectrolyte an electric Na* ions

current is aflow of ions (cations)

When the Nat ions reach the cathode, they accept an electron, and

when the Cl ions reach the anode they donate an electron, so electrons

can flow through the metal part of the circuit.

Measuring electric current
An ammeter is used to measure the electric current at any point in a

circuit. It is always placed directly in series in the circuit at the point

where you want to measure the current.

As ammeters are placed in series they should have the lowest possible

resistance in order to reduce the effect they have on the current —an

A Figure 6 Ammeters come in many ammeter with high resistance would decrease the current it should be

differentforms —modern ammeters are measuring. The ideal (perfect) ammeter has zero resistance, and so has

often onefunction ofa digitalmultimeter no effect on the current it measures.

Summary questions

1 Outline the difference between conventional current and

electron flow in a metal wire. (2 marks)

2 Describe the similarities and differences between electric ;

current in a metal wire and in an ionic solution. (4 marks)

Synoptic link



8.3 Kirchhoff’s first law

Specification reference: 4.1.1

Conservation —it’s the law

The large circle in Figure | is the outline of the Large Hadron Collider

(LHC) near Geneva in Switzerland. The LHC is the most powerful

particle accelerator ever built and forms part of the world’s largest

laboratory. In it, beams of subatomic particles are made to collide in

order to replicate the conditions just after the Big Bang.

Physicists at the LHC analyse the data from each collision, applying

several conservation laws. Each conservation law states that a

particular, measurable physical quantity does not change. These laws

are a cornerstone of physics, and include the conservation of energy,

of linear momentum, and of charge. Using these laws, physicists are

able to demonstrate the existence of exotic particles that vanish after

a fraction of a second, including the Higgs boson.

Conservation of charge
In Topic 8.1, Current and charge, we described charge as a physical

property (a measure of ‘chargedness’). We don’t know why some

particles have charge and others do not, but if they didn’t our universe

could not exist in anything like its current form.

Charge is a fundamental physical property and one of only a handful

of properties that must be conserved. That is to say in any interaction

the total charge before and after must be the same. Conservation of

charge states that electric charge can neither be created nor destroyed.
The total amount of electric charge in the universe is constant.

Kirchhoff’s first law

Gustav Kirchhoff was a German physicist born in 1824. He made

many valuable contributions to science, including working with

Robert Bunsen, who invented the burner, to discovering caesium and

rubidium. He also studied electricity.

Kirchhoff’s first law deals with electric current. It states that, for

any point in an electrical circuit, the sum of currents into that point is

equal to the sum of currents out of that point.

5A

9A in = 9A out 10A in = 10A out

A Figure 2 Charge must be conserved at allpoints in a circuit

ett PPP Heese eeseeeseseeesesseseseeseseeees

Learning outcomes

Demonstrate knowledge,
understanding, and application of:

> Kirchhoff first law and the

conservation of charge.

eeeeeeseeeeseseeees,
. COC TEHTEHEHHEHEHE EEEEHEHHEEETETEHEEEEEE

A Figure 1 TheLarge Hadron Collider

is a circular particle accelerator with a
circumference of 27 km buried 100m

below the French—Swissborder

Synoptic link
You will learn more about Kirchhoff’s

second law in Topic 10.1, Kirchhoffs

laws and circuits.

3A

7A in =>7Aout



8.3 Kirchhoff’s first law

The law can be written as

HES- PREY

where > (Greek sigma) denotes ‘sum of’. XJ,, is the sum of the current

into a point and XJ, is the sum of the current out of that point.

The law is based on conservation of charge, where the charge

(measured in coulombs) is the product of the current (in amperes)

and the time (in seconds). Charge cannot be destroyed, so the charge

carriers entering a point in a given time must equal the total number

of charge carriers leaving that same point during that time.

Summary questions

1 Explainthe meaningofconservationofcharge. (2marks)

2 Drawa diagram to explain and illustrate an example of
Kirchhoff’ first law. (2 marks)

3 Copy and complete the diagrams below,stating both the
magnitude and the direction of the missing electric currents. (6 marks)

a b e

10A 7A iv

ro can (eae |

ii 14A vi

A Figure 3

4 Asingle wire is connected to two other wires, Aand B. If the © Adah

current in the single wire is 15A,and 1.9 x 10%electrons
pass along wire Ain 1.0 minutes ARSE Esepeal! os

_wireBto the nearest ampere



8.4 Mean drift velocity
Specification reference: 4.1.2°

A miracle material? etOPPOOOOOewesesesesssessseesseseseeses:
Learning outcomes
Demonstrate knowledge,
understanding, and application of:

Graphene is pure carbon, arranged in thin sheets just one atom thick.

It is incredibly strong and at the same time extremely flexible.

Its unusual composition gives graphene a huge number of free ;
> mean drift velocity of

electrons. The number of free charge carriers per unit volume (the 5
charge carriers

number density) of graphene is even greater than that of copper,
making it an outstanding electrical conductor. > the equation! =Anev

> distinction between

conductors, semiconductors,

and insulators in terms of n.
Classification of materials

The number density is the number of free electrons per cubic metre

SPPOSESESEHEHHEEEHSHEREEEEEEHEHS
.

SOC EETESE SESS EEHESETEEEEEEEEHEEEEE:

of material. The higher the number density, the greater the number of

free electrons perm? and so the better the electrical conductor.

We can classify materials into three groups according to their

number density. Conductors have a very high number density (of

the order of 1078 m-~?), insulators have a much lower value with

semiconductors in between the two, with number densities

around 10!7m°>.

[..
e 6 * &

copperoe silicon e s
rubber germanium

insulators semiconductors conductors

A Figure 1 Andre Geimand Konstantin

Novoselovfrom the Universityof
Manchester won the 2010 NobelPrize in

A Figure 2 Thenumber density of amaterial determines how easily the material will Physics for their workon graphene
conduct an electric current

zinc

increasing number density

YWTable 1 Conduction and number density

Material n/m-?(at300K)

“ie

Semiconductors have a much lower number density than metals, so

in order to carry the same current the electrons in semiconductors

need to move much faster. This increases the temperature of the

semiconductor, a fact relevant in the design of computers, which use A Figure 3 Microprocessors are made
largely of silicon, and can get very hot
whena current passes through them,
so computers need carefullydesigned

processors made of silicon (Figure 3).

cooling systems



drift velocity

A Figure 4 Repeated collisionsbetween

positive ions andfree electrons cause the
random motion of the electrons

number density n

drift velocity v

cross-sectional
area A

A Figure 5 /=Anevcan be derived

by considering the properties of the wire
and the free electrons

8.4 Mean drift velocity

How fast do charge carriers move?
When you flick a switch most filament lamps turn on almost instantly.

You might imagine that electrons have rushed from the switch to the

lamp, but this is not true. In fact, most charge carriers, like electrons,
move slowly. Free electrons repeatedly collide with the positive metal

ions as they drift through the wire towards the positive terminal. The

reason that lights turn on so quickly is that all the free electrons in the

wire start moving almost at once.

Anew equation for electric current
There is an additional equation for electric current.

L—Anev

where J is the electric current in the conductor in amperes, A is the

cross-sectional area of the conductor in m7, e is the elementary charge

(1.60 x 107!°C), 2 is the number density, and v is the mean drift

velocity of the charge carriers in ms“!

+ DerivationofJ=Anev

Wecan derive the equation by considering the number density and

dimensions of a conductor.

AQ
At

The number of electrons in a given volume Vof the conductor is nV,where n

is the number density.

From its definition, electric current (J} is given by le

Thetotal charge ofthe electrons in this volume of conductor is neV, where e

is the elementary charge. This gives

neVhe

When there is an electric current in the conductor, a certain volume of

charge carriers passes a given point each second. This volume depends on

the cross-sectional area Aof the conductor and the mean drift velocity v of

the charge carriers.

V
At

Substituting this into our previous equation for electric current gives

= AV

neV P
[= aie neAv, more commonly written as

Il=Anev

1 Showthat the equation is homogenous with respect to base units. _

2 Describetheeffectonthemeandriftue ifallotherfactorsare #
constantand: :

a currentincreases;
b cross-sectionalareadecreases; ee a
© numberdensitydoubles. et
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Workedexample: Calculatingmean driftvelocity
A copper wire has a cross-sectional area of 7.85 x 10-7m?. The

number density of copper is 8.50 x 10?8m~>. Calculate the mean

drift velocity of the electrons through the wire when the current

is 1.40A.

Step 1: Identify the equation needed.

l=Amnev

& I

Ane
Rearrange to make v the subject. Vv

Step 2: Substitute the known values in SI units (including the

cross-sectional area in m?) into the equation and

calculate the answer.

i 1.40
7.85 x 1077 x 8.50 x 1028 x 1.60 x 107!

ve 1/31 x 10-*ms-' (3 s.f.)

_ This is very slow: only 0.13mms~!, The electrons have such a low
speed because of the large number of random collisions with the

fixed positive ions.

The effect of changing cross-sectional area
If the cross-sectional area of a wire changes, so must the drift velocity.

The narrower the wire, the greater the drift velocity must be in order

for the current to be the same.

lower drift velocity
+ -— ---

higher drift velocity

——

constantrateofflowofcharge

A Figure 6 /n order to maintain the same current (rate offlow ofcharge},electrons
must movefaster through narrowerwires—the mean driftvelocityis inversely

proportionalto the cross-sectional area of the wire



8.4 Mean drift velocity

o
Step 1: Identify the equation that relates v and A.

I= Anev

’ q I
Rearrange to make v the subject. v= aaa

Step 2: Examine the effect of changing A.

According to Kirchhoff’s first law, the current in the wire is the

same. The elementary charge e and the number density 7 are also

constants, and n does not change because it is the same material.
A Figure ? Thefilament of an

incandescent bulb is much narrower il
was Therelore, 7 = =

than the surrounding wire, so electrons A
move faster through this part of the wire, If the radius halves the cross-sectional area will decrease by

heating it up so much that it glows white a factor of 4.

As a result the mean drift velocity must increase by a factor of 4.

1 Describethe meaningofthe terms ‘conductor’,‘semiconductor’,
and ‘insulator’intermsoftheir relativenumberdensities. (2 marks)

2 Calculate the current through a copper wire with a cross-sectional
area of 5.50 x 10° m?, when the mean drift velocity of the

charge carriers is 2.0 x 10-?ms~!. Use the values for n and
e in the first worked example above. (3 marks)

3 Asilver wire has a cross-sectional area of 7.10 x 10 ®m*anda

number density of 5.86 x 10°®m-?. Calculate the mean drift velocity.

of the electrons through the wire when the current is 500 mA. (3 marks)

4 State and explain the effect on the mean drift velocity of
electrons if aconstant current travels: _
a_intothesamewirewithalargercross-sectionalarea; (2marks)-
b fromazincwireintoa copperwireofthesamedimensions ‘2

(seeTable1); ‘(2marks)
€ intothesamewirewith+oftheradius, (3marks)|
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Practice questions
1 a_ State the base units for

electrical charge. (2 marks)

b_ Figure 1 shows a simple
electrical circuit constructed
by a student.

WY,HE poe 0

A Figure1

The ammeter reading is 20mA.
(i) State the direction of

conventional current. (1 mark)

(ii) Calculate the number of
electrons entering the
resistor per second. (3 marks)

(iii) State and explain the

value of the current in
the lamp. (2 marks)

Jan 2011 G482

A 12V car battery contains an_

electrolyte. The battery is

connected to an electric motor

_M. There is a current in the —

motor and the battery. See

CHARGE AND CURRENT

(ii) the charge carriers moving
through the electrolyte to
the positive terminal of the
battery, (J mark)

(iii) the charge carriers moving
through the wires to the
positive terminal of the

battery. (1 mark)
Jan 2011 G482

3 A resistor of length /is connected

to a cell, see Figure 3.

A Figure3

a_ State the direction of the flow

of electrons in the resistor. (1 mark)

b_ Ina time of 2.0 minutes, the
number of electrons passing
through point X in the wire
is 1.88 x 107°, Calculate

(i) the charge flow through

point X,

(ii) the current in the wire.

(2 marks)

(2 marks)

c Onacopy of the axes of Figure 4,
sketch a graph to show the variation
of current J with the distance
from one end of the resistor. (2 marks)



Practice questions: Chapter 8

4 Figure 5 shows an electrical circuit 6 a_ Explain the term mean drift
with three resistors A, B and C. velocity of electrons in a

metal wire. (3 marks)

b_ Figure 7 shows a resistor made
from a conducting material

50 mA deposited onto a plastic base.

A

S A

os 15mA: i i
|

me ee (ee

A Figure 5 plastic base

A Figure 7
The circuit shows the currents at
different points in the circuit when The cross-sectional area A of the

the switch S is closed for a time resistor is 4.2 x 10-!°m?. The

of 30s. Calculate material used for the resistor has

8.0 x 107’ free electrons per unit
a_ the total charge flow into the : :

volume. The current in the resistor
resistor B, (2 marks) ;

is 2.0mA.
b_ the number of electrons : ;

responsible for the charge (i) Calculate the mean drift

na) (2 marks) velocity of the electrons
: inside the resistor. (3 marks)

.¢ the current in the resistor C. (1 mark)

5 a State Kirchhoff’s first law and
state the quantity conserved
according to this law. (2 marks)

(ii) The length of the resistor

is 8.0mm. Calculate the

time taken for an electron

to drift along the length of
b_ Figure 6 shows part of an this resistor. (1 mark)

lectrical circuit. : ; : ‘oe a 7 Figure 8 shows a lightning strike between a

10mA Cc storm cloud anda tall building.

cloud —

lightning
strike

20mA SmA
A Figure6

building
(i) Determine the currents

at points A, B and C. (3 marks)

(ii) State the direction of the :

current at B. (1 mark) A Figure8
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a_ The bottom of the cloud has a negative
charge and the building has a positive
charge.

Indicate the direction of the conventional

current in the lightning strike in Figure 8.

(1 mark)

b The current in the lightning strike is

8200A and the strike lasts for 120 ms.

(i) Calculate the total number of

electrons transferred between the

cloud and the building. (3 marks)

(ii) Ona copy of the axes below, sketch a
graph of charge Q transferred against
time f. Explain the shape of
the graph. (3 marks)

Q

6)
0 60 120

t/ms

A Figure9

a Explain what is meant by electric
current. (1 mark)

b_ Determine the unit of charge in
SI base units. (1 mark)

c Figure 10 shows a negatively charged
metal sphere attached to a plastic rod.

sphere

plastic rod
ground

A Figure10

en ie

The charge on the sphere is —5.4 x 10-°C. The
charge slowly leaks away through the rod.

This leakage current is 0.20pA. Estimate
the time in hours it would take for the

sphere to be completely discharged. (3 marks)

a_ Explain what is meant by the
mean drift velocity of electrons in a
current-carrying wire. (2 marks)

b_ Figure 11 shows two wires, A and B,

connected in series to a supply.

direction of electron

X Y

A Figure11

Describe and explain the variation
of the mean drift velocity of the
electrons from X to Y. (3 marks)

c The current in a filament lamp is

0.30A. The filament has a diameter of

5.0 x 10°°m. The material of the filament

has 3.4 x 1078 free electrons per unit metre.

Calculate the mean drift velocity of the
electrons in the filament. (3 marks)



ENERGY, POWER, AND
RESISTANCE
9.1 Circuitsymbols

Specification reference: 4.2.1
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Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> circuit symbols

> circuit diagrams using these

symbols.
eeeceeoeesceeeesesessseseseeesseseeesseseeaee®

A Figure 1 Thisis the sketch Marconi
submitted to the Patent Office,withsome
symbols we still use today

Cornwall calling
In 1897 the Italian physicist Guglielmo Marconi submitted this

circuit diagram to the UK Patent Office (Figure 1). It is a design for

a radio transmitter that, a few years later, would send the first radio

transmission across the Atlantic Ocean from Cornwall to Canada, and

earn him the 1909 Nobel Prize in Physics. Using clearly defined circuit

symbols he was able to patent his design and prevent competitors

from simply copying his innovations, so his pioneering work made

him very wealthy, as well as laying the foundations for all the wireless

communications we use today.

e e se ©Circuit diagrams

We can use a huge number of electrical components to build electrical

circuits, from the simple filament lamp to complex components like

the capacitor or diode.

When drawing circuits it is important to use an internationally

recognised set of symbols to represent components, so that scientists

and engineers around the world can construct similar circuits to test

and verify claims made by anyone working in this field. Every type

of component has its own unique circuit symbol —for example, all

capacitors have the same symbol, no matter what size or colour they

are. Figure 2 contains all the symbols we will require in A Level Physics.

Rules for circuit diagrams
When drawing circuit diagrams you should remember three simple rules.

1 Only use the circuit symbols in Figure 2.

2 Do not leave any gaps in between the wires.

When possible use straight lines drawn with a pencil and ruler.

However, a carefully drawn free-hand sketch of the circuit will be

adequate in assessments.

‘Cells, batteries, and power supplies
Most circuits will contain a single cell, anumber of cells, or a mains
power supply. A ‘battery’ in physics means two or more cells connected

end-to-end, or in series. In the case of a single cell or a battery, the
longer terminal represents the positive terminal. When using a power

supply, a small plus sign is often placed next to the positive terminal.

Take care to ensure that this polarity is represented correctly when

you use these symbols, because polarity is very important when using ©

components such as diodes and light-emitting diodes.

‘e, - 7%
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a 0 es —IK
switch (open) switch (closed) cell

Se pt
battery diode resistor

variable resistor lamp fuse

voltmeter ammeter thermistor

oa- — a
LDR capacitor

A Figure 2 Circuit symbolsfromASEpublication: Signs, symbols, and systematics
{TheASECompanion to 16—19Science, 2000)

singlecellao> —|I-—
a
A Figure 3 Youmust carefully consider the polarity of a cell when buildingcircuits or

drawing circuit diagrams

1 Namethe componentsrepresentedbythe symbolsinFigure4. (3marks)

sage tn

2 Ineachcase,drawaCircuitdiagramusingthecorrectsymbols.
aA single cellconnectedinserieswitha filamentlamp. (2marks)
b Abatteryconnectedtoa resistorandan ammeterinseries. (3marks)
GALae supplyconnectedtotworesistorsconnectedinseries.(2marks)

A Figure5

————

Mvcuitcontains,acell,anopenswitch,andafilamentlamp.
avotmeterconnectedacrossthelamp(inparallel).(2 marks)

a raminFigureS. (2marks)

A Figure6
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Learning outcomes
Demonstrate knowledge,
understanding, and application of:

A Tesla coil in action is a truly impressive sight (Figure 1). It produces

artificial lightning in the laboratory by generating a huge potential

difference (p.d.), also called voltage. Potential difference is a

> potential difference and measure of the transfer of energy by charge carriers. The p.d. across a

the volt component like a filament lamp is a result of electrical energy being

transferred into heat and light as charge carriers move through the

lamp. High voltages can be very dangerous because charge carriers can
= electromotive force

v distinction between e.mf.

and p.d.
transfer enormous amounts of energy through conductors and, if the

voltage is high enough, through insulators like air, or people.
> energy transfer

W=V0 andW=€0.
e

SHOTS HSTHCHOSESHEHTESETEHHSESTEESTTEOSOHEEEOF

PCoeeecseeceeoeosreseoeeoseeeeeeseeseeeeeeeee®
—

A Figure 1 A Tesia coil, like this one, can generate p.d.s in excess of 500 000 V.The coil

is named after its inventor, the physics genius Nikola Tesla

3Studytip Thevolt Oe
Potential difference is measured in volts, named after Alessandro

Volta, an Italian who invented the first battery.
Think of one volt as one joule per

coulomb of charge.
One volt is the p.d. across a component when 1 J of energy is

transferred per unit charge passing through the component.

LVEhIGe

A p.d. of 1000 V means that 1000J of energy is transferred per

coulomb of charge. The term potential difference is used when

charged particles lose energy in a component. Potential difference

is defined as the energy transferred from electrical energy to other

forms (heat, light, etc.) per unit charge. The equation for potential

difference V is.

WwW
ieee

Q

where Vis p.d. measured in volts, Q is charge in coulombs, and Wis the

energy transferred by charge Q.
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The voltmeter

A voltmeter is used to measure p.d. Like ammeters, voltmeters come

in all different shapes and sizes, but they are always connected in

parallel across a particular component.

An ideal voltmeter should have an infinite resistance (see Topic 9.4,
resistorResistance), so that when connected, no current passes through the

voltmeter itself. Whilst this is not possible in reality, most voltmeters

have a resistance of several million ohms.

V
Electromotive force

A Figure 2 Voltmeters are used to
At times it is necessary to describe whether the charges in a circuit measure p.d. and are always connected
are losing or gaining energy. Two different terms are used depending inparallel

on whether the charge carriers are doing work or work is being done

on them.

Potential difference is used to describe when work is done by the

charge carriers. Essentially the charges are losing energy as they pass

through the component. The greater the p.d., the more energy per

coulomb is transferred from electrical energy into other forms (like

light or heat) as the charges move through the component.

e.m.f.

1

p.d. p.d.

A Figure 3 There is an e.m.f. across the cell, and p.d.s across the other components

Electromotive force (e.m.f.) is used to describe when work is done
‘ : nt Study tip

on the charge carriers. Essentially the charges are gaining energy as
they pass through a component like a cell, battery, or power pack. The Despite its name, e.m.f. is not

greater the e.m.f., the more energy per coulomb has been transferred a force, which is measured

(often from the form of chemical energy in a cell) into electrical in newtons, whereas e.m.f. is

energy. Other sources of e.m.f. include solar cells (from light), measured in volts.

dynamos (movement), and thermocouples (heat).

The term electromotive force is used when charged particles gain
energy from a source. Electromotive force is defined as the energy

transferred from chemical energy (or another form) to electrical

energy per unit charge. The equation for electromotive force € is

W
~ Q

where € is e.m.f. measured in volts, Q is charge in coulombs, and W is

the energy transferred by charge Q.



A Figure 4 Achemical reaction between

the acid in the tomato and the different
metal electrodes produces an e.m.f.

A Figure 5 Asmall button cell like the
ones found in calculators contains a

mixture of chemicals that react together

to produce an e.m.f, transferring chemical
energy into electrical energy

9.2 Potential difference and electromotive force

Calculating energy transfer
Whether it is a p.d. or an e.m.f., the energy transferred from or to the

charges can be calculated from the defining equations. The energy

transferred depends on the size of the p.d. and the charge passing
through the component. ‘

W=VQ or W=€Q

Worked example: Energy transferred by an
electrical heater

Calculate the energy transferred in 4.0 hours by an electrical

heater that draws a current of 15 A when the p.d. across it is 90 V.

Step I: Identify the correct equation to calculate the charge

through the heater in that time.

AQ = IAt

Step 2: Substitute in the known values in SI units (time in

seconds) and calculate the charge in coulombs.

NQ=MSSeoUraGuee4 0

AQ —216000G

Step 3: Identify the correct equation to calculate the

energy transferred.

W=VQ

Step 4: Substitute in known values in SI units and calculate the

energy transferred in joules.

W = 90 x 216000

W = 19M3 (2s.f.)

1 Sketch a circuit diagram to show how a voltmeter may be
used to measure the p.d. across a filament lamp. (2 marks)

2 Outlinethe differencebetweenp.d.and e.m-f. (2 marks)

3 Calculatethe energy transferred to 4.0 Cof charge by a cell Ps
with an electromotive force of 80 V. ; _(2 marks)

4 Calculatethe p.d. across a filament lamp when 168 J of
energy is transferred by the lamp by 14C ofcharge.



9.3 The electron gun

Specification reference: 4.2.2

Phasers set to stun?

Despite its name, an electron gun is not a sci-fi weapon, but an electrical

device used to produce a narrow beam of electrons. These electrons can

be used to ionise particles by adding or removing electrons from atoms,

and they can have very precisely determined kinetic energies. Electron

guns are used in scientific instruments such as electron microscopes, mass

spectrometers, and oscilloscopes.

How does it work?

All electron guns need a source of electrons. In most cases a small metal

filament is heated by an electric current. The electrons in this piece of

wire gain kinetic energy. Some of them gain enough kinetic energy to

escape from the surface of the metal. This process is called thermionic

emission — the emission of electrons through the action of heat.

If the heated filament is placed in a vacuum and a high p.d. applied

between the filament and an anode, the filament acts as a cathode,

and the freed electrons accelerate towards the anode, gaining kinetic

energy. If the anode has a small hole in it, then electrons in line with

this hole can pass through it, creating a beam of electrons with a

specific kinetic energy (Figure 2).

anode

(with small hole)

hot

filament

A
cathode

4.

accelerating
p.d.

A Figure 2 An electron gun produces a narrow beam of electrons with a specific kinetic

energy depending on the p.d. between the cathode and the anode

vacuum

Energy transfers
As the electrons accelerate towards the anode they gain kinetic energy.
From the definition for p.d., the work done on a single electron travelling

from the cathode to the anode is equal to eV, where e is the elementary

charge, the charge on each electron, and Vis the accelerating p.d.

By considering the law of conservation of energy we can derive an

expression relating the work done on the electron to its increase in

kinetic energy.

work done on electron = gain in kinetic energy

1eV=—mv
o

This assumes the electrons have negligible kinetic energy at the cathode.

ett PPP eee eeeseseseeesesessseseses

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> energytransfereV==mv?
for electrons and other
charged particles.

eeeeeeeneeeeeeeeeeeeee
.
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A Figure 1 Old-stylecomputer monitors

and IV screens —cathode-ray tubes —

use electron guns to produce images on

the screen



9.3 The electron gun

Changing the accelerating p.d. changes the kinetic energy of the

electrons within the beam. The greater the p.d. the more energy is

transferred to the electrons and so the faster they move.

Worked example: Calculating the velocity

of an electron

Calculatethe velocityofan electronfroman electrongun with
an accelerating p.d. of 4.0 kV.

Step 1: Select the equation relating the velocity of an electron

and the p.d. :
Ey 5 mv

Rearrange to makev the subject. en 6

Step 2: Substitute in known values (including e and mass of an

; Has ke r [2x1.60x107”x 4000
electronm)in units. i = MONO

Calculate the velocity of the electron. v= 3.7 x 107ms7!

a wDParticleaccelerators
Alinear particle accelerator {often shortened to LINAC)uses a series of

cylindrical electrodes (drift tubes] to accelerate subatomic particles such

as electrons. The polarity ofthe drift tubes is alternated between positive

and negative with precise timing so that each time the electrons leave one

of the tubes, the polarity changes in order to attract them to the next one.

Figure 3 shows a simplified cross-section of a LINAC.

1 Describe how an electron
gun produces a beam
of high-speed electrons.

e marks)

ooCalculatethekineticcenergy
drift tube

alternating
eMagain

A Figure 3 ALINACin cross-section

Every time an electron moves from one tube to another it gains energy equal

to eV,where Vis the maximum e.m.f. ofthe alternating source connected to

the tubes. With a large number of electrodes, electrons can be accelerated to

extremely high velocities.

LINACshave many applications. They are often used as injectors for even

higher energy particle accelerators like the LHCat CERNand they are

: commonly used in hospitals to produce the X-rays required for radiotherapy.

a



9.4 Resistance

Specification reference: 4.2.3

X marks the spot

Archaeologists use a number of different techniques to survey the

ground at a dig site. An electrical resistance survey uses specialist

detectors to measure the resistance of the Earth. Different features under

the soil have different resistances. This property enables archaeologists to

build up a map of the features beneath the surface so that they can start
digging in a likely place.

What is resistance?

The electrical components called resistors have a known resistance,

but in fact all components — including filament lamps, diodes,

connecting wires, and even cells — have their own resistances. Each

component resists the flow of charge carriers through it. It takes

energy to push electrons through a component, and the higher the

resistance of that component the more energy it takes.

Determining resistance
The term resistance has a very precise meaning in physics. The

resistance of a component in a circuit can be determined by measuring

the current J in the component and the p.d. Vacross the component.

The resistance of the component R is defined as the ratio between

V and I.

p.d. across component
resistance of component R = :

current in component

V
R=—

I

variable supply

ammeter

measures
current

voltmeter measures

potential difference

A Figure 2 Thecurrent in the component and the potential difference

across it are used to determine its resistance

ett PPP P ee eseesesesesesesesessssssese eeee

Learning outcomes
Demonstrate knowledge,
understanding, and application of:
> resistance; R= Y «the

unit ohm

=> Ohm's law.

.
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A Figure 1 Resistors come in all

shapes and sizes, like these carbon film

resistors —the coloured bands represent

the resistance of each one



9.4 Resistance

The unit of resistance is the ohm (Q). The ohm was named after the

German Georg Ohm, who carried out pioneering work on electrical

resistance in the 1800s.

The ohm is defined as the resistance of a component when a p.d. of

1V is produced per ampere of current.

LO AS

A component with a resistance of 1 0 will have a p.d. across it of 1V

per ampere of current in it. Acomponent with a resistance of 5000

would have a p.d. of 500 V when there is a current of 1 A in it.

©}Ohm's law (Ojo

Ohm’s investigations into the resistances of metallic conductors led

him to derive what is now referred to as Ohm’s law.

For a metallic conductor kept at a constant temperature, the current in

the wire is directly proportional to the p.d. across its ends.

In other words, he found that when the p.d. across the wire

(kept at constant temperature) doubled, the current in the wire

also doubled.

Temperature and resistance
Figure 3 shows a length of insulated metallic wire in the form

of a tight bundle connected in a circuit, alongside a graph of the

variation of the current / in the circuit with time ¢. The switch §S is

closed at time t = 0. The p.d. across the wire remains constant at

1.5 V, but the current in the wire decreases with time. The shape of

the graph can be explained as the resistance of the wire increasing

with time. You can confirm this by calculating the resistance at

f=Oandati—4.0's,

tight bundle of
insulated wire

A Figure 3 A circuit including a bundle of thin wire carries less current as the wire
gets hotter

The current in the circuit changes because the temperature of the wire

increases Over time as a result of heating caused by the current. As the
wire gets hotter, its resistance increases.
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Amicroscopic explanation

increasing

temperature

A Figure 4 As the wire gets hotter the positive ions vibrate more, increasing the

resistance of the wire

When the temperature of the wire increases the positive ions

inside the wire have more internal energy and vibrate with greater

amplitude about their mean positions. The frequency of the collisions

between the charge carriers (free electrons in the metal) and the

positive ions increases, and so the charge carriers do more work, in

other words, transfer more energy as they travel through the wire.

Other factors as well as temperature affect the resistance of a length of

wire. These are discussed in Topic 9.7, Resistance and resistivity.

1 Sketch a graph of / against Vfor a metallic conductor at constant
temperature and use it to describe Ohm's law. (4 marks)

2 The current ina resistor is 0.50A and the p.d. across It is 5.2 V.
Calculate its resistance. (1 mark)

2the ohm,andexpressit inbaseunits. (2 marks)
eae
h ofwireisconnectedtoacell.Thecurrentinthewireis

ep.d.acrossthewireis2.4.Calculatethe-
wire.ae ~(3marks)



9.5 I[-Vcharacteristics
Specification reference: 4.2.3
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Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> [-Vcharacteristics of

resistors and filament lamps.

ePeeoeseeoseeeseeeese®

A Figure 1 Thefilament is designed so

that, when there is a current in it, it gets

so hot that it glows brightly

Tungsten filaments
Tungsten filament lamps were invented in Hungary in 1904, and

rapidly replaced the carbon filaments used up to that point. Tungsten

is a remarkable metal. It is also used in radiation shielding and to

make penetrating tips for high-speed military projectiles, because it is

incredibly dense (around 1.7 times denser than lead) and very robust.

However, it is tungsten’s melting point that makes it so useful for

filament lamps. It has the highest melting point of all the elements, at

over 3000°C.

Filament lamps behave in a complex way when the current in them

increases. In order to understand what is going on we need to look

carefully at how the current and potential difference are related.

GraphsofJagainstV
The current—potential difference characteristic (or simply I-V

characteristic) for any electrical component shows the relationship

between the electric current Jin a component and the potential

difference V across it.

Collectingdataforan [—-Vcharacteristic
Twomethods are commonly used to collect the data needed to plot an
I-V characteristic (Figure 2). The methods are very similar and both involve

a simple way to vary either the current in a component or the potential

difference across it.

IE

=
A Figure 2 Different techniques used to collect data to produce an I-V

characteristic: the circuit on the left uses a variable resistor, the one on the right
a potentiometer to provide different values of I and Vrespectively

When investigating the /-V characteristic for acomponent it is important to

look at whether or not the component behaves the same way ifthe current
through it is in the opposite direction. This is normally achieved by reversing

the polarity of the battery or the power supply.
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1 Identify the components in the circuit diagrams.

2 Describe how changing the resistance of the variable resistor in the

first circuit affects the current in the component being tested.

3 Outline a method for producing an J-V characteristic for a 0

filament lamp. You should include a circuit diagram, details 0

of the measurements you would take, and the procedures

you would use.

VIV

Resistors A Figure 3 The /—Vcharacteristic for a

fixed resistor is a straight line through
Using either circuit in Figure 2 we can produce the /-V characteristic the origin

for a resistor. Fixed resistors are designed to ensure their

resistance is constant, regardless of typical changes in T/A

temperature as the current in them varies.

low resistance

Looking at the graph (Figure 3) we can draw a number

of conclusions. high

By resistance
@ The potential difference across the resistor is directly

proportional to the current in the resistor (V x J).

As a result
VIV

® a resistor obeys Ohm’s law, and so can be described

as an ohmic conductor

@ the resistance of the resistor is constant.

@ The resistor behaves in the same way regardless

of the polarity.
A Figure 4 Differentresistors produce straight lines

through the originwithdifferent gradients —the shallower
same way as a resistor; they can be thought of as resistors the Jine, the greater the resistance, which can be determined

with very low resistance.

Most wires and other metallic conductors behave in the

for each lineusingR=7 (the inverseofthe gradient)

Filament lamps
Repeating the same experiment for filament lamps produces very

different results —see Figure 5.

Looking at the graph we can draw a number of conclusions.

@ The potential difference across a filament lamp is not

directly proportional to the current through the resistor.

In other words

@ a filament lamp does not obey Ohm’s law, and so can be

described as a non-ohmic component
VIV

@ the resistance of the filament lamp is not constant.

@ The filament lamp behaves in the same way regardless of

the polarity.

The resistance of the filament increases as the p.d. across it
shut V :: : eta t :increases. You can confirm this by determining ; at differen Figure § The I-V characteristic fora filament

points on the graph. lampis most definitelynot a straight linethrough

the origin



3 | 9.5J-Vcharacteristics
This increase in resistance is caused by the wire getting so hot that
it glows. As the current increases so does the rate of flow of charge

through the filament —more electrons per second pass through it, so

more collisions occur between the electrons and the positive metal

ions per second. When the electrons collide with the ions they transfer

energy to the ions, causing the ions to vibrate more, or in other words

to increase in temperature, and to collide with still more electrons.

1 The graph in Figure 6 shows the /—Vcharacteristic for two different components.
a State and explain which component obeys Ohm’slaw. (2 marks)
b Calculate the resistance of each component at 4.0 V. (2 marks)

iat

EEsareniees,

A Figure6

5)
\

2 Plot anI-Vcharacteristicfromthe datainthe tablebelow. a“ (3marks)_

3 Useyour graph to calculate the resistance of the component at: < :

a 0.504; : | -b 1.004; Gi GOK:

4 |de

it

ntifythe componentusedtoproducetheI-Vcharacteristicinquestion2andexplain
eye bee:



9.6 Diodes

Specification reference: 4.2.3

Lighting the way
If you look closely at rear lights on modern cars you will see they are

very different from the lights on older cars (Figure 1). Instead of a single

filament lamp, the lights are made up of arrays of light-emitting

diodes (LEDs). They emit light by a process very different from that in

a filament lamp —electrical energy is transferred directly into light, and

LEDs do not get hot, so they are much more efficient and draw much

less power.

The diode

Diodes are everywhere, but you very rarely see them (Figure 2). They

are a vital part of nearly every modern electronic circuit, from mobile

phones to washing machines.

A diode only allows a current in one particular direction. This is the

unique property that makes diodes so important for modern electronics.

All the components you have seen so far are unaffected by the direction

of the current —a filament lamp works equally well regardless of which

way round you connect its terminals. Not so for a diode.

The light-emitting diode
Some diodes are made of a material that emits light when they

conduct. However, unlike most light sources, these light-emitting

diodes (LEDs) emit light of a single specific wavelength (see Topic 11.2,

Wave properties).

As LEDs are so efficient and take very little energy to run, they are

sometimes used as simple indicators to show the direction of current

through a particular part of a circuit. They light up when there is

current in them, showing that that part of the circuit is live (Figure 5).

conventionalcurrentSlDUS A StU

a

A Figure 3 Thecircuit symbol for a
diode hints at its key feature: it allows

current in one direction only

ve
light-emitting> diode

A Figure4 Circuitsymbolfora light-
emittingdiode

I-V characteristic for a diode

Repeating the experiment described in Topic 9.5 to collect data for

a diode produces a very different -V characteristic from those for a

resistor or a filament lamp (Figure 6).

Looking at the graph for a semiconducting diode we can draw a number

of conclusions.

ett tte eeeeeesesesese POSE HEHEHE HEE EEDES

Learning outcomes
Demonstrate knowledge,

understanding, and application of:

— /-Vcharacteristics of diodes

and light-emitting diodes.

eteeeeeeeeecesesere
.
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A Figure 1 Some modern cars have
arrays of LEDsin place offilament

lamps —LEDsare much more efficient
and last much longer

A Figure 2 Diodes don’t appear to be

anything special, but they are: unlike

the components you have seen sofar, a

diode is made from a semiconductor

Synoptic link



9.6 Diodes

@ The potential difference across a diode (or LED) is not directly

proportional to the current through it. This means

@ a diode does not obey Ohm’s law, and so can.be described as a

non-Ohmic component

@ the resistance of the diode is not constant.

@ The diode’s behaviour depends on the polarity.

t

current no current

I \

LEDis lit LEDis not lit

L A Figure 5 An LEDwillonly light upif the polarity allows a

o}| 8 y current to pass through it
A 0)

semiconducting diode

A Figure 6 The[—Vcharacteristic for
a diode

A Figure7

A Figure8

148

At A in Figure 6 the resistance of the diode is very high —infinite for

practical purposes. With the p.d. in this reverse direction, the diode

does not conduct. At B, as the p.d. increases, the resistance gradually

starts to drop. For a silicon diode this happens at around 0.7 V (the

threshold p.d.). Above this value, the resistance drops sharply for

every small increase in p.d. (at C). Above this point the diode has very

little resistance.

Different LEDs have different values for their threshold p.d., related to

the colour of the light they emit.

1 The circuit in Figure ? was used to collect data in order
to produce an /—Vcharacteristic for a diode. Identify two
errorsinthe circuit. (2marks)

2 Stateandexplainwhichofthe lampsinthe circuitinFigure8 b
wouldbelit. me (3 marks)_
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9.7 Resistance and resistivity
Specification reference: 4.2.4

Not all wires are the same

Gold is an excellent conductor. It has a number density almost as

high as copper and is much less reactive, so it corrodes very little over

time. It is used in high-energy electrical applications, and for the fine

wires that connect the pins on computer chips to integrated circuit

boards. Some expensive electrical cables use gold contacts, which

have a much lower resistance than the tin in cheaper cables, but

many audiovisual experts consider this simply a marketing ploy and a

pointless expense.

A gold contact and a similar tin contact have different resistances.

You already know that the temperature of a wire affects its resistance

(Topic 9.4). Material is one of three factors beside temperature that

affects the resistance.

@ The material of the wire.

@ The length of the wire L.

@ The cross-sectional area of the wire A.

Resistance and material: resistivity
The term ‘resistance’ refers only to a specific component. The term

‘resistivity’ is used to describe the electrical property of a material.

For example, different components made from copper may have

different resistances: copper wires may have different resistances as

their lengths or cross-sectional areas differ, but copper has a unique

resistivity.

Resistance and length
For any given current, increasing the length of the wire will increase

the p.d. across it. Doubling the length doubles the p.d., so the

resistance must have doubled.

The resistance R of a wire is directly proportional to its length L.

i eegl

Resistance and cross-sectional area

When the cross-sectional area of the wire increases, the opposite

happens —the resistance drops. Wires with a greater cross-sectional

area have a lower resistance.

For any given p.d., doubling the cross-sectional area will double the

current in the wire, so the resistance must have halved.

The resistance R of a wire is inversely proportional to its cross-sectional

area A.

et PSP H SOHO H OH eseEeseeesEseseeeEeeeeseee:

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> resistivityof amaterial;
pltheequationR=wr

> the variation of resistivity of

metals and semiconductors

with temperature.

eSOOOOHHEHEHEEES
. CCPC CHOOSE ETHETHEEHEEHHETHHEHEHE EEEES:

A Figure 1 Theresistance of a material
depends on a number of factors



(9. 9.7?Resistanceandresistivity
Study tip

Great care should be taken in using

this equation. In particular, make
sure you have the cross-sectional

area in m2, not the diameter or

radius ofthe wire.

variable d.c. supply

A Figure2 Circuitfor determining
resistivity

150

Calculating resistance from resistivity
We can combine the two relationships above to give

R« =
A

The resistivity p of a particular material at a given temperature is the

constant of proportionality in this equation.

_ pl
ee

Resistivity has the unit ohm metre (Qm). This equation may be used

for a known constant temperature. As you will see later, the resistivity

of a material is affected by its temperature too.

R

Worked example: Resistance of a nichrome wire

Nichrome has a resistivity of 1.50 x 10-°Qm. Calculate the

resistance of a wire made from nichrome with a length of 80cm

and a radius of 2.0 x 10-4m.

Step 1: Identify the correct equation to calculate the resistance.

Rao
A

Step 2: Determine the cross-sectional area of the wire in m?

using A = nr”.

A=nx (2.0 x 1074)? = 1.26 x 10-7 m2

Step 3: Substitute known values in SI units into the equation for

resistance.

pa bl _ 1:50 x 10 x 0.80

A 1.26 x 1077

Calculating the answer to an appropriate number of significant

figures gives

R=9.5Q (25.£.)

Defining resistivity
We can define the resistivity of a material by rearranging the equation

above to make the resistivity the subject.

Pais

The resistivity of a material at a given temperature is the product of

the resistance of acomponent made of the material and its cross-

sectional area, divided by its length.

The resistivity of a material varies with temperature in the same way

as the resistance of most components varies with temperature. As the

material gets hotter, its resistivity increases (see Topic 9.4).
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Determiningp Gyo
Asimple experiment can be carried out to determine the p.d. across different lengths ofwire. Ifthe current in
the resistivity of a material, in this case a piece of wire.

Amongst the different wires that might be used are

copper and some common alloys including constantan
and nichrome. As R XL, a graph of R against L is a straight line through

the origin. By considering the general equation for a

mS V
each wire Is measured too, we can use R = ih to calculate

the resistance for each length.

Atypical way to determine the resistivity is to investigate

how the resistance of a wire varies with its length. Using

the circuit illustrated in Figure 2 we can obtain values for

Straightline(y=mx+c]andthepeed R= wesee
thatthegradientofthisgraphis.

The resistivity can be determined by multiplying the gradient RIQ

of the graph by the cross-sectional area of the wire.

Conductors, semiconductors, and insulators
Different materials have widely different values for resistivity.

Good conductors like metals have a resistivity of the order of

10-8 Om, insulators have a value of the order of 10!©Qm, and | ...2eeeeeeeeeeeeee!

semiconductors have values in between these extremes. 0

Table 1 shows the resistivity values for some materials at 20 °C. 0 Lim

gradient =—

p = gradient x A

A Figure 3 Agraph of the resistance

of a wire against its length produces a

i Superconductivity straightlinethroughtheorigin,witha
)gradientequalto-A strange quantum effect occurs when some materials are cooled. As

they get colder their resistivity drops, as expected, but then at a critical

temperature the resistivity suddenly falls to zero. Notjust very low,but truly

zero (Figure 4). it hddslink
“You1canfindmoreinformation—aboutthegradientcofeee
graphsinAppendixA2,Recording

esultspp parsingSaas

This is superconductivity. Any components made from a superconducting

material have no electrical resistance. Noenergy is lost when there is a

current in the material, and so huge amounts of charge can pass through

a superconductor without it even getting warm. The LHCat CERNuses

superconducting wires carrying up to 20 000A to produce exceptionally

strong magnetic fields. The only problem is that the wires become
superconducting at around 4 K (—269°C,even colder than deep space). ¥ Table1 Some materials and their

This is a typical temperature for superconductors. Afew high-temperature resistivity values

superconductors have been developed that become superconducting

around 80K, but this is still around —190°C.The race is on to develop room-

temperature superconductors.

Material Type pat
20°C/Qm

1 Compare howthe resistance of a normalmetallicwireanda

superconductor changes withtemperature.
ez Outlinesome potential advantages of room-temperature
\ superconductors.

rt
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p/Qm

ah ee TIK

A Figure 4 Belowa critical temperature
the resistivity ofsome materials falls

to zero

A Figure 5 Superconductivity

has another strange effect: a
superconducting material does not allow
magnetic fields to pass through it (the

Meissner effect], which results in the

permanent magnet hovering perfectly

over the superconductor

VWTable 2 /—Vdata for a nichrome wire

Length/m ~~p.d./V_—Current/A

? Outline an experiment you could do using several different

4 Describethe differencebetweenresistance and resistivity. (2 marks)

2 Calculate the resistance of a copper wire of length 1.0m
and cross-sectional area of 3.32 x 10° ©m*. (3 marks)

3 Explainthe effectofchangingthe temperature onthe
resistivityofa metal. . (3 marks)

4 Calculate the resistivity of a piece of wire that has a resistance
of 170.Q when it has a length of 12m anda radius of 3.0mm. (5 marks)

5 Awire has resistance of 8.0 W. State and explain the effect on the

resistance of a piece of wire if:

a_ the length of the wire doubles

(allotherfactorsremainthe same); (1mark)
b the cross-sectionalarea ofthe wiredoubles

(allotherfactorsremainthe same); (2marks)
c¢the radiusofthe wirehalves(thelengthremainsconstant); (2marks).

_ d_the volumeremainsconstant but the lengthofthe wire
doubles. (3 marks)

6 Table 2 lists data collected for a nichrome wire. The diameter of the wire

was measured in three places using a micrometer and an average value

of 0.46 mm was calculated from these results.

a_ Explain why the diameter of the wire should be measured

in several places along the wire. (2 marks)

b i Use the data in the table to plot a graph of the resistance
of the wire against length. (4 marks)

ii Usethe graphto determinethe resistivityofthe wire. (4marks)
c Describe how the current is kept constant and why it is

important to do so in this experiment. (3 marks)

thicknesses of wire of set length to determine the resistivity
ofthewire. (4marks)j

7thn
rocapeerae

i)

.

co



9.8 The thermistor

Specification reference: 4.2.3, 4.2.4

Not too hot, not too cold go

Babies born prematurely need extra care. They are kept inside

an incubator (Figure 1) where ev erything from humidity to CO,

concentration is precisely monitored to help the baby develop.

Temperature-sensing components called thermistors are used to

ensure the temperature inside the incubator is perfect, automatically

alerting medical staff if the temperature falls outside of a

predetermined range.

Temperature and number density
We have already seen the effect of increasing temperature on the

resistance of a metal wire. The hotter the wire becomes, the more the

positive ions vibrate, and so the greater the resistance becomes. But

a few materials behave differently. Some semiconductor components

have a negative temperature coefficient, meaning that their

resistance drops as the temperature increases. This sounds odd, but it

is nothing new: it was first observed by Michael Faraday in 1833.

The effect can be explained in terms of the number density of the

charge carriers within the material from which the component is

made. In some semiconductors, as the temperature increases, the

number density of the charge carriers also increases.

The thermistor

A thermistor (Figures 2 and 3) is an electrical component made from

a semiconductor with a negative temperature coefficient. As the

temperature of the thermistor increases, its resistance drops.

The change in resistance is often dramatic (Figure 4). This makes

thermistors particularly useful in temperature-sensing circuits. A small

change in temperature can be detected by monitoring the resistance of

the thermistor.

Thermistors are used:

@ in simple thermometers

@ inthermostats to control heating and air-conditioning units

® to monitor the temperature of components inside electrical devices

like computers and smartphones so that they can power down

before overheating damages them

@ to measure temperature in a wide variety of electrical devices like

toasters, kettles, fridges, freezers, and hair dryers

® to monitor engine temperatures to ensure the engine does not

overheat.

et PPP HPS O OSHS EE EEE HEHEHE EH EEE EE ESESESEEES

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> negativetemperature
coefficientthermistor

= |—V characteristics of the

thermistor.

. PROCS TEESE EHEEHETEEEEEEHHEEHEEHEEEEESS

A Figure 1 Thermistors are sensitive

enough to precisely monitor the

temperature of incubators for premature

babies

ese | eee
A Figure 2 Thecircuit symbolfor a
thermistor [the term ‘thermistor’comes
from combining ‘thermal’and ‘resistor’

A Figure 3 Thermistors come in

different shapes and sizes, but can

be small enough tofit inside most

electronic devices



9.8 The thermistor

ohmmeter

thermometer

water

thermistor

A Figure 5 Use a water bath to control

the temperature of a thermistor and

an ohmmeter for a quick and simple

recording of the resistance in an
experiment to investigate the effect of

temperature on resistance

500

400

300resistance/Q
200

100

0) 100 200 300

temperature / °C

A Figure 4 Thedrop in resistance of a thermistor as the temperature increases is not
linear —there is often a significant decrease, followed by a more gradual drop as it

gets hotter and hotter

Thermistor experiment

A simple investigation into how the resistance of a thermistor

changes with temperature change be carried out using an ohmmeter

and a water bath (Figure 5). Alternatively, an ammeter and a

voltmeter can be used to measure current in the thermistor and

p.d. across it at different temperatures. The resistance can then be
: V

calculated with R = +:

The results from this experiment may be used in the choice of a

thermistor for a particular application. A thermistor is selected to

ensure it provides the greatest change in resistance over the range

of temperatures in which it will operate. In Figure 4, this change

takes place at 20—50°C, making that particular thermistor perfect for

incubators, but less useful for monitoring the temperature inside a car

engine, typically around 100°C.

I-V characteristics of thermistors
Like most semiconducting components, thermistors are non-ohmic.

The [-V characteristic has some features similar to that of a filament

lamp, and one crucial difference (Figure 6). With a filament lamp, as

the current increases, electrons transfer energy to the positive ions,

which raises the temperature. This causes an increase in resistance

(see Topic 9.4).

With a thermistor, like a lamp, as the current increases the temperature

increases. But unlike the lamp, this temperature increase leads to a drop

in resistance because the number density of charge carriers increases.

This may be confirmed by comparing R = 2&at various points on
the graph. :
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T/A

A Figure 6 The J-V characteristic for a thermistor is not a straight line, so its
resistance must be changing

An increase in temperature leads to an increase in the number density

of the free electrons. This means that the resistance of the thermistor

decreases as its temperature increases.

1 Athermistor is used in a thermostat in order to maintain a
constant temperature inside a lorry delivering frozen goods.
a Describe how any changes in the temperature inside the

lorry would affect the resistance of the thermistor. (1 mark)

b Suggest how the thermistor might be used to ensure the produce
transported by the lorry is kept at aconstant temperature. (2 marks)

2 Sketch a labelled graph to show how the resistance of a typical
thermistor used inside an oven varies with temperature.
Youshould include typical values for the temperature and an
explanation of why you selected these values. (3 marks)

3 Table1 contains data collected using a thermistor in a water
bath. Thethermistor was connected to a 1.5 Vcell. Plot a

graph of resistance against temperature for the thermistor. (5 marks)

ad Table1.Variationofcurrentwithchangingtemperature

_Temperature/se
Current in the

thermistor /mA

yourae fromquestion3todeterminetheresistance
thermistorat: a -5.0°C; b 25. (2marks)



9.9 The LDR

Specification reference: 4.2.3

eeeeeeovrereceseseoeoeeoee eoececeseseeseesere,

Learning outcomes 3
Demonstrate knowledge,
understanding, and application of:

> light-dependent resistor

=> variation of resistance with

light intensity.

eeveeeecsoseceee
eCOSTS HOSSSOSSHSSSSSSHOHSSEHHTESOSESEEO

Ss
LDR

A Figure1 Thecircuitsymbolfora
light-dependentresistor

A Figure 2 LDRsare often made of
cadmium sulfide formed into aflat disc
on the surface of the LDR

R/Q.
total darkness

R =>large

bright
R —-small

0 lightintensity/ Wm-@

A Figure 3 Theresistance of an LDR
can varyfrom millions of ohms tojust a
few, depending on the light intensity

156

Definitely not, just, cricket
A light-dependent resistor (LDR) is an essential part of many

modern sports, including cricket and tennis. LDRs are small electrical

components which change their resistance depending on the light

intensity. If it gets too dark, play is postponed until the light intensity

increases, maybe even to the following day.

As well as sports, LDRs are used in automatic street lights, the

brightness meters in smartphones and laptops, and even in some space

telescopes.

The light-dependent resistor
With the thermistor we saw how the resistance of some

semiconductors varies in an unusual way. An LDR is another

component that makes use of the unusual properties of a different

type of semiconductor.

A typical LDR is made from a semiconductor in which the number

density of charge carriers changes depending on the intensity of the

incident light. In dark conditions the LDR has a very high resistance. The

number density of the free electrons inside the semiconductor is very low,

so the resistance is very high (often into MQ). When light shines onto

an LDR, the number density of the charge carriers increases dramatically,

leading to a rapid decrease in the resistance of this component.

Investigating LDRs
Figure 4 shows an experiment to investigate how the resistance

of an LDR varies with distance from a constant light source (like a

simple filament lamp). A narrow tube made of black cardboard placed

around the LDR will greatly reduce the effect of other background

sources of light.

The results give a calibration graph that relates the resistance of the LDR

to the light intensity. This graph can then be used to determine light

intensity from different sources.

A Figure 4 Varyingthe distance from the LDRto the © Powerpack

lamp has the effect of changing the light intensity
received by the LDR.Thefurther it is away from the
filament lamp, the higher its resistance becomes.



Infrared astronomy and LDRs

Some LDRsare particularly sensitive to infrared radiation (see Topic11.6,

Electromagnetic waves], so are useful as sensors for the very dim infrared

received from space.

Our eyes cannot detect infrared wavelengths, so using Infrared telescopes

enables us to discover more about the universe than we ever could with

our naked eyes. Astrophysicists can even see inside dense clouds of gas

and dust with infrared, which passes through these clouds, whereas visible

light does not. This allows us to see objects like new stars forming in stellar

nurseries and to peer into the very centre of our galaxy.

But infrared astronomy has limitations. Infrared is absorbed by water in

the atmosphere, so the European Space Agency has recently launched an

infrared telescope into space, the Herschel Space Observatory.

1 Explainwhy most infrared telescopes are positioned on mountain tops.

2 Suggest how the changing resistance of an LDRmight be used to

detect extrasolar planets as they pass in front of distant stars.

Summaryryquestions
1

ENERGY,POWER,ANDRESISTANCE

A Figure 5S This image of the Helix
Nebula, made with data collected from

infrared telescopes using LDRs,shows

the fine detail in the clouds of hydrogen

and helium around the centre

Synoptic link

Youcan read more about intensity

in Topic11.5, Intensity.

LDRsare used iner el ea to measure the ambient light level and automatically adjust the screen
brightness when necessary. Describe how the resistance of the LDRchanges in different conditions. (2 marks)

The data in Table 1 was collected using an LDR and an ohmmeter in different conditions. Identify two

likely errors in the table.

W Table 1

|

aor“ofLED

3 Compare a resistor, a thermistor, and an LDR.

graph to estimate the relative light intensity when the resistance is:

3

Ig(R/kQ)

> Figure 6 lg (light intensity / arbitrary units)

(2 marks)

737 sa 5 be DPa ve: oiesontoeaaaf ai Cre }| completedarkness dimlight normaldaylight| verybright|

400 | 2000 / 18000 | 1000000| |

(4marks)

The graph in Figure6 is a logarithmic plot of the resistance of an LDRagainst light intensity. Use the
a 10002; b SOk?.

(2marks)



9.10 Electrical energy and power
Specification reference: 4.2.5

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

+ the equations P=VI,P=/R,

EvoR
> the equation W=VIt.

A Figure 1 The Three Gorges Dam

Ten million kettles ,

The Three Gorges Dam, the world’s largest power plant, is a

hydroelectric power station that spans the Yangtze river in eastern

China. It has an output of 22.5 GW, in other words 22 500000 000Js“!,

or enough to boil around 10 million average kettles at once.

The electricity generated by the dam is distributed to consumers
through the Chinese grid. Electrical energy is relatively easy to transfer

from one place to another and from one form to another, and this is

one of the reasons it has become essential to us.

Transferring energy
Electric circuits are often used to transfer energy from one place

to another, often from a power source like a cell or power supply

to a component that transfers this energy into another form. A

filament lamp transfers electrical energy to heat and light, whereas a

loudspeaker transfers electrical energy to sound and heat.

Whenever there is a current in a component, energy is transferred

from the power source to that component. Open a switch, or

disconnect the power source, and the current falls to zero. No energy

is transferred and the circuit is off.

Electrical power

The rate of energy transfer by each electrical component is called the

electrical power (or just power). This depends on the current J in the

component, measured in amperes (A), and the p.d. Vacross it, in volts (V).

The equation for electrical power P (in watts, W) is

electrical power = p.d. x current

P=VI

Workedexample: Charging a tablet
A typical tablet charger has a power of 12 Wcompared with 6.0 W
for a mobile phone charger. Calculate the current drawn by a
12 W charger when the p.d. is 5.0 V.

Step 1: Identify the correct equation.

P= VI

Rearrange the equation to make J the subject.
[==

vy x

Step 2: Substitute in known values and calculate the value for the

current.
12

l=ass.) SS

I=2.4A ~~
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Additional equations for power
We can combine the equation above with V = IR to give two additional

equations for power.

P=VI

= (IR) x ]

=PR

Rearranging V = /R to make J the subject gives / ==

Substituting this into P = VI gives

P=Vx—

Each version of the power equation is missing one of V, J, or R.

y2

R
P=VI P=PR P=

A Figure 2 Heating element of a kettle

Worked example: Kettle power |
The heating element in a kettle has a small resistance, typically

20.092, in order to draw the large current needed to heat the

element. For a current of 12 A, calculate the rate of energy transfer.

Step 1: Identify the correct equation to calculate the rate of

energy transfer (the power).

P=FR

Step 2: Substitute the known values in SI units into the equation

and calculate the power.

Pi) 2470:20,0' = 2880,

Express the answer to an appropriate number of significant figures.

P= 2900 W (2 s.f.)

Two significant figures are appropriate in this case as the value of

the current (12 A) is to two significant figures.

Deriving P = Vi
Our equation for electrical power can be derived from the generic

equation
p=

t
Using our defining equation for p.d., rearrange to make W the subject.

ver
Q Synoptic link

W=VQ Cree ee
Substituting work done into our generic equation for power gives

| pe
t



3. 9.10Electricalenergyandpower
However, > is equal to the current J. Therefore

[P= Wil

Calculating energy transferred
The energy transferred in a given time can be determined by combining

our general equation for power and our equation for electrical power.

P= — is rearranged to give W = Pt

Substituting in P = VI gives

W = VIt

where W is the energy transferred in joules, V is the p.d. in volts, J is

the current in amperes and fis the time in seconds.

Worked example: Kettle power II
Calculate the energy transferred into heat in 2.0 minutes by the

kettle in the first worked example.

Step 1: Identify the correct equation to calculate energy transfer.

p= = Rearrange to make the energy transferred the subject. W= Pt

Step 2: Substitute the values in SI units into the equation and

calculate the value for the energy transferred.

W = 2900 x 120 = 3.48x 10° J

W 23.5107 Jag ci)

Summary questions

1 Usingtheappropriatecircuitsymbolsoutlineasimpleexperiment
thatcouldbeusedtodeterminethepowerofafilamentlamp
cae shouldincludeacircuitei inLOUess (2marks)



9.11 Paying for electricity
Specification reference: 4.2.5

Electricity in the home
What would our homes be like without electricity? Most of the

devices we use at home require electricity. They transfer electrical

energy into other useful forms for everything from heating and

cooking to entertaining ourselves. Think about all the electrical

devices used in your home in the last week, and what you would

have to do without them.

However, there is a financial cost, and we need to pay to keep all of

our devices running.

Paying for energy
We pay electricity companies for the total amount of electrical energy

they transfer to our homes. By law, each home contains an electricity

meter that accurately records the transfer of energy from the National

Grid to the house (Figure 1). All the electricity supplied to the house

passes through the meter.

The energy transferred to each individual electrical device, and so how

much it costs to run, depends on two factors (Figure 1):

@ the power of the device

@ how long the device is used for.

These two factors must be considered together when calculating

the energy transferred by the device. For example, a powerful

microwave oven may be cheaper to run than a less powerful one,

despite transferring more energy per second, as it may take less time

to cook food.

The defining equation for power is

energy transferred nee WwW
time taken t

power =

Rearranging this equation to determine the energy transferred by an

electrical device gives

W=Pt

The kilowatt-hour

The SI unit for energy is the joule, but one joule is a tiny amount on

the scale of the energy transferred to our homes. It takes at least 100kJ

to boil just one cup of water. Electricity bills therefore use a derived

unit, the kilowatt-hour (kWh), defined as the energy transferred by a

device with a power of 1 kW operating for a time of 1 hour.

From its definition 1kWh is equivalent to 3.6 MJ.

Our equation for energy transferred therefore has two versions,

depending on the units used.

ett HPO PSO H HOHE SEES EES EEEEEEESEHESESESS

Learning outcomes

Demonstrate knowledge,
understanding, and application of:

> the kilowatt-hour (kWh) asa

unit of energy

> calculating the cost of energy.

. POPC COS EEE TESTES ESEHEEHEHEHEHEEESESHEEEEEEEES

A Figure 1 Atypical electricity

meter, which is calibrated to ensure
it accurately measures the electrical

energy transferred to the home

A Figure 2 Alabel on the base normally

indicates the power rating of a device,

meaning the energy transferred to the

device each second

Synopticlink
Toremindyourselfofthemeaningof

a 2one. a Releveractytpoweranditsdefin
atTopic5.4,Powerat

Re Se



9 9.11Payingforelectricity
SI units: energy transferred (J) = power of device (W) x time for which

Worked example: the device is used (s)

Calculating energy kWh: energy transferred (kW,.h) = power of device (kW) x time for

transferred in kWh which the device is used (h)

A 1450W dishwasher is es
used for 15.0 minutes. Electricity Statement

Calculate the energy

transferred in kWh. Meter Serialno. Read Date Read Type Read —_LastRead —_UniitsUsed
Removal 28619 28170 449

Step 1: Identify the correct kes i6 H 3

equation to calculate
energy transferred. Total units 2198 kWh

Weak

Step 2: Substitute in the ElectricityCharges05Jan2010-30Jun2010

values, paying close Electricitysupplystandingcharge 177days 22.0pperday £ 38.94
attention to the units. Electricitytotalunitcharge 2198.0kWh 8.085pperkWh £ 177.71

W = 1.450 x 0.250 Totalsupplycharges £ 216.65
VAT@5.00% £ 10.83

=10;363.KW hi3s.t.} ‘Totalcostofelectricity £ 227.48

A Figure3 Anelectricitybillshows howmuch energy has been transferred to each
home ina certain time (usually each quarter) in kWh

Study tip
The cost of each kW h of electrical energy (sometimes simply referred

to as a ‘unit’) varies between operating companies. It depends on the

particular tariff from the electricity company, and even in some cases

on the time of day the energy is transferred. Typical costs are around

6-15p per kWh.

Make sure that you are confident

about the meaning of ‘power’.

Phrases like ‘the rate of energy

transfer’, ‘the energy transferred

per second’, ‘the rate of work done’

areallthesamething,justwritten
differently. Summaryquestions

: 1 Calculatethe energytransferredinjoulesbya 60Wtelevision
Study tip in2.0hours. (2marks)

It's always important to look 2 Tworeadings are taken from an electricity meter. Feb: 0034512 —
carefully at the units used in Jun: 0035387. Ifeach unit costs 12 p calculate the cost of the

calculations. It’seven more electrical energy transferred to the home during this time. (2 marks) |
important where there might be -_—

different units used depending 3 Show that one kilowatt-hour is equalto3600000J, (3 marks)
on the context, as withjoules and Ne.
Kieren une’ 4 Calculatethe energy transferred in kWh by a B00r Nncnes Paes.

showerusedfor15minutes: SCN eae
a ind; b inkWh. phe ie3 Th ae(4mar



ENERGY,POWER,ANDRESISTANCE6.
Practice questions b_ Figure2 shows a cube made froma material
1 a _ With the help of a sketch graph, describe pe remavitiyie «oc107° 8 r0:

and explain how the resistance of a

negative temperature coefficient (NTC) i
thermistor is affected by its temperature.

a cube of(3 marks) resistivity

b_ Figure 1 shows a circuit for a simple 5.0x10am
light-meter designed by a student.

A Figure2
The resistance of the cube across any

of its two opposite faces is 5.0 2. The
length of each edge of the cube is x.
Calculate the length x. (3 marks)

c A student conducts an experiment to

determine the resistivity of a metal in the
form of a wire. Figure 2 shows a graph of

resistance R against its length L.

A Figure 1

The battery and the ammeter both have
negligible internal resistances. Discuss
how each meter responds as the intensity
of light incident on the LDR is increased.

(4 marks)

2 a_ State one similarity and one difference

between potential difference and a i ae ae ne oe v6
electromotive force (e.m.f.). (2 marks) : re

b The e.m.f of a cell is 1.5 V. The energy A Figure 3
transformed by the cell is 100J. Calculate
the total charge flowing through the cell. uy Explain Dov Giestideut ay

have determined the resistance
2 marks : :\ ) of each length of the wire using

c According to a student, an electron meters. Assume an ohmmeter is not

accelerated from rest can be made to available. (3 marks)

travel at a speed greater than 10kms"!
by using the cell from (b) connected

See (ii) The wire has cross-sectional area

: of 7.8 x 10-7m2. Use Figure 3 to
ea Ne eedes veins Rep . determine the resistivity of the metal.

a calculation, show whether or not this id snare)
suggestion is correct. (4 marks)

: SenAn 4 The power of a 230V mains filament lamp is
3 a Show that the SI unit for resistivity
pea iS A0W.

is Qm. (2 marks)
a Define power. (1 mark)

b_ The lamp is connected to the 230V
supply. Calculate

(i) the current Jin the filament,

(2 marks)

(ii) the resistance R of the filament.

(1 mark)



“3 Practicequestions:Chapter9
c. The cross-sectional area of the filament

is 3.0 x 10°°m?. The resistivity of the

filament when the lamp is lit is
7.0 x 10°>Qm. Use your answer to (b) (ii)

to calculate the length L of the filament
wire. (3 marks)

May 2012 G482

Figure 4 shows the I-V characteristic of a slice

of semiconducting material.

60 HieSEN)

= 40

5 20+

0 —
OQ:2 4) 6 8) 10 42

p.d./v
AFigure 4
a_ (i) Define resistance. (3 marks)

(ii) Show that the resistance of the

slice is about 2502 when there is a

current of 40 mA in it. (2 marks)

b~ The dimensions of the slice are shown in

Figure 5.
15x 102m ve

el

List

hat

UY

1.2x103m

A Figure5
Calculate the resistivity p of the

semiconducting material when there is a

current J of 40mA in the slice. (3 marks)

-c. Explain how the /-V characteristic shows
that the resistivity of the semiconducting
material decreases with increasing

temperature. — (4 marks)
ee June 2013 G482

6 Astudent connects a component across a

batteryofnegligibleinternal resistance.
Figure 6 showsthe variationof the current
Tiin thiscomponentwith time ¢fromthe

164

moment the component is connected to

the battery.

//mA

A Figure 6

The student suggests that the component

must be a negative temperature coefficient

(NTC) thermistor.

a_ Calculate the ratio

power dissipated at t = 30s
: 3 markspower dissipated at t= 0 (3 marks)

b- Explain why the current changes as
shown in the graph of Figure 6 (4 marks)

This question is about the rigid copper bars

which carry the very large currents generated

in a power station to the transformers.
Figure 7 shows such a copper bar.

bar

cross-sectional

area A

A Figure7

a Write down a suitable word equation to
define the resistivity of a material.

(1 mark)

b_ (i) The cross-sectional area A of the

bar is 6.4 x 10-*m?. Calculate the

resistance of a 1.0m length of the
bar. The resistivity of copper is
L.7-x 100m (2 marks).

(ii) The bar carries a constant current
of 8000 A. Calculate the power
dissipated as heat along a 1.0m .
length of it. (3 marks)

(iii) The bar is 9.0m long. Estimate the
total energy in kWh lost from the
bar in one day. (22 marke

(iv) Calculate the cost per day of

_operatingthecopperbar.Thecostoff
IkWhis15p. _  Xiomar.

Jan70leG46.
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a_ Define electrical resistivity. (1 mark)

b_ Figure 8 shows the ‘lead’ of a pencil.

lead

pencil

A Figure8

Describe how you can determine the

resistivity of the material of the ‘lead’ in

the laboratory.

In your description pay particular

attention to

e how the circuit is connected

¢ what measurements are taken

¢ how the data is analysed. (5 marks)

c Figure 9 shows a glass tube with some
conducting paint.

+ glass tube

conducting
paint

A Figure9

The volume of the paint is 8.0 x 10~°m’. The
internal cross-sectional area of the base of the

tube is 1.2.cm’.

(i) Calculate the height / of the paint
column. (2 marks)

(ii) The resistivity of the paint is
$23 10°*im.

Calculate the resistance of the
paint column. (3 marks)

(iii) State and explain how your answer
to (c)(ii) would change if the same
volume of paint is poured into
another glass tube with double the
internal diameter. (3 marks)

5 Figure 10 shows an electrical cable consisting
of bare copper wires encased in plastic

insulation.

plastic

insulation

copper

wires

A Figure10
a A particular cable contains 26 copper

wires and is 12.0m long. The radius of

each copper wire is 3.50 x 10°?>m. The

resistivity of copper is 1.70 x 10°°Qm.

(i) Show that the resistance of a single

copper wire is about 530. (3 marks)

(ii) Explain why the resistance of the

electrical cable is about 20. (J mark)

Figure 11 shows two electrical cables

used to connect a power supply to a
lamp. Each cable has length 12.0m and is
identical to that described in (a).

12maoe eeaneeicaie
lamp

cables

A Figure11
The lamp is rated at 24 W, 6.0 V. The power
supply has negligible internal resistance and
its output is adjusted so that the potential
difference across the lamp is 6.0 V.

(i) Calculate the resistance of the lamp
when operating at 6.0 V (2 marks)

(ii) Explain why the e.m.f of the power
supply is greater than 6.0V. (J mark)

(iii) Calculate the e.m.f. of the power
supply. (2 marks)

May 2008 2822



ELECTRICAL CIRCUITS
10.1 Kirchhoff’s laws and circuits

Specificationreference:4.3.1

Learning outcomes

Demonstrate knowledge,
understanding, and application of:

> Kirchhoffs second law

> conservation of energy

> Kirchhoffs first and second

laws applied to electrical

circuits.

.“eeeccccccccceeecerseeseseseese®
e@eeeceseesseeereosseseeseessesesesseesessseee®

A Figure 1 Circuits found in modern

electronic devices can be incredibly
complex, but they rely on just afew

simple laws and relationships

Synoptic link

YouwillrecallKirchhoff’sfirstlaw
fromTopic8.3, Kirchhoff'sfirst law.

loop 1

A Figure 2 Aclosed loop is one possible
path for the current —in a Series circuit
there is only one loop, but in parallel
there are often several possible loops

166

Complex circuitry
Circuits found in modern electronic devices can look very daunting.
They are rarely simple series or parallel circuits. Instead hundreds of

components are connected together in complex ways. No matter how

complex the circuit, though, it follows a few simple rules governing

the current and p.d. through the circuit.

Kirchhoff’s laws

We have already met Kirchhoff’s first law, SJ, = NJ. It is essentially
in ap AOULES

the law of conservation of charge applied to electric circuits.

Kirchhoff’s second law takes the law of conservation of energy

and applies it to electrical circuits. It states: In any circuit, the sum

of the electromotive forces is equal to the sum of the p.d.s around a

closed loop.

hE = SVaround a closed loop

where NE is the sum of the e.m.f.s and Vis the sum of all the p.d.s.

A closed loop can be thought of as a single possible path for the

current (Figure 2).

Essentially Kirchhoff’s second law says that the total energy transferred

to the charges in a circuit (N&) is always equal to the total energy

transferred from the charges (iV) as they move around the circuit.

Series circuits

A series circuit has only one path for the current, a single loop from

one terminal of the source of e.m.f. (e.g., a cell) back to the other

terminal (Figure 3).

In a series circuit the current is the same in every position.

From Kirchhoft’s first law you know that the rate of flow of charge is

the same at all points in the circuit, the charge is not used up; it just

flows around the circuit.

\i—

Al@ C_) Obs

12A
a

A Figure 3 /n a series circuit there is one possible path, or one loopfor the current,

and the current is the same at all places



ELECTRICALCIRCUITS10.
Since a series circuit has only one closed loop, then from E=9,0V-

Kirchhoff’s second law the e.m.f. is shared between the components. |

The sum of the p.d.s across the components is always equal to the —Y I |

e.m.f. (Figure 4). If the circuit contains two components with the
same resistance, the e.m.f. is shared equally between them. If the

components have different resistances the component with the greater

resistance will take a greater proportion of the e.m.f.

Incircuitswithmorethanonesourceofe.m.f.,thesameruleapplies, | | | |
but we need to add the e.m.f. fr Pac ‘ce, before shari | |é maelyyirom each source, before sharing Lf OV bye 5,0y4
it between the components (Figure 5). The sources of e.m.f. are

connected with opposing polarities. The sum of the e.m.f.s is equal to A Figure 4 Ina series circuit the
igs 40Y = 3.0 and not 15V. e.m.f.fromthe powersourceis shared

between components: the total p.d.

&=9.0V4 -&=60V- always adds up to the e.m.f.

sir +—(a}1__}+
T T| | 14A

are
| |

V,=0.5V Vo=15V- | wy=10V-

A Figure 5 Where there are multiple sources of e.m.f, the p.d. across
; : 2A

each component must add up to the total e.m.f. [in this case 3 V) —

A Figure 6 /na parallel circuit the
Parallel circuits current in each branch might be

A parallel circuit provides more than one possible path for the aieren, apiece: VaneeL
junction must always equal the total

charges. How much charge flows down each path depends on the Fhesoverrie,Se
: : : current leaving it (in this case

resistance of the path. Kirchhoff’s first law tells us that the current 2.6A=14A+12A)

into each junction must be equal to the current out of that

junction (Figure 6). —t
The greater the resistance of the branch, the lower the current that

passes through it. If one branch has half the resistance of the other, 42 a|

it will have twice the current through it, so two-thirds of the total

current will go through the branch with the lower resistance.

Each parallel branch can be thought of as a separate circuit. 28 a]

If changes are made to one branch, the other branches are not

affected (Figure 7).

In a parallel circuit there are several different loops. Each branch forms

its own loop. Kirchhoff’s second law tells us that around each loop the

-e.m.f. must equal the p.d., so in other words the total p.d. across each

branch is equal to the e.m.f. from the power supply (Figure 8). If one 164
branch contains several components then the sum of the p.d.s across A Figure 2 Adding another branch has

these components must equal the e.m.f. (Figure 9). no effect on the current through thefirst
; two branches, but an additional 1.6Ais

drawnfrom the cellfor thefinal branch,
= ; increasing the current through the

- " tees cell to 4.2A

ee



A Figure 8 /n parallel circuits, the p.d.

across each branch Is the same as the
e.m.f, no matter how many branches

there are

|acai bahay

A Figure 11 /n this example resistor
Ahas ap.d. 2.0 Vacross it and so 10V
remains from the supplied 12 Vfor each
branch —the p.d.s around each loop
must add up to 12 V

Study tip

Whensolving circuit problems, it is

really helpful to label all the values
you know for current, e.m.f.,and
p.d. on the circuit diagram. This
often makes it easier todetermine

any missing vatues.

10.1 Kirchhoff’s laws and circuits

Ge IZ

+|1—

A Figure 10 /t’s often helpful to draw
p%2=9.0V V2=3.0V separate loops in more complex circuits
| to determine any unknown values: here

resistors Aand B are in parallel, so the

p.d. across them must be the same; they

don’t ‘share’ the 5.0 Vbetween them

A Figure 9 /f there is more than one

component on a branch, then within that

branch the sum of the p.d.s across the

components must equal the e.m.f, as in

_aseries Circuit

Multiple loops and adding components

In more complex circuits it is useful to consider each loop separately,

paying particular attention to components in parallel (Figure 10).

Adding additional components in series reduces the e.m.f. that is

shared between the original components (Figure 11). In this case the

addition of a resistor means there is a lower p.d. across the original

components as 2.0 V of the 12 Vsupplied has been taken up by the

new resistor.

Summary questions

1 Fillin the six missing values A—Ffor the current in the
circuits in Figure 12. (6 marks)

B D

2.0al

A Figure12 ; t
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2 Fillin the seven missing values A-G for the p.d.s in the
circuits in Figure 13. (7 marks)

ils;



10.2 Combining resistors
Specification reference: 4.3.1

COSTE HEEHEHOHHHHEHOOHAOSHTHHHEHHDHSHEG,

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

= totalresistanceofresistorsin
seriesR=R,rae ee

= total resistance of resistors in
WReraee karallel = =—+— +...aR ie

eCHOCHCHSEHLESSHSOHSHHSEHEHEHSHEHSSEESSOSEHEHEHOESE®E

eSoeeereseecesececsecercese2e0?

A Figure 1 /n series, the total
resistance is just the sum of the
resistances of the resistors

A Figure 2 The total resistance

decreases as more resistors are added

in parallel

Wal)

Addedresistance .

Resistors come in many shapes and sizes, but if a specific resistance

is needed for a task, sometimes it is necessary to combine standard

resistors to get a specific non-standard resistance. For example, a

mobile phone charger is designed to provide the correct output p.d.

in order to charge the phone most efficiently, and so chargers for

different phone models are built with different resistances.

Adding a resistor to a circuit can increase its resistance, or, perhaps
counterintuitively, decrease its resistance —it depends on how the

resistors are connected together.

Resistors in series

When resistors are connected in series, each additional resistor

effectively increases the length of the path taken by the charges, and

so the more resistors you add, the greater the resistance becomes.

Therefore, the total resistance R of a number of resistors connected in

series is equal to the sum of the individual resistances.

R= Rj +R>42=

The relationship can be derived by considering Kirchhoff’s two laws on
electric circuits.

From Kirchhoff’s second law, the total p.d. is equal to the sum of the

p.d.s across each resistor: V= Vie as

Because V= 7R,this can be rewritten as JR = EO eeLae

According to Kirchhoff’ first law the current through each resistor

must be the same, so Jis a constant. Giving R= Ky iy rs

Resistors in parallel

When resistors are connected in parallel the outcome is very different:
the total resistance actually drops. The additional resistor provides

another path for the current, effectively increasing the cross-sectional

area and so lowering the resistance.

We can use the same approach as we did with series circuits to derive

an expression for the total resistance of resistors connected in parallel.

From Kirchhoft’s first law, the total current is equal to the sum of the

current in each resistor, giving J = tel, Aas

In this case, from Kirchhoff’s second law, the p.d. across each resistor

is constant and must be equal to V. Dividing our first equation
by V gives



att eee ner
V=JR, so yp the equation for the total resistance R of resistors

connected in parallel is

| l

Bota oR:5 SN

Worked example: Three resistors in parallel
Resistors of 6.00, 4.0Q, and 3.00 are connected in parallel.

Calculate the total resistance of this combination.

Step 1: Identify the correct equation to calculate the resistance

for resistors connected in parallel.
Vg Cas Green

Se Eee
Pires Re oR:

Step 2: Substitute in known values and calculate a value for =

ee Se
Ro eh 405-30

Step 3: Invert ‘ to calculate a value for R.

Lue 0.75 therefore R = ae
R 0.75

Calculate R and express it to an appropriate number of

significant figures.

R= 1.30 (25.f.)

The total resistance is always lower than the lowest resistance

of any resistor in the combination. This is a quick way to check

whether your answer is correct.

Resistor circuits

Different combinations of resistors in series and parallel can be used to

build more complex resistor circuits. Using the relationships above

we can determine the total resistance of each circuit (Figure 3).

ELECTRICAL CIRCUITS

Study tip
Whenusing the equation for

the total resistance of resistors

connected in parallel, don’t forget

that your initial calculation gives

you =. To find R you must find the

reciprocal of your value (use the
x! button on your calculator).

Study tip

The equations for total resistance

of series and parallel circuits can

also be applied to other circuit

components.

10.9

13.0eee ee CL > 1
802 509

10Q

A Figure 3 /t is possible to simplify the parts of a complex resistor circuit before

calculating the total resistance



10.2 Combining resistors

Summary questions

1 State what happens to the resistance when resistors are connected:

a in series; : (1 mark)

b in parallel. (1 mark)

2 Calculate the total resistance of the resistor circuits in Figure 4. (5 marks)

a b c
6.0 Q 102

15Q

5.0 Q 9.0Q
4.0Q 20 Q

A Figure4

3 Calculate the total resistance of the resistor circuits in Figure 5. (6 marks)

a b c
150Q 100Q 20 Q NCOY

os a

200Q 20 Q all 10Q

A Figure5

4 Determine all the possible combinations of one or more resistors from a
- selection of three resistors with resistance 100 Q, 50Q, and 200. For

each combination draw a diagram ofthe resistor circuit and calculate the

total resistance. (15 marks)

5 The total resistance ofthree resistors in parallel is 1030 Q. Two of the

resistors are known to have resistances 2.2 kO and 4.7 kQ. Calculate

the resistance ofthe third resistor. (3 marks)



10.3 Analysing circuits
Specification reference: 4.3.1

Call an electrician iti Ceeeererceseceseseseeeeeccsscceeeeccece.
: Learning outcomes

Demonstrate knowledge,
understanding, and application of:

The Gaia space probe (Figure 1) launched in 2013 is now around
1.6 million kilometres from the Earth. Its five-year mission is to search

for extrasolar planets, asteroids within the solar system, and to collect

further evidence to test Einstein’s theory of general relativity. All the > analysis ofcircuits with

components in both series
thoroughly tested using the rules you have been studying. If scientists : and parallel
got their calculations wrong, there would be no way to repair the ;

probe so far from the Earth.

complex electrical circuitry in Gaia had to be carefully designed and
eeeceeeeseeseees
: > analysis of circuits with more
; than one source of e.m.f.

Peeeeseeseses CCPC HSE ESE HEHEHE HEHEEEEEES

An electrical mathematical toolkit

When tackling any complex circuit problem we should start with

Kirchhoff’s circuit laws and these four key electrical relationships.

A ew 3 : : :I= wads V=— P= VI and most importantly V=IR
At Q

In the following three examples we shall determine any missing values

for p.d. or current. Resistors are used for simplicity, but circuits could

contain a variety of components, including diodes, filament lamps,

and so on.

Worked example: Circuit 1
For the circuit in Figure 2, calculate the current in, p.d. across,

and power rating for each resistor and in total.

A Figure 1 Thecircuits found in

cutting-edge technologies still rely
on Kirchhoff’slaws and the other
relationships you have studied

36 Q
A Figure 2 Circuit 1

Step 1: We can use our formulae for resistor networks to

determine the total resistance of the network.

Using—= a 1. ... we first find the resistanceof the

‘two resistors in parallel (9.0Q) and add this to the single resistor,

_ giving a total resistance of R = 40 Q.
>



10.3 Analysing circuits

@
Step 2: We can then use V = IR to determine the current in the

circuit, J = 0.30A. This must also be the current in the

31 resistor, as it IS sah SETAE,

Step 3: We can use V = JR to determine the p.d. across this

resistor, Varo = 93 V:

Step 4: Using Kirchhoff’s second law we now know that the

p.d. across both the 120 and 360 resistors must be 2.7V.

Using V = /R we can then calculate the current in each

resistor and using P = VI the power of each component.

The answers are summarised in Table 1. All values are expressed

to two significant figures.

YTable 1

Component| Current/A| p.d./V| Resistance/Q| Power/W

The total values can be used to check for any calculation errors

(using V= 7R and P= VI).

If we are given a known time we could also determine the energy
transferred by each component and the charge passing through

eachcomponentinthattimeusing/=aaandV==

Worked example: Circuit 2
In our second example circuit the orientation of the circuit

appears different and an assortment of values of R, I, and V are

available to us.

2.0V

AFigure3Circuit2 >)
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o
Step 1: By considering the loop including the battery, resistor B,

and resistor A, we can determine that the e.m.f. must be

24V (2 s.f.). We can also use Kirchhoff’s first law to find

the current in resistor B, I, = 0.50A.

Step 2: Using V = JR we can calculate the p.d. across resistor

C (R.= 8.0V) and from Kirchhoff’s second law the p.d.
across resistor D must be 14 V.

Step 3: From this point we can use V= /R and P= VI to

determine all the other values for V, J, R, and P,

summarised in Table 2. All values are expressed to

two significant figures.

W Table 2

Component| Current/A| p.d./V| Resistance/©| Power/W

Worked example: Circuit 3
In our final example circuit we have two sources

of e.m.f., several resistors of unknown resistance

(although we know the power of resistor A) and

a known p.d. across resistor C.

e=20'V E=16V

¥-|I——_
Step 2:

Step 3:

Step 4:

A Figure 4 Circuit 3

Step 1: We know that the total e.m.f. in this

circuit must be 36 V. We can use V= /R

to determine the p.d. across resistor B

(10V), giving 16 V for the branch. From

Kirchhoff’s second law it follows that the

p.d. across resistor A must be 20V, and

the p.d. across resistor D must be 16V.

We can also determine the resistance of

resistor C using V= IR (R, = 12).

Using P = VI we can determine the

current through resistor A as 1.5 A. From

Kirchhoff’s first law it follows that the

current in resistor D must be 1.0A.

We can then determine the resistance of

resistors A and D using V = /R, making

sure to use the appropriate values for the

p.d. across each resistor and the current

in the resistor.

VvR, =4222 = 130
ae

V;R,=2=28=160
cee



10.3 Analysing circuitsee ee

Step 5: We now have all values for current, p.d., The total power in this case is 54 W, with 30 W
from the 20V battery and 24 W from the 16V
battery. These values should be checked carefully
using P= IV.

and resistance, and can calculate the

power of each component.

Component| Current/A| p.d./V| Resistance/Q| Power/W
resistor A fa 30

resistor B 20 5.0

resistor C 0.50 6.0 12 3.0

resistor D 170 16 16 16

}totalcircuit 54

1 Nameallthequantitiesrepresentedinthefollowingequations:
4 v= P=VI V=IR (4marks)

2 Usingcircuit1 calculate:
a_the chargepassingthroughthe 31 resistorin45seconds; (2 marks)
b the energytransferred bythe 36Q resistor in 2.0 minutes. (2 marks)

3 Forthe circuit in Figure 5:

a determinethe currentthroughresistorB; (1mark)
b calculatethe p.d.across resistorsAand D; (4 marks)
c showthat the resistance ofresistorD= 2.00. (2 marks)

A Figure5

4 Ifresistor Bin Figure 5 has a resistance of 8.0.Q, calculate
the power of each resistor and the e.m.f. of the cell. (6 marks)



10.4 Internal resistance

Specification reference: 4.3.2

Not all batteries are created equal
Different power sources have different internal resistances, often by

design, depending on the job they are made for. The key consideration

is the current in the circuits they power. If a large current is needed, a

power source with a small internal resistance is required.

Car batteries have a very low internal resistance so that they can

provide the large current needed (often hundreds of amperes) to turn

the starter motor in the car. Even if you connected enough AA batteries

together to give an e.m.f. of 12.6 V, the same as a car battery, they would
not provide the necessary current because of their internal resistance.

. OfInternal resistance and lost volts jo

Whenever there is a current in a power source, work has to be done

by the charges as they move through the power source. In a chemical

cell this work is due to reactions between the chemicals. In a solar cell

it is due to the resistance of the materials of the cell.

As a result some energy is ‘lost’ (transferred into heat) when there is a

current in the power source, and not all the energy transferred to the

charge is available for the circuit. The p.d. measured at the terminals

of the power source (the terminal p.d.) is less than the actual e.m.f.

We call this difference lost volts.

~ =—Ye13¥ ———

A Figure 2 This cell has an e.m.f. E of 1.5 V,but the terminal p.d. Vacross

it is only 1.3 V,because 0.2 Vhas been ‘lost’to the internal resistance

of the cell r

From Kirchhoff’s second law, the relationship between the e.m.f., the

terminal p.d., and the lost volts is

electromotive force = terminal p.d. + lost volts

In normal use the e.m.f. does not change. However, changing the

current affects the lost volts and the terminal p.d. Increasing the

current means that more charges travel through the cell each second

and so more work is done by the charges, increasing the lost volts.

This lowers the terminal p.d.

SPORES ESHEEEHSEHEEHEEEEEEEHESHEHHEEEHEHEHE
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Learning outcomes
Demonstrate knowledge,
understanding, and application of:

the source of e.m.f.

internal resistance

terminal p.d. and ‘lost volts’

the equations € = 1(R+r) and

GS Veni

determiningr.
. COCR SESEHEHHESHEHE SESE HEHEHEHEHHHEHEHEETEHEEED

A Figure 1 Car batteries have a
negligible internal resistance and so

they can supply very large currents



V=Io W

A Figure 3 As the current through

the cell increases, the e.m.f. does not
change, but the terminal p.d. drops as

the lost volts increase

10.4 Internal resistance

If we apply the equation V = /R to the internal resistance we can see that

lost volts =Ixr

where r is the internal resistance in ohms. If r remains fixed then the

current in the power sour¢e is directly proportional to the lost volts.

V=14V ey,

increasing current (terminal p.d. drops)

The e.m.f. is always less than the terminal p.d. (unless there is no

current). When the current is very small € = V. This is why a high-

resistance digital voltmeter connected directly across a cell gives a

reading that approximates the e.m.f.

Combining the relationship electromotive force = terminal p.d. + lost

volts and the equation above, we can derive an equation for the e.m.f.

from a power source.

€ = V+ lost volts

€=V+Ir

where Vis the terminal p.d. in volts, J is the current though the power
supply in amperes, and r is the internal resistance of the power supply

in ohms.

The terminal p.d. Vis also equal to JR, where R is the resistance of the

circuit, and so

E=IR+Ir

As the current through the circuit and through the power supply must
be the same, J is acommon factor.

€=I(R+1)

This relationship is essentially a version of V = IR that takes into

account the internal resistance of the power source.
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+ Connectingcells

We can connect cells together to produce either a higher

e.m.f. or a higher current. Depending on the desired effect

we Can connect them in series or in parallel.

1 Two identical 1.5V cells, each with an internal

resistance of 0.75 Q, are connected in series.

Calculate the terminal p.d. when:

Connecting cells in series increases the available e.m.f., a the cells supply a current of 0.80A to an

but also increases the internal resistance. This limits the external circuit,

current that the combination can produce (Figure 4). b the cells are connected to a resistor of 10.0.
Repeat the above calculations for the cells

The same two cells connected in arallel produce the ;P P connected in parallel.

same e.m.f. as one cell, but have a much smaller internal

resistance, So provide a greater current.

E=1.5V950 E=15V 95Q
|

f= 3.0

ah of.@)

A Figure 4 The same two 1.5 Vcells produce very different outcomes when connected in series and when

connected in parallel

Investigating internal resistance

Using the circuit in Figure 5, we can record values for terminal p.d. for

different values of current. We use the variable resistor to change the

resistance ofthe circuit, drawing different currents from the power source.

Alternatively, several different resistors can be connected in various

combinations.

By considering the general equation for a straight line (y=mx +c) and

rearranging the equation € = V+ /r to give V= —r/+ €, we can See that ifwe
plot a graph of terminal p.d. (V) against current (!}we can find both the

e.m.f. €(constant) and the internal resistance of a power source r. The
graph of Vagainst / will have a gradient equal to —rand a y-intercept equal

to the e.m.f. € ofthe power source.

A Figure 5 Using a variable resistor
we can take measurements of the
terminal p.d.for various values of

current in the cell

Sketch the graph and you will see that, as the current through the cell

increases, the terminal p.d. drops and the lost volts increase. When

the current is zero the terminal p.d. is equal to the e.m.f. As the current

increases so do the lost volts. The lost volts and the terminal p.d. always add

up to the e.m.f. The current should not be allowed to get too high or it will

raise the temperature ofthe cell, increasing its internal resistance.



10.4 Internal resistance

WVTable1
Table 1 contains data collected using a typical AAcell.

Terminalp.d./V Current/A
Use the data in Table1 to plot a graphof the terminal p.d. against

current.
Explain how the graph ‘suggests that the internal resistance is not

affected by increasing the current through the cell.
Use the graph to determine the e.m.f. and the internal resistance

ofthe cell. :
Explainwhy the cell should be disconnected between each reading.

Graphsof Vagainst /
Different power sources (including different cells) have different

e.m.f.s and internal resistances. The graphs for different power sources

will follow the same general trend but have different values for the

e.m.f. and r. Three examples can be seen in Figure 6.

VIV VIV

2€

same intercept
same e.m.f .double e.m.f. SOUR ee as first graph & na ae

same internal same gradient half the

resistance internal

resistance
I/A O I/A I/A

O ¢)

A Figure 6 Changing the e.m.f € or the internal resistance r of the power source changes the graph

High or low internal resistance?
Like car batteries, many rechargeable batteries, including those in

mobile phones and laptops as well as the more traditional types, have

a small internal resistance. This allows them to be recharged using

higher currents without overheating or wasting a lot of energy, so that

recharging is fast. Some batteries in mobile phones charge to 80%

capacity from flat in under an hour.

In contrast, the high-voltage power supplies used in classrooms have

a very high internal resistance (often millions of ohms). This acts as
a safety feature, preventing the power supply from delivering a fatal
electric current.



aryquestions
”

With examples, outline why it is necessary for different

power sources to have different internal resistances. (3 marks)

Describe what happens to the terminal p.d. from a power
source as the current through the source increases. (2 marks)

A9.0V battery with an internal resistance of 2.0 is connected in series

with a filament lamp. The lamp draws a current of 1.5A. Calculate:

a the lost volts; (1 mark)
b the terminal p.d.; (1 mark)
c the energy lost per second bythe battery; (1 mark)
d the resistance ofthe lamp. (1 mark)

A 12 V battery with an unknown internal resistance is connected with

three resistors as shown in Figure ?. If the current through the cell is

0.10 A, calculate:

a the total resistance ofthe resistor circuit; (2 marks)
b the terminal p.d.and the lost volts; (2 marks)
c the internalresistance ofthe battery. (1 mark)

45Q

A Figure7

Sketch a graph of Vagainst J and label the internal resistance r and
the e.m.f. €. Sketch a second graph to show how the graph
changes if two identical cells are connected in series. (4 marks)

ELECTRICAL CIRCUITS



10.5 Potential divider circuits

Specification reference: 4.3.3

Coccecersccccececccccescocesceceece,Turn it up to 11
Learning outcomes

Demonstrate knowledge,
understanding, and application of:

Mains-powered speakers are always connected to the same power

source with a fixed p.d. So why do they not all always produce the

same volume?

> potentialdividercircuitwith Speakers are amongst hundreds of electrical devices that make use of
components potential divider circuits. These circuits can vary the p.d. across an

> potential divider equations, output (like a speaker) when connected to a fixed input.Soeeeeeeeeeeeeeeeeeseeeeeseeesereseseer®forexample,
R e e esPres Potential dividers

$202
Vik, You may find you need a p.d. of 4.0 Vfor a specific task, but the power

and V, oR source is a 9.0 Vbattery. You can use potential dividers to divide the
cececeeccccencceccecsecserceccecceseeceeee® p.d. to give any value you require up to the maximum supplied from

the power source (Figure 2).

A Figure 2 Apair of resistors in series will ‘share’ or divide the p.d. across them,

depending on the ratio of their resistances, a fact used in simple potential divider
circuits, which are normally drawn like the diagram on the right

A circuit can be connected across one of the resistors in parallel.

The p.d. supplied to this circuit (V,,,) can be varied to any value

from zero to the maximum supplied from the power source,

depending on the resistances of R, and R,. From Kirchhoff’s second
law the p.d. across each resistor must always add up to the p.d. from
the power source.

Min

A Figure 1 Amechanical volume

control uses a type ofpotential divider
to change the p.d. across a speaker,
increasing or decreasing the intensity
of sound r ‘

Ratio of resistances

The p.d. across each resistor in a potential divider depends on their

resistances. If they have the same resistance then the p.d. is shared

equally between them. If one has twice the resistance of the other,

then this one will receive two-thirds of the total p.d.
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Mathematically, this can be expressed as
Vv, oR Study tip

. Vi «ORS Fora potential divider,the current J
where V, is the p.d. (in volts) across the resistor with resistance R} is the same in each resistor. Since

(in ohms) and V, is the p.d. (in volts) across the resistor with V=IR, this meansthat Vo<R.This
resistance R, (in ohms). means that the ratio of potential

differences is the same as the

12V \V . ;Beat «| reer ratio ofthe resistances.

50 Q 100Q

O ; an:

50 Q 6.0 V 50 Q 4.0V

A Figure 3 When the two resistors have the same resistance the p.d. is split evenly

between them (left), but when they are different the p.d. is shared according to the

ratio of the resistances, so here {right} the upper resistor makes up two-thirds of the

total resistance and so receives two-thirds of the p.d., leaving one-third or 4.0 Vfor the

second resistor

The potential divider equation
By considering the total p.d.V,, and the fraction of the total resistance
provided by R, we can determine the value of V,.,.

yh
in

Ys = | :
R, + R,

This relationship is often simply called the potential divider equation.

Workedexample:CalculatingV,.
A 2700 resistor and a 170 resistor are connected as part of a

potential divider circuit to a 36 V supply. The output is connected

across the 2702 resistor. Calculate V,,,,,.

Step 1: Identify the correct equation to calculate V,,.,-

R,
R, ~ R,

: «Vin
out

Step 2: Substitute in known values (taking care to ensure that R, is

the correct resistor —in this case 270Q) and calculate V,,,,..

V=
out ue 3GS22170+270



Ricad Vout

A Figure 4 Whenloaded, the resistance
of the loaded part ofthe circuit is less
than R, and so V.. drops

10.5 Potential divider circuits

Loading a potential divider

Loading refers to connecting a component or circuit to V,,,,,that is, placing a

component in parallel with R.,.This lowers the resistance of this part of the

potential divider circuit, which lowers the fraction of the total p.d. across this

part of the circuit, and so lowers Ve

Addinga largeload(highresistance] to the circuithas littleeffect on V,,.,
but ifthe loadhas a small resistance, fe is significantlyreduced.

1 Outline why V,,, drops when a component is connected across it.

2 A2.2kQ resistor and a 4.7 kO resistor are connected as part of a

potential divider circuit to a 12Vsupply. V,,, is connected across the

4.7 kQ resistor. Calculate V,. when

a_ the potential divider is not loaded
b the potential divider is loaded with a resistor of resistance 10 kO

c the potential divider is loaded with a resistor of resistance 100 Q.

1 Outline how a pair ofidentical resistors can be used in a potential
divider to produce an output of 10 Vfrom a 20 Vsupply.
Include a labelled diagram in your answer. (4 marks)

2 Calculate V. , from the two potential dividers in Figure 5. (4 marks)

a b
12V 60 V

270 Q 30 Q

90 .Q Vout 120Q Vout

A Figure5 “

3 Usinga 24V battery with negligible internal resistance, a 30 Q resistor,
and a 90 resistor, draw a labelled diagramof a potential
divider that would produce a V., of:

a 6.0\; b 18V. (2marks)

4 Apotential divider is connected to a 360 Vpower source with
negligibleinternal resistance. Theresistance of R, is 110Q.
Calculatethe resistance of R, if Vis 3.0.



10.6 Sensing circuits
Specification reference: 4.3.3

Stay in lane ethPPPeesseesoceesseseccceesscccsecscseces
" Learning outcomes

Demonstrate knowledge,
understanding, and application of:

A line-follower robot is a mobile robot that can follow a coloured line

painted on the ground. Early designs used simple sensor circuits made

up of potential dividers with an LDR in place of one of the resistors.

The robot can be programmed to respond to a changing V., caused

by a change in the resistance of the LDR as it moves, ensure that it

always follows the line.

> potential divider circuits with

variable components.

eteeeeeeeeseneccens,
eee rrecccvccccecer eee ee ces eeeeseseeeeeeees

This technology has come a long way. Some cars now include lane

departure warning systems. These warn the driver if the car begins

to move out of its lane unless it is indicating to do so. The system is

designed to reduce accidents caused by drivers drifting out of their

lane when tired or distracted.

ProducingavaryingV_
Using a pair of fixed resistors in series in a potential divider has the

effect of splitting the p.d., but what if you need Vout tO Vary?

The simplest way to vary V,,,, is to replace one of the fixed resistors
with a variable resistor (Figure 1). In the configuration shown,

increasing the resistance of the variable resistor will increase V.,,

and vice versa. V,

A Figure 1 Avariable resistor can be

used to change the output voltage

Ry
; Mts : : OFA Temperature-sensing circuits —using a thermistor

Replacing the variable resistor with a thermistor allows V.. to vary
automatically depending on the temperature of the surroundings. Ro Vout

Asthe temperature increases, the resistance of the thermistor decreases
and so V,_.drops (Figure2).

. : F : , A Figure 2 Theoutput voltage will
Light-sensing circuits — using an LDR Getend onthe remperatiire pfhe

AnLDRcan be used in the same way as a thermistor, producing a potential thermistor

divider that gives an output that depends on the light intensity.

Inthis configuration (Figure 3), as the light intensity increases, the
resistance of the LDRfalls and so the p.d. across it decreases. R.,,receives a

greatereer of the p.d. and so V,..,increases.

and.aresistorwitha resistanceof1000 areconnectedtoa
atterywithnegligibleinternalresistanceaspartofapotential

r. TheresistanceoftheLDRvariesfrom500Qinbrightlightto.
Yindarkness.CalculatetheminimumandmaximumvaluesforVe

A Figure 3 Theoutput voltage will
depend on the intensity of light

185



10.6 Sensing circuits

The potentiometer
Many low-voltage electrical circuits that need a varying p.d. use a

potentiometer rather than a potential divider.

A potentiometer is a variable resistor with three terminals and a sliding

contact. Adjusting this contact varies the p.d. between two of the

terminals, giving a variable V,,,, (Figures 4 and 5). Potentiometers can be
made very compact, making them useful for portable electronic devices.

A Figure 4 Potentiometers with sliding When the contact is moved towards A, V,,,, increases, until at A it

contacts is equal to V,,. When the contact is moved towards B, V,,,, decreases

until at B it is zero.

Sometimes a dial is used rather than a slider, making the

potentiometer even more compact. The potentiometer can also
be constructed so that the change in resistance is either linear or

logarithmic.

1 State two advantages of using a potentiometer over
a potential divider. (2 marks)

a‘ieule > ineslidingcontactforod 2 Design a potential divider in which V,,, increases as
insideeverypotentiometeris a simple, it gets darker (2 marks)
cheap,and oftencompact wayto
producea variableV,,, 3 Athermistor and a resistor with a resistance of 2.2 kO are connected

to a 12Vbattery with negligible internal resistance as part of a
potential divider. V,. is connected across the thermistor.

Calculatethe resistanceofthe thermistorwhenV,..,is: 7 7 .
a 6.0\; b 10V;  ~ ¢ 10V. (6marks)

4 Thepotential divider used in question 3 is modified so that Age
VoutiSconnected across the 2.2 kQ resistor. Describe how = NOnLe
changes intemperature wouldaffect the value of V,
fromthis newpotential dividercircuit.
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Practice questions
1 a_ A student is given three resistors

of resistances 10Q, 20Q and 40Q.

These resistors are connected in

different combinations. Calculate

(i) the minimum possible resistance,

(3 marks)

(ii) the maximum possible resistance,

(2 marks)

b_ A filament lamp connected to a power

supply glows at its maximum brightness.

The output voltage from the power supply
is halved. Explain why the current in the
lamp is not halved. (2 marks)

2 a Figure 1 shows combination of resistors

/ connected to a power supply of e.m.f. &.

& E

120Q 2400

t 409

7 A Figure1a A Figureib

(i) For the circuit of Figure la

1 calculate the total resistance R,

t (1 mark)

2 state one electrical quantity which

is the same for both resistors.

(1 mark)

(ii) For the circuit of Figure 1b

1 calculate the total resistance R.,

(2 marks)

2. state one electrical quantity

which is the same for all the

resistors. (1 mark)

Jan 2012 G482

3 Figure 2 shows a circuit connected to a d.c.

supply.

nret> C=

B2V 100Q 1802

A Figure2

The supply has e.m.f. 8.2 Vand negligible
internal resistance.

a_ Calculate the total resistance

of the resistors. (2 marks)

b_ The current measured by the

ammeter is 100mA. Calculate

(i) the potential difference

across the LED, (3 marks)

(ii) the total power dissipated
in the resistors. (2 marks)

a_ Kirchhoff’s laws can be used to

analyse any electrical circuit. State

each of Kirchhoff’s laws and the

physical quantity associated with

each law that is conserved in the

circuit.

(i) Kirchhoff’s first law (2 marks)

(ii) Kirchhoff’s second law (2 marks)

b_ The circuit in Figure 3 consists of a battery

of e.m.f. 45 V and negligible internal

resistance, and three resistors.

0.030A

A Figure3

The resistors have resistances R,, R, and

750Q. The current in the resistor of

resistance R, is 0.030A. The current in the

resistor of resistance R, is 0.010A.



Practice questions: Chapter 10

Calculate c_ A light-dependent resistor (LDR)

(i) the current Jin the 750 Q resistor, 1Sanother Component used in

(1 mark) sensing circuits.

(ii) the p.d. Vacross the 750 Q resistor, (i) Copy and complete Figure 6 with an

(1 mark) ‘ LDR between X and Y.

I
(iii) the resistances R, and R,.

(2 marks) X

May 2013 G482 — Y
|

5 Figure 4 shows how the resistance ofa 6.0Vd.c. |

thermistor varies with temperature. 2009

A Figure6

(1 mark)

(ii) State with a reason how the

voltmeter reading varies as the

intensity of the light incident on the

LDR increases.

resistance/Q
NOio}oe)

(2 marks)

May 2012 G482

6 This question is about possible heating
circuits used to demist the rear window of a

A Figure4 car. The heater is made of 8 thin strips of a
metal conductor fused onto the glass surface.
Figure 7 shows the 8 strips connected in

parallel to the car battery of e.m.f. € and
internal resistance r.

temperature / °C

The thermistor is used in the potential

divider circuit of Figure 5 to monitor the

temperature of an oven. The 6.0 V d.c. supply

has zero internal resistance and the voltmeter

has infinite resistance. 8 strips

thermistor

A Figure5

a_ State and explain how the current J in the

circuit changes as the thermistor is heated. eae A Figure7

(3 marks) a_ The potential difference across each strip —
b_ Use Figure 4 to calculate the voltmeter end we ae

reading when the temperature of the tee tS x

oven is 240°C. (i) Calculate the resistance r, of one strip
(4 marks) of the heater.

(1mark
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(ii) Calculate the total resistance (ii) Use your answer to (i) to

R, of the heater. (3 marks) suggest how the power P

(ii) Show that the power P dissipated in the variable

dissipated by the heater is resistor is linked to the value

about 200 W. (2 marks) of the internal resistance of

b_ Each strip is 0.90m long, 2.4 x 10-4m the cell. (1 mark)

thick and 2.0 x 10-3m wide. 8 Figure 9 shows a circuit used to monitor the

Calculate the resistivity p of the reveh bi water Hive Fouigincr

metal of the strip. Give the unit fet

with your answer.

(4 marks)

June 2011 G482

7 Figure 8 shows an electrical circuit. 200 kQ

ee

: container
svt

. contacts

A Figure9

A Figure8 The battery has electromotive force (e.m.f.)
of 9.0 Vand negligible internal resistance.
The digital voltmeter shows a reading of 0.0 V
when the contacts are dry and 6.5 Vwhen the
contacts are in water.

The cell has e.m.f. 1.5 V. The resistance

of the variable resistor is set to 1.0Q.

The current in the cell is 0.50A.

a_ Calculate the internal resistance

of the cell. (3 marks)

i f th iable :: ane ee gst Nip b- Calculate the resistance of the water

; resistor is changed from 1.0Q
to 4.02 between the contacts when they are

} placed in the water. (3 marks)
| (i) Copy and complete Table 1 to show

the current J in the circuit and the
power P dissipated in the

variable resistor. (2 marks)

a_ Explain why the voltmeter reading is
0.0 V when the contacts are dry. (2 marks)

c Without doing any calculations, explain

how the voltmeter reading would change

when the contacts are in water and the

resistance of the resistor is much smaller

Y Table1 than 200kQ. (3 marks)



WAVES1
11.1 Progressive waves

Specification reference: 4.4.1

COHOHOECHHESHSHSOHEHHEEHEHOHHHHHEHEHSEHHEHELOEHES,

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> progressive waves

> longitudinal and transverse

waves.
°SCOOTCHOHTECHESOHHHHHGHOHEOHETOHSHEHETHHEHHBEEEE

A Figure 1 Bystudying how seismic

waves travel through the Earth,

scientists may one day be able to predict
earthquakes, potentially saving lives

A Figure 2 Aripple on water is another
example of a progressive wave: it
transfers energy from the centre of

the ripple to the edges, but the water
molecules vibrate perpendicular to the
direction of energy transfer without
moving outfrom the centre

190

Earth-shaking
The effects of an earthquake can be devastating. An earthquake

produces two main types of seismic wave, primary or P-waves and

secondary or S-waves. Both are types of progressive wave that

travel rapidly through parts of the Earth’s interior. They can cause

significant damage to structures on the surface.

The P-waves are longitudinal waves and S-waves are transverse

waves. Differences in the way these types of wave travel through the

ground allow scientists to study the interior structure of the Earth. The

wave paths are calculated from the time delays between monitoring

stations, and this information enables scientists to determine the

densities and thicknesses of the layers inside the Earth.

. (9)Progressive waves
A progressive wave is an oscillation that travels through matter (or in

some cases, through a vacuum). All progressive waves transfer energy

from one place to another, but not matter. In other words, although

the particles in the matter vibrate, they do not move along the wave.

Sound is an example of a progressive wave. When you hear someone

talking to you, vibrations travel to your ears, but the air particles do

not. Instead they vibrate in a plane parallel to the direction of energy

transfer as the wave passes through the air.

When a progressive wave travels through a medium, like air or water,

the particles in the medium move from their original equilibrium

position to a new position. The particles in the medium exert forces

on each other. A displaced particle experiences a restoring force from

its neighbours and it is pulled back to its original position.

For example, waves on the surface of water propagate via water

molecules interacting with their neighbours. As one molecule

moves up it attracts its neighbours, which in turn pull the original
molecule back down towards its equilibrium position, whilst at the

same pulling up the neighbouring particles. No single water molecule

moves along the wave. Instead they oscillate at right angles to the

energy transfer.

Transverse waves

When you think of waves, the first image in your mind is likely to

be a transverse wave like a water wave. In a transverse wave the

oscillations or vibrations are perpendicular to the direction of energy

transfer (Figure 3).



transfer of energy

A Figure 3 Atransverse wave travelling along a horizontal slinky spring

As the wave moves from left to right, the oscillations are at 90° to the

direction of the wave’s movement — up and down, or side to side, or

at any orientation as long as it is in a plane that is perpendicular to the
direction of energy transfer.

Transverse waves have peaks and troughs where the oscillating

particles are at a maximum displacement from their equilibrium

position (Figure 4).

Examples of transverse waves include:

waves on the surface of water

any electromagnetic wave —radio waves, microwaves, infrared,

visible light, ultraviolet, X-rays, and gamma rays

waves on stretched strings

S-waves produced in earthquakes.

You will learn more about electromagnetic waves in Topic 11.6,

Electromagnetic waves.

particles in their
equilibrium position (no wave)

energy transfer

each particle vibrates at

90° to the direction of energy transfer

A Figure 4 Fora transverse wave, the particles of the medium vibrate in a plane at 90°
5to the direction of energy transfer



11.1 Progressive waves

Longitudinal waves

In longitudinal waves the oscillations are parallel to the direction of

energy transfer.

, transfer of energy

ZS

=! mn mmaac 0)OA 50)OOOH 00.00)6.0
rarefaction compression

A Figure 5 AJongitudinal wave looks very different to a transverse wave

-0-00-00-0-0-00000-0-- Y.
Examples of longitudinal waves include:

particles in their equilibrium
positions (no wave) @® sound waves

@ P-waves produced in earthquakes.
energytransfer
> Longitudinal waves are often called compression waves. When they

O--O--O--C000--O--O---O---O---0O travel through a medium they create a series of compressions and
<> <> <> irarefactions.
each particle vibrates parallel

to the direction of energy transfer When sound waves travel through air, air particles are displaced and

A Figure 6 /n a longitudinalwave bounce off their neighbours. These collisions provide the restoring

the particles vibrate parallel to the force. As the wave moves, regions of higher pressure (where the

directionof energy transfer particles are close together) and regions of lower pressure (where the

particles are more spread out) travel through the air, but no single

air particle travels along the wave. Instead they oscillate about their

equilibrium positions.
Study tip

Donot be tempted to use language

like‘sideto side’and ‘upand down’
to describe progressivewaves. Summary questions

Instead use ‘perpendicular’or
‘parallel’todescribetheoscillations. 1 Describethe similaritiesandthe differencesbetweentransverse

and longitudinalwaves. (3marks)

2 Describe how you can produce the two types of wave using a

slinkyspring. (2 marks)

3 CopyFigure? of a transverse wave ona rope and labelthe direction
energytransfer of motionofthe particleslabelledA,B sF p elled A,B,and C. (3 marks)

ee . o s : = 4 Suggest whythe speed of sound is faster through a medium
° ° ° o witha higherdensity. - (2 marks)

--@-------------@-------------@-------------e- Pian Take
° oC 3 : ane ; ;
ie) ie)

ie)° ie)
B

A Figure7



11.2 Wave properties
Specification reference: 4.4.1

NotesonterminologyGyo Senet te eeNe cele
rningoutcomes

A modern flute can produce notes with frequencies ranging from Demonstrate knowledge,

around 250 Hz to over 2kHz. The characteristics of these notes can be : understanding, and application of:

Humans have played flutes and similar instruments for 40 000 vears.

described with musical terms like pitch and volume, but they can also > displacement, amplitude,

wavelength, period, phase
difference, frequency, and
speed of awave

be described with scientific terms like frequency and wavelength.

Table 1 contains a list of key terms used to describe waves.

VYTable1Waveterminology =>theequationf=—POPPeeeeeeesseseseeseseeeeeeeeees
Term Symbol —_Unit Definition > the wave equationv=fA

displacement | = s | om distance from the equilibrium position in > graphical representations of

| a particular direction; a vector, so it can transverse and longitudinal

L | | have either a positive or a negative value ; Waves

sapien | 5 | Ana dnen cenneranttbiihs ooceccccccccccccccccecosoveccesosevcecre:

| | equilibrium position (can be positive or
| | negative]

b 1 | t
wavelength r m | minimum distance between two points in

| phase on adjacent waves, for example, the

distance from one peak to the next or from

one compression to the next

period of T S the time taken for one oscillation or

oscillation time taken for wave to move one whole

wavelength past a given point
+ ——

Hz the number of wavelengths passing a

given point per unit time

frequency

the distance travelled by the wave

per unit time

wave speed

A Figure1 Playingtheflute

motion of

particle at P wavelengthAoi te = |
Ere |

|| |ole APT ee
|pailswavelength——>

}<— wavelength —>|

(0,0)displacement
l<— wavelength —|

distance

A Figure 2. Wavelength and amplitude of a transverse and a longitudinal wave

The wave equation
From the definitions above we can derive the wave equation. This
relates the frequency fin hertz, the wavelength A in metres, and the

wave speed v in ms“.

va=fxr



11.2 Wave properties

Ifa wave has a frequency of 5.0 Hz, each second there are 5 complete

oscillations. If each wave has a wavelength of 2.0m, then the wave

has travelled 10m from the source in that time. Therefore, its speed

must be 10ms"!. So, for a frequency f, the wave would have travelled

a distance of f x A per second, that is, the wave speed v.

We can also see from the definitions that the period of oscillation and

the frequency of a wave are reciprocals of each other. If a wave has a

frequency of 2.0Hz, there are two complete wave cycles each second;
: ]therefore, the period for each wave must be 0.50s or ape Therefore,

we have a second important equation relating the frequency f of a

wave in Hz to its period Tin s.

i
i

Worked example: Finding the wavelength of a

musical note

A flute produces a high-pitched note that has a time period of
0.45 ms. The speed of sound through air is 330ms!. Calculate

the wavelength of the note produced.

Step 1: Identify the correct equation to calculate the speed

of the wave.

V=TR

r
As f= = substituting this into the first equation gives v = T

Rearranging gives A = vT.

Step 2: Substitute in known values in SI units (including the time

in seconds) and calculate the wavelength of the note.

i = 330 x 0.45 x 10-3 = 0.15m (2 s.f.)

Wave profile: displacement—distance graphs
A graph showing the displacement of the particles in the wave

against the distance along the wave is sometimes called the wave

profile (Figure 3). It may be helpful to think of such a graph as a
‘snapshot’ of the wave.

The wave profile can be used to determine the wavelength and

amplitude of both types of wave. As the displacement of the particles

in the wave is continuously changing, the wave profile changes shape

over time.

Figure 4 shows how the wave profile for a progressive wave changes

shape for four consecutive quarters of the period T, starting at t = 0
F : fh c

and increasing by — each time. After one complete period the particles

are back in their original positions.



equilibrium—_—_—_os—_—_———a action
withnowave(greydots)position of
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A Figure 3 Displacement—distance graphs for transverse and longitudinal waves are identical

displacement /cm

0.5

displacement /cm

ah.
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xCNa8 Hak
Heatagenstentatatose
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A Figure4Particles at PQ,and Roscillatefromtheirequilibriumpositionto
amaximumpositivedisplacement,backthroughtheirequilibriumpositionto
a maximumnegativedisplacement,andbackagain

‘ —_ z eg4 —Z



11.2 Wave properties

Phase difference

Phase difference describes the difference between the
displacements of particles along a wave, or the difference between

the displacements of particles on different waves. It is most often

measured in degrees or radians, with each complete cycle or wave

representing 360° or 27 radians.

If particles are oscillating perfectly in step with each other (they both

reach their maximum positive displacement at the same time) then

they are described as in phase. They have a phase difference of zero.

If two particles are separated by a distance of one whole wavelength

(Figure 5), we say their phase difference is 360°, or 27 radians (angles

can also be measured in radians). If they are two complete cycles out

of step their phase difference is 720° or 47 radians, and so on.

displacement / m

A Ee

0 distance / m

C

A Figure 5 Waveprofiles are helpful when determining phase differences: particles

at AandE have a phase difference of 360°, particles at Cand Dhave a phase
difference of 90°, whereas those at Cand E are in antiphase and have a have a phase

difference of 180°

If particles are oscillating completely out of step with each other (one

reaches its maximum positive displacement at the same time as the

other reaches its maximum negative displacement) then they are

described as being in antiphase. They have a phase difference of

180°, or 7mradians.

Two particles can have any phase difference as phase difference

depends on the separation of particles in terms of the wavelength.

+ Relatingpositionandphasedifference

The phase difference @between two points on a wave of wavelength A

separated by a distance x is given by

=Xx 360°
x

Fromthis relationship we can see that if the distance between two points is
equal to one wavelength the phase difference willbe 360°.

el Calculatethephasedifferenceiindegreessbeteeae :ee
waveofos 40cmied by:|



2 Calculate the distance between two points on a wave of wavelength

1.60 m when they have a phase difference of:

a Sir: b 540°; c 5iradians.

Displacement—time graphs
A second type of graph can be used to show how the displacement

of a given particle of the medium varies with time as the wave passes

through the medium. This graph looks the same for both transverse

and longitudinal waves (Figure 6).

displacement/cm

0.5

aT time/s

—0.5

A Figure 6 Agraph of displacement against time for a wave looks similar to

a wave profile

A graph of displacement against time can easily be used to determine

the period Tand amplitude of both types of wave. From the graph
we can see that at time t = 0 the displacement of the particle is zero.

After one-quarter of the period (f= ‘) the particle is at its maximum
possible negative displacement —0.5m. At time f= £ the particle is

back in its equilibrium position (displacement = 0), before moving to

its maximum positive displacement at f = t and returning again to its
equilibrium position after one complete cycle (f= T). The amplitude of

the progressive wave is 0.5 cm.

Using an oscilloscope to determine wave frequency

An oscilloscope can be used to determine the of 10V.cm~! would result in each square representing

frequency of a wave. For example, using a microphone a p.d. of 10 V.

we can produce a trace on the screen (Figure 7}. The

oscilloscope screen shows a graph of p.d. against time to signal soundwave
; j i generator :

for any signal fed into it. eg dip
; , microphone ;

Each horizontal square on the oscilloscope screen loudspeaker oscilloscope

represents a certain time interval. This is called the A Figure 7

timebase. If this is set to 1.0 ms cm“, then each

square represents a time interval of 1.0 ms (the
squares are normally 1cm across]. The height of the

‘trace on the screen can be changed by adjusting the y
sensitivity, measured in Vcm~‘. For example, a setting

From the timebase of the oscilloscope we can determine

the time period Tof the wave. Using this we can calculate

the frequency with
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In Figure 8 the timebase is set to 0.50 ms cm-*. The As the frequency ofthe varying p.d. from the microphone

horizontal distance from one peak to the next is exactly is the same as the sound frequency, we can use the

two squares on the screen, giving a period of 1.0 ms and oscilloscope to determine the sound frequency.

therefore a frequency of 1.0 kHz. ress
1 Describe and explain the effect on the trace

produced on the oscilloscope screen from a source
of constant frequency if the timebase is changed.

Sketch the trace on an oscilloscope screen with a
timebase set to 0.02 s cm? when a loudspeaker

producing a sound at 50 Hz is directed towards a

microphone connected to the oscilloscope.

A Figure8

1 Calculate the speed of a water wave with a wavelength of 50.cm
and a frequency of 2.0 Hz. (2 marks)

2 Copy Figure 5 and label the direction of the velocity of particles
at Aand D. (2 marks)

3 Plan an experiment to determine the frequency of sound emitted
from a whistle. (4 marks)

4 A flute produces a note with a time period of 2.0 ms. The speed of
sound through air is 340 ms+. Calculate the frequency of the note
and wavelength of the sound produced. (4 marks)

5 The wave profile in Figure 8 shows several particles at t=0. The wave
has a period of 4.0 seconds.

E
5
5
2
g

0.4
distance/ m

A Figure9

a Sketcha waveprofileshowingthe positionsofthe particlesafter:
i 1.0s; ii 2.0s. (4marks) ©

b Determinethe displacementofparticleCafter:
i 4.0s; ii 11s; iii. 1minute. (4marks) .

6 Determine the phase difference in degrees and radians betweenthe __.
followingparticles in Figure 8 (360° = 27 radians) |ice
a CD; b CE; c DF (3 marks).



11.3 Reflection and refraction

Specification reference: 4.4.1

Getting the right shot
There are certain features of some photographs that make them

enthralling. One key aspect of a good shot is what the light is doing
in the photo: how it reflects off and highlights different objects, and

sometimes unusual effects caused by the light changing direction as it

passes from one medium to another.

All waves can be reflected and refracted. Not just light but sound,

radio waves, and even X-rays can be reflected and refracted under the

right conditions.

Reflection

Reflection occurs when a wave changes direction at a boundary

between two different media, remaining in the original medium.

A simple example is light reflecting off a mirrored surface (Figure 1).

The light waves remain in the original medium (the air). We often

represent the direction taken by a wave as a ray (like those in

Figure 1). The ray shows the direction of energy transfer and so

the path taken by the wave.

The law of reflection applies whenever waves are reflected. It states

that the angle of incidence is equal to the angle of reflection.

When waves are reflected their wavelength and frequency do not

change. This can be seen by reflecting water waves using a ripple tank.

In Figure 2 we have represented the wave as a series of wavefronts.

Each wavefront is a line joining points of the wave which are in phase.

They can be thought of as the peak of each ripple. By definition (see

Topic 11.2, Wave properties) the distance between wavefronts is equal

to the wavelength of the wave.

Like plane (straight) waves, circular waves —like ripples from dropping

a stone into a pond —can be reflected too (Figure 3).

Refraction

Refraction occurs when a wave changes direction as it changes

speed when it passes from one medium to another. You will look at

refraction of light in more detail in Topic 11.8, Refractive index.

Whenever a wave refracts there is always some reflection off the

surface (partial reflection).

If the wave slows down it will refract towards the normal, if it speeds

up it refracts away from the normal. Sound waves normally speed up

when they enter a denser medium, whereas electromagnetic waves,

like light, normally slow down. This results in the waves refracting in

different directions.

eeeeeeeeseseceseere,

incident

et PHOSPHO OSE HEHEHE SHEE HE EEE EH ESESESESS

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

= reflection and refraction ofall

waves.

reflected

ray
mirrored

\ surfacenormal *, angle of
‘\ reflection

\
angle of ‘.

incidence

ray

A Figure 1. When waves are reflected
they always obey the lawofreflection
(note that all angles are measured to
the normal}

incident reflected
wave wave

S

A Figure 2 Plane waves can be made
by bobbing a ruler up and down ina
ripple tank —when they reflect off a
surface theirfrequency and wavelength

remain unchanged

Study tip

When drawing ray diagrams,

always measure angles to the

normal.



ny

Wave

source

A Figure 3 When circular waves reflect
off surfaces their wavelength and
frequency remain the same, just like

plane waves

boundary

A Figure 5 When waves refract their

wavelength changes: if the wave slows

down, as shown here, the wavelength

decreases so the wavefronts get closer

together

shallowwater
Mah {iss

A Figure 6 Waterwaves are refracted
when there is a change in depth

41.3 Reflection and refraction

normal normal

incident partial incident partial
ray reflection ray reflection

I I
Irefracted ! refracted vf,
Irey ray

yey
if the wave slows down

it refracts toward the normal

if the wave speeds up it refracts

awayfrom the normal

A Figure 4 Achange in wave speed causes the wave to refract towards or away from

the normal

Unlike reflection, refraction does have an effect on the wavelength of

the wave, but not its frequency. If the wave slows down its wavelength

decreases and the frequency remains unchanged, and vice versa.

Refraction of water waves

The speed of water waves is affected by changes in the depth of the

water, which gives us an easy way to investigate refraction of water

waves. When a water wave enters shallower water, it slows down and

the wavelength gets shorter.

Summary questions

1 Outlinethe similaritiesanddifferencesbetweenreflectionandrefraction.
(3marks)

2 Complete the diagrams in Figure 9 to show the reflection of light off
various mirrored surfaces. (4 marks)

Gil, oe b G

A Figure 7

ad



11.4 Diffraction and polarisation
Specification reference: 4.4.1

Seeing atoms
Optical microscopes have enabled us to make huge advances in the

fields of science and medicine. However, they have a limitation. We

cannot keep on magnifying an object, seeing ever more detail with

light. There is a limit.

This limit is around a few hundred nanometres. It results from a

particular property of all waves. At high magnifications the image

gets blurry because of the spreading of light, diffraction, as it passes

through the apertures in the microscope. Diffraction cannot be

avoided, and so if wewant further magnification we must use

different microscopes that do not rely on light. A scanning tunnelling

microscope (STM) uses electrons to form images with much greater

magnification. Objects down to individual atoms can be detected using

this technology.

Diffraction

Diffraction is a property unique to waves. When waves pass through

a gap or travel around an obstacle, they spread out.

All waves can be diffracted. The speed, wavelength, and frequency of

a wave do not change when diffraction occurs.

How much a wave diffracts depends on the relative sizes of the

wavelength and the gap or obstacle. Diffraction effects are most

significant when the size of the gap or obstacle is about the same as

the wavelength of the wave. This is why sound diffracts when it passes

through a doorway, allowing you to hear conversations around the

corner. The wavelength of the sound is similar to the size of the gap.

However, light has a much smaller wavelength, so it does not diffract

through such a large gap. In order to observe the diffraction of light

we need a much smaller gap.

Polarisation

It is also possible to polarise some waves. Polarisation means that
the particles oscillate along one direction only (e.g., Up and down in

the vertical direction), which means that the wave is confined to a
single plane. This ‘plane of oscillation’ contains the oscillation of the

particles and the direction of travel of the wave. The wave is said to

be plane polarised. You will learn more about the polarisation of

electromagnetic waves in Topic 11.7.

Light from an unpolarised source, like a filament lamp, is made

up of oscillations in many possible planes. As light is a transverse

wave, these oscillations are always at 90° to the direction of energy

transfer. If you could observe the wave travelling towards you,

you might see these oscillations as up and down, side to side,

or at any angle.

PPPOE EEE HEEHEHEEHEESEEEHEEHEEHEEEHEEEEEEE
.

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> diffraction

> polarisation.

eteeeeeseseeseseeete
.

COOP HHEHSESHEEEHHEHHEHTEHHHEHHHTETEESE

A Figure 1 Thisimage of a small
number of gold atoms (around 5nm

across at their base) on top of a graphite
layer (with individualcarbon atoms
seen as green dots} could notpossibly

be seen usinga lightmicroscope —it
was recorded with a scanning tunnelling

microscope

A Figure 2 Thesize of the gap compared
with the wavelength of the wave affects
how much diffraction takes place, and the

spacing between the wavefronts shows

that there is no change in wavelength

201



Study tip

When drawing diagrams to

show diffraction, make sure the

wavelength does not change.

A Figure 4 Thiscomposite image

shows the effect of a polarising filter
(right) on the reflections off the surface
of a rock pool —when the polarised
reflections are screened out by the filter
it is much easier to see the seaweed
growing in the pool

11.4 Diffraction and polarisation

or
’ unpolarised light

A Figure 3 Aplane polarised wave is.a wave in which the oscillations are in one
direction only (left), whereas an unpolarised wave has oscillations in several directions

polarised light

In longitudinal waves, the oscillations are always parallel to the

direction of energy transfer, so longitudinal waves cannot be plane

polarised. Their oscillations are already limited to only one plane (the

direction of energy transfer).

Partial polarisation
When transverse waves reflect off a surface they become partially

polarised. This means there are more waves oscillating in one

particular plane, but the wave is not completely plane polarised.

For example, light reflected off the surface of water is partially

polarised. Most of the light reflected off the surface becomes

horizontally polarised. Some sunglasses contain polarising filters.

These only allow light oscillating in one plane to pass through them,

reducing the glare reflected off flat surfaces like lakes.

Summary questions

1 Explainwhyit is notpossibleto polarisea soundwave. (2marks)

2 Givetwoexamplesofa wavethat can be planepolarised. (2marks)

3 Explainwhy the diffraction of sound is regularly observed,
but the diffraction of light is observedless frequently. (2 marks)

‘ve |

4 lwo different waves pass through a 3.0 m gap. Thefirst wave
has a wavelength of 3.0 cm, the second wave 3.0 m. Describe vie
the effect of the gap on each wave. ri (3. marks) |

‘ay



11.5 Intensity
Specification reference: 4.4.1

Can you hear me at the back?

The Andromeda galaxy (Figure 1) is one of the most distant
objects you can detect with the naked eye. It is around

24.000 000 000 000 000 000 000 m (2.4 x 10??m) from Earth. Like any

progressive wave, the light from the galaxy spreads out as it travels

further away from the source. The energy and power transferred

becomes less concentrated. In the case of light, this means the further

it travels from a source, the dimmer it becomes.

If the power of the wave source is known, this drop in brightness can

be used to calculate how far the source is from the receiver. Certain

types of supernovae always reach the same maximum brightness.

Astronomers can use this information to determine our distance from

the Andromeda galaxy and other astronomical objects.

This decrease in intensity with distance from the source occurs for all

waves. Sound gets quieter and water waves decrease in amplitude.

Intensity
The intensity of a progressive wave is defined as the radiant power

passing through a surface per unit area. Intensity has units watts per

square metre (Wm) and can be calculated using the equation

where / is the intensity of the wave at a surface, P is the radiant

power passing through the surface, and A is the cross-sectional area

of the surface.

Intensity and distance —an inverse square relationship
When the wave travels out from a source the radiant power spreads

out, reducing the intensity. For a point source of a wave, the energy

and power spread uniformly in all directions, that is, over the surface

of a sphere (Figure 2).

The total radiant power P at a distance r from the source is spread

out over an area equal to the surface area of the sphere (A = Anr?).

Substituting this area into our equation for intensity gives

iP lep= — =
Av Ax’

Worked example: Finding the power of the Sun
The average distance from the Earth to the Sun is 150 million km.

The intensity of the radiation received by the upper atmosphere

is 1400 Wm. Calculate the total power output of the Sun. >)

SPOS EHEEEHESEEESEEEEEE HEHEHEEHEEES

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> intensity of a progressive
P

iwave A

> intensity x (amplitude)*.

eteeeeeeeseseseseesesete
COCO SHEEHEHEETEHEHHHEHHTHEHHEHHEHHESHEHESEEEEESY

A Figure 1 TheAndromeda galaxy is

around two million light years away, so

its light has taken two million years to
reach us

BA source fe

me

lower
intensity

higher

intensity

A Figure 2 Theradiant powerfrom
a point source spreads out in a sphere,

so the intensity of awave depends
on the area over which the power is

spread out —the greater the area,
the lower the intensity



11.5 Intensity

Synoptic link

‘LORS(light-dependentresistors}
were introduced in Topic 9.9,

The:EDR: =

o
Step 1: Identify the correct equation to calculate the power from

the Sun.

Ie ie
l[=—= 5

A Anr

Step 2: Rearrange to make the power the subject.

P= 1 Agr

Substitute in known values in SI units (including the distance in

metres.

P= 1400 x 4m x (150 x 107)? = 4.0 x 1076W (2 s.f.)

We can see from the equation that the intensity has an inverse

square relationship with the distance from the source (J x 1/r). If

the distance doubles, the intensity decreases by a factor of 4 (27), and

if the distance increases by a factor of 100 the intensity will be 1007

times smaller (Figure 2).

Intensity and LDRs

We can use an LDRto investigate how the intensity varies with distance
from a constant power source (like a simple filament lamp).

In order to determine the intensity a calibration curve is used. Each LDR has

its own calibration curve that allows the user to convert the resistance of

the LDR into intensity.

resistance/Q

intensity / Wm-@

A Figure 3 Calibrationcurvefor an LDR



1 Use the data collected in Table 1 and the calibration curve to plot

a graph of intensity against distance.

Y Table 1

Distance from th

source /cm

Resistance of the

2 Use the graph to test whether the intensity follows an inverse

square relationship with distance from source.

Intensity and amplitude
When ripples travel out across the surface of a pond the intensity

drops as the energy becomes more spread out. This causes a drop in

amplitude. That is, the ripple height decreases the further the wave is

from the source.

Decreased amplitude means a reduced average speed of the oscillating

particles. Halving the amplitude results in particles oscillating with half

the speed, and a quarter of the kinetic energy (FE,= smv?). So for any
wave the intensity is directly proportional to the square of the amplitude.

Double the amplitude of a wave and the intensity will quadruple.

intensity x (amplitude)?

Summary questions

1 State what happens to the intensity of awave when the amplitude:
a increases by a factor of 3; b decreases bya factor of 4. (2 marks) rn

2 Calculate the intensity when a power of 400 Wis received over
a cross-sectional area of 20 m?. (2 marks)

e the intensity 20 mfroma source oflightwitha power
(3 marks)

econeoflightcreatedwhenlightpasses
2lens.Describeandally howtheintensityof :

hat «spring (4marks)

A Figure4



11.6 Electromagnetic waves
Specification reference: 4.4.2

POCSEHHHHESOESEHEHSOHEHESESSEESOHSEOEEEES,

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

Travelthrough nothing
Electromagnetic waves (EM waves) do not need a medium. Unlike

all other waves, they can travel through a vacuum. Without this

ability to travel through space there could be no life on Earth, because

> the electromagnetic this is how energy is transferred to our planet from the Sun.

spectrum

> properties of electromagnetic

waves

What is an electromagnetic wave?
An EM wave is an example of a transverse wave, but it is a little more

complex than a ripple on a pond. EM waves can be thought of as electric

and magnetic fields oscillating at right angles to each other (Figure 2).
> the orders of magnitude

of the wavelengths of the

principal radiations from radio
waves to gamma rays view along direction of wave

oscillating
electric field

epeeeeosescenvoesesaeseHesEHeoeeasSseeseeneeee®
—————

oscillating magnetic field
direction

of wave

A Figure 2 Anelectromagnetic wave

A Figure 1 These radio telescopes are does not need a medium to be able to

designed to detect radio waves from objects transfer energy

deep in space, allowing physicists to learn

more about our universe and ultimately

about how life on Earth was possible

The electromagnetic spectrum
The different types of EM wave are classified by wavelength. The full

range of EM waves is called the electromagnetic spectrum and ranges

from radio waves, with the longest wavelength, to gamma rays, with

the shortest. Some radio waves have wavelengths longer than a million

metres, whilst high-frequency gamma waves have wavelengths of just

10-'¢m (less than the diameter of an atomic nucleus).

As you can see from Figure 3, the wavelength ranges of X-rays and

gamma rays overlap. Unlike other parts of the spectrum, these EM

reducing wavelength (values in m)

>
>106 107 103 7x10-7 4x10-7 108 10°19 19-18 <1Q-16

the possible range of
wavelengths of X-rays and

700 nm 400 nm gamma rays overlap

A Figure 3 Theelectromagnetic spectrum ranges from radio waves down to gamma rays



waves are not classified by their wavelength, but by their origin.

X-rays are emitted by fast-moving electrons, whereas gamma rays

come from the unstable atomic nuclei.

Properties of EMwaves
Like all waves, EM waves can be reflected, refracted, and diffracted. As

EM waves are transverse waves they can also be plane polarised (see

Topic 11.7, Polarisation of electromagnetic waves).

All EM waves travel at the same speed through a vacuum (c), 3.00 x

10°ms7'. This is a very close approximation to their speed through air.

Therefore, we can modify the wave equation for EM waves to

Using c to find wavelength

A radio station transmits at a frequency of 107.3 MHz. Calculate
the wavelength of the radio wave to an appropriate number of

significant figures.

Step 1: Identify the correct equation to calculate the speed of

the wave.

CHITA

Rearranging this equation for A gives

A=
f

Step 2: Substitute in the known values in SI units and calculate

the wavelength.

8Mics3.00x 10Sehr etn =2:80m (3 s.f.)

Studying the universe

Only certain EMwaves are transmitted through our atmosphere: some radio

waves (wavelengths between 10 cm and 10 m], visible wavelengths, and

longer wavelengths of UVmake it to the surface, but most other frequencies

are either reflected or absorbed by the atmosphere.

EMradiation from distant stars and galaxies is studied in great detail. Often

this is only achievable by placing telescopes high on mountain tops or

sending them into space.



11.6 Electromagnetic waves

transparency/%

Inm 1l0nm 100nm lum 10um 100um 1mm 10mm 100mm 1m 10m 100m

<—.<inm wavelength >100m
all blocked all blocked

A Figure 4 Mostfrequencies of EMwave do not penetrate the Earth's atmosphere

1 Givetwo reasons why telescopes are often built on mountains.

2 Outline the benefits and drawbacks of sending a telescope into space.

3 Look at Figure 4.

a Determine the parts of the EM spectrum for which the radiation received at ground level is:

i lessthan 10%; ii. more than 80% of the radiation level above the atmosphere.

b Calculate the highest and lowest frequencies of EM radiation that reach the Earth's surface.

1 List the EMspectrum in order of frequency from highest to lowest. (2 marks)

2 State the property of EMwaves that confirms they are a type of transverse wave. (1 mark)

;

3 Calculatethewavelengthofthe followingEMwaves:
a aradiowavewitha frequencyof88.0MHz; (1 mark).
b microwaveswithafrequencyof2.4GHz; (4mark)|
c X-rayswith a frequency of 9.0 x 10!°Hz. (1 mark)

aly ie i
4 Thehuman eye can detect EMwaves with wavelengths from around 400 to 700 nm. yy PC

Calculate the minimum and maximum frequencies of light that the eye can detect. 1(2 marks)

5 The Earth is on average 150 millionkm fromthe Sun. Calculatethe time taken for. . nate a4]
lighttotravelfromtheSuntotheEarth. ; Taye ( é

ahs



11.7 Polarisation of

electromagnetic waves
Specification reference: 4.4.1, 4.4.2

An echo from inflation? LOOPOemerrorsenerereecesesesesesesesesess:
Learning outcomes
Demonstrate knowledge,
understanding, and application of:

We have seen how electromagnetic waves, like all transverse waves,

can be plane polarised. In 2014 a pattern in the polarisation of the

cosmic microwave background radiation was observed that may provide

the first glimpse of evidence for gravitational waves and for inflation, a

key part of the Big Bang theory (when the very early universe rapidly

expanded from smaller than a proton to the size of a grapefruit).

> plane polarised waves

> the polarisation of
electromagnetic waves.

eteeeeeeeeeseeeeeseestte
Using polarising filters
Most naturally occurring electromagnetic waves are unpolarised. The

electric field oscillates in random planes, all at 90° to the direction of

energy transfer.

Unpolarised electromagnetic waves can be polarised using filters called

polarisers. The nature of the polariser depends on the part of the

electromagnetic spectrum to be polarised, but each filter only allows

waves with a particular orientation through (Figure 1).
vibrations vibrations

go through stopped

; : : fence with vertical fence with horizontal
npc rails acting as slits rails acting as slits

plane

A Figure 1 A polarisingfilter acts likea slatted fence, only allowingelectromagnetic waves polarised in the same direction

as the filter to pass through

Polarisationoflight
Polaroid filters are plastic films that contain verylongthin _ Unpolarised light passing through the first filter
crystals and polarise light. They are used in sunglasses becomes plane polarised. Ifthe second filter (sometimes
and over liquid crystal displays such as watches. called the analyser) is in the same plane as the first,

then the light passes through it unaffected. However,if
the second Polaroid is slowly rotated, the intensity of the

light transmitted through it drops. When the second filter
has turned through 90°, no light is transmitted and the

Ifyou take two pieces of Polaroidfilter,place them together,
and rotate them, you can observe the effect of the plane
polarisation of light passing through the filters (Figure 2).

i intensity falls to zero (Figure 3).
Myo Q ee. Figure 3 Change

= : Coe ee intheintensityof
= Nr Pee /f the lighttransmitted

ae : NE COC : througha pairof
Rees Tae UL Polaroidfiltersastheir

; relative orientation is

A Figure 2 As onefilter is rotated with respect to the other, rotated through 360°
the intensity of the light passing through the filters varies angle betweenfilters/ °

relativeintensity/%



11.7 Polarisation of electromagnetic waves

Polarisation of microwaves oe enabling the user to see what is cooking, but at the same

Microwaves produced artificially tend to be plane time preventing microwaves from escaping.

polarised. Any unpolarised microwaves can be polarised
like light, but in place of a Polaroid filter, ametal grille is

used (Figure 4}.

1 Outline why the intensity varies from a maximum

value to zero.
Ametal grille is placed between a source of plane

BUS __metalgrille polarised microwaves and a receiver. Describe
transmitter = microwave : : :. reciever and explain the effect of rotating the grille through

180° around the axis of the beam on the intensity

recorded by the receiver.
Suggest why the metal sheet in the door of

A Figure 4 Ametal grille is able to polarise microwaves microwave ovens contains little holes, rather than

a series ofslits.
Inside the door of each microwave oven is a metal sheet

with many holes in it. This allows light to pass through,

Aligning aerials
One use for the polarisation of electromagnetic waves is in
communications transmitters. In order to reduce interference between

different transmitters, some transmit vertically plane polarised waves

and others nearby transmit horizontally plane polarised waves. An
aerial aligned to detect vertically polarised radio waves will suffer less

interference from horizontally polarised waves and vice versa.

1 State why the polarisation of light supports the view that
light is a transverse wave. (1 mark)

2 Lookat Figure 3. Explain why the maximum intensity occurs
at 0°, 180°, and 360° and the minimum at 90° and 270°. (2 marks)

rotatesit.AtaOyaieheetheJatonscreenappea
a pres iaincecanMISUSabout“henature¢C



11.8 Refractive index

Specification reference: 4.4.2

Seeing the light armnsnases LER OE ee Re.
ici ) : LearniOpticians use refractometers, which measure precisely how beams of : ng outcomes

light are refracted as they pass through the lens in a patient’s eye. The : Demonstrate knowledge,
angle at which the light refracts depends on a property of the material : understanding, and application of:

from which the lens is made called the refractive index. By accurately : — refraction oflight
determining the refractive inde > lenses} : yee : AT1 g the refractive index of the lenses in the patient’s eyes an > => refractive index

appropriate prescription of glasses or contact lenses can be recommended. c Pag:
> n=—-;nsin@ =constant.

. V
. PCOS HHESEEEEEHEEHEHTEHEEHHEEHEHTEHEEEEE:

Refractive index

Different materials refract light by different amounts. The angle at V Table 1 Refractive indices for some
ut ; common substancewhich the light is bent depends on the relative speeds of light through a cei

the two materials. Each material therefore has a refractive index, Material n

calculated using the equationa . q vacuum 1.00
ien=—v air 1.00 (actually

where n is the refractive index of the material (it has no units), cis the 1.000293)

speed of light through a vacuum (3.00 x 10%ms~'), and vis the speed
; een " water i 3S

of light through the material in ms“.
ye Se ie olive oil 1.47

If m = 1 then the speed of light through the material is the same as the
speed of light through a vacuum. crown glass 52

normal normal diamond 2.42

= Study ticiate boundary uP

n=13 When drawing ray diagrams to

show refraction, remember that

angles are measured between the

A Figure 1 Thegreater the refractive index, the more the light entering the material is ray and the normal.

refracted towards the normal

Workedexample:Thespeedoflightthrougholiveoil
Use the data in Table 1 to determine the speed of light through olive oil.

Step 1: Identify the correct equation to use.

which can be rearranged for v to give

Step 2: Substitute in known values in SI units and calculate the speed of light through the olive oil.

8y=2200x10"_504 x 108ms"
1.47

The speed of light through the material will always be less than the speed of light through a vacuum.

211



11.8 Refractive index

S A Refraction law
ummers questions The anglesmade bya ray of light at a boundary between two media

was first investigated in 984 by the Persian physicist Ibn Sahl, then

much later by Willebrord:Snellius in 1621. Their findings can be

simplified and expressed mathematically as

1 Describethe relationship
betweenrefractiveindex
andthe speed oflight
througha material. (3 marks) nsinb=k

2 The speed of light in ethanol is where n is the refractive index of the material, 6 is the angle between

measured as 220 x 10°ms*. the normal and the incident ray, and k is a constant.

Calculate the refractive ;
We can apply this equation to describe what happens when light

indexofethanol. (2marks) ;
travels from one medium to another.

3 Usingthedata inTable1Se ee n,sin@,=n,sin 0,
calculatethe speedoflight
throughwater. (3marks)

4 Use the information in Figure 2 Worked example: Calculating the angle of refraction

to determine the refractive A ray of light travels from water to crown glass (a glass often
index of material B. (2 marks) used to make lenses). The light strikes the boundary between

a the two at an angle of 40.0° to the normal. Calculate the angle of

SArayoflighttravelsfromolive Tetrachom.
~ oilto crownglass. Itstrikes the
f boundary between the media Step 1: Identify the correct equation to use.

- atan angle of 45°. Carefully Acie
_ drawa diagram showingthe
path ofthe refracted ray, _ Apply this equation to a ray of light travelling from water into glass.

labelling the angleswith theirCe et ie n sin 6 =e eit: “correctvalues. (4 marks) Her ae Niue ee

oe Rearrangeforsin@,,.....6 Alrayoflightttravelsfrom :
-diamondinto ater.als lighti sinWe=od

glass Nglass

Step 2: Substitute in known values and calculate sin @,,,.. (make

sure your calculator is in degree mode). i

eel33 Oosire O°
ae 1.52

= 34:2”

sin 6 = 0) Ses

0
glass

This angle is less than 40.0°, as the light has slowed down when it

entered the glass from the water, bending towards the normal.

material B

material A

fe

A Figure 2



11.9 Total internal reflection

Specification reference: 4.4.2

Givingdiamondstheir sparkle gtPPPSeeeeeseseseesesesessesessessseseses
Learningoutcomes
Demonstrate knowledge,

understanding, and application of:

oR re
critical angle and sinC =—

Diamonds have a number of unusual physical properties. They are

extremely hard (the term diamond comes from the ancient Greek

word for unbreakable) and are superb thermal conductors. But it is

perhaps their sparkle that makes diamonds so attractive. eteeeeeeeeeesseeeeeees
At n = 2.42, the refractive index of diamond is one of the highest of all > total internalreflectionforlight.
natural materials. Once light enters a diamond it is usually reflected Ceraaisaaha'a'eMe"aoTa"asalghglaretarataa’otelaaiataletaeretraraarate
off the inner surfaces several times before it leaves the diamond.
A skilled diamond cutter exploits this property to give diamonds
their characteristic sparkle.

Conditions for total internal reflection

The total internal reflection (TIR) of light occurs at the boundary

between two different media. When the light strikes the boundary at a

large angle to the normal, it is totally internally reflected. All the light

is reflected back into the original medium. There is no light energy

refracted out of the original medium.

Two conditions are required for TIR.

1 The light must be travelling through a medium with a higher A Figure 1 Thehigh refractive index of

refractive index as it strikes the boundary with a medium with diamond means light travels at a slow

a lower refractive index. For example, TIR is possible when light in speed of 124 000 000 ms“ through it
glass meets air, but not the other way around.

2 The angle at which the light strikes the boundary must be above

the critical angle. This angle depends on the refractive index

of the medium.

normal normal normal

2
Gs I

I 1
I i

\ I l

@<C p= 1c = C

refraction and light refracts along the total internal

partial reflection boundary between the reflection

occurs two media

A Figure 2 Light meeting the boundary at exactly the critical angle travels along the

boundary between the two media

By using 1, sin #, = 1, sin #,, you can GETennine the relationship
between the refractive index of the medium and the critical angle

when light travels from the medium into air.

At the critical angle C, 0,;, is 90° (see Figure 2).

nsinC = n,;, SiN90°



A. 11.9Totalinternalreflection
Both the refractive index of air and sin 90° are equal to 1, so this becomes

nsinC=1x 1

: ]
sin C = —

‘ nN

From this we can see that the greater the refractive index the lower

the critical.angle.

Worked example: Crownglass
Crown glass has a refractive index of 1.52. Determine the critical

angle between crown glass and air.

Step 1: Identify the correct equation to use.

sinc=+

nN
Rearranging for C gives

vA.

n
Step 2: Substitute in known values and calculate the critical angle

(making sure your calculator is in degree mode).

C= sie

: 1C=sin?) ———=41
152.

If light strikes the internal surface of crown glass at above 41.1°

then it will be totally internally reflected.
semi-circular
block

>
Determining refractive index from the critical angle
A simple experiment to determine the refractive index of a material

can be carried out by carefully measuring the critical angle of a

semi-circular block (Figure 3).

light from
a ray box

Directing the ray of light towards the centre of the semi-circular block

ensures that light enters the block at 90° to the boundary and does not
A Figure3 Usinga Sani)altel change direction, so the critical angle can be measured accurately.
blockto measure the criticalangle and
calculate the refractive index of the block

partial reflection

Optical fibres

Opticalfibres are designed to totally internally reflect pulses ofvisible light
(or occasionallyinfrared) travelling throughthem. Theyhave many uses,

includingtransmitting data for fast broadband connections and images from

inside patients duringkeyholesurgery.

Asimple optical fibre has a fine glass core surrounded by a glass cladding
: with a lower refractive index (Figure 5, left). Lighttravelling through the

A Figure4 Opticalfibresare usually fibre is contained within the core because oftotal internal reflection at the

madefromflexibleglass that has a high core/cladding boundary.
refractive index
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core

cladding

ea eeCcladding

position

A Figure 5 Simple optical fibres are step indexed to ensure that the light

remains inside the core of each fibre

Simple optical fibres are step indexed. The refractive index changes

suddenly between the core and cladding, and between the cladding and the

air. When plotted on a graph of refractive index against distance across the

fibre, the refractive index changes as a series of steps (Figure 5}.

1 Explainwhy the claddingofan optical fibre must have a lowerrefractive
indexthan the core.

2 Iwo pulses of light are sent along an optical fibre. Onetravels along

the central axis of the fibre, the other undergoes many total internal

reflections off the core—claddingboundary. Outline the differences in

the received pulses at the end of the fibre. *

In some optical fibres, called graded index fibres, the refractive index
changes gradually across the fibre. It is lowest at the edge, increasing

towards a maximum in the centre. Drawa diagram to show how a ray

of light travels through a graded index optical fibre.

1 Describe what would happen to the critical angle if asemi-circular
block with a lower refractive index was used in an investigation
similar to the one described above. (2 marks)

2 Calculatethe criticalanglefordiamond(refractiveindexfor
diamondis 2.42). (2marks)

3 The critical angle for a Perspex (polyacrylate) block was measured
as 42.8°. Calculate the refractive index of Perspex. (2 marks)

4 UseFigure6 to calculatethe refractiveindexofmaterialA. (3marks)

5 Crownglass has a criticalangleof41.1°.Drawdiagramstoshow ra
the path of aray oflightthat strikesthe boundarybetweencrown
bre glass andair at:
a Att

air

materialMehoOW sgt.o Fe:65,0%, (6marks) 3
: y

m

A Figure6



i. Practicequestions:Chapter11
Practice questions
loa

b

Explain what is meant by a progressive
wave. (2 marks)

Describe how a transverse wave differs from
a longitudinal wave. (2 marks)

(i) Explain what is meant by diffraction
of a wave. (1 mark)

(ii) Describe how you could demonstrate
that a sound wave of wavelength
0.10m emitted from a loudspeaker
can be diffracted. (4 marks)

Jan 2012 G482

State two main properties of
electromagnetic waves. (2 marks)

A scientist is investigating a device
emitting electromagnetic waves of
frequency 15 GHz. Calculate the
wavelength and identify the type of
electromagnetic waves being investigated
by the scientist. (4 marks)

Define the refractive index of a

transparent material such as

glass. (1 mark)

A ray of light is incident normally at the
surface of a triangular shaped block of
glass, see Figure 1.

glass block

‘A Figure 1

The refractive index of the glass is 1.48.

(i) Calculate the speed of light in the
glass block, (2 marks)

(ii) Calculatethe criticalanglefor the
: glass-airinterface. (2marks)

(iii) Describe and explain the path of the

ray of light inside the block. (4 marks)

a Define the following terms as applied to

wave motion.

(2 marks)

(ii) frequency and phase difference (2 marks)

(i) displacement and amplitude

b Figure 2 shows a transverse pulse on a
slinky, a wound spring, at time t = 0. The
pulse is travelling at a speed of 0.50ms!
from left to right. The front of the pulse is

at point X, 0.25 m from the point P.

=> 0.50ms?

' 0.25m *0.25m : 0.25m : 0.25m -

A Figure2

On a copy of Figure 3, draw a displacement
y against time ¢graph of the motion of
point P on the slinky from t= 0 to t= 2.5s.

A Figure3

May 2012 G482

A transverse wave travels on a stretched cord
from left to right. Figure 4 shows, at a given
instant, the shape of the cord.

-Y_--+------#0
A Figure4
The frequency of the wave is 2.4Hz. A, B and

C are particles on the rubber cord. |



Use Figure 4 to determine the speed of
the wave. (4 marks)

Calculate the phase difference, in degrees,

between the points A and B. (2 marks)

Describe and explain the direction in

which A would move as the wave travels

a very short distance. (2 marks)

June 2011 G482

On a copy of Figure 6, show

(i) the wavelength of the wave (1 mark)

(ii) the amplitude of the wave. (J mark)

Compare and contrast the motion of

particles at Pand Q as the wave travels
to the right. (3 marks)

The distance between points P and R

. is 2.1 cm. The frequency of the wave is
6 a Describe a plane polarised wave. (2 marks) 20 Hz.

b_ Light reflected from the surface of

water is partially plane polarised in the
horizontal direction. The reflected light is

totally plane polarised when the angle of
reflection is about 53°.

Calculate the speed of the wave. (3 marks)

d_ The speed of the waves in a ripple tank
can be altered by changing the depth of
the water.

State and explain the effect on the
wavelength when the speed of the waves
is doubled but the frequency is kept
constant. (2 marks)

polarising
filter (edgeon)incident light ee eye

8 a A 1.2mW laser emits light of wavelength

620nm and a beam of diameter 0.82 mm.

Calculate

(i) the frequency of the light me

(ii) the intensity of the beam of light.
(2 marks)

b_ Figure 7 shows the path of a laser beam
through a block of glass.

angle of reflection

water surface

A Figure 5

Describe, referring to Figure 5, the Bs weiheevelareh

experiment that you would perform using
a polarising filter (a sheet of Polaroid) to
determine whether the statement above
is correct. Describe what you expect to
observe. (4 marks)

June 2011 G4&2

A Figure77 Figure 6 shows the surface of water ina _

ripple tank at a given instant. The refractive index of glass is 1.50.

Calculate the time in ns it takes for the

light to travel from A to B to C. (4 marks)
direction of travel of the wave

——



WAVES 2

12.1 Superposition of waves
Specification reference: 4.4.3

eseeeeneene0COCSCHHSESEHNHHHEHESHHOSHOHEHOSEOE,. Noise-cancelling headphones
Learning outcomes
Demonstrate knowledge,
understanding, and application of:

Some headphones offer noise cancellation. This feature relies on the

principle of superposition of waves to remove unwanted sounds

from the listener’s surroundings, allowing them to focus on the

= the principle of superposition music. A microphone on the outside of the headphones detects the

of waves > background noise. The speakers inside the headphones then produce

waves that aim to perfectly cancel out all external sounds. Some
people use these headphones without music to allow them to sleep in

noisy environments like aircraft cabins.

> graphical methods to
illustrate the principle of

superposition

= interference.
Pecceceveecnee0e8

Superposition

When two waves of the same type meet, they pass through each
other. Where the waves overlap, or superpose, they produce a single

(\ x wave whose instantaneous displacement can be found using the
principle of superposition of waves.

y \ | \ The principle of superposition states that when two waves meet at a
ai mae point the resultant displacement at that point is equal to the sum of

ia JX the displacements of the individual waves.

As displacement is a vector quantity, when the displacements of two

waves are added together the resultant can be greater or smaller than

e
eeoeoseeeceaeeosecs eesceeerecocvesesesxvessosse®

<—_— > the individual displacements of each wave. Some examples are shown
iy han in Table 1 and Figure 2.

— =

f \ [ \ VYTable1 Superpositionofwave1andwave2

A Figure 1 Twopulses passing through

each other superpose when they meet,

in this case adding up to create a
pulse with twice the amplitude of the
individual pulses

displacement/mak VWfe.d aesedne.e.
=0'3

A Figure2 Morecomplexsuperposition of wave 1 (blue) and wave 2
(red) toproduce the resultant wave [green]



_—aes

From superposition to interference

When two progressivewavescontinuouslypassthrougheachother they ae + ae =
superpose and produce a resultant wave with a displacement equal to

the sum of the individual displacements from the two waves. This effect

is called interference and will be covered in more detail in Topic 12.2.

+
If the two waves are in phase then the maximum positive

displacements (the peaks in a transverse wave) from each wave line

up, creating a resultant displacement with increased amplitude. This is

called constructive interference (Figure 3).

A Figure 3 Constructive (above) and
destructive [below] interference

As intensity < (amplitude)*, the increase in amplitude resulting from

constructive interference increases the intensity: sound waves are
louder, and light is brighter.

If two progressive waves are in antiphase, then the maximum positive

displacement (the peak in a transverse wave) from one wave lines

up with the maximum negative displacement (the trough) from
the other, and the resultant displacement is smaller than for each

individual wave. This is called destructive interference.

Synoptic link
If the waves have the same amplitude the resultant wave will have

zero amplitude —it is cancelled out completely (Figure 3). Ifyou are unsure about the

relationship between amplitude
The reduction in the displacement results in a drop in intensity at that and intensity, lookback at

point. Sounds are quieter, and light is dimmer. If the resultant wave Topic11.5, Intensity.

has zero amplitude, the intensity falls to zero.

Summary questions

1 State and explainthe type ofinterferenceused bynoise-cancellingheadphones. (2marks)

2 Sketchtwodiagramsto illustratethe differencebetweenconstructiveand destructiveinterference. (2marks)

3 Determine the effect on the intensity when two waves of the same amplitude and perfectly
in phase interfere. (2 marks)

4 Twosound waves are superposed. The first has a wavelength of 1.0m and an amplitude of
5 mm. The second has a wavelength of 0.20 m and amplitude of 1 mm. Drawa displacement—distance
graph for the resulting wave for distance in the range of 0 to 1.0 m. Assume the waves have a smooth
sine-wave shape. (6 marks)

5 Two progressive waves travel towards and then pass through each other. Each wave

travels at 1.0 ms‘, and their starting positions are shown in Figure4.
> —2

OoFR

14 16

distance /m
Ne

|
—

displacement/m
ee

seen AFigure4
nietaeaseriesofsixdiagrams,eachonesecondapart,toshowhowtheresultant

eciaedunenchangesasthesetwoprogressivewavessuperposeover6s. (6marks)
Seesaw wiSees res AS Noviele



12.2 Interference

Specificationreference: 4.4.3

COHOCESHHEHSHESHHSHEHHESHHHHHHEHHBEHSHEHEHEOS,

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

= interference, coherence,
path difference, and phase

difference
> constructive interference and

destructive interference in

terms of path difference and

phase difference

> two-source interference using

sound and microwaves.

eCESK CEHESCFEHESECHOSTHOSEHOHHLESEOSESECEHTESEEF

A Figure 1 As the ripples overlap they

interfere, sometimes constructively,
other times destructively, creating

patterns

A Figure 2 A stable interference pattern

formed by two dippers in a ripple tank
producing coherent water waves

Differences matter ‘

If you watch the ripples on a pond when raindrops fall, you will see
an interference pattern (Figure 1). As the wave caused by each

raindrop travels outwards it overlaps with waves caused by other

drops. At different points these superposed waves are in phase,

interfering constructively, or out of phase, causing destructive
interference. Random raindrops do not form a stable interference

pattern but one that changes all the time. For a stable pattern, the

waves must be coherent (Figure 2).

Forming stable interference patterns
Coherence refers to waves emitted from two sources having a constant
phase difference. In order to be coherent the two waves must have the

same frequency.

Filament lamps emit light of a range of different frequencies and ever-

changing phase difference between different waves. In other words,

they do not emit coherent light. Therefore, it is not possible to produce

stable interference patterns using two filament lamps.

Path difference and phase difference
Interference patterns contain a series of maxima and minima. At

a maximum the waves interfere constructively, at a minimum they

interfere destructively. For example, a pair of loudspeakers emitting

coherent sound waves produces an interference pattern with regions

that are louder (maxima) and others that are quieter (minima) than

the original waves. The same effect can be seen in Figure 2 with water

waves. In places the water waves have increased amplitude (maxima)

and in others the amplitude appears to be zero (minima).

In both cases these maxima and minima are a result of the two waves

having travelled different distances from their sources. This difference

in the distance travelled is called the path difference.

Figure 3 shows two sources emitting coherent waves. The wavelength

of the progressive wave is A. If the path difference to a point is zero

or a whole number of wavelengths (0, A, 2A, ..., 7A, where 7 is an

integer), then the two waves will always arrive at that point in phase.

This produces constructive interference at that point. The resultant

wave at this point has maximum amplitude.

If the path difference to a point is an odd number of half wavelengths
(SA, =A, vey (N+ =A, where 77is an integer) the two waves will always

arrive at that point in antiphase. This produces destructive interference.

The resultant wave at this point has minimum amplitude.

At the central maxima, shown in Figure 4, the path difference is zero

and so the phase difference is zero. At the first-order maxima the path

difference is one whole wavelength, so the phase difference is 360° or

°°:ee



source eatone YS.eo RX
eas

XQSe —A=B,pathdifference=0oowhy ”.inphase(maxima)ees > Studytip\ any
AS ABcathcited Pathdifferenceisadistance,source| *,outofphase(minimal measuredinm,c= . ,cm,ormm.Donot confuse this with phase

Pe, ad Be difference,whichismeasuredin
= degreesorradians.E> F, path difference = 2A

n phase (maxima)

A Figure 3 Thepath difference determines the phase difference between the waves

arriving at a given point

path phase
difference difference

2'9 order maxima DN An

source a i. lnila 2' order minima 1 5 A St

15 order maxima A 2m

“ 1%order minima 5A Tt

jes== =--- central maxima 0 0

1 order minima 5A Tt

15torder maxima j\ on

source 29 order minima 15a 3n

two d2" order maxima yl An

A Figure 4 Maxima and minima are caused by path differences resulting in phase

difference between the waves

2n radians. The peaks from the first waves perfectly line up with the

peaks of the second waves and so constructive interference occurs.

At the first-order minima the path difference is half a wavelength, a
phase difference of 180° or 7mradians. The peaks from the first waves

line up with the troughs of the second waves, resulting in destructive

interference.



2 12.2Interference
| ; ©

Interference in sound audiosignalgenerator

Twoloudspeakers connected to the same signal
generator willemit coherent sound waves (Figure 5).

Thesound waves travel out from each loudspeaker and

overlap, forming an interference pattern.

The interference pattern comprises a series of maxima

(louder) and minima (softer). The positions of the

maxima and minima can be detected with your ears or,

more accurately, amicrophone.

1 The speed of sound in air is approximately

340 ms‘. The path difference at the first-order

maxima is measured as 28 cm. Calculate the S
frequency of the sound. microphone L= loud sound

Describe and explain what would happen to the Sastiowe

interference pattern if the frequency of the sound
from the loudspeakers were halved. A Figure 5 Theinterference pattern from two loudspeakers

forms alternating regions of louder and quieter sound

; ; 0}
Interference in microwaves

Producing coherent microwaves is more difficult than for 1

sound. Asingle microwave source is used along with a
pair ofslits (a double slit}, shown in Figure 6.

Suggest a method to determine the wavelength
of the microwaves used by measuring the path

difference in an interference experiment. You
These diffracted microwaves overlap and form an should include details of any measurements taken

interference pattern that can be detected with a and any subsequent calculations. ;

microwave receiver connected to a voltmeter or an 2 The frequency of the microwaves used is 24 GHz.

oscilloscope. Moving the receiver in an arc around the With the help of a calculation, suggest a suitable

double slit detects the characteristic maxima and minima width for each slit,

created as part of the interference pattern. The position of 3 Describe how the equipment could be used to

each can be carefully marked on paper. detect whether the microwaves are plane polarised.

diffracted beam from top slit

destructive interference
(trough meets peak)

constructive interference

) (peakmeetspeak)
microwavesource

metal sheets make a double slit 4

diffracted beam from bottom slit —~

A Figure 6 The microwaves diffract at each slit, so each slit acts like awave source and the diffracted

waves from the two slits are coherent



ae ThinfilminterferenceGyo
The pattern of coloured light on thin oil films on water (Figure 7) is caused
by interference. Light reflecting off the bottom surface of the oil interferes

with the light reflected off the top surface. Ifthe thickness ofthe oil results

in a path difference that is a non-integer half number of wavelengths of

light, the two sets of light waves are out of phase, destructive interference

occurs, and the waves cancel out.

The colour results from the different wavelengths in white light and slight

differences in the thickness of the oil layer. The distance the light travels

through the oil before reflecting off the back surface differs. Different

wavelengths of light are cancelled out by different thicknesses of oil.The

wavelengths that are not cancelled out form the colours we observe.

1 Drawa diagram to show the path taken by two rays of light, one

reflecting off the top surface of the oil,the other entering the oil

before reflecting off the bottom surface.
2 Use your diagram to show that there is a path difference between

the two waves.

3 Explain why the oil needs to be thicker in order to provide destructive

interference for red light compared with blue light.

Summary questions

1 State the type of interference formed at the following path differences:
a5). (1mark)
b 10A; (1mark)
c 4.5A. (1mark)

2 Describe how the phase difference changes as you move away
from the central maxima towards the third-order maxima. (4 marks)

3 Twocoherentsurfacewaterwavesareproducedbya pairofdippers
-inarippletank.Ifthepathdifferencetothesecond-ordermaxima
is9.0cm,determinethewavelengthof thewaterwaves. (2marks)

4

A Figure7?Thethinfilmofoil
on the top of a puddle can cause
beautiful, colourful patterns toform by

interference



12.3 The Young double-slit

experiment
Specification reference: 4.4.3

SOCCEREHOEOCOLCOAFOTEEOOSHOEHEHESSESESESELES,Was Newton ever wrong?
Learning outcomes
Demonstrate knowledge,
understanding, and application of:

Sir Isaac Newton is perhaps the greatest physicist who ever lived. His

contributions to mathematics and physics included the co-invention

of calculus, the formulation of laws on motion and gravity, and the

design of the first reflecting telescope. Newton demonstrated that

white light is composed of a spectrum of colours. He rejected the idea

that light was a wave. Instead he developed his own corpuscular (or

particle) theory, in which he described light as a stream of

tiny particles.

> Young double-slit experiment

using visible light

> = = for all waves where

opi hy

Newton died in 1726, but his ideas remained the accepted scientific

theory for 75 more years until Thomas Young’s wonderfully simple

experiment demonstrated that light can form an interference pattern,

conclusive proof that light must be acting as a wave.

Young double-slit experiment
: Two coherent waves are needed to form an interference pattern.

Study tp Young devised the method to achieve this that now bears his name.

With visible light, the maxima and He used a monochromatic source of light (which can be achieved

minima are known as bright and using a colour filter that allows only a specific frequency of light to

dark fringes respectively. pass) and a narrow single slit to diffract the light.

overlap region (where waves

colour filter from S, and Sz interfere)

lamp |

narrow double slits af
single slit S ir as

fringes seen
view from above on screen

A Figure 1 The Youngdouble-slit experiment made use of a single slit

followed by a double slit to produce two sources of coherent light waves

Light diffracting from the single slit arrives at the double slit in phase.

It then diffracts again from the double slit. Each slit acts as a source of

coherent waves, which spread from each slit, overlapping and forming
an interference pattern that can be seen on a screen as alternating

bright and dark regions called fringes.

Synoptic link
os Neon aly

TheYoungdouble-slitexperimentsuccessfullydemonstratedthe
wave nature of light. Young used his experiment to determine the
wavelength of various different colours of visible light.



A mathematical treatment

By considering the dimensions of different parts of a double-slit

experiment we can derive a formula to calculate the wavelength A of

the light used to form the interference pattern.

A Figure 2 Thegeometry of a typical double-slit experiment

In Figure 2, the separation between the slits S, and S, is a. The :

interference pattern is observed on a distant screen a distance D from Study tip

the slits, where D >> a. A bright fringe is seen at Y, and the next The symbol = means
adjacent bright fringe is observed at X, where the separation between ‘approximately equal to’and >>

the fringes is x. The path difference S,P must be equal to one whole means ‘very much greater than’.

wavelength A, since D >> a. The two rays of light shown in blue are

almost parallel to each other and the angles 0, and @,are almost the

same and very small. We can use the trigonometric approximation

sin 6,~ sin 6, = tan 6,

where sin 6, = A/a and tan 0, = x/D.
Therefore a ale

a D
This is often expressed as

This equation only applies if a << D—the distance between the slits

is much smaller than the distance from the screen to the double slits.

Provided this is the case, the equation can be used to determine the

wavelength of any wave producing an interference pattern from

a double slit or two coherent sources, such as two loudspeakers

connected to the same signal generator.

Determining th

Adouble slit can be used to determine the wavelength of a filter or single slit as the light from the laser is already

light emitted from a laser (Figure 3). There is no need for monochromatic and in phase.

e wavelength of monochromatic light from a laser

--7-——=ame, &
=) I----

a, @—M+__brightspots

double slit

> Figure 3 Adouble-slit

experiment with a laser



12, 12.3TheYoungdouble-slitexperiment
By measuring the distance between several bright

fringes, the separation x between adjacent fringes can be

determined. If a is known (double slits are often labelled

with this information] and D is measured directly, then IN

can be calculated from:

axca

4 Describe how the interference pattern would
change if a laser emitting green light was used in

place ofthe laser emitting red light.

Explain why it is better to measure the separation

between multiple fringes to determine x, rather

than between adjacent fringes.

Ahelium—neon laser is used to form an

interference pattern on a screen 10 m froma

double slit with a slit separation of 0.50 mm. A Figure 4 Theinterference pattern formed
Calculate the separation between adjacent fringes. from a helium—neon laser (A = 632.8 nm]

1 Explain why it was necessary to use monochromatic light, along

with a single slit and a double slit to produce a stable
interference pattern for light. (2 marks)

2 The following measurements were taken during a double-slit experiment:

separation between slits = 0.6 mm, separation between adjacent
bright fringes = 1.4mm, and distance from slits to screen = 1.6m.
Calculate the wavelength of light used. (2 marks)

3 The interference pattern in Figure 5 was obtained using a source of

light of unknown wavelength. It is drawn to scale. The distance from the
double slits with a slit separation of 1.0 mm to the screen was
measured as 15 m. Determine the wavelength ofthe light. (3 marks)

4 The following measurements were taken during a double-slit experiment
using light with a wavelength of 610 nm: separation between
the slits = 0.40 mm and the separation between adjacent bright

A Figure5 fringes = 1.8 mm. Calculate the distance from the slits to

the screen. (3 marks)

5 Explain the effect on the interference pattern seen on the screen for

a double-slit experiment when:

a alightsourcewitha longerwavelengthisused; (1mark)~
b the slitseparationisdoubled; (2 marks).
c_ the distance from slits to screen is increased by a factor 4

of three; ae (2 marks)

_ di alightsourcewithdoublethe frequencyis used. , (3marks



12.4 Stationary waves
Specification reference: 4.4.4

Seeing UFOs
A lenticular cloud is a rare and beautiful natural phenomenon

(Figure 1). They form over mountain ranges, but only if the conditions

in the atmosphere are just right.

As the wind blows over the mountain peak a stationary wave

(sometimes called standing wave) is formed. If the air contains

enough moisture, the oscillations in the stationary wave make the

water condense into the characteristic shape of this cloud.

Formation and properties of stationary waves
A stationary wave is not a single wave at all. It forms when two waves

with the same frequency (and ideally the same amplitude) travelling

in opposite directions are superposed (Figure 2). As they have the

same frequency, at certain points they are in antiphase. At these points

their displacements cancel out. This forms a node, a point where the

displacement is always zero, and therefore the amplitude and the

intensity are zero.

At other points when the two waves are always in phase, an

antinode is formed —the point of greatest amplitude and therefore

intensity.

A Figure 2 Stationary waves are

formed by the superposition of
two waves of the same frequency

travelling in opposite directions,

for example, on a stretched string

or by microwaves

antinodenode

antinode node

A Figure 3 Astationary wave isformed of

a number of nodes and antinodes

The separation between two adjacent nodes (or antinodes) is equal

to half the wavelength of the original progressive wave (Figure 3),
and the frequency is the same as that of the original waves. The
wave profile for the stationary wave changes over time, creating the

characteristic nodes and antinodes (Figure 4).

As the two progressive waves are travelling in opposite directions,
there is no net energy transfer by a stationary wave, unlike a single

4progressive wave.

SOOOSSEHEHEHEEHEHHEHESEHEEHEEEEEEHEEHEEEHEHSEHEEEEHEEHEEEHEEEEEES
et PPP OPPO Hee ee eeeseeseseseeEsesessesess

Learning outcomes
Demonstrate knowledge,

understanding, and application of:

a

Vu

°
Pee COSTS SSESHSSSHSSHSSTTSEHESSESSSSSHSSESSSESTSEee

stationary (standing) waves:

microwaves, stretched
strings, and air columns

graphicalrepresentationsofa
stationarywave
similarities and differences

between stationary and
progressive waves

nodes and antinodes

the separation between
adjacent nodes (orantinodes)

Xr
is equal to >"

A Figure1 Becauseof theirlens-like
shape,if theyformat nightlenticular
cloudsaresometimesreportedas UFOs

Unlikea progressive wave, a
stationary waves have nodes

and antinodes.



Study tip
Do not use terms like maxima and

minima to describe antinodes and

nodes. Maxima and minima are

features of an interference pattern;

antinodes and nodes are features

of stationary waves.

A Figure 5 Phase differences along

a stationary wave are very different to
phase differences along a progressive
wave: particles A,B,and Care in phase
with each other and in antiphase with
particles DandE

12.4 Stationary waves

displacement

resultant

f= 0) .
0)

—>

Pe

<—

2
i 6

>

eo
4 0

——

ee IP
O

distance

A Figure 4 Astationary wave (in green) is the resultant of two progressive waves
travelling in opposite directions (red to the right, blue to the left)

Phase differences along a stationary wave
In between adjacent nodes all the particles in a stationary wave are

oscillating in phase with each other. They all reach their maximum

positive displacement at the same time. However, their amplitudes
differ, with the maximum amplitude at the antinode.

On different sides of a node the particles are in antiphase (they have

a phase difference of m radians). The particles on one side of a node

reach their maximum positive displacement at the same time as those

on the other reach their: maximum negative displacement.

Comparison of stationary and progressive waves

V Table 1. Summary of the properties of stationary and progressive waves

Progressive wave Stationary wave

energy energy transferred in the no net energy transfer

transfer direction of the wave

wavelength minimum distance between twice the distance between

two adjacent points oscillating | adjacent nodes (or antinodes)
in phase, for example,the is equal to the wavelength
distance between two peaks | of the progressive waves that

or two compressions created the stationary wave



V Table1 (continued)

Progressive wave Stationary wave

phase the phase changes across all parts of the wave between

differences one complete cycle of a pair of nodes are in phase,

the wave and on different sides of a

node they are in antiphase

amplitude allparts of thewave have the | maximumamplitudeoccurs

same amplitude (assuming at the antinode then drops to
no energy is lost to the zero at the node
surroundings]

. : . : (0)Forming a stationary wave using microwaves

Astationary wave can be formed by reflecting microwaves off a metal
sheet so that two microwaves of the same frequency are travelling in
opposite directions. Amicrowave receiver (Figure 6] willdetect the changes
in intensity between the nodes (lower/zero intensity) and antinodes
(maximum intensity].

metal plate
microwave

transmitter

microwave receiver

A Figure 6 Stationary microwaves

The distance between the transmitter and metal sheet has to be adjusted

until the receiver detects a series of nodes and antinodes. The distance

between successive nodes or antinodes is equal to A/ 2, where Ais the

wavelength of the microwaves from the transmitter.

i

1 Describetwosimilarities
betweenprogressiveand
stationarywaves. (2marks)

2 Describe the phase difference

between the two waves that

form a stationary wave:

a atanode; (1mark)
b atanantinode. (1mark)

3 Astandingwavehasadjacent _
nodes30cmapart.Calculate
thewavelengthinmetres
oftheprogressivewaves
responsibleforthisstanding_
wave. (2marks)

4 Describehow the amplitude
of a standing wave
varies fromone node

to the next.

_

=

imarks)



12.5 Harmonics

Specification reference: 4.4.4

COSCOSESESEESSEEAOEEHELEEEEEESESOEESO,Stringing out a note’
Learning outcomes
Demonstrate knowledge,
understanding, and application of:

Stringed instruments, like the violin, produce musical notes from

stationary waves formed on their strings.

Each string has a fundamental mode of vibration. The frequency

of this vibration is the fundamental frequency, and depends on the

string’s mass, tension, and length.

=> the fundamental mode of
vibration (first harmonic)

=> harmonics .
In addition, different harmonics are produced, with several different

wavelengths. These wavelengths interfere with each other to produce

the rich sound characteristic of stringed instruments. You can easily

identify the type of stringed instrument —say guitar, violin, or piano —

from its sound because of its unique combinations of harmonics.

“> stationary wave patterns fora
stretched string.

SPeoeeeeoceseeeseseseeeeseeeeeee®
Stationarywavesonstrings @jo
If a string is stretched between two fixed points, these points act as

nodes. When the string is plucked a progressive wave travels along

the string and reflects off its ends. This creates two progressive waves

travelling in opposite directions that then form a stationary wave.

——— L ss

vibratingstring
node / nodeA Figure1 Thestringsofa violinare

fixedat theendsso theyareeffectively \ /

nodes, resulting in the formation of a pulley
stationary wave when the bow rubs
across a string

masses to keep
— the stretched string

taught
A Figure2Atautstringvibratinginitsfundamental
modeof vibration,thatis,at thefundamentalfrequency

When the string is plucked, it vibrates in its fundamental mode of

vibration (Figure 2), in which the wavelength of the progressive wave
is double the length of the string (2L).

Harmonics and wavelength
The fundamental frequency f, is the minimum frequency of a

stationary wave for a string. Along with this fundamental mode of
vibration, the string can form other stationary waves called harmonics
at higher frequencies (Table 1).

For a given string at a fixed tension, the speed of progressive waves
along the string is constant. From the equation for progressive waves,

v= fi, you can see that as the frequency increases the wavelength
must decrease in proportion. At.a frequency of 2f,, the wavelength is
half the wavelength at f,.



Y Table 1 Thefirst five harmonics for
a stationary wave between the fixed

ends of a string —the frequency of each

harmonic is an integer multiple of the

fundamental frequency f, [in this case
20 Hz]

Harmonic Frequency/Hz Frequencyas Wavelengthofthe progressivewave
amultipleoff, (whereLis the lengthofthe string)

Investigating stationary waves on strings

Melde’s experiment (Figure 3} is a simple way to investigate stationary

waves on a string. Avibration generator can be used to change the

frequency ofthe wave on the stretched string until a stable stationary wave

is produced for a specific harmonic. The actual node on the right-hand side

of the string is slightly to the right of the vibration generator (which cannot

be a true node as it is vibrating).

In Figure 3, the string is vibrating at 2f,, approximately 214 Hz. Ifthe generator is

not set to an integer multiple of the fundamental frequency f, then no stationary

wave willbe formed. Instead the string willvibrate in non-distinct patterns.

With this apparatus the length of the string can be changed, or the fixed end

can be replaced with a pulley and different masses attached to the string to

vary its tension. vibration
generator

1 Statethefundamentalfrequency[ f,] ofthestringinFigure3.
2 Thefundamentalfrequencyofa stringis300Hz.Sketchtheshapeof

thisstringwhenthefrequencyofthevibrationgeneratorisset to:
a 300Hz; —b 600Hz; ce 450Hz.

3 >Thespeedvoftheprogressivewavesalonga stretchedstringisgiven
—by v=kvT, wherek isaconstantandTisthetensioninthestring.

ra 2 all howincreasingthettensionsills) thefundamentalise fale
a

fixed end
of string

|
<-

A Figure 3 Melde’sstring
ees hori



12.5 Harmonics

|
aid

Describehowdifferentharmonicsona string mightbe
observedina classroom.¢ (3 marks)

Describethe effecton the fundamentalfrequencyofa string
ifthe lengthofthe stringdoubles(assumingthe tension
remainsconstant). (2 marks)

The stationary wave in Figure 4 is produced at a frequency of 120 Hz.
State the fundamental frequency ofthe string. (1 mark)
Determine the wavelengthofthe originalprogressive wave. (2 marks)

Sketch the pattern produced if the frequency changes to:
160Hz; ii 100Hz. (2 marks)

A Figure4

4 The graph in Figure 5 was recorded using data collected froma violin

oi

playing a single note. It shows how the intensity varies at different
frequencies (the frequency spectrum).
2 State the fundamental frequency for the vibrating string. (1 mark)

Explainhow the graph shows the existence of harmonics
on the string. (2 marks)

ddd
frequency f / Hz

intensity/relativeunits

A Figure 5

Astationary wave is formed on a string of length 90 cm. At3.6 kHz,
six antinodes can be observed.
a Determine the wavelength ofthe progressive waves on the string.
b Calculatethe speed of the progressive waves travelling

along the string. (4 marks)



12.6 Stationary waves in air columns
Specification reference: 4.4.4

Playing the pipes
Stationary waves are formed not only by transverse waves like

microwaves or waves on strings, but also by longitudinal waves, like

sound. Most woodwind instruments, like these pan pipes (Figure 1)

produce notes from stationary waves in air columns.

Gently blowing over the top of a tube creates a standing wave inside it,

which produces a note at a particular frequency. The length of a tube

determines the wavelength of the note it produces.

Stationary waves with sound
Sound waves reflected off a surface can form a stationary wave. The

original wave and the reflected wave travel in opposite directions and

superpose (Figure 2).

Solid surface

(wall)

microphone

connected to
a signal generator

~—

connected to
an oscilloscope

A Figure 2 Sound waves reflected off a solid surface can form a stationary wave in
the same way as the stationary waveformed with microwaves described in Topic12.4,

Stationary waves

Stationary sound waves can also be made in tubes by making the air

column inside the tube vibrate at frequencies related to the length of

the tube. The stationary wave formed depends on whether the ends of

the tube are open or closed.

* . (2)Stationary waves in a tube closed at one end (jo

In order for a stationary wave to form in a tube closed at one end

there must be an antinode at the open end and a node at the closed

end. The air at the closed end cannot move, and so must form a

node. At the open end, the oscillations of the air are at their greatest

amplitude, so it must be an antinode.

The fundamental mode of vibration simply has a node at the base and

an antinode at the open end. Harmonics are also possible (Figure 3).

ett POPP eeeeeseseeseesesssessseseseseesess

Learning outcomes

Demonstrate knowledge,
understanding, and application of:

> stationary wave patterns for
air columns in closed and

open tubes.
.

COCO HEE ESHEEEHETEEHTHEHEHEHETETEHEHOEEESES

A Figure 1 Pan pipes are a traditional

woodwindinstrument played by

Peruviansfrom the Andes

lst harmonic

otherharmonics

v

A Figure 3 Harmonics of a longitudinal

wave in a tube closed at one end



vibrating tuning fork
>

=nGS
resonance —__

tube L

water

A Figure 4 The top end of the tube is

open. Thelevel of water determines the

position of the closed end of this tube.

WVTable 1 Measurements of fand L

Frequency of Length of

tuning fork/Hz air column/cm

aco

12.6 Stationary waves in air columns

Unlike stationary waves on stretched strings, in a tube closed at one

end it is not possible to form a harmonic at 2f, —there is no second

(or fourth, sixth, ...) harmonic for a tube closed at one end. The

frequencies of the harmonics in tubes closed at one end are always an

odd multiple of the fundamental frequency (3h 57Sige

Speed of sound in a resonance tube

Holding a tuning fork above a tube closed at one end can form a

stationary wave inside the tube. The air vibrates at the same frequency

as the tuning fork. If the frequency ofthe tuning fork is at the

fundamental frequency for the air column, the sound becomes loud as
the air inside the tube resonates.

In the apparatus in Figure 4 the length ofthe tube can be changed by raising
and loweringit inthe water. Whenthe frequency ofthe tuning fork matches f,,

the length of the tube above water Lmust be equal to aA (see Figure 3).

Thespeedofsoundinaircanbecalculatedusingv =fA=fx 4L,wheref is
thefrequencyofthe tuningfork.

The length L corresponding to the fundamental mode ofvibration is

recorded for a number of different tuning forks. The results are shown

in Table 1.

Copy the diagram of the experiment and draw in the stationary

wave formed inside the tube. Label the position of any nodes and

antinodes.

2 Plota graph of L/magainst + / = ; ®

a Showthat the gradient of this graph is equal to oy where v is the
speed of sound in air.

Use your graph to find the speed of sound in air. _
¢ Suggest a reason why the graph does not quite pass through the

origin. (Hint:Lookcarefully at the diagram.)



Stationary waves in open tubes
A tube open at both ends must have an antinode at each end in order
to form a stationary wave, as explained above (Figure 5). Unlike

a tube closed at one end, harmonics at all integer multiples of the

fundamental frequency (f,, 2f,, 3f, ...) are possible in an open tube.

lst harmonic

SOIUOLLIEYJAU}O

v

1 Describe a simple method for the formation of a stationary sound
_wave using a speaker, a microphone, and a solid surface, and how to use
it to determine the wavelength of sound produced from a

signalgenerator. (4marks)
: oneendoflength1.2mvibrates

“(2«2* a a a ee



Practice questions: Chapter 12

Practice questions
1 This question is about the Young double slit

experiment. See Figure 1. The fringe pattern

seen on the screen is shown to the right.

doubleslit : Arsea
Bols-¥.0.40 - ho

light—>p-2ebm______-__-----_5 = 8.0mm
oe me

15m screenbeaes

nottoscale
AFigure1

Two parallel clear lines are scratched on a
darkened glass slide 0.40mm apart. When a
beam of monochromatic visible light is shone
through these slits, interference fringes are
observed on a screen placed 1.5m from the
slide. The fringe at point B is bright and the
fringe at point D is dark.

a_ Explain why this arrangement with two
slits is used to produce visible fringes
on the screen rather than two separate
identical light sources. (2 marks)

b_ State the phase difference between the
. _ light waves from the two slits that meet on

the screen in Figure 1 at points D and B.

(2 marks)

c (i) Use Figure 1 to calculate the
separation of adjacent bright
fringes, the distance between
O and B.

(1 mark)

(ii) Show that the wavelength A
of the monochromatic light
is about 5 x 1077m. (3 marks)

d_ Calculate the path difference, in

nanometers, between the light
waves from the two slits that meet
on the screen in Figure 1 at point A.

(2 marks)

June 2013 G482

2 Figure 2 shows two loudspeakers connected

to a signal generator, set to a frequency of 1.2

kHz. A-person walks in the direction P to Q

at a distance of 3.0m from the loudspeakers.

, loudspeakers Q4

I

|

|

l

|

I

|

|

|

|

|

<——
3.0m I

A Figure2

(i) Calculate the wavelength A of the
sound waves omitted from the
loudspeakers.

Speed of sound in air = 340ms7!

(2 marks)

(ii) Explain, either in terms of path
difference or phase difference, why
the intensity of the sound heard
varies as the person moves along PQ.

(3 marks)

(iii) The distance x between adjacent
positions of maximum sound is 0.50m.
Calculate the separation a between
the loudspeakers. Assume that the

equation used for the interference of
light also applies to sound.

(2 marks)
(iv) The connections to one of the

loudspeakers are reversed. Describe

the similarities and differences in

what the person hears. (2 marks)

Jan 2012 G482

3 Figure 3 shows a string stretched between
two fixed points.

string .

A B

A Figure3

The middle of the string is pulled up and then —
released. This creates a stationary wave on :
the string. The distance between the fixed
supports is 32cm.

a_ Explain how a stationary wave

is produced on this stretched _ SS
string. (3 marks)



:

::

b_ The string vibrates at its fundamental

mode of vibration. Sketch the shape of
the stationary wave produced. (2 marks)

A stroboscope is used to determine the
frequency of vibration of the string.
The frequency is found to be 160 Hz.

Calculate the speed of the transverse

waves on the string. (3 marks)

When used to describe stationary

(standing) waves explain the terms

(i) node, (1 mark)

(ii) antinode. (1 mark)

Figure 4 shows a string fixed at one end

under tension. The frequency of the

mechanical oscillator close to the fixed

end is varied until a stationary wave is

formed on the string.

A Figure4

90cm
|

pulley

Masses

(i) Explain with reference to a
progressive wave on the string

how the stationary wave is
formed. (3 marks)

(ii) On a copy of Figure 4, label one node

with the letter N and one

antinode with the letter A. (J mark)

(iii) State the number of antinodes on the

string in Figure 4.
(1 mark)

(iv) The frequency of the oscillator

causing the stationary wave
shown in Figure 4 is 120 Hz.

The length of the string between the

fixed end and the pulley is 90cm.

Calculate the speed of the progressive
wave on the string.

(3 marks)

c The speed v of a progressive wave on a
stretched string is given by the formula

v=k/Jw

where k is a constant for that string. W is

the tension in the string which is equal to
the weight of the mass hanging from the
end of the string.

In (b) the weight of the mass on the

end of the string is 4.0N. The oscillator

continues to vibrate the string at 120 Hz.

Explain whether or not you would expect
to observe a stationary wave on the string

when the weight of the suspended mass is
changed to 9.0N. (3 marks)

May 2009 G482

A vibrating tuning fork is held next to the

open end of a horizontal tube. The tube

is closed at the other end, see Figure 5. A

stationary sound wave, of fundamental mode

of vibration, is produced in the air column

within the tube.

tuning fork
closed end

0.28m
A Figure5
The length of the air column in the tube is

0.60m.

a Ona copy of Figure 5, draw the stationary

wave pattern produced in the
air column within the tube.

Mark the positions of the node

(N) and the antinode (A).

b_ State the oscillations of the air
particles at points X and Y.

(2 marks)

(2 marks)

c State and explain the phase
difference between air particles
vibrating at the open end of

the tube and at X.

d_ The stationary wave produced
emits a note at its fundamental
frequency fy. The speed of sound
in air is 340ms7!. Calculate the

value of fo.

(2 marks)

(3 marks)
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The photon model
Specification reference: 4.5.1

Coeeoessecsoeoesoseseseooescoscseonereessece,

Learning outcomes
Demonstrate knowledge,
understanding, and application of:

> the particulate nature
(photonmodel)of
electromagneticradiation

photons as quanta of energy
of electromagnetic radiation

energy of aphoton E =hf and
he
r

the electronvolt

using LEDsand the equation

eV=hetoestimatethevalue
r

imaging the brain
A single-photon emission computed tomography (SPECT) scan, like

the one in Figure 1, relies on the idea of electromagnetic radiation as

photons. In the previous chapter we saw evidence for the wave nature

of electromagnetic radiation. Quantum physics explores how, at the

very small scale, we use different models to describe electromagnetic

radiation and subatomic particles like electrons. Quantum physics
lies behind much modern technology, from medical scans like this to

broadband connections.

Photonsgo
One of the scientists instrumental in the development of quantum

physics was the German Max Planck. In 1900 he discovered that

electromagnetic energy could only exist in certain values —it appeared

to come in little packets (quanta). His new model proposed that

electromagnetic radiation had a particulate nature —it was tiny packets
of the Planck constant h.

°SeoeeeeeSeSSSOCHesSSSHoFeeTeseHeesesesesesenosenesesesessee®
of energy, rather than a continuous wave. Einstein coined a new term

for these packets, photons.

Developments in quantum physics have led to an understanding

that we can use different models to describe electromagnetic

radiation. For example, we use the photon model to explain how

electromagnetic radiation interacts with matter, and the wave model

to explain its propagation through space. These models are rigorously

tested, and any model that does not match experimental data or

makes incorrect predictions is modified or discarded, pushing our

understanding forward.

A Figure 1 Thisimage was produced Photon energy

by recording single photons emitted as

part of a brain scan —the top row shows

normal brain activity, the bottom shows

a patient with Parkinson's disease on E=hf
one side

The energy of each photon is directly proportional to its frequency.
Specifically

where.F is the energy of the photon in J, fis the frequency of the

electromagnetic radiation in Hz, and h is the Planck constant. It has

an experimental value of 6.63 x 10-34Js and will be used throughout
the quantum physics topic.

optic link We can combine this equation with the wave equation c= fA to
n . : express the energy of a photon in terms of its wavelength and c (the

avi equationc=fAwas | _—speed of light through a vacuum, 3.00 x 108ms~!).

ee
r
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This is an intriguing equation. It has both wave elements (because

of the A) and particulate elements (photon, because of the £). From

this equation we can also see the energy of a photon is inversely

proportional to its wavelength (FE«x+). Short-wavelength photons,

like X-rays, have much more energy than long-wavelength radio

waves. This energy partly explains why X-rays can damage the cells of

our bodies.

Worked example: Photons of red light

A laser emits red light with a wavelength of 633nm. Calculate

the energy of each red photon emitted.

Step 1: Identify the correct equation to calculate the energy of

a photon.

R= hf

We only know the wavelength of the photon, so we must use the
wave equation to express frequency in terms of the wavelength

and the speed of light.

Wecan substitutethis into our firstequation,giving
R= ae Study tip

Step 2: Substitute in the correct values, taking care with A in nm. Aphoton is a quantum of

electromagnetic energy. The
_ 6.63 x 10-*4 x 3.00 x 108E energy of a photon depends on

633 x 10° frequency or wavelength of the
Calculate the energy of the photon in joules. E = 3.14 x 107!7J electromagnetic radiation.

Questions of scale

At the subatomic scale of the quantum level, the SI unit of energy,
the joule, is huge. Even the most energetic gamma photons only have

energies of the order of tens of millijoules. A typical red photon has

energy of around 3 x 107!J.

Just as we use the kWh as a unit of electrical energy when dealing

with the billions of joules transferred to our homes, we often use

another unit when measuring energies at the quantum scale, the

electronvolt (eV).

The energy of 1 eV is defined as the energy transferred to or from an

electron when it moves through a potential difference of 1 V.

We know that the work done on an electron moving through a
p.d. is equal to the p.d. x the charge on the electron (W = VQ= Ve).
Therefore, the work done on an electron as it moves through a p.d. of

1 V is given by

Synoptic link

W=1Vx 1.60 x 107!°C = 1.60 x roy



Study tip

WhenusingtheequationE=hf

13.1 The photon model

make sure you don’t muddle units.

Energy should be in joules, not

electronvolts.

safety
resistor

A Figure 2 Asimple circuit containing
an LED,a battery, a voltmeter, and a
resistor (to protect the LED)can be used

to give an approximate value for the
Planck constant

Synoptic link

Therefore, 1eV is equivalent to 1.60 x 107!?J, or 1J is equivalent to

6.25 x 10!8 eV. 1 eV is a tiny amount of energy. It is very common

to see energies expressed as keV, MeV, or even GeV for high-energy

particles or photons.

A typical infrared photon has an energy of 1.5eV. You can imagine this

energy as the equivalent of the kinetic energy gained by an electron

travelling through a p.d. of 1.5 V (between the terminals of a typical

AA cell).

VYTable 1 Some photon energies expressed in both J and eV

Photon Typicalenergy

6.5 x 10-2

116x102

3.010

Typicalwavelength

/m

3.1 x 10!radio

infrared

visible — red

visible —green

visible — blue

LEDs and the Planck constant

We can do a simple experiment with LEDs (Figure 2) to determine

a value for the Planck constant by considering the energies of the

photons they emit.

LEDs convert electrical energy into light energy. They emit visible
photons when the p.d. across them is above a critical value (the

threshold p.d.). Figure 3 shows the -V characteristic for a typical LED.

When the p.d. reaches the threshold p.d. the LED lights up and starts

emitting photons of a specific wavelength. At this p.d. the work done

is given by W= VQ. This energy is about the same as the energy of the

emitted photon. We can use the voltmeter to measure the minimum
p.d. that is required to turn on the LED. A black tube placed over the

LED helps to show exactly when the LED lights up. If we also know
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threshold voltage

LED turns on V/V

A Figure3 The/—Vcharacteristicandthresholdp.d.fora typicalLED

the wavelength of the photons emitted by the LED we can determine

the Planck constant.

At the threshold p.d., the energy transferred by an electron in the LED

is approximately equal to the energy of the single photon it emits.

threshold p.d. x charge on electron ~ energy of emitted photon

Vea ny

Expressing this in terms of the wavelength of the emitted photon A gives

he
y——scanek

We can use this equation for a single LED and calculate i, but in order

to obtain a more accurate value we should gather data using a variety
of different-wavelength LEDs (the threshold p.d. dictates the colour

of the LED). We can then plot a graph of V against > (Figure 4). The

equation for a straight-line graph, y = mx + c, is equivalent to V= oe

here, so the Planck constant can be determined from the gradient

ofthegraph,_

V/V

Oa wean

4
A

-1/m

AFigure4 AplotofVagainst;

—
er

Synoptic link

Formore information about the
gradient of straight-line graphs,
see AppendixA2,Recordingresults.



13.1 The photon model

1 Calculate the energy of each photon from the following frequencies:
a infraredat 1.02x 10 Hz; (1 mark)
b aradio waveat 97.0MHz; (1 mark)
ce visiblelightat 6.00 x 10 Hz. (1 mark)

2 State and explain which part of the visible spectrum has
photons with the highest energy. (3 marks)

3 Aphoton has energy of 3.32 x 10°18J. Calculate its

wavelength. (3 marks)

4 Convertthe followingenergiesintoeV:
a 1.0); (1 mark)
be3.30x10" J: (1mark)
c 600nJ. (1 mark)

5 Calculatethe frequenciesofthe photonsinTable1. (8 marks)

6 Calculatethe photonenergiesineVofeachofthe following
wavelengths:
a X-raysat 4.50 x 10°1°m; (2 marks)
b orangelightat 600 nm. (2 marks)

7? a AnLEDemits orange photons with a wavelength of 620 nm.
Calculate the threshold p.d. (2 marks)

b Sketch the /—Vcharacteristics for an LEDthat emits red

photons and one that emits blue photons. Use the graphs
to explain the differences in the threshold p.d. (6 marks)

8 Alaser emits blue light of wavelength 405 nm and

radiant power 10 mW.Calculate the number of photons
emitted per second. (3 marks)

9 Astudent is given an LEDthat emits monochromatic light of
wavelength A,. Plan an experiment that uses this LEDto determine
a value for the Planck constant h. Suggest how the precision of the
experiment can be improved. (6 marks)



13.2 The photoelectric effect
Specification reference: 4.5.2

Surface charging oe22220008000eeeeeeeeeeeeeeeeeeeeeeeeeeeees
Learning outcomes

Outside the Earth’s protective atmosphere, high-energy Demonstrate knowledge,
electromagnetic radiation causes electrons to be emitted from : understanding, and application of:

Surface charging is a phenomenon experienced by all spacecraft. eeeeseeee
the metal parts of the spacecraft facing the Sun. This is called the

photoelectric effect.

> the photoelectric effect and

its demonstration
eeeeeee

Surface charging results in some parts of the spacecraft carrying a the interaction between

positive charge, potentially leading to a damaging flow of charge one photon and one surface

through key electronic components inside the spacecraft. Engineers electron

=> work function and threshold
frequency

have to design solutions to this problem to ensure that charges cannot

build up to potentially damaging levels.

> the effects ofthe intensity of

the incident radiation on the
emission of photoelectrons.

The photoelectric effect
In 1887 Heinrich Hertz reported that when he shone UV radiation

POOREREHERESEHHEHEHEHEEEEEE
.

.
SSC SSE S STEHT ESEESHETETEHSHEEEHESHEHETTETEEES:

onto zinc, electrons were emitted from the surface of the metal.

This is the photoelectric effect. The emitted electrons are sometimes

called photoelectrons. They are normal electrons, but their name

describes their origin —emitted through the photoelectric effect

(Figure 2).

photonsof % sal
electromagnetic photoelectrons
radiation shone ae ae are emitted

ontothe %surface ie >. &

A Figure 1 The European Space Agency

and its Japanese equivalent plan to
launch the BepiColumbo probe, designed

to minimise the hazards caused by

A Figure 2 Thephotoelectric effect occurs when electromagnetic radiation surface charging, to Mercury in 2016

incident on the surface of a metal causes electrons to be emitted

The gold-leaf electroscope
A simple demonstration of the effect can be seen with a gold-leaf

electroscope. These were originally designed to measure p.d.
(an early voltmeter). However, we can use them to demonstrate = ae

how like electrical charges repel each other.

Briefly touching the top plate with the negative electrode from

a high-voltage power supply will charge the electroscope.
Excess electrons are deposited onto the plate and stem of the

electroscope. Any charge developed on the plate at the top
of the electroscope spreads to the stem and the gold leaf. As chargedbyexcess uncharged
both the stem and gold leaf have the same charge, they repel piled eis
each other, and the leaf lifts away from the stem (Figure 3). If

a clean piece of zinc is placed on top of a negatively charged

prttrtti ioje}osQO

A Figure 3 Charged and uncharged electroscopes



13.2 The photoelectric effect

electroscope and UV radiation shines onto the zinc surface, then

the gold leaf slowly falls back towards the stem. This shows that

the electroscope has gradually lost its negative charge, because the

incident radiation (in this case UV) has caused the free electrons to be

emitted from the zinc. These electrons are known as photoelectrons.

Three key observations from the photoelectric effect
The electroscope experiment is simple, but it was revolutionary. When

different frequencies of incident radiation were investigated in more

detail, scientists at the time made three key observations.

1 Photoelectrons were emitted only if the incident radiation was
above a certain frequency (called the threshold frequency /,) for

each metal. No matter how intense the incident radiation (how

bright the light), not a single electron would be emitted if the

frequency was less than the threshold frequency.

2 If the incident radiation was above the threshold frequency,

emission of photoelectrons was instantaneous.

3 If the incident radiation was above the threshold frequency,

increasing the intensity of the radiation did not increase the

maximum kinetic energy of the photoelectrons. Instead more

electrons were emitted. The only way to increase the maximum

kinetic energy was to increase the frequency of the incident

radiation.

These observations could not be explained using wave model of

electromagnetic radiation. For example, if the threshold frequency

for a particular metal is in the green part of the visible spectrum,

bright red light does not cause emission, yet very dim blue light

would. This does not fit with the wave model, in which the

rate of energy transferred by the radiation is dependent on its

intensity (brightness). The more intense the radiation, the more

energy is transferred to the metal per second, and bright red light

transfers more energy per second than dim blue light. Clearly a
new model for electromagnetic radiation was needed to explain
the observations.

Using photons to illuminate the photoelectric effect
The observations in the photoelectric effect can be explained if the

wave model of light is replaced with the photon model. In 1905

Einstein published an explanation of the effect. Building on Planck’s
work, he proposed the idea of electromagnetic radiation as a stream of
photons, rather than continuous waves.

He suggested that each electron in the surface of the metal must

require a certain amount of energy in order to escape from the metal,

and that each photon could transfer its exact energy to one surface

electron in a one-to-one interaction.

As the energy of the photon is dependent on its frequency (EF= hf),
if the frequency of the photon is too low, the intensity of the

light —that is, the number of photons per second —does not matter,
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as a single photon delivers its energy to a single surface electron in

a one-to-one interaction. If a photon does not carry enough energy

on its own to free an electron, the number of photons makes no

difference. However, when the frequency of the light is above the

threshold frequency f) for the metal, then each individual photon has

enough energy to free a single surface electron and so photoelectrons

are emitted (Figure 4).

cs ® |
@e %
gE,

Bi. Study tip

ifthe photons have frequency ifthe photons havefrequency The threshold frequency and

belowf, no photoelectronsare above f, photoelectronsare emitted work function are properties of
emitted. (evenwhen the lightis dimmer). the metal surface. They are not

A Figure 4 Replacing the wave model with the photon model allowed Einstein to properties of electrons or photons.

explain the photoelectric effect

This also explained why there was no time delay. As long as the

incident radiation has frequency greater than, or equal to, the

threshold frequency, as soon as photons hit the surface of the metal,

photoelectrons are emitted. Electrons cannot accumulate energy from

multiple photons. Only one-to-one interactions are possible between

photons and electrons.

Einstein was also able to explain the third observation. Depending on

their position relative to the positive ions in the metal, electrons would

require different amounts of energy to free them. Einstein defined a

constant for each metal which he called the work function ¢. This is

the minimum energy required to free an electron from the surface of

the metal.

Increasing the intensity of the radiation means more photons per
second hit the metal surface. As each photon interacts one-to-one
with a single surface electron, as long as the radiation has frequency

above the threshold frequency for the metal, more photons per
second means a greater rate of photoelectrons emitted from the metal.

The rate of emission of photoelectrons is directly proportional to
the intensity of the incident radiation. Double the intensity and you

double the number of photons per second, leading to a doubling in the

number of electrons emitted from the metal per second.

Using the principle of conservation of energy, Einstein deduced that A Figure 5 Intense radiation means a

the kinetic energy of each photoelectron depends on how much higher rate ofphotons landing and soa
energy was left over after the electron was freed from the metal (more higher rate ofelectrons escaping



Study tip

Remember the three key ideas

about the photoelectric effect:

E xf for photons, it is a one-to-one
interaction (one photon causes

the emission of one surface
electron), and brighter light means

a greater rate of photons incident

on the metal.

photons of
blue light

13.2 The photoelectric effect

on this in Topic 13.3, Einstein’s photoelectric effect equation). Ata

given frequency all photons have the same amount of energy, and the

metal a specific work function, so there is a maximum value of kinetic

energy that any emitted photoelectrons can have. Increasing the

intensity results in a greatér rate of emission, but none of the emitted

photoelectrons will move any faster.

The only way to increase the maximum kinetic energy of the emitted

photoelectrons is to increase the frequency of the radiation. In this

case each photon has more energy and so each electron has more

kinetic energy after it has been freed from the metal.

7
\\\

‘.photonsof cyss
UVaction\\\ %

increasing the frequency (from
blue to uv) increases the
kinetic energy of the emitted
photoelectrons

A Figure 6 Increasing the frequency results in the emission ofphotoelectrons with a
higher kinetic energy (as there is more energy to spare after the electrons have been
freed from the metal}

Summary questions

1 Describe what would happen to an uncharged gold-leaf
electroscope if its top surface were to come into contact
with a positive electrode. (2 marks)

2 Ifa particular metal had a threshold frequency in the red part

of the visible spectrum, explain what would happen to the metal

if radiation was incident on its surface from:

a_the infraredpartofthe spectrum; (2marks)
b the blue part of the visible spectrum. (1 mark)

3 Explainwhy the maximum kinetic energy ofphotoelectrons

emittedduringthephotoelectriceffectdependsonthe uae
frequencyofthe incidentradiation. rm3 elias)

4 Thethresholdwavelengthi, isthe longestwavelengththat will
giverisetothephatoeledtiieeffect.Deriveanexpression— .
forAgintermsofthethresholdfrequencyf,. (2 mar



13.3 Einstein’s photoelectric
effect equation
Specification reference: 4.5.2

Seeing in the dark etPPPHROSHOREEEEEESEeEEEEEEEEEesEseseses
Learning outcomes
Demonstrate knowledge,

understanding, and application of:

In some kinds of night vision goggles the photoelectric effect is used to

amplify light. In the construction of the goggles it is important to select

materials with an appropriate work function. Often a semiconductor

material such as gallium arsenide is used. > Einstein's photoelectric

equationhf=@+KE

eteeeeeeseseseseetse
An image intensifier produces an image even in conditions that

.
SPCC SEES TTEEEHETHEEHEEHEEEHETEEEEEEES

appear pitch black to the human eye. The emission of individual

photoelectrons due to the photoelectric effect is used to build up a

clear picture of the surroundings.

Conservation of energy and the photoelectric effect ¢jo
In his model of the photoelectric effect Einstein applied the idea

of conservation of energy to the photons and photoelectrons. By

thinking about the energies involved he derived what is now simply

known as Einstein’s photoelectric effect equation. He realised that
the energy of each individual photon must be conserved. This energy

A Figure 1 As well as military

applications, night vision technologies
@ it frees a single electron from the surface of the metal in a one-to- can be used in conservation to monitor

one interaction animals in complete darkness, like these

does two things:

2 : : ; : rhinos at a waterhole
@ any remainder is transferred into the kinetic energy of the

photoelectron.

By using his idea of work function @as the minimum energy to free

the electron from a particular metal, he produced a general equation

relating the energy of each photon, the work function of the metal,

and the maximum kinetic energy of the emitted photoelectron.

According to the principle of conservation of energy, we have

Ienergy of a minimum energy required + maximum kinetic

single photon to free a single electron energy of the

from the metal surface emitted electron

hf = ¢+KE,.,

All the terms in the equation, hf, ¢, and KE,,,,, are energies, so all

should be measured in joules, or consistently in electronvolts.

Worked example: Emitting photoelectrons from

a metal surface
Photoelectrons with a maximum kinetic energy of 9.34 x 10°'7J

are emitted from a metal with a work function of 2.40 eV.

Calculate the frequency of the incident radiation. >]



Study tip
te VG 10-4

13.3 Einstein’s photoelectric effect equation

o
Step 1: Identify the correct-equation to calculate the frequency of

the radiation.
.

hf = ¢ + KE.4.

Convert the work function into joules.

2.40eV x 1.60 x 107!? = 3.84 x 10717J

Step 2: Substitute the values into the equation to calculate the

energy of a single photon.

hf =3.84.~ 10° + 9.34x 107?=1.32 %1057

Using this value we can determine the frequency of the radiation.

18 -18=132 *107" 152 *107. 99 ip
i, h | 6:63 x 10752 |

Whymaximum kinetic energy?
Some electrons in the surface of the metal are closer to the positive

metal ions than others. Their relative positions affect how much

energy is required to free them. The work function is the minimum

energy required to free an electron from the metal — most electrons

need a little more energy than the work function to free them.

An electron that requires the minimum amount of energy to free it

(the work function of the metal) would have the most energy left over

from the incident photon. Only a few of the emitted photoelectrons

have this maximum kinetic energy — most have a little bit less, and so

travel a little slower.

If a photon strikes the surface of the metal at the threshold frequency bi

for the metal then it will only have enough energy to free a surface

electron, with none left over to be transferred into kinetic energy of

the electron.

In this case Einstein’s photoelectric effect equation becomes

hf, =@+ 0 or simply hf, = @

Agraph of KE... against incident frequency
In Topic 13.2, The photoelectric effect, we learnt that the only way to

increase the maximum kinetic energy of photoelectrons is to increase

the frequency of the incident radiation. A graph of the maximum

kinetic energy of the photoelectrons plotted against the frequency of

the radiation on the surface can be seen in Figure 2.

Considering the general equation for a straight-line graph, y = mx +c,

and rearranging Hf= ¢ + KEjax to match, we get KE nax = Uf —o. We

can see that the gradient of this graph must equal the Planck constant /
and the y-axis intercept is equal to —¢, where ¢ is the work function of

the metal. See Figure 2.
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photoelectrons

emitted when f= f,
nophoto- ay
electrons Metal db/eV
emittedanes en) caesium 2. 14
< im |' gradient =A sodium 2.36

aluminium 4.08 |

era ZINC 4.30 |
L

0 &£ f/ H
Ae mace

—0 4

A Figure 2 Agraph to show how thefrequency f of the incident radiation on a metal
surface affects the maximum kinetic energy KEof the emitted photoelectrons

Different metals

Every metal has a different work function, so the threshold frequency

for each metal is different. Table 1 shows the work function for some fo f/ Hz

metals.
A Figure 3 Different metalshave

In each case a graph of maximum kinetic energy against frequency different workfunctions leading to

will have the same gradient. This gradient is equal to / (Figure 3). different threshold frequencies

1 Photoelectrons with a maximum kinetic energy of 2.68 x 10-8 J are emitted from a metal with a work
function of 3.77 x 10-*9 J. Calculate the energy ofthe incident photons. (2 marks)

ities
2 Aluminium has a work function of 4.08 eV.Calculate the maximum kinetic energy in eVof photoelectrons

hig fromaluminiumwhenilluminatedwithphotonswithenergyof:
bs 5.20eV,hi b 3.10eV. , (3marks)
3 singTableae leila eal forzincandforsodium. (4mais

eat

Frequency of incident Maximum kinetic energy

radiation / Hz of photoelectrons /eV



13.4 Wave—particle duality
Specification reference: 4.5.3

POOCSEHOHEEHEEAHESEHHEEESESEHHOESHSEHS,Diffractingparticles
Learningoutcomes
Demonstrate knowledge,
understanding, and application of:

In 1924 the French physicist Louis de Broglie proposed that all matter

can have both wave and particle properties. He suggested that tiny

subatomic particles, like electrons, have wavelengths and can be

made to exhibit wave properties like diffraction. We have already

seen in Topic 13.1, The photon model, that the particulate model

of electromagnetic radiation can explain the photoelectric effect. So

photons can be thought of as particles, yet electromagnetic radiation is

also able to diffract, an example of wave behaviour.

= electron diffraction

> diffraction of electrons by the
atoms of graphite

=>theHeBroglieequationeis
p

°CeeeoeeeeeeooeeeeEFeseHEeeeeSELDeEE HEHEEF

Poeeeseccsseeeeceeeeeceeseeneesees®
This wave-particle duality is a model used to describe how all

matter has both wave and particle properties. De Broglie, who was

awarded the 1929 Nobel Prize in Physics for his insight, realised that

all particles travel through space as waves. Anything with mass that

is moving has wave-like properties. These waves are referred to as

matter waves or de Broglie waves.

One of the largest objects to show its wave nature is the carbon-60

molecule (buckminsterfullerene, Figure 1). In 1999 it was used

to form a diffraction pattern. The C,, had a wavelength of just
2.5 x 107!*m, a hundred times smaller than the diameter of an atom.

Electron diffraction

A Figure 1 Carbon-60 is one of We would normally describe electrons as particles, as they have mass

the largest particles that has been and charge. As a result they can be accelerated and deflected by

successfully diffracted to date electric and magnetic fields. This behaviour is only associated with

particles. However, under certain conditions we can make electrons
diffract. They spread out like waves as they pass through a tiny gap,

and can even form diffraction patterns in the same way as light.

If an electron gun fires electrons at a thin piece of polycrystalline

graphite, which has carbon atoms arranged in many different
layers, the electrons pass between the individual carbon atoms in the

graphite. The gap between the atoms is so small (~107!°m) that it is

similar to the wavelength of the electrons and so the electrons diffract,

as waves, and form a diffraction pattern seen on the end of the tube

(Figures 2 and 3).

We do not normally notice the wave nature of electrons because we

need a tiny gap in order to observe electrons diffracting. For diffraction

to occur the size of the gap through which the electrons pass must be

similar to their wavelength.

This experiment beautifully demonstrates both the particle and wave
sess nature of electrons. They are behaving as particles when they are

; Synoptic link | accelerated by the high potential difference, they behave as waves
lee. ae ees oak Oe cane when they diffract, and then they behave as particles again as they bit

the screen with discrete impacts.



thin piece of
hot wire polycrystalline graphite

(source of electrons)

\j — interference pattern
\ ~\ =, of electrons

,

accelerating p.d X

— Sf
As the electrons pass between Ms ca

/ \e@the carbon atoms in the graphite \ / e © °

they diffract and overlap, forming \ he
cat i \ f e.\) &
on interference pattern ° i - is.

e'// e Pee
* ~ carbon

J —
atoms

A Figure 2 When electrons pass through a piece of polycrystalline graphite
they form a diffraction pattern

The de Broglie equation
In developing wave-particle duality, de Broglie realised that

the wavelength A of a particle was inversely proportional to its

momentum p. As the momentum of a particle increases by a certain

factor its wavelength reduces by the same factor.

, ]
Nx —

Pp

Further investigation led to the development of what is now called the

de Broglie equation.

where A is the wavelength in m, h/ is the Planck constant, and p is the

momentum of the particle in kgms"!.

Worked example: The wavelength of a

fast-moving electron

Calculate the wavelength of an electron travelling at
2.00 x 10®ms"!.

Step 1: Identify the correct equation to calculate the wavelength.

As momentum is p = mv we can substitute this into the previous

equation giving

o

QUANTUM PHYSICS

A Figure 3 These rings are the result of

the diffraction of electrons

Synoptic link

Youhave already learnt about the

diffraction ofwaves in detail as

part of Topic11.4, Diffractionand

polarisation. The same principles

apply to the diffraction of particles

like electrons.

Study tip

It’simportant to be able to give

examples of experiments which

show the wave and particle

natures of both light and electrons.

Synoptic link
f See?ices,HeSeinSse Ass wereeae.~Momentumis exploredinTopic2.2,
Linearmomentum.



13.4 Wave-particle duality

>)
Step 2: Substitute in known values in SI units and calculate the

wavelength in metres.

6,6896L0>-=——__0.02** _____,=3.64x105m
9.11x 10-2x2.00x 108

Notice how small this wavelength is (less than the diameter of an

atom). In order to diffract electrons tiny gaps are needed.

a a Acceleratedparticles
Wecan relate an object’s kinetic energy E, to its wavelength by considering

both the de Broglieequation and our general equation for kinetic energy.

Fromthe worked example above

eh

mv
Ifwe can find an expression formv that includes E, we can determine the
relationship betweena particle's kinetic energy and its wavelength.

eeEy=2 mV

2E, =mv?

2E,m=m¢v

/2E,m =mv

We can then substitute this expression into the de Broglie equation.

Sidleet vet
mv RE.

As h and m are both constants, we can see that the wavelength of a particle

is inversely proportional to the square root of its kinetic energy.

Kes

de

Ifthe kinetic energy of a particle decreases by a factor oftwo, its wavelength
increases by V2.

2

1 Statetheeffectonthewavelengthifthekine
aincreases;bincreasesbyafactorofaes 7

_factorofa

i etaisacceleratedth
“wavelength.—



Crystallography

Understanding of the wave properties of electrons has led to many
applications, including crystallography.

Crystallography is amethod for determining the arrangement of atoms

within a compound. The process often uses X-rays, which are fired at a
crystal of the compound. The X-rays are diffracted as they pass through the

gaps between the individual atoms. By studying the patterns formed by

these diffracted beams, a crystallographer is able to produce a precise
3D model of the arrangement ofthe atoms within the substance.

Electrons are often used in a very similar way to X-rays. Using electrons

instead of X-rays for crystallography offers advantages.

@ Their wavelength can be tuned to be very similar in size to the gap between

atoms, resulting in strong diffraction and a clear pattern for analysis.

@ They can be used with very thin sheets or layers of material.

Describe how the wavelength of an electron can be altered using an

electron gun, ‘

2 Suggest why X-rayscannot be used to study thin sheets of material.
3 Calculate the wavelength of an electron with akinetic energy of —

40 eVand explain why such an electron would be useful for studying
crystal structures.

Beyond electrons
The de Broglie equation can be applied to all particles. Like electrons,

protons and neutrons have been shown to have wave properties —

they form diffraction patterns. However, as particles become larger

their wave properties become harder to observe. The mass of

individual protons is much greater than electrons, so at the same

speed their momentum is significantly greater and therefore their

wavelength is much smaller, and much harder to observe.

QUANTUM PHYSICS

J
Wisely

A Figure 4 Perhaps the most famous

example of X-raycrystallography was
Watson and Crick’suse of Rosalind
Franklin’s image to determine the

structure of DNAin 1953

1 Calculatethe wavelengthofa protonthat has a momentumof 1.6?x 10° kgmst. (2marks)
> Py 2a

-

at thesamespeed,aprotonhasa muchsmallerwavelengththan



AS Practicequestions:Chapter13
Practice questions a Explain why the straight line graph

: shown in Figure 1 does not pass through
1 a State what is meant by a photon. (J mark)

b_ Describe and explain the photoelectric

effect in terms of photons and surface
electrons of a metal. (4 marks)

c A laser emits light of wavelength
6.3 x 10°7m and of radiant power

2.0mW. Calculate

(i) the energy of each photon in
electronvolts (eV), (3 marks)

(ii) the number of photons emitted per
second from the laser. (2 marks)

a_ Electromagnetic waves of wavelength

220nm are incident on the surface of a

metal. Electrons emitted from the surface

of the metal have maximum speed

1.2 x 10°ms"!. Calculate

(i) the work function of the metal,
(4 marks)

(ii) the threshold frequency of the metal.
(2 marks)

b_ The intensity of the electromagnetic waves

incident on the metal in (a) is increased.

State and explain the effect this has on the

maximum kinetic energy of the electrons

emitted from the metal surface. (2 marks)

A negatively charged metal plate is exposed
to electromagnetic waves of a range of
frequencies. Figure 1 shows the variation
of the maximum kinetic energy E,,,,. of the
emitted photoelectrons with frequency f of

the incident electromagnetic waves.

the origin. (2 marks)

b Determine the work function of the
metal. (2 marks)

c The metal plate is replaced with one
having a work function greater than the
value calculated in (b). State and explain
the change to the shape of the graph of
Enax against f. (4 marks)

a_ Explain what is meant by the de Broglie
wavelength of a particle. (2 marks)

b_ Electrons are accelerated through a
potential difference of 200 V. Calculate
the final de Broglie wavelength of these
electrons. (5 marks)

c The electrons from (b) can be diffracted

by the atoms in a solid. Suggest what you

can deduce about the arrangement of the

atoms in solids. (1 mark)

In a demonstration experiment of the

photoelectric effect, light of wavelength

440nm incident on a clean metal surface

causes electrons to be emitted. No electrons

are emitted from the surface when the

wavelength of the incident light is greater

than 550nm.

a_ (i) Define the term work function.

(2 marks)

(ii) Explain how the work function is
related to the threshold frequency.

(2 marks)

(iii) Calculate the value of the work
function for this metal. (2 marks)

b= (i) Show that the maximum speed
of the emitted electrons in the
experiment is about 4.5 x 10°ms7!.

(3 marks)

(ii) Calculate the minimum de Broglie
wavelength of an emitted electron.

(2 marks) —

a_ State two properties of aphoton. (2 marks) —

b_ Figure 2 shows a graph of E against eS

where £ is the energy of a photon and A is

its wavelength. Ss



x

’
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]0 rs

A Figure2

(i) Explain why the graph of Figure 2

is a straight line. (2 marks)

(ii) State and explain what the gradient
of the graph represents. (2 marks)

c The Sun emits electromagnetic radiation

of average wavelength 5.5 x 10-’m. The

radiant power emitted from its surface is

6.3 x 107Wm”. The radius of the Sun is

7.0 x 108m.

1.5x10'%'m

7.0x 108m
:

Earth

<<

not to scale

A Figure3
(i) Estimate the total number of photons

emitted per second from the surface
of the Sun. (4 marks)

(ii) The Earth is about 1.5 x 10''m from

the Sun. Determine the average

intensity of the radiation at the Earth

from the Sun. (3 marks)

8

QUANTUMPHYSICS.

a_ State how the Planck constant h is used

to model photons and the wave-like

properties of particles. (2 marks)

b Explain what is meant by the
photoelectric effect. (1 mark)

c Define threshold frequency of
a metal. (1 mark)

d_ Electromagnetic radiation of wavelength

4.0 x 10°’m is incident on the surface of a

metal plate. The maximum energy of the

emitted photoelectron is 1.6 eV.

Calculate the work function of the

metal in eV. (4 marks)

A negatively charged metal plate is exposed
to electromagnetic radiation of frequency f.

Figure 8 shows the variation of the maximum
kinetic energy E, of the photoelectrons
emitted from the metal with frequency f.

5.0 7

4.0
E,/ 10-195

3:0

2,0

6.0 8,0 10.0 12.0

f/1014 Hz

A Figure4

a_ Use Figure 4 to determine the Planck
constant. Explain your answer. (3 marks)

b- State and explain the effect on the shape

of the graph when the intensity of the
incident radiation on the surface of the
metal is increased. (2 marks)
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Feeling the strain

Howcan we monitor extremely small changes in

distance, such as small changes in the length of a load-

bearing section of a bridge or tiny ground movement

caused by seismic activity? Astrain gauge can be used. It

could be attached to the bridge or secured to the ground.

The strain gauge consists ofthin wire mounted on a

non-conductive material (see Figure 1). Stretching the

gauge decreases the cross-sectional area of the wire and

increases its length. The resistance of the wire increases

by a tiny amount. It would not be possible to measure

these tiny changes in resistance using an ohmmeter.

However, a circuit known as a Wheatstone bridge circuit
can be used to monitor these tiny changes in resistance

(see Figure 2). The variation in the voltage Vcan be

monitored remotely using dataloggers and even using

mobile phones.

zig-zag length of wire

A Figure 1 Strain gauge

o

Module4 Electrons,waves,andphotons

strain gauge

—6 output voltage V

A Figure 2 Wheatstone circuit with a strain gauge

TheoutputvoltageVisrelatedtothevaluesofthe
resistancesR,,R.,ResandR,bytheequation

1 List situations, other than the two mentioned here,

where a strain gauge might be useful.

2 Showthat the resistance ofa strain gauge is
directlyproportionalto length?ofthe wire.

3. Considera Wheatstone bridgecircuitwhere initially
allthe values ofthe resistances are the same and
equal to 100 (. Whatis Vequal to? Nowimagine

that there is 0.001%change in the resistance R, of
the strain gauge. What is the output voltage now?

X+ Energyandelectrons
Imagine the hydrogen atom is one-dimensional, just

like a string fixed at both ends. The size of the atom is

about 10719m. Youknow that a moving electron has a

de Brogliewavelength. The electron bound to the atom

will produce a stationary wave.

In Chapters 11, 12 and 13 you learnt about progressive
waves, stationary waves and quantum physics. These

are important topics in physics. Physicists have

used these simple ideas to explain why the energy of
electrons within an atom is quantised. Younow have the

knowledge to recreate the modelling 1

process used in the development

of quantum physics. This is animportant aspect of HowScience e

Here are some extension questions you can tackle to
further improve your knowledge of atoms. These ideas

Works —theories and models are
amalgamated to reveal something

| will give you a head start when you study Energy levels
| inatoms in6.4.

What is the longest de Brogliewavelength of an electron

that is bound to the atom?
Calculate the kinetic energy of this electron in joules

and in eV.

Determinethe other possible kinetic energies this

electron can have withinthe atom.
Explainwhat is meant by the statement: Theenergy of

the electron withinthe atom is quantised.

new about nature.



Paper 1 style questions

SECTION A 3 The mass of the water displaced is equal to

the weight of the block.
Answer all the questions. Fete eter sche

ti tigating an electrical experimentea ere ee en Su : B= Only | and 2 are correct
records the following measurements in the
lab book. C Only 2 and 3 are correct

@ current in the LED = 120+ 8mA D® Only is Comece

I k@ potential difference across the LED (J mark)

=1.8+02V 4 Figure 2 shows a stationary wave pattern

What is the percentage uncertainty in the formed in an air column.

resistance of the LED?

A 44%

B 6.7%

Cc 11% A Figure2
D 18% Which point A, B, C, or D has a phase

(1 mark) difference of 180° with reference to P?

2 A spring of original length 3.0cm and force (1 mark)

constant 100Nm* is placed on a smooth 5 A ray of monochromatic light is incident at a

horizontal surface. Its length is changed from boundary between two transparent materials.

6.0.cm to 8.0cm. The refractive index of the materials is 1.30 and

What is the change in the energy stored 1.50. The angle of refraction for the emergent

by the spring? ray is 60°.

A_ 0.020 J

B 0.080 J

CG Ol4o 7 < boundary

DY 1003

(1 mark)

3 A wooden block is held under water and then A Figure 3

released, as shown in Figure 1. What is the angle @of incidence?

—= < waitersurface Aged

B 49°

G60;

D 88&
A Figure 1 (1 mark)

The wooden block moves towards the surface 6 Figure 4 shows the cross-section of a metal

of the water. wire connected to a power supply. The charge

Which of the following statements is/are true carriers within the metal wire move from right

about the block as soon as it is released? to left.

1 The force experienced by the face B due to P

water is greater than the force experienced Q

by the face A.

2 The upthrust on the block is equal to charge carriers

its weight. A Figure 4 ,

pe=oa)|



The section Q of the wire is thinner than

section P.

Which statement is correct?

A The direction of the conventional current

is from right to left.

B_ The section Q of the wire has fewer charge

carriers per unit volume.

C_ The current in both sections is the same.

D The charge carriers are negative ions.

(1 mark)

7 A resistor R is connected in parallel with a

resistor of resistance 10Q. The total resistance

of the combination is 6.0 Q. What is the

resistance of resistor R?

A 0.067 Q
B 3.8Q

C 4.02

Dy 152

(1 mark)

8 What is a reasonable estimate for the energy of

a photon of visible light?

AY 4% 10°73

B 4x10718J

Gitax 107163

D 4x1lollj

(1 mark)

9 Students A and B use micrometer screw

gauges to measure the diameter of a copper

wire in three different places along its length.

The diameter of the wire according to the

manufacturer is 0.278mm. The results recorded

by students A and B are shown in Figure 5.

0.279 mm 0.276 mm

0.277 mm 0.280 mm 0.275 mm] 0.277 mm

0.278 mm 0.278 mm

Student A Student B

A Figure 5

Which statement is correct about the

measurements made by the student B

compared with those of student A?

—

A The measurements are more accurate.

oe) The measurements are not as precise.

C The measurements are both more accurate

and more precise.

D The measurements are not accurate but are

more precise.

(1 mark)

10 The circuit in Figure 6 is constructed by a

student in the laboratory.

2.0 Q

A Figure 6

The e.m.f. of the cell is 1.5 V and it has an internal

resistance of 3.0Q. A resistor of resistance 2.0Q

and a variable resistor R are connected in series

to the terminals of the cell. The variable resistor

is set to a resistance value of 7.0Q.

What is the value of the ratio

power dissipated in R

power supplied by the cell —
(OG

0.25

0.58

0.75

0).E>

(1 mark)

SECTION B

Answer all the questions

11 a_ Define velocity. (1 mark)

b_ The mass of an ostrich is 130kg. It can run at

a maximum speed of 70kilometers per hour.

(i) Calculate the maximum kinetic energy

of the ostrich when it is running.
(3 marks)

(ii) Scientists have recently found

fossils of a prehistoric bird known as
Mononykus. Figure 7 shows what the
Mononykus would have looked like.



A Figure 7

According to a student, the

Mononykus looks similar to our

modern day ostrich. The length,

height and width of the Mononykus

were all half that of an ostrich.

Estimate the mass of the Mononykus.

Explain your reasoning. (2 marks)

G481 June 2014

12 Figure 8 shows a block of wood held at rest at

13

the top of a smooth ramp.

block

A Figure8
The ramp makes an angle of 10° to the

horizontal. The block is released and

it slides down the ramp.

a_ Calculate the acceleration of the block

along the length of the ramp. (2 marks)

b_ The block travels a total distance of 45cm

down the ramp. Calculate the time it takes

to reach the bottom of the ramp. (3 marks)

c_ The speed of the block at the

bottom of the ramp is v. Describe

a simple experiment a student can

carry out to determine an approximate

value of the speed v. The student

only has a metre rule anda

stopwatch. (3 marks)

Figure 9 shows a metal wire stretched horizontally

between two supports on a laboratory bench.

metalwire

A Figure 9

The tension in the wire is 15N and it has a

cross-sectional area 3.1 x 10-’m?. The Young

modulus of the wire is 4.2 x 10!° Pa.

260

14a

a_ Calculate the strain of the wire. (3 marks)

b Design a simple electrical circuit to

determine the resistivity of the

metal used to make the wire. (4 marks)

c Figure 10 shows an electrical circuit.

Calculate the total resistance between

A and B. (3 marks)

10Q

5O 20Q

302

A Figure 10

Explain what is meant by coherent waves.

(1 mark)

b_ State two ways in which a stationary

waves differs from a progressive wave.

(2 marks)

c Figure 11 shows a stationary pattern on a

length of stretched string.

drawn to scale

A Figure 11

15

The distances shown in Figure 1] are drawn

to scale. The frequency of vibration of the

string is 110Hz.

(i) By taking measurements from Figure 11,

determine the wavelength of the

progressive waves on the string. —_(2 marks)

(ii) Calculate the speed of the progressive

waves on the string. (2 marks)

a~ Sketch a graph of energy EFof a

photon against frequency fof the
electromagnetic radiation. (1 mark)

b_ Electromagnetic waves of frequency

8.93 x 10!*Hz are incident on the surface

of metal. The work function of the metal
i$:3:20% 10-7 J,

(i) Calculate the energy of the

photons. (2 marks)

(ii) Calculate the maximum speed VesisiO1

the photoelectrons emitted from the

metal surface. (3 marks)



l6a Define refractive index of a material. (1 mark)

b_ Figure 12 shows the path of a ray of light

as it crosses the boundary between two

materials A and B.

weak reflection

A Figure12

The refractive index of material A is 1,

and the angle of incidence of the ray

of light is 6,. The angle of refraction in

material B is 6, and the refractive index
of material B is n,. Write an equation

that relates n,, n,, 6, and 8,. (1 mark)

A student is investigating the refraction

of light by a transparent material by

measuring the angles of incidence 7 and

refraction r. Figure 13 show the results

from the experiment.

Snare| 5000:et uei at
A Figure13

Use Figure 13 to determine

(i) the refractive index of the material
(2 marks)

(ii) the critical angle for this material.
(2 marks)

You are provided with a semi-circular glass
block and a ray-box with a suitable supply.

L7 2

Paper 1 style questions

Design a laboratory experiment to determine

the critical angle of the glass of the semi-

circular block and hence the refractive index

of the glass. You may use other equipment

available in the laboratory. In your

description pay particular attention to

e@ how the apparatus is used

@ what measurements are taken

e@ how the data is analysed. (4 marks)

State Ohim’s law. (1 mark)

The J-V characteristic of a particular

component is shown in Figure 14.

BRO Or Oe
GFSECCESSCHRTY SSLhows |

A Figure14

(i) Use Figure 14 to describe how the

resistance of this component depends

on the potential difference (p.d.)

across it. You may do calculations

to support your answer. (3 marks)

(ii) Draw a circuit diagram for an

arrangement that could be used

to collect results to plot the graph

shown in Figure 14. (3 marks)

Figure 15 shows an electrical circuit.

A Figure15
The e.m.f. of the battery is 6.0 V and it has

negligible internal resistance.

Calculate

(i) the current in the 36Q resistor (2 marks)

(ii) the potential difference across
the 12Q resistor (1 mark)

(iii) the potential difference between
points P and Q. (2 marks)

261



Paper 2 style questions

Answer all the questions

Figure la shows a 500g mass suspended
from two strings. The mass hangs

vertically and is in equilibrium.

string string

2

500gmass
A Figure1a

(i) Determine the tension T in one

of the strings. (4 marks)

(ii) Describe how a student could

determine the value of T

experimentally in the laboratory.

State one possible limitation of

the experiment. (2 marks)

Figure 1b shows an experiment designed
by a student.

compressed spring

—
bench _ ball — path of ball

ground

A Figure1b

A metal ball is pushed against a

compressible spring and then released. The

ball has a horizontal velocity of 1.5 ms.

The ball leaves the horizontal bench and

lands on the ground below at point G.

Assume friction has negligible effect on the

motion of the ball.

(i) Describe the energy changes of the

ball from the instant it is held

against the compressed spring

to the instant just before it

lands at G. (4 marks)

(ii) The ball takes 0.42 to travel from

top of the bench to G.

Calculate the height of the bench

from the ground. (3 marks)

Figure 2 shows a simple pendulum. It
consists of a metal ball of diameter 2.00 cm

and a thin string.

string

A Figure2
The ball is raised to a vertical height s and then

released.

a_ Show that its speed v at the bottom of its

swing is given by the equation v? = 2gs,
where g is the acceleration of

freefall. (3marks)
b_ Describe how a student could

determine the speed v at the bottom of
the pendulum’s swing in the laboratory.

~ State one possible limitation of your
method. (4 marks)



The table below shows some of the results

obtained by a student.

2.03 +£0.15 4.12 +0.61

2.54+0.18

2.8320125

3.10+0.30

8.01 + 1.42

9.61 + 1.86

(i) Copy and complete the table by

determining the missing value for v?

and the absolute uncertainty in

this value. (3 marks)

(ii) The student plots a graph of

against s. Explain how the graph

may be used to determine the

acceleration of free fall g. (2 marks)

Figure 2 shows the J-V characteristic of a

blue light-emitting diode (LED).

current/mA
0 1.0 2.0 3.0 4.0

p.d./V

A Figure3a

ra

AN
A Figure3b

d

(i) The data for plotting the /-V

characteristic is collected using the

components shown in Figure 3b.

3y drawing on a copy of Figure 3b

complete the circuit showing how

you would connect the two meters

needed to collect these data. (J mark)

(ii) When the current in the circuit of

Figure 3b is 20mA calculate the

terminal potential difference across

the supply.

(3 marks)

The energy of each photon emitted

by the LED comes from an electron

passing through the LED. The energy

of each blue photon emitted by the
LED is 41x10 5,

(i) Calculate the energy of a blue photon

in electron volts.

(1 mark)

(ii) Explain how your answer to (i) is

related to the shape of the

curve in Figure 3a. (2 marks)

Calculate for a current of 20mA

(i) the number v of electrons passing

through the LED per second,

(2 marks)

(ii) the total energy of the light emitted

per second,

(2 marks)

(iii) the efficiency of the LED in

transforming electrical energy into

light energy.
(2 marks)

The energy of a photon emitted by a red

LED is 2.0 eV. The current in this LED is

20mA when the p.d. across it is 3.4 V.

Draw the J-V characteristic of this LED

on a copy of Figure 3a. (2 marks)

Q4 G482 June 2014 paper



Interference of waves from two sources

can only be observed when the waves

are coherent.

Explain the meaning of

(i) interference, (2 marks)

(ii) coherence. (1 mark)

Figure 4 shows two microwave transmitters

A and B 0.20m apart. The transmitters

emit microwaves of equal amplitude

in phase and of wavelength 30mm.
A detector, moved along the line PQ ata

distance of 5.0m from AB, detects regions

of high and low intensity forming an

interference pattern.

P

A
Ld

0.20m 50m
is
B

Q
A Figure4

(i) Use the ideas of path difference or

phase difference to explain how

the interference pattern

is formed. (3 marks)

(ii) Calculate the separation between

one region of high intensity and the

next along the line PQ.

(2 marks)

(iii) State the effect, if any, on the

position and intensity of the

maxima when each of the following

changes is made, separately, to the

experiment.

1 The amplitude of the transmitted

waves is doubled.

(2 marks)

2 The separation between the

transmitters is halved.

(2 marks)

. 3. The phase of transmitter A is

reversed so that there is now a

phase difference of 180° between

the waves from A and B.

(2 marks)

Q6 G482 Jan 2012 paper

Figure 5 shows a ball of mass 0.050 kg

resting on the strings of a tennis racket

held horizontally.

A Figure 5

(i) Ona copy of Figure 5, draw and label

arrows to represent the two forces

acting on the ball. (2 marks)

(ii) Calculate the difference in magnitude

between the two forces on the

ball when the racket is accelerated

upwards at 2.0ms"?.

(2 marks)

The ball is dropped from rest at a point

0.80m above the racket head. The racket

is fixed rigidly. Assume that the ball

makes an elastic collision with the strings

and that any effects of air resistance are

negligible.

Calculate

(i) the speed of the ball just before impact,

(2 marks)

(ii) the momentum of the ball just

before impact,

(1 mark)



(ili) the change in momentum of the ball

during the impact,

(1 mark)

(iv) the average force during the impact for

a contact time of 0.050s.

(1 mark)

The two forces you have drawn in

(a)(i) are not a pair of forces as required

by Newton’s third law of motion.
However each of these forces does

have a corresponding equal and

opposite force to satisfy Newton's
third law. Describe these equal and

opposite forces and state the objects

on which they act. (4 marks)

QI 2824 Jan 2010 paper

Show that the momentum p of a particle

is given by the equation p=/2Em, where

m is the mass of the particle and

E is its kinetic energy. (3 marks)

Slow-moving neutrons from a nuclear

reactor are used to investigate the

structure of complex molecules
such as DNA. Neutrons can be diffracted

by DNA. The mass of a neutron is

1.7x10-27kg.

Paper 2 style questions

(i) Calculate the de Broglie wavelength

of a neutron of kinetic energy
62% 10-723. (4 marks)

(ii) Suggest why these slow-moving

neutrons can be diffracted

by DNA. (1 mark)

Charged particles are accelerated in a

laboratory by a group of scientists. The de

Broglie wavelength of the particles is A and

their kinetic energy is £. Figure 6 shows a

graph of A?against = for these accelerated

particles.

AAGame

A Figure 6

Use Figure 6 to determine the

mass m of the particles. (4 marks)



A1 - Physical quantities and units

Being sensible
You already know that all physical quantities have a numerical value

and a unit. For example, speed is a physical quantity and its SI base

Minitis ms:

When carrying out calculations or experiments, it is always sensible

Synoptic link to have a close look at the answer to see if it is reasonable. Experience
ee - | of doing many calculations in physics will help you gauge whether

or not an answer is reasonable. The list below provides helpful

benchmarks in mechanics for you to make well-reasoned estimates of

other physical quantities. Try to add to this list as you go through your

physics course.

Youfirstmetphysicalquantitiesin
Topic2.1,Quantitiesandunits.|

W Table 1

Lengthof aruler= 30cm walkingspeed =1ms7+

height of a person = 1.5m speed of a car ona motorway = 30ms +

mass of an apple = 0.1 kg acceleration of free fall= 10ms~°

mass of a person = 70 kg density of air= 1 kgm?

mass of a car = 1000 kg density of water = 1000 kgm >

Making estimates
What is the kinetic energy of the car shown in Figure 1?

You can make an estimate of the energy using the equation for kinetic

energy and some of the values listed in Table 1. Estimates use known

facts and sensible assumptions to arrive at an answer, so they are not

just wild guesses. You should not be plucking random values from

your head when making estimates.

The kinetic energy £, of a car is given by the equation
A Figure 1 Estimating the kinetic E
energy of a car : =5massxspeed?

By,= x1000x30?=4.5x10°J=5x10°J(1s.t,)
Assumptions are needed for estimates. In the estimation above, we

assumed that the car is travelling at a constant speed.

Working out units

Most physical quantities can be expressed by combinations of six base
units —kg, m, s, A, K, and mol.

The area of a rectangular room can be found by multiplying its

length and width together. This means that the derived unit for area
ism x m=m2?.

All derived units can be worked out using an appropriate equation and

= then multiplying and/or dividing the base units. For example, speed is
A Figure2 Estimating the mass of distance divided by time. This means that the derived unit for speed is
water in a swimmingpool Mins =is4,

266



Checking if an equation is correct in terms of units
An equation describing a relationship between physical quantities can

only be correct if both sides have the same SI units. If the left-hand
side of an equation has the units kgm~s~!, then the right-hand side of

the equation must also have the same units, kgm-2s~!. The equation is

homogeneous in terms of units, where homogeneous means identical.

Checking the homogeneity of physical equations using SI units is a

powerful method of assessing whether or not an equation is correct.

All balanced out

For an object that started from rest, the final velocity is given
by the equation v7 = 2as, where a is the acceleration and s is

the displacement of the object. You can show that the equation

is homogeneous by determining the units on the left- and
right-hand sides of the equal sign and showing them to be
identical.

Since numbers have no units, you will not need to worry about

the 2 in this equation.

s | ‘left hand side’ ‘right hand side’

‘ 2as

YWTable2

V'
(ms) (m)=mes?

quantity

ov wa
Using an equation to find SI units - ,

The drag force F acting on an object falling through the air at a Ba a ——- vt

speed vis given by the equation F = kA v, where A is the area of Pam ”" -_ we .. 4
the object. To determine the units for k you must rearrange the } ne oS ire pis
equation with k as the subject, then substitute all the known SI ' be i. SS ee a

~. ~units for the quantities. bea at —* i ; “eo

k= a A Figure3 Arethese equations
na P P =3 homogeneous?

The quantity k has the SI units kg m™.

Y Table3



A2 —Recording results and straight lines

WTable1

V/V I7A R/Q

ITA

04
0 VIV

A Figure 1. Theaxes of the graph must
have the correct labels

Table of results

Tables are useful for displaying a lot of information at once. This is

usually numerical data, for example, readings taken from measuring

devices during experiments. You can clearly see the values of each

quantity in a table, although it may be difficult to spot patterns or

trends in the data.

Table 1 shows a section of a typical results table from an investigation

of an electrical component. The measured quantities are potential

difference V (or p.d.) and the current J. The units are also included.

The first two columns have headings V/V and I/ A. The slash is used to

separate the quantity from its unit. The final column is for resistance

R of the component, which is calculated by dividing V by I. The unit of

electrical resistance, Q, for this processed data is also included.

You have to think about the exactness to which the quantities are

measured. All the values for Vand J are measured to 2 decimal

places. Since the values in the final column are calculated from V

and J, values of resistance must be written to the correct number of

significant figure. The V values are written to 2 significant figures

and the J values are all to 3 significant figures. Therefore the values

of R can only be quoted to 2 significant figures —equal to the lowest

significant figures used in the calculation.

Plotting graphs
In physics, you often plot a graph of your results in order to identify

any trends or patterns. What do you plot on the vertical axis (y-axis)
and on the horizontal axis (x-axis)? As a general rule, you plot the

independent variable, the one you deliberately change in an

experiment, on the x-axis, and the dependent variable, the variable
which changes as a result, on the y—axis.

You must label both axes correctly with the quantities and their units.

The labels are simply those you would have used in your column

headings (see Table 1).

Here are a few useful tips when plotting graphs:

@ Never choose scales which are multiples of 3, 7, 11, or 13.

@ Ensure that you are using most of the graph paper to plot

your results.

Plot your points using small crosses.

For a straight line graph, draw the straight best fit line using a
long ruler.

@ When calculating the gradient (see below), clearly show the

triangle used —the triangle should be large, using at least half of
the line drawn.



Gradients

You can determine the gradient of a straight line graph

using a large triangle. For a curve, you have to draw

a tangent first and then determine its gradient using

a large triangle. The gradient is worked out using the
following equation:

wedaNgradientSas

change iny _ Ay
radient =é changeinx Ax

Straight lines A Figure2 Usea large triangle when determining

The general equation for a straight line is written in the gradient

the form
equation of line y= mx+c

y=mx+e

where mis the gradient and c is the y-intercept \— gradient= m

(Figure 3).

In your physics work, you will come across Sail Plllggy

equations that can easily be presented in the form

of a straight line equation. For example, v = u + at.

This is the equation for an object accelerating in

a straight line. The initial velocity of the object is A Figure3 y=mx+c

u, the acceleration is a, and vis the final velocity
after a time f. If you plot fon the x-axis and v on

the y-axis, then the gradient of the line must be acceleration

a, and the y-intercept must be u (Figure 4).

0

v/ims”

v=at+u i ae \—gradient=a
een WegTeacxlctntenreiliecermgrriiieFHMM(ylantieite vduateunge
Curves to straight lines 0 a
Not all the graphs you plot in physics produce straight lines. 0
Consider the equation s = —a?f for an object accelerating A Figure 4 They-intercept is uand the gradient is a
from rest. The constant acceleration of the object is a and its

displacement after a time fis s. If you plot s against t you will
get a curve —a parabola. It is difficult to extract useful information ae

from such a curve. However, you can turn this equation into a

straight line equation as shown below.

1 2 ;
s=Sar+0

2 :
y= mx +e =" gradient= =

You will get a straight line graph by plotting ??on the x-axis and s 0 eae eS

on the y-axis. The gradient of the line is 54 (Figure 5). By plotting #2)52

the data in this way, you can determine the acceleration a of the A Figure5 Thegradient of this straight line
oO : ae

object by multiplying the gradient by 2. : is 5 and the linepasses throughthe origin



A3 — Measurements and uncertainties

A Figure 1 An error made when you

use a calculator is a mistake that can be

corrected but measurement errors are

more difficult to deal with

A Figure 2 Zero error on an ammeter

Errors are not mistakes

Making measurements and using instruments is a key part of scientific

activity. No measurement can ever be perfect. When you think about

errors you may think about mistakes. If you make a mistake in an

experiment, you may be may be able to do the experiment again

without the mistake. However, an experiment will still contain errors.

An error in a scientific sense is the difference between the result you

get and the correct result. Errors are usually caused by measuring

devices, even if they are used correctly, or by the design of the

experiment itself.

Measurement errors

A true value is the value that would be obtained in an ideal

measurement. True values may be values found in a data book, or the

values you expect to get in your experiments. Ameasurement error

is the difference between a measured value and the true value for the

quantity being measured. Remember that mistakes are not counted as

errors here.

Random errors

Random errors can happen when any measurement is being
made. They are measurement errors in which measurements vary

unpredictably. There can be many reasons for this, including

® factors that are not controlled in the experiment

@ difficulty in deciding on the reading given by a measuring device.

Random errors cannot be corrected. All you can hope to do is

reduce their effect by making more measurements and reporting the

mean value.

Systematic errors
Systematic errors are measurement errors in which the

measurements differ from the true values by a consistent amount each

time a measurement is made. Reasons for this include

@ the way in which measurements are taken

® faulty measuring devices.

For example, poor contact between a thermometer and the object

whose temperature is being measured will cause systematic errors.

A faulty measuring device may give readings that are consistently
too high or too low. This may be because it has not been calibrated
correctly. A faulty device may give a zero error, in which the reading

is not zero when the quantity being measured is zero (Figure 2).

Unlike random errors, it may be possible to correct for

systematic errors.



Precision and accuracy

In everyday life, people often use the words precise and accurate to

mean the same thing —this is not the case in physics.

@ Accuracy is to do with how close a measurement result is to the

true value — the closer it is, the more accurate it is.

@ Precision is to do with how close repeated measurements are to

each other —the closer they are to each other, the more precise

the measurement is.

Figure 3 is a visual way of appreciating the terms accuracy and precision

using a dartboard as an example. You are aiming for bullseye —it

represents the true value.

Uncertainty
Random and systematic errors mean that you rarely obtain the same

value for a particular measurement. Consider using a micrometer

to measure the diameter of a supposedly uniform copper wire. The

readings below show the readings along the length of the copper wire:

0.53mm, 0.49mm, 0.52mm, 0.51mm

The smallest scale division of this instrument is 0.01 mm but the

readings above show a spread much greater than this.

The mean value for the diameter can be calculated by adding together
the values for each repeat reading, then dividing by the number of

readings. The mean diameter of the copper wire is

0.53mm + 0.49mm + 0.52mm + 0.51mm

4

The range of the measurements is 0.04 mm. This is the difference

between the smallest and largest readings (0.53 mm —0.49mm).

= (5 | mama.

The uncertainty in the measurement is an interval within which the

true value can be expected to lie. The absolute uncertainty in the

mean value of a measurement can be approximated as half the range.

This is often expressed as + value. In this example, you can write the

diameter as its mean value + absolute uncertainty

diameter = 0.51+0.02mm

The percentage uncertainty in the diameter can be calculated from

its absolute uncertainty and mean value as follows:

: oes _ absolute uncertainty
% uncertainty in diameter = x 100

mean value

_ 0.02
~ 0.51

Finally, what do you do when repeat measurements give identical

values or you have just taken a single measurement? In this
situation you can approximate the absolute uncertainty to be equal

to the resolution of the measuring instrument. This is the smallest
change in the measured quantity that the instrument can show. The

micrometer readings for the copper wire are written to 2 decimal
places, with + 0.01mm being the smallest change it could show.

x 100 = 3.9%

-

a

not accurate accurate

not precise not precise

not accurate accurate
precise precise

A Figure 3 Accuracy and precision



Therefore, if all the readings were 0.53mm, or you just had a single

reading of 0.53mm, the diameter of the copper wire may be written as

diameter = 0.53+0.01mm

Analysing uncertainties

Uncertainties can help you identify where the greatest errors in an

experiment are, giving you the chance to improve it using a different

method or measuring instrument.

The final uncertainty in an answer depends on how quantities are

combined. Here are three important rules about the way uncertainties

propagate.

1 Adding or subtracting quantities

When you add or subtract quantities in an equation, you add the

absolute uncertainties for each value.

What is the extension?

The original length of a spring is 2.5+0.1 cm and the final length

is 15.0+0.2 cm. Calculate the extension of the spring and the

absolute uncertainty.

Step 1: Calculate the extension by subtracting the lengths.

extension = 15102751. ena

Step 2: Add the absolute uncertainties.

absolute uncertainty = 0.1 + 0.2 = 0.3

Step 3: Write the answer in the normal convention.

extension = 12.5+0.3mm

2 Multiplying or dividing quantities

When you multiply or divide quantities, you add the percentage

uncertainties for each value.

What is the resistance?

The current / in a resistor is 1.60+0.02 A and the potential

difference V across the resistor is 6.00+0.20V. Calculate the

resistance and the absolute uncertainty.

Step 1: Calculate the resistance R of the resistor.

Step 2: Calculate the percentage uncertainty in each

measurement.

% uncertainty in J = ae x 100 = 1.25% :

: . i
oa x 100 = 3.33%

6.00 a>)
% uncertainty in V=



A3 — Measurements and uncertainties

o
Step 3: Add the percentage uncertainties.

% uncertainty in R= 1.25 + 3.33 = 4.58%

Step 4: Calculate the absolute uncertainty in R.

absolute uncertainty in R = 0.0458 x 3.75 =0.17Q

Step 5: The values of Vand J are quoted to 3 significant figures,

therefore the final answer for the resistance must also be

written to 3 significant figures.

R = 3.75+0.17Q (3 s.f.)

3 Raising a quantity to a power

When a measurement in a calculation is raised to a power n, your

percentage uncertainty is increased 1 times. The power 1 can be an

integer or a fraction.

Cross-sectional area of a wire
The diameter of a wire is recorded as 0.51 +0.02 mm. Calculate

the cross-sectional area of the wire and the absolute uncertainty.

Step 1: Calculate the cross-sectional area A of the wire.
eau =x (0.51% 107)?

Step 2: The percentage uncertainty in A is equal to 2 times the

percentage uncertainty in d.

(The nmand the 4 are numbers and therefore have no

uncertainty associated with them.)

0.02x100]=7.84%0.51

Step 3: Calculate the absolute uncertainty in A.

absolute uncertainty in A = 0.0784 x 2.04 10-7 = 0.16 x 10-7m*

% uncertainty in A= 2 x

Step 4: The diameter of the wire is quoted to 2 significant
figures, therefore the final answer for the cross-sectional

must also be written to 2 significant figures.

A = (2.0+0.2) x 10-7m? (2 s.f.)

Graphs
Straight line graphs are important in physics because you can use
them to formulate relationships between physical quantities. As
indicated in Appendix A2, Recording results, you plot points using
small crosses. If the points appear to lie on a straight line, then you can

draw your straight line of best fit using a long ruler. You must ignore a
point that is much further than any other point from the best fit line.

This point is referred to as being anomalous. |



A3 — Measurements and uncertainties

The uncertainty in ameasurement can be used to give a small range or

error bar for each measurement. Instead of plotting just the points on

a graph, you can plot an error bar for all of your measurements.

line of best fit

error bar

worst fit (steepest)

A Figure 4 Errorbars are useful when you draw the line of best fit and the worst line
for your measurements

Your straight best fit line must pass through all the error bars (Figure 4).

You would use this line to determine the value of the gradient. How

can you determine an approximate value for the uncertainty in the

gradient? You would draw the line of worst fit —the least acceptable

straight line through the data points —this can either be the steepest or

the shallowest line.

The absolute uncertainty in the gradient is the positive difference

between the gradient of the line of best fit and the gradient of the line

of worst fit.

The percentage uncertainty in the gradient can be calculated as

absolute uncertainty
% uncertainty in gradient = :ye gradient best fit line x 100%

petDadidn.

‘yo’Maelee



od. Physics A Data Sheet

Data, Formulae and Relationships

The data, formulae and relationships in this datasheet will be printed
for distribution with the examination papers.

Data

Values are given to three significant figures, except where more —or
fewer —are useful.

Physical constants

acceleration of free fall g 9.81 ms?

elementary charge e 1.60% 107°C

speed of light in a vacuum c 3.00 x 108&ms-!

Planck constant h 63 ~ 107433

Avogadro constant N, 6.02 x 107? mol"!

molar gas constant R 8.31 J mol! kK"!

Boltzmann constant k bss x40 IK

gravitational constant G 6.67 x 107!!!Nm*kg?

permittivity of free space E, 5.85 * 107" CN-' mi (Eni)

electron rest mass m. 9.11 x 107!kg

proton rest mass Mm, 1.673 x 10-?7kg

neutron rest mass m,, 1.675 x 10°*7kg

alpha particle rest mass mn, 6.646 x 10°*7kg

Stefan constant o 5.67 X10 Wor Kk

Quarks

2)

up quark charge= =e e

downquark charge=-5e
strange quark charge = -5 e

Conversion factors

unified atomic mass unit 1 u=1.661 x 10-’kg

electronvolt 1 eV = 1.60 x 107!°J

day 1 day = 8.64 x 104s

year 1year ~3.16x 107s
light year — 1 light year = 9.5 x 102m

parsec © 1 parsec ~ 3.1 x 10'°m



Mathematical equations density

arc length = r@
m

ee a
circumference of circle = 2zr

area of cif one DiCEStS

curved surface area of cylinder = 2rh p= &
A

surface area of sphere = 4nr?

area of trapezium = 5 (a + b)h p=hpg

volume of cylinder = arh work, energy and power

volume of sphere = al W = Fx cos 0

Pythagoras’ theorem: a? = b? + ¢* efficiency = _useful energy output x 100%

total energy input
cosine rule: a? = b? +c? —2bccosA pa

b t
sine rule: = =

snA sinB sinC P= By

sin @=tan @=@and cos 8 ~1 for small angles

springs and materials

F= kx
log(AB) = log(A) + log(B)

(Note: lg = log,, and In = log.)
A r= dix. B=1ke

log (4) = log(A) —log(B) 2 2
é F

i —log(x”) = n log(x) A

xIn(e*) = kx Paid

Formulae and relationships ee

Module 2 —Foundations of physics :
vectors Module 4 —Electrons, waves and photons

F,= F cos@ charge AQ = IAt

f= F sin @ current I= Anev

Module 3 —Forces and motion work done W = VQ; W= €Q: W=VIt
uniformly accelerated motion

resistance and resistors
v=utat: pu fk
s= —(u+ v)t A

2 : R=R,+R,+
1$= ut+—aP 2 thee
2 RoR: SR,

V2= 4?+ Qas
power P=JI, P= PRGndP ec

force
_ Ap internal resistance €=1(R+r);€=V+Ir :

At se!
ses potential divider V,.,,=———x V,, :

turning effects Rit R, :

moment= Fx NagaRX F

torque= Fd { 2052 j
waves yefa = |



5d. Physics AData Sheet

A=— ,D energy=—oie
refraction n=— :

v astrophysics
n sin@=constant hf =AE;he_ AE
SargesinC= = dsin@=na

quantum physicsFE= hf =.© =
he= 3 L=Anr-oT*

hf=6+KE.. cosmology
h “~% AA_ AF_Vv

A=- aa he
ge

Module5 —Newtonianworld ly

and astrophysics v=H,d

thermal physics EF= mcA@ t=H?
E=mL a - :Module6 —Particlesand medicalphysics

idealgases pV= NkT,pV=nRT capacitanceand capacitors
pV= 1Nm2 hi

3 V
Les 3Sia —— &Axc = 5kT G= 0

d
E ==kT

C= 4n€,R
circularmotion C GytiGpn

2O==; W@=21na f a a ho
v=or Cc Gg GG,

2 RO IEGie a ess
a=—;a=W?r Wiest MeMei oe tis ay

T= CRF=™ | F=mo?r *
rae &

oscillations Sn,
o= 22; w= 2dnf x=Xx,(l—e“)

eearea electricfield R= a

x =Acosat;x = Asinat a Q
v=twvA-x’ Aner?

gravitationalfield pone.
Ané,r? m

eaaie

wpa
4m r
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Qq Einstein’s mass-energy
we Ane, equation AE = Amc

; ; attenuation of
magnetic field F= BI/Lsin@

X-rayS  , 1=i,e7"

Bey ultrasound hao)
electromagnetism fs: (7.2 ane

A(N@)
om At Af _ 2vcos@
n, ie l, if Cc

My p s

iradius of nucleus R=r,A4 :
radioactivity A=AN; Fre —AN

At = In(2)

unease <A=Ae“'



acceleration The rate of change of velocity, a vector
quantity

acceleration of free fall The rate of change of
velocity of an object falling in a gravitational field,
symbol g

air resistance The drag or resistive force experienced
by objects moving through air

ammeter A device used to measure electric

current — it must be placed in series and ideally

have zero resistance

ampere The base SI unit of electric current, symbol

A, defined as the current flowing in two parallel

Wires in a vacuum | m apart such that there is an

attractive force of 2.0 x 10-’N per metre length of

wire between them

amplitude (waves) The maximum displacement

from the equilibrium position (can be positive or

negative)
angle of incidence The angle between the direction

of travel of an incident wave and the normal at a

boundary between two media

angle of reflection The angle between the direction

of travel of a reflected wave and the normal at a

boundary between two media

anion A negatively charged ion, one which is
attracted to an anode

anode A positively charged electrode
antiparallel (vectors) In the same line but opposite

directions

antiphase Particles oscillating completely out of

step with each other (one reaches its maximum
positive displacement as the other reaches
its maximum negative displacement) are in

antiphase
Archimedes’ principle The upthrust on an object

in a fluid is equal to the weight of fluid it displaces
average speed The rate of change in distance

calculated over a complete journey
average velocity The change in displacement As for

a journey divided by the time taken Af As/At
base unit One of seven units that form the building

blocks of the SI measurement system

battery A collection of cells that transfers chemical

energy into electrical energy
braking distance Distance travelled by a vehicle

from the time the brakes are applied until the

vehicle stops
breaking strength The stress value at the point of

fracture, calculated by dividing the breaking force

by the cross-sectional area

brittle Property of a material that does not show

plastic deformation and deforms very little (if at

all) under high stress

capacitor A component that stores charge, consists
of two plates separated by an insulator (dielectric)

cathode A negativelychargedelectrode
cation A positively charged ion, one which is

attracted to a cathode
cell A device that transfers chemical energy into

electrical energy

centre of gravity An imaginary point at which the
entire weight of an object appears to act

centre of mass A point through which any
externally applied force produces straight-line

motion but no rotation

charge carrier A particle with charge that moves
through a material to form an electric current —
for example, an electron in a metal wire

closed system An isolated system that has no

interaction with its surroundings

coherence Two waves sources, or waves, that are

coherent have a constant phase difference

component One of the two perpendicular vectors

obtained by resolving a vector
compression The decrease in length of an object

when a compressive force is exerted on it

compression (waves) A moving region in which the
medium is denser or has higher pressure than the

surrounding medium
compressive deformation A change in the shape

of an object due to compressive forces
compressive force Two or more forces together that

reduce the length or volume of an object
conservation of charge A conservation law which

states that electric charge can neither be created

nor destroyed — the total charge in any interaction

must be the same before and after the interaction

constant speed Motion in which the distance

travelled per unit time stays the same

constant velocity Motion in which the change in

displacement per unit time stays the same
constructive interference Superposition of two

waves in phase so that the resultant wave has
greater amplitude than the original waves

conventional current A model used to describe

electric current in a circuit — conventional

current travels from positive to negative — it is the

direction in which positive charges

would travel



coulomb The derived SI unit of electrical charge,

symbol C — | coulomb of electric charge passes

a point in one second when there is an electric

current of one ampere, 1C= 1As

couple A pair of equal and opposite forces acting on
a body but not in the same straight line

critical angle The angle of incidence at the
boundary between two media that will produce

an angle of refraction of 90 °
crystallography A method for determining

the structure of a substance by studying the

interference patterns produced by waves passing
through a crystal of the substance

de Broglie equation An equation relating the
wavelength and the momentum of a particle:

sit

density The mass per unit volume of a substance

derived quantity A quantity that comes from a

combination of base units
derived unit A unit used to represent a derived

quantity, such as N for force

destructive interference Superposition of two

waves in antiphase so that the waves cancel each

other out and the resultant wave has smaller

amplitude than the original waves

diffraction The phenomenon in which waves

passing through a gap or around an obstacle

spread out
diode A semiconductor component that allows

current only in one particular direction
displacement The distance travelled in a particular

direction — it is a vector with magnitude and a
direction

displacement (waves) The distance from the

equilibrium position in a particular direction —

displacement is a vector, so it has a positive or a
negative value

drag force The resistive force exerted by a fluid on
an object moving through it

ductile Property of a material that has a large plastic

region in a stress-strain graph, so can be drawn

into wires

efficiency The ratio of useful output energy to total

input energy, often expressed as a percentage
elastic deformation A reversible change in the

shape of an object due to a compressive or tensile

force — removal of stress or force will return the
object to its original shape and size (no permanent
strain)

elastic limit The value of stress or force beyond
which elastic deformation becomes plastic

deformation, and the material or object will no
longer return to its original shape and size when
the stress or force is removed

280

elastic potential energy The energy stored in an

object because of its deformation
electric charge A physical property, symbol q or Q

either positive or negative, measured in coulombs,

C, or a6 a relative charge
electric current The rate of flow of charge, symbol

I, measured in amperes, A; normally a flow of

electrons in metals or a flow of ions in electrolytes

electricity meter A device that measures the

electrical energy supplied in kWh to a house

from the grid
electrolyte A liquid containing ions that are free to

move and so to conduct electricity
electromagnetic spectrum The full range of

frequencies of electromagnetic waves, from gamma

rays to radio waves
electromagnetic wave Transverse waves with

oscillating electric and magnetic field components,

such as light and X-rays, that do not need a

medium to propagate — they travel at a speed of
3.0 x 108 ms! in a vacuum

electromotive force (e.m.f.) The work done on the

charge carriers per unit charge, symbol V, unit volt,

V, measured across a cell, battery or power supply

electron gun A device that uses a large accelerating
potential difference to produce a narrow beam of
electrons

electronvolt A derived unit of energy used for

subatomic particles and photons, defined as the

energy transferred to or from an electron when it

passes through a potential difference of 1 volt; 1 eV

is equivalent to 1.60 x 107!°J

elementary charge The electric charge equivalent
to the charge on a proton, 1.60 x 107!°C; symbol e

energy The capacity for doing work, measured in
joules, J

equilibrium A body is in equilibrium when the net
force and net moment acting on it are zero

equilibrium position (waves) The resting position
for particles in the medium

extension The increase in length of an object when

a tensile force is exerted on it

filament lamp An electrical component containing

a narrow filament of wire that transfers electrical
energy into heat and light

fluid A substance that can flow, including liquids and

gases
force A push or pull on an object, measured in

newtons, N
force constant A quantity determined by dividing

force by extension (or compression) for an
object obeying Hooke’s law — called constant of

proportionality k in Hooke’s law, measured in
Nm!

Sa
«bd

)

aaneyTe



Glossary

force-extension graph A graph of force against

extension (or compression), with the area under
the graph equal to the work done on the material

force-time graph A graph of net force against time,

with the area under the graph equal to the impulse
free electron An electron in a metal that is

not bound to an atom and is free to move —

sometimes called a delocalised electron

free fall The motion of an object accelerating under

gravity with no other force acting on it

free-body diagram A diagram that represents the
forces acting on a single object

frequency (waves) The number of wavelengths

passing a given point per unit time
fundamental frequency The lowest frequency at

which an object (e.g., an air column in a pipe or a

string fixed at both ends) can vibrate
fundamental mode of vibration A vibration at the

fundamental frequency

gamma rays Short-wavelength electromagnetic
waves, with wavelengths from 107!° m to 107! m

gold-leaf electroscope A device with a metallic

stem and a gold leaf that can be used to identify

and measure electric charge — a device that was

historically used as a voltmeter for measuring large

voltages
gradient In a graph, the change in the vertical axis

quantity divided by the corresponding change in
the horizontal axis quantity

gravitational potential energy The capacity for
doing work as a result of an object’s position in a
gravitational field

harmonic A whole-number multiple of the

fundamental frequency
Hooke’s law The force applied is directly

proportional to the extension of the spring unless
the limit of proportionality is exceeded

hysteresis loop A loop-shaped plot obtained when,
for example, loading and unloading a material
produce different deformations

impulse The area under a force-time graph — the
product of force and the time for which the force acts

in phase Particles oscillating perfectly in time with
each other (reaching their maximum positive
displacement at the same time) are in phase

inelastic collision A collision in which kinetic

energy is lost

infrared waves Electromagnetic waves, with
wavelengths from 107?m to 7 x 10°7m

instantaneous speed The speed at the moment it
is measured — speed over an infinitesimal interval

of time
intensity (waves) The radiant power passing

through a surface per unit area

\\
\

interference Superposition of two progressive waves

from coherent sources to produce a resultant

wave with a displacement equal to the sum of the

individual displacements from the two waves

interference pattern A pattern of constructive and

destructive interference formed as waves overlap

internal resistance The resistance of a source of

e.m.f. (e.g a cell) due to its construction, which

causes a loss in energy/voltage as the charge passes

through the source, symbol r, SI unit ohm, Q

ion An atom that has either lost or gained electrons

and so has a net charge

ionic solution An ionic compound dissolved in a
liquid to form an electrolyte

I-V characteristic A description of the relationship

between the electric current in a component and

the potential difference across it — in most cases this

is usually in the form of a simple graph of J against V
kilowatt-hour A derived unit of energy, most often

associated with paying for electrical energy, symbol

kWh (1 kWh = 3.6 MJ). Energy in kWh can be

calculated by multiplying the power in kW by the

time in hours
kinetic energy The energy associated with an object

as a result of its motion

Kirchhoff’s first law At any point in an electrical

circuit, the sum of currents into that point is equal

to the sum of currents out of that point, electrical

charge is conserved

Kirchhoff’s second law In a closed loop of an
electrical circuit, the sum of the e.m.f.s is equal the

sum of the p.d.s
law of reflection The angle of incidence is equal to

the angle of reflection
light-dependent resistor An electrical component

with a resistance that decreases as the light

intensity incident on it increases
light-emitting diode A type of diode that emits

light when it conducts electricity
limit of proportionality The value of stress or

force beyond which stress is no longer directly

proportional to strain
linear momentum A property of an object

travelling in a straight line, the product of its mass
and velocity, measured in kg ms“! or Ns

loading (electrical circuits) Connecting a component
or a device across the teminals of a source of e.m.f.

or across another component
loading curve A force-extension graph
longitudinal wave A wave in which the medium is

displaced in the same line as the direction of energy
transfer — oscillations of the medium particles are
parallel to the direction of the wave travel



lost volts The potential difference across the internal

resistor of a source of e.m.f.

mass Amount of matter, a base quantity measured in

kilograms, kg
maximum (waves) The point of greatest amplitude

in an interference pattern, produced by

constructive interference
mean drift velocity The average velocity of electrons

as they move through a wire, symbol v, unit ms7!

microwaves Long-wavelength electromagnetic
waves, with wavelengths from 107!m to 10-*m

minimum (waves) The point of least amplitude in

an interference pattern, produced by destructive

interference
moment The product of force and perpendicular

distance from a pivot or stated point

monochromatic light Light of a single frequency
negative (charge) One type of electric charge;

negatively charged objects attract positively

charged ones, and repel other negative charges
negative temperature coefficient (NTC) A

relationship in which a variable decreases as

temperature increases, for example the resistance

of NTC thermistors

Newton’s first law of motion A body will remain

at rest or continue to move with constant velocity

unless acted upon by a resultant force

Newton’s second law of motion The rate of

change of momentum of an object is directly

proportional to the resultant force and takes place

in the direction of the force

Newton’s third law of motion When two objects

interact, each exerts an equal but opposite force on

the other during the interaction

node For a stationary wave, a point where the
amplitude is always zero

non-ohmic component A component that does not

obey Ohm’s law, e.g filamant lamp and diode

normal An imaginary line perpendicular to a surface
such as the boundary between one medium and
another (e.g., air and glass)

normal contact force The force exerted by a surface

onan object, which acts perpendicularly to the
surface

number density The number of free electrons per

cubic metre of a material, symbol n, unit m7?
ohm The derived SI unit of resistance, symbol Q —

defined as the resistance of a component that has a

potential difference of 1 V per unit ampere

Ohms law The potential difference across a

conductor is directly proportional to the current
in the component as long as its temperaure

remains constant
ohmic conductor A conductor that obeys

Ohm’s law

282

optical fibre A fibre made of glass designed with

a varying refractive index in order to totally
internally, reflect pulses of visible or infrared light

travelling through it
oscilloscope An instrument that displays an

electrical signal as a voltage against time trace on a
screen

out of phase Particles that are neither in phase, nor

in antiphase, are out of phase
parallel (vectors) In the same line and direction

parallel circuit A type of branching electrical circuit

in which there is more than one path for the

current — components in parallel have the same

potential difference

partially polarised Description of a transverse

wave in which there are more oscillations in one

particular plane, but the wave is not completely

plane polarised — occurs when transverse waves

reflect off a surface

path difference The difference in the distance

travelled by two waves from the source to a

specific point

peak The maximum positive amplitude of a

transverse wave
perfectly elastic collision A collision in which no

kinetic energy is lost

period (waves) The time taken for one complete

wavelength to pass a given point
phase difference The difference between the

displacements of particles along a wave, or the
difference between the-displacements of particles

on different waves, measured in degrees or radians,
with each complete cycle or a difference of one

wavelength representing 360° or 2m radians
photoelectric effect The emission of photoelectrons

from a metal surface when electromagnetic

radiation above a threshold frequency is incident

on the metal
photoelectric effect equation Einstein's equation

relating the energy of a photon, the work function
of a metal, and the maximum kinetic energy of any

emitted photoelectrons: hf= @+ Ki
photoelectrons Electrons emitted from the surface

of a metal by the photoelectric effect

photon A quantum of electromagnetic energy —
photon energy BEis given by EF= hf, where h is
the Planck constant and fis the frequency of the
electromagnetic radiation

pivot A point about which a body can rotate

Planck constant Symbol h, an important constant
in quantum mechanics, 6.63 x 10734Js

plane polarised Description of a transverse

wave in which the oscillations are limited to
only one plane eea



plastic deformation An irreversible change in the

shape of an object due to a compressive or tensile

force — removal of the stress or force produces

permanent deformation

plumb-line A string with a weight used to provide a

vertical reference line

polarisation The phenomenon in which oscillations

of a transverse wave are limited to only one plane
polarity The type of charge (positive or negative) or

the orientation of a cell relative to a component

polycrystalline graphite Thin layers of graphite

with regularly arranged carbon atoms in different

orientations

polymeric Description of a material comprising of
long-chain molecules, such as rubber, which may
show large strains

positive (charge) One type of electric charge —
positively charged objects attract negatively
charged ones, and repel other positive charges

potential difference (pd) Defined as the energy

transferred from electrical energy to other forms

(heat, light, etc.) per unit charge.

potential divider An electrical circuit designed

to divide the potential difference across two or

more components (often two resistors) in order to

produce a specific output
potential divider equation An equation relating

the output potential difference from a simple
potential divider containing a pair of resistors:

apeeete (R, oFR,) a

potentiometer An electrical component with three

terminals and some form of sliding contact that

can be adjusted to vary the potential difference

between two of the terminals

power The rate of work done, measured in watts, W

prefix A word or letter placed before another one,

for example, 5.0 km is 5.0 x 10?m
pressure The force exerted per unit cross-sectional

area, measured in pascals, Pa

principle of conservation of energy The total energy

of a closed system remains constant — energy cannot

be created nor can it be destroyed

principle of conservation of momentum Total

momentum of a system remains the same before

and after a collision

principle of moments For a body in rotational

equilibrium, the sum of the anticlockwise moments
about a point is equal to the sum of the clockwise

moments about the same point
principle of superposition of waves When two

waves meet at a point the resultant displacement at
that point is equal to the sum of the displacements

of the individual waves

Glossary

progressive wave A wave in which the peaks and

troughs, or compressions and rarefactions, move

through the medium as energy is transferred

projectile An object that is thrown or propelled on

the surface of the Earth

P-waves Primary waves — longitudinal waves that
travel through the Earth from an earthquake

Pythagoras’ theorem The square of the length of

the hypotenuse of a right-angled triangle equals

the sum of the squares of the lengths of the other

two sides

quantisation The availability of some quantities, such

as energy or charge, only in certain discrete values

quantity A property of an object, substance, or

phenomenon that can be measured
quantum mechanics The branch of physics dealing

with phenomena on the very small scale, often less

than the size of an atom

radio waves Long-wavelength electromagnetic
waves, with wavelengths greater than 10-'m

rarefaction (waves) A moving region in which the

medium is less dense or has less pressure than the

surrounding medium

ray A line representing the direction of energy

transfer of a wave, perpendicular to the wavefronts
reflection The change in direction of a wave ata

boundary between two different media, so that the

wave remains in the original medium

refraction The change in direction of a wave as it
changes speed when it passes from one medium to

another
refractive index The refractive index of a material

n=, where cis the speed of light through a

pre andv is the speed of light through the
material

relative charge A simplified measurement of the
electric charge of a particle or object, measured as
multiples of the elementary charge

resistance A property of a component calculated by

dividing the potential difference across it by the

current in it, symbol R, unit ohm, 0
resistivity A property of a material, measured in

Qm, defined as the product of the resistance of a

component made of the material and its

cross-sectional area divided by its length

resistor An electrical component that obeys Ohm’s

law, transferring electrical energy to thermal

energy
resistor circuit Two or more resistors arranged to

provide a specific resistance
resolving a vector Splitting a vector into two

component vectors perpendicular to each other

restoring force A force that tries to return a system

to its equilibrium position



resultant vector A single vector that has the same

effect as two or more vectors added together

scalar quantity A quantity with magnitude (size)

but no direction

semiconductor A material with a lower number
density than a typical conductor, for example

silicon
series An arrangement of electrical components

connected end-to-end that means that the current

is the same in each component

series circuit A type of electrical circuit where the

components are connected end-to-end

SI Systeme International d’Unités (International

System of Units)
standard form Mathematical notation in which a

number is shown with the decimal point placed

after the first digit, followed by x10 raised to an

appropriate power
standing wave A wave that remains in a constant

position with no net transfer of energy and is

characterised by its nodes and antinodes — also

called a stationary wave

stationary wave A wave that remains in a constant

position with no net transfer of energy and is

characterised by its nodes and antinodes — also

called a standing wave

stiffness The ability of an object to resist deformation
stopping distance The total distance travelled from

the time when a driver first sees a reason to stop

to the time when the vehicle stops, the sum of the

thinking distance and the braking distance

strain see ‘tensile strain’

stress see ‘tensile stress’

strong material A material with a large value for
the ultimate tensile strength

superconductivity A phenomenon in which the

resistivity of a material falls to almost zero when

the material is cooled below a certain temperature

superposition (waves) Overlap of two waves at a
point in space

S-waves Secondary waves: transverse waves that
travel through the Earth from an earthquake

tensile deformation A change in the shape of an
object due to tensile forces

tensile force Equal and opposite forces acting on a

material to stretch it

tensile strain The extension per unit length, a
dimensionless quantity

tensile stress The force per unit cross-sectional area,

measured in Pa

tension The pulling force exerted by a string, cable,
or chain on an object

-
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terminal p.d. The potential difference across an

electrical power source — when there is no current

this is equal to the e.m.f. of the source, but if there

is a current in the source this is equal to the e.m.f.

minusethe lost volts

terminal velocity The constant speed reached by an

object when the drag force (and upthrust) is equal
and opposite to the weight of the object

thermionic emission The emission of electrons

from the surface of a hot metal wire

thermistor An electrical component that has

a resistance that decreases as the temperature

increases (a negative temperature coefficient)

thinking distance The distance travelled by a

vehicle from when the driver first perceives a need

to stop to when the brakes are applied

threshold frequency The minimum frequency

of the electromagnetic radiation that will cause

the emission of an electron from the surface of a

particular metal — symbol f,, measured in Hz

threshold voltage The minimum potential

difference at which a diode begins to conduct

time of flight The time taken for an object to
complete its motion

timebase The time interval represented by one
horizontal square on an oscilloscope screen

torque (of a couple) The product of one of the

forces of a couple and the perpendicular distance

between the forces

total internal reflection The reflection of all light
hitting a boundary between two media back into
the original medium when the light is travelling
through the medium with the higher refractive
index and the incidence angle at the boundary is
greater than the critical angle

transverse wave A wave in which the medium is

displaced perpendicular to the direction of energy

transfer — the oscillations of medium particles are

perpendicular to the direction of travel of the wave

triangle of forces Three forces acting at a point in

equilbrium, represented by the sides of a triangle
trough The maximum negative amplitude of a

transverse wave
ultimate tensile strength The maximum stress that

a material can withstand before it breaks

ultraviolet Electromagnetic waves, with

wavelengths from 4 x 10-7m to 10-8m
uniform gravitational field A gravitational fieldin _

which the field lines are parallel and the value forg

remains constant
unpolarised Description of a transverse wave in :

which the oscillations occur in many planes 3

inl)hoeMies



upthrust The upward buoyant force exerted on a
body immersed in a fluid

vector quantity A quantity with magnitude (size)
and direction

vector triangle A triangle constructed to scale to

determine the resultant of two vectors

velocity A vector quantity equal to the rate of
change of displacement

visible light Electromagnetic waves, with

wavelengths from 4 x 10°-7m to 7 x 10°7m
volt The derived SI unit of potential difference

and electromotive force, symbol V, defined as the

energy transferred per unit charge, whether energy

is either transferred to or from the charges — 1 V is

the p.d. across a component when 1 J of energy is

transferred per 1 C passing through the component

voltage See ‘potential difference’

voltmeter A device used to measure potential

difference — it must be placed in parallel across
components and ideally have an infinite resistance

wave equation An equation that relates the
frequency fin hertz, the wavelength A in metres,
and the wave speed vin ms"!: v=fA

wave profile A graph showing the displacement of
the particles in the wave against the distance along

the wave
wave speed The distance travelled by the wave per

unit time

wavefront A line of points in phase with each other

in a wave, perpendicular to the direction of energy

transfer

wavelength The minimum distance between

two points oscillating in phase, for example the
distance from one peak to the next or from one

compression to the next

wave-particle duality A theory that states that
matter has both particle and wave properties

and also electromagnetic radiation has wave and
particulate (photon) nature

weight The gravitational force on an object,

measured in newtons, N
work The product of force and the distance moved

in the direction of the force, measured in J

work function The minimum energy needed to

remove a single electron from the surface of a

particular metal; symbol @, measured in J

X-rays Short-wavelength electromagnetic waves,
with wavelengths from 10-8 m to 107!? m, which

can be used in medical imaging
yield point A point on a stress-strain graph beyond

which the deformation is no longer entirely elastic
Young modulus The ratio of tensile stress to

tensile strain when these quantities are directly

proportional to each other, measured in Pa



Answers

2.1

He4.5x10°s
1 a Distance and time, respectively. [2]

b 0.60m and 0.040s (or 4.0 x 10°%s) (2)

2 a 0.000000000 1s (or 1.0 x 107!°s) [1]

b 0.000000000 15m (or 1.5 x 107!°m) [1]

c 16000000K (or 1.6 x 107K) [1]

Ba 22.0% N07) am [1]

b 4.0x 10°m [1]

C5 K 10s [1]

GSS RAO [1]

F756 x 1055 [1]

4 a 534km [1]

b 12.74Mm [1]

e« 75um [1]

d 140nA [1]

2.2

ore

40°F=-40°C

1 base unit for force: base unit for mass x base unit for

acceleration

base unit: kg x ms~? [1]

base unit: kgms~? [1]

2 a_ base unit for force constant : base unit for force x
base unit for extension

base unit: kgms~? + m [1]

base unit: kgs~? [1]

b_ base unit for work done: base unit for force x base

unit for distance

base unit: kgms~? x m [1]

base unit: kgm?s~? [1]
c_ base unit for pressure: base unit for force x base

unit for area

base unit: kgms~? + m2 [1]

base unit: kgm7! s~? [1]

3 In the last three units, the first letter is a prefix for the
factor —nano (107°), milli (10-*), and mega M (102). [1]

There is a space in the first unit showing that it is a
derived unit, newton metres. [1]

The units are: 1newton metre (energy or work), 1
nanometre (length), one millinewton (force), and one
meganewton (force). [1]

4 base unit for number density: inverse of base unit for

volume [1]

base unit:-m7~? [1]

Za ’

1 Both masses should either be in grams or in

kilograms.
The answer should be either 0.650 kg or 650g. [1]

2 Distance and displacement have the same unit,

metres (m). [1]

However, distance is a scalar (magnitude only) and
displacement is a vector (magnitude and direction).

[1]

3 Both time and energy are scalars. [1]
Dividing these two scalar quantities produces

a scalar quantity (power). [1]

4 a _ distance = 12.0cm [1]
b_ displacement = 6.0cm [1]

Bt as aak adddistance _ 0.120 1]

«cmacaecum)tami ae 7
average speed = 6.0 x 10°*ms"! [1]

5 Displacement is the direct distance between two
points. Therefore, it must always be either equal to or
less than the distance. [1]

2.4

1 a_ resultant velocity = 0.5ms7! [1]

b_ resultant velocity = 0.5 + 2.0 =2.5ms7! [1]

c_ resultant velocity = 0.5 - 1.0 =-0.5ms"! [1]

2 a A correct triangle drawn, with the sides correctly
labelled. [1]

The arrows all ‘follow’ and are in a clockwise
direction. [1]
F? = 2.07 + 3.02 [1]
F= 13 = 3.6N [1]

_;{ 2:0 4 .
@=tan Zo} oe ee at 2st) [1]

b_ A correct triangle drawn, with the sides correctly
labelled. [1]
The arrows all ‘follow’ and are in a clockwise
direction. [1]
F2 = 13.52 + 6.02 [1]

F = /218.25 = 14.77... = 14.8N (2 s.f.) [1]

6.06=tan a = 24° (2sf. 1ras ( ) [1]

3 a v=0.90+0.30=1.2ms"! {1]
Direction: due north [1]

b v=0.90 - 0.30 =0.60ms"! [1] =
Direction: due north {1]

c v=0.302 + 0.902 ag

v= 0.90 = 0.949... =0.95ms-! (2 s.f.) [1]
0= tan (230) =18° (254

f DOO jee Le

Direction: bearing of 18° from the north (18° east ~

Sgof north)

yeeI
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L398= 0%: F. = Fcos@=10cos0° = 10N
C= Aa F..= Fcos@=10cos45° =7.1N
@=90°: PF,=Fcos@=10cos90° = ON
The horizontal component of the force decreases
as the angle @is increased.

, = Fcos @= 1650 cos 35° = 1352N

F = Fsin@= 1650sin 35° = 946N

2 Horizontal:

Vertical:

3 a Northwards: F, = Fcos@= 350cos40° = 268N

b_ Eastwards: F, = Fsin @= 350sin 40° =

224,98.%. = 2Z20N.(2's-£.)

(Note: this is the same as 350 cos 50°)

4 Vertical force: F, = Fcos@= 6.5cos20° = 6.1kN

Horizontal force: F. = Fsin @= 6.5sin20° = 2.2kN

2.6

1 The forces are equivalent to 1.0N to the right and

1.0N downward.

F? = 1.07 + 1.0?

F=1.4N
mye af 1D -

Direction: @= tan an = 45

2 Total force in x direction = 8.0 cos 20° + 8.0 cos 20°

= 15.0kN

Total force in y direction = 8.0sin 20° —

Resultant force F = 15.0kN

The resultant force is in the x direction (from left

to right).

3 Total force in x direction =

12.5 + 11.8cos25° + 8.7 cos 35° = 30.3kN

Total force in y direction =

11.8sin25° + 12.5sin0° — 8.7sin 35° = OKN

Resultant force F = 30.3kN

The resultant force is in the x direction (from

left to right).

4 F=4.07 + 3.07-
Ya Hs6 eae
3.0 _ 2.57. (eine rile)

sin@ _sin40
0 = 48.6... =49° (2 s.f.)

3.1
Let ee

ae ae

v=20ms!

b eee oe AOUO.

ti) 06.560
Ve 5.l2..= Si ms .(2's.f)

o% 1), 19,2
DS 363600

aot, ©10° = 2.2x 10=*mns"' (2:s.£)
53 x=vt=31x19 ge aa eoEs |

aR589=590m(2sf) _ ze4

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

8.0sin20° = 0 [1]

[1]

[1]

[3]

[1]

[1]

[1]

2 x 4.0 x 3.0 x cos40° (cosine rule) [1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

(1]

x  12000x10?
= = [1]

V 240

t= 5.0 x 104s [1]

eK 10 198... 14h (2 30) [1]

3600

a x= (25 x 2.0 x 60) + 800 [1]

x = 3800m [1]

x 3800
Ne so asp 1]

EPP MS)Sy)vecWObunltgets(PLEA) [1]

v= gradient [1]
_ Ax_ 1600-400 (1

At 90-60
v=40ms? [1]

Bue

From f= 0 to t= 4.0s: constant velocity (moving
away). {1]

From t= 4.0s to f= 6.0s: constant velocity
(coming back). [1]

The magnitude of the velocity between t = 4.0s to
t= 6.0s is greater than the magnitude of the velocity
between t= 0 tot=4.0s. [1]

v = gradient AG AG [1]
Velocity Watt —2.0S7 = [1]

At 4.0
v=0.10ms"! [1]

locity v at t= 5.0 Bees) [1]
Pe SOGSWeesede eeees At 6.0-4.0

v=-0.20ms"! (in opposite direction from earlier
velocity) [1]

total distance x travelled = 0.40 x 2 = 0.80m and total
time t= 6.0s [1]
ya X= 0:80 os

t 6.0
v= 0.133... = 0.13ms7! (2 s.f.) fl]

2ri EA en Salil (]
t t
27 x 0.80

os 1v 80 [1]

v=0.63ms"! (2 s.f.) {1]

b. change in displacement = /0.807 +0.807

= 1,131...m fl]

jE ANREN
ee [1]

At +x8.0

v=0.57ms"! (2 s.f.) [1]

ne eteBa (1]

At 12
a=0.67ms~ (2 s.f.) [1]

—40a= Av = 20S [1]

At 60
a = -0.50ms~? (magnitude of 0.50ms~”) [1]



3 From t=0 to f=1.0s: constant acceleration. [1]

From f= 1.0s to t= 3.0s: constant acceleration of

Shs)

meh i.
Look at the derivation of s= ut+ zat and follow a

sjmilar process.

1 s=?,u=13.4ms), v=22.3mSs), t= 875;
,

]s=—l(ur+v)t(w+)

s= 1413.4 422.3)x8.7
N

SS Sarasa)

2 s=?,u=3.2ms!, a=0.20ms~, t= 10s;

1s=ut+—at?

$= (3.2 x 10) +5 x 0.20 x 10?

s=42m

3. os = 00m ra— 2a ons:

2s 2100
(fe eee

@=2. 17. c= DoDeS eases)

A PaySs= 400 mie 0a as
2s  2x400
Di utente

G=3/ 885 —36105 2s aa)

b #=0, a=37.8...ms~ (=465. v=o ui

V— 0S 7.0eereo)
V= 113.92 sO masee (erste)

5 s=?,u=0,a=9.8lms™, ft, = 3.0s and t, = 5.0s

distance=5x9.81x5.07]~[5x9.81x3.07]
distance=78.48=78m(2s.f.)

6 s=30m,u=28ms"!, v=0, a=?; v? =u? 4+2as
0-287

a=
2x30

a =-13.06... =-13ms~ (magnitude is 13 ms~
to 2.s.f)

3.6

1 stopping distance = thinking distance + braking
distance

b_ total distance = area enclosed by line and t-axis

totaldistance=(5x4.0x4.0]x2=16m
distance ete

smaller magnitude. [1]

4 a Maximum acceleration is when gradient of v-t is
maximum; this occurs at tf< 1.0s. [1]
oe Av . 2.0—0 fl]

At 1.0
G2 Omi Sre [1]

b Graph showing constant acceleration between
t=0andt=1.0s and a different constant
acceleration between f= 1.0s and f= 3.0s. [1]

Constant values of accelerations 2.0ms~ and
0.5ms~? marked on the graph. [1]

pee pe 173 8 1]

At 0.75
a=10ms~ [1]

b a= gradient [1]

a Av = i ee aa [1]

At 1.50—0.25
a=-8.0ms~ (The negative sign implies
deceleration.) [1]

3.4

1 From t= 0 to t=75s: constant acceleration. [1]

From t > 75s: constant velocity (of 15ms7!). [1]

2 a (displacement or distance = area under the graph)
"distance = 5 x 75x 15| + (15 x 25) (area of

triangle and rectangle) [2]

distance = 937.5 = 940m (2 s.f.) [1]

b = As = 937.5 [1]

a NOW)
v= 9 Amis7*(2's.1.) [1]

3 a (displacement or distance = area of triangle + area
of rectangle + area of trapezium)
distance = (; x 10 x 4.0| + (10 x 5.0) +

[5 (10 + 5.0) x 4.0] [3]

distance = 100m [1]

As 100
b v= AL = 130 {1]

Ws 69mm af TS (2.574,) [1]

4 a Constant deceleration (allow ‘acceleration’). [1]

Stops momentarily at f= 4.0s. [1]

After 4.0s, it starts to return. [1]

[1]

[1]

Cc average speed = eS ORS [1]

average speed = 2.0ms"! [1]
average velocity = change in displacement.

~ change in displacement = 0 mare [1]

Therefore, average velocity = 0 [1]

stopping distance = (22 x 1.5) + 38

stopping distance = 71m

thinking distance = speed of car x reaction time

Assuming the reaction time is constant, thinking
distance « speed of car.

3 a_ braking distance s = 75m (from Table 1)

s=75m,u=31.lms"!, v=0, a=?; v? =u?+2as
0-31.17

qa=>=—_—_——
Phearfs)

a = —6.448... =—6.4ms~?(magnitude is
6.4ms~? to 2 s.f.)

[1]

[1]

[1]

[1]

1]

[1]

[1]

U1]

U1]

U1]

U1)

U1]

U1]

[1]

1]

[1]

1]

(1)

1]

[1]

[1]

U1]

[1]

(1)

[1]

(1)



b u=31.Ims!, v=0,a=-6.448ms~2, t=?:

V=u-+at0-31.1
~ ~6.448

t=4.8s (2 s.f.)

4 thinking distance = area under graph up to

O-305. = 20'.0/50 = 10m

braking distance = area under graph from

t=0.50s to 3.5s= 5 x 3.0 x 20 = 30m

stopping distance = 10 + 30 = 40m

5 y* =u? +2as :

—u-
2a

v= 0, therefore, 0 = u2 + 2as ors =

For a constant deceleration of magnitude a, s « v2.

3.7

1 Gradient calculated using a large triangle.

gradient = 4.89 ms ° for the results;
allow +0.03ms~@

g=2 x gradient = 2 x 4.89

g=9.78ms*

%difference==a att x100
9.81

%difference = (—]0.31%

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

1 The acceleration of free fall is the same for both and

equal to g (9.81 ms~°).

Assumption: There is negligible air resistance acting
on the falling objects.

[1]

[1]

12 s=H=?,u=0,a=9.8lms”,t=2.35;s=ut+at’[1]
=3* 9.81 x 2.32

H= 25.9... =26m (2s.f.)

3 Objectdroppedfroma givenheight.

[1]

[1]

[1]

Time of fall measured and measurements repeated. [1]

Explanation of how g is determined using

1=— t28 34 [1]

Correct account of how experiment is made precise,
e.g: Drop a heavy object from a larger distance, so
percentage uncertainty in the distance is smaller.

4. ao s=9.5m,u=0ms", t=1.5s,a=?

yee 52X95
SBC

 a=g= 8.44... = 8.4ms~ (2 s.f.)

freefallthanthetruevalue.

[1]

[1]

[1]

(1)

-b_ The presence of drag (air resistance) would give a
4 lower experimental value for the acceleration of

[1]

> oa s = 0.125m (+0.001m), u=0Oms"!,

t=4x 0.04 =0.16s,a=? [1]

_ 2s. -2x0.125
“2 1e 0

a= 9=9.77...=9.8ms~ (2 s.f.) [1]

b s=0,071m (+0.001m), 7=0Oms7},

t=3x0.04=0.12s,a=? [1]

geciz 2x0.071
ry Bois My

a=97= 9,86...ms~* [1]
average acceleration = pL BBOi Te

9.8ms- (2 s.f.) é [1]

v = V7.0? +9.07 [1]

Peis 42 551.) [1]

Vertically:

s= 29m, w= 0, a=9:8) mst =; [1]

es ES [1]

a 9.81

P= 2ASH(2 sls) [1]

b_ Horizontally: [1]

distance = vt = 320 x 2.4315 (1)

distance = 780m (2 s.f.) [1]

c_ vertical velocity = 9.81 x 2.4315 = 23.8...ms7! [l]
ss 3207 4 238.47 {1]

v=321ms'(3 s.f.) [1]

a_ Vertically:
$=?, = 22.0sin35°, v= 0, a=—9.81ms 2;

v? =u? +2as [2]
— ] 2ues 0 —(22sin35) 1]
—2x9.81

f= 8. Lim(2.s44,) [1]

b_ Vertically: ©
v= —22.0sin35°,u = 22.0sin35°, a=—9.81ms~,

=?;v=urtat [1]
e —22.0sin35—22.0sin35 i]

-9.81
feas7..is [1]
Horizontally:
distance = vt = 22cos35° x 2.57... [1]
distance = 46 (2 s.f.) {J

v-t graph shows straight line of negative gradient. [1]
The initial vertical velocity is +13ms"! (12.6ms!)
att=0. [1]

The final velocity is -13 ms"! at about 2.6s. [1]



1 Graph showing m=m, when vis much smaller

than c. The curve is asymptotic to v=c line.

mo 91x1077
n= ayi-(v/c}? ~v1-0.10?
m=9.146 x 10-34 = 9.1 x 10°34 kg

mg Wbeyemid a
Ji-(v/c}’  v1-0.999"

m = 2.04 x 10°°? kg (an increase in the mass

by a factor of about 22}

3. The mass would be infinite when v =c.

It would require an infinite force or an infinite

amount of energy to move the electron.

1 say hayss REALE
oe een.GnADO0

aa042m S42st.)
b v=u+at=0+4 (0.417 x 6.0)

VereDisa (2rs.1.)

We lad2 ge es oa

m=O112... ke; thereforewm=1109 (2 sf.)
F 580Se EOC nt One

@=128 10 pia 2.4 2's:1.)

_(v-u) _ 284A a ; 06

a= 2.91...mis 2
W i 18x 10"

ee 2 eel

MANBS. ue10deg
F=ma=1.83...x10?x2.91...=5.4x10°N(2s.f.)

5 netforce=10'°¥2.0°+1.57
net force = 2.5 x 107!°N

F_ 25x 107"

m 1.7 x 10-27

Ge 1e5)e) LOMms (2 sf.)

direction: @= tan! (=) = 53° to the

1.5 x 107! N force.

3 0 —4202)6 v= ur4\2a5; a=eee
Oy etky 30% 0.098

a=9.0 x10°ms~

F=ma= 0.0080 x 9.0 x 10°, F=7.2 x 103°N

4.2

1 The centre of mass will be at the 50cm mark
_ (the middle) only if the ruler is uniform in both

_ shape and density of the material. This may not
__ have been the case (ee

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[2]

[1]

[1]

[1]

[1]

4 The weight of the ball is due to the plastic wall. ~~[1]

centre of mass

centre of mass

centre of mass

3 By trial and error, horizontally balance the card on

the edge of the ruler. [1]

Mark points on the card and then draw a straight line

to show the line along which the card was balanced.

The centre of mass will lie on this line. [1]

Repeat the procedure above for a different orientation

of the card and draw another straight line. [1]

The centre of mass is located at the point of

intersection of these two lines. [1]

The ball is a symmetrical object so the centre of mass

will be in the centre. [1]

5 Push the object with the point of a pencil (or
equivalent) and by trial and error determine the
point on the object where the object does not rotate
when pushed. 1]

The centre of mass will lie along the line of action

of the force applied by the pencil when there is no
rotation. [1]

Repeat this procedure from a different orientation. [1]

The centre of mass is located at the point of
intersection of these two (imaginary) lines of action.

U1]

upthrust = [1] q

motion
weight



net force = ma; net force = 8.0 x 1.5

net force = N —weight; N = weight + net force

N = (8.0 x 9.81) + ( 8.0 x 1.5)

N=9ON (2 s.f.)

a=gsin30°

a=9.81 x sin30°

a=4.9ms~? (2 s.f.)

net force = mg sin 30° — R, where R = friction

net force = (0.020 x 9.81 x 0.5) —0.10 =-1.9 x 103
F-1.9 x 10

4=—a=
m 0.020

a=-0.095ms~

4.4

1 The motion sensor may just track the position

of the cylinder and, therefore, cannot be used

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

to investigate the motionofthe ball. [1]
2 Mark the positions of two points along the length

of the cylinder (towards its bottom end). [1]

Measure the separation between these points with a

metre rule. [1]
Gently drop the ball into the fluid. Start a timer when
it passes the upper mark and then stop the timer as it

passes the lower mark. Record this time of fall. [1]

Repeat the step above and record another time of fall.

[1]
Calculate the average time of fall. [1]

The terminal velocity is determined by dividing the

distance between the two marks by the average

timeoffall. [1]

Change her area by changing shape (e.g., extending
arms or opening a parachute).

The weight is equal to the drag force at terminal
velocity.

drag = mg = 0.120 x 9.81

drag = 1.2N (25.f.)

drag « speed?
The drag will increase by a factor of 37 = 9.

drag = 1.0 x 9=9.0kN

SkydiverWw_800
W=mg;m=—Sai
m= 81:5,..ke

net force = ma; 800 —300 = 81.5...a
_ 500

es 51,5....

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

aD = 0 20 else = 0M5N

W = mg = 0.30 x 9.81 = 2.943 N

net force = ma; 2.943 — 0.45 = 0.304

_ 2.493

~ 0.30

A= Sots a2 Sis)

b At terminal velocity, drag is equal to weight.

Therefore, D = 2.94N.

D = 2.94 = 0.20”

ya [294

0.20
v= 38rms" (24.1)

4.5

2.0 N force; moment = Fx = 2:0 x 0.10 =0.2Nm

(anticlockwise)

4.0 N force: moment = Fx = 4.0 x 0=0

6.0 N force: moment = Fx = 6.0 x 0.18 = 1.08Nm

(clockwise)

a clockwise moment = (18 x 0.150) + (35 x 0.360)

clockwise moment = 15Nm (2 s.f.)

[1]

[1]

[1]

[1]

[1]

[1]

[2]

[1]

b~ sum of clockwise moments = sum of anticlockwise

moments

15,3. OK032 xa

F = 480N (2s.f.)

The line of action of the weight must fall beyond

the base.
IES)

tan0=30
@=17°(2s.f.)
sum of clockwise moments = sum of anticlockwise

moments

(18 x 0.40) + (20 x 0.60) = Fsin 60° x 0.75

19.2

(0.75 sin 60°)

F=30N (2\s2.}

4.6

It will move forward.

It will also spin about its centre (of mass) as it moves.

force ~ 2 N (allow a force in the range 0.5-10N)

torque = Fd = 2 x 0.04

torque = 0.08Nm

a It will move to the right.

It will also spin in a clockwise direction.

b- It will spin in an anticlockwise direction.

This is because there is a net couple in the
anti-clockwise direction. : ;

a moment = (Fx [d+x]) -Fxx

“moment = Fd + Fx - Fx = Fd
b The moment about A is the same as the

torque of the couple. ae

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[3]

[1]

[1]

[1]

[1]

[1]



4.7

1. The net force is zero —the resultant of the three

forces is zero.

2 a Acorrect triangle drawn, with the sides

correctly labelled.

The arrows all ‘follow’ and are in a clockwise

direction.

b T2=5.02 + 12?

TE= ABUSE) NY)

c The resultant in any direction must be zero.

The resultant of the 5.0N and 12N forces is

equal to Tbut in the opposite direction.

iE
: oe ioe eee hae 108

T, = 3.8 x 10° x sin 60° = 3.3 x 10°N (2 s.f.)

IEi eS unl anyWase ae 103

T, = 3.8 x 10° x sim30° = 1.9'x 10? N (2 s4.)

TT, _ 9.500 9.81

sin 40 sin110

T, = 3.4N (2 s.f.)

T, _ 0.500x9.81

sin30  sinllO

T, = 2.6N (2 s.f.)

4a (sine rule)

(sine rule)

[1]

b_ If the strings are horizontal, with the angles zero,

there can be no upward vertical component
of forces from either T, or T, to balance the
downward weight mg.

It would be impossible for the slotted masses to
be in equilibrium, therefore, the strings cannot
be horizontal.

4.8

1 m=pV=1.3~x 140

m= 180kg (2 s.f.)

4 pat. 8.0 a

mx (3.25x10-’)

p= 24x 10%Pat2-¢4,)

3 feMe 0.080
V (85—70)x10~°

pH5,> <l0°kgemes(2 sh)
4 area A= (0.15 x 0.075) m?

F=pA= 1.0 x10" (0:15 x 0,075)

F=1.1 x 10°N (2s.£.)

5 volumeV=$ mr = + x mx (12x 103)3

(ecm? =-10-° m7”)

ei ORL
Vv 4xnx(12x10°)

pa lax10"'-kem3(2s.f.)

[1]

[1]

[1]

[1]

[1]

[1]

[1]

mass of gold = 0.582 x 3.34 x 107° x 1.93 x 104

=3.75...x 107kg [1]
massofcopper= 0.418x 3.34x 10~°
x 8.96 x 102=1.25... x 10-*kg [1]

(3:79. a1 25ee Oe
r 3.34x10° 1]

PaO 10koma ey [1]
Assumption: gold and copper do not react together
and their atoms do not become more or less densely
packed when they are mixed. [1]

4.9

1 pressure from water, p =pgh = 1.03 x 10° x

9.81 x 10=1.01... x 10°Pa

atmospheric pressure = 1.01... x 10°Pa

Therefore,total pressure is 2.02 x 10°Pa (2 s.f.)

force F=pA= (pgh + atmospheric pressure JA

F=[(1.03 x 10° x 9.81 x 330) + 1.01... x 10°] x

12x ds

F=4.12 x 104(2s.£]

Pressure in the lungs at a depth of 10 m is twice the

(atmospheric) pressure at the water surface.

If the diver does not exhale, this air will expand

without a way to escape because ofthe pressure

difference of about 10° Pa between the air in the lungs

of the diver and the surrounding air.

1 p=pgh=1.35 x 10* x 9.81 x 0.765 [1]

p= 1.01 x 10°Pa (2 s.f.) (the same as atmospheric
pressure on Earth’s surface) [1]

p = pgh = 1.0 x 10° x 9.81 x 610 [1]

p= 6 10° Pa (2isF) [1]

Immediately after release, the ball experiences two
forces —upthrust and weight. {1]

Upthrust is greater than the weight of the ball,
so the ball accelerates upwards. [1]

As it travels vertically upwards it also experiences
drag due to water. [1]

As it pops out of the water, the only force is weight,

so it decelerates and falls back onto the surface of the

water. [1]

Eventually it remains still on the surface of the water,
with upthrust equal to weight. [1]

4 a _ upthrust = 1.54-1.34=0.20N [1]

b- upthrust = weight of water displaced; mass of

=— = -2 ]water 9.81 2.03... x 10-7kg {1]

(volume of water displaced = volume Vof bar)

2,03. 107
= =o 34 acts 2.03 Oe aa sae e |

1 tm SM 5419.81) eeeV 203 KO Noite uu

p= 7.70 x 10?kgm" (3 s.£.) 0]



gy

5 weight of block=

side of cube
(p x x*)g, where x =

weight of water displaced =
fraction of volume submerged

weight of block = weight of water displaced

(p x x?)9 = (p, x fr°)g

Therefore, f = Ps as required.

5.1

L W=Fx=24 x 0.50

Wa 12I
2 W=Fx= 430 x 1000

W=4.3 x 10°J

a W= Pe=mg x x=60 x 9.81 x 5.8
W= 3.4 x 107J (2 s.f.)

ane x— 3,1 osin 10 ='0.538:;..m

W = Fx=mg x x= 38 x 9.81 x 0.538...

W=200J (2 s.f.)

5 W=Fxcos@= 65 x 5.0 x cos52

W=200J
All the work done is transformed to thermal energy.

6 work done = change in KE

F x 0.030 = 1.4 x 103

1.4 x 103

0.030
F=4.7 x 10*N (2s.£.)

=

4

1 a Potential means ‘stored’.

‘ ifqd &=-—mvad amar

b_ Kinetic energy to thermal energy.

2 Heat

20:—- 5 => 15J

3 a Electrical energy to light.

b_ Electrical energy to sound.

The car is travelling at constant velocity,
so KE of car does not change.

b Thermal energy = 100 —-25=75%

Fe!

2551500107
E, =7.5x 104J

(2 B= mgh=9.4x 10*x9.81x 1500
Bie = 1.41075 (2sf.)

Eris in energy=changein GPE
" ~Jossinenergy=mgAh=0.120x9.81x

0.90—Be)

- mgt=400«9.81x55
eppal ae) 121)

length of each
[1]

(p, x fx’)g, where fis the
[1]

[1]

[1]

[1]

b_ Energy is conserved, therefore kinetic

energy = 2.2 « 107) (2 sf.)

Ile: aha 2E,
=—mv*;v=,{/—Gcve

2 m

<Cet
400Vise 3TNS a2)Sal,)

5 v= J2gh = J2x9.81x110

VeweGTSS. lo Sst.)

Assumption: All GPE transferred to KE —no losses.

6 E,, = mgh = 0.80 x 9.81 x 1.2 =9.4176J

| lE, =—mv* = 5X 0.80 x 3.2" = 4.096 J
2

work done against drag = 9.4176 —4.096
= 5.3J (2s.f£.)

1 ]1-5. = sm = 5 x 0.030 x 2407 = 864 J

work done = change in KE; 864 = F x 0.085
4pa 2° .0x104N (2 s.f.)

0.085

ae Ww 240

1 P=—=
t 30

P=8,.0 W.

2 energy = Pt= 2000 x 60

energy = 1.2 x 10°J

3 electrical energy = Pt = 60 x 3600

electrical energy = 2.16 x 10°J

light energy = 0.05 x 2.16 x 10°

=1.1x10*J (2 s.£.)

ye oe = 1 my? = 4x 1200x18?

2 a
E, = 1.944 x 10°J :

rate of work done = a 9.7 x10 IS

or W (2 s.f.)

5 P=Fy=(4x 210 107) x 250

P=2.1 x 108W

6 work done = Fx=15x1.4=21J

input energy = 3.5 x 30 =105J
PA= REave a 20%efficiency = 105

10°7 rate of loss of GPE os 1.5 x 10°Js"! or W

(mass per second) x g x h = 1.5 x 10°
1.5x10° Poke

id = ———— = 3.05...x10° kgsmasspersecond=<7 g
: gn 2d: ex 10n s05ue 0

volume per secon : ie iia

volume per second = 3.1 x 10?m? sofa sit.)

[1]

[1]

[1]

[1]

[1]



6.1

1 Extension is proportional to load, so new

ee ao
extensionIs 40 =

Assumption: the spring obeys Hooke's law.

4.0x9.81

0.012
= 3270Nm?

1 Both obey Hooke’s law and elastic behaviour.

A has a greater value of force constant because
of the larger gradient.

2 Straight-line graph up to 5.0N.

Correct value of extension (8mm) shown on

the graph.

Curved section beyond the elastic limit.

F 4.0
3 a k=—=——S

ye S50)
k= 800 Nm7!

b F==x40

[el= ONSIN|(2)Saito)

Assumption: Hooke’s law is obeyed.

Correct values of F in the final column.

b Correct labelling of axes, including the units.

Correct plotting of all points.

Correct straight line through first 5 points
followed by a smooth curve.

c The graph shows a linear relationship between
force and length.

The graph crosses the L-axis at the original
length of the spring; therefore, the graph
shows Hooke’s law is obeyed.

Force at the elastic limit is about 4.9N.

d_ force constant = gradient of the linear section

of the graph

force constant = 23Nm7!

force = mg = (0.280 x 9.81) N and
x = 0.294 — 0.200 = 0.094 m

F _ 0.280 9.81
x 0.094

k= 292 Nin (35.1)

R=

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

b (i) Force is shared equally by each spring.
The extension of each spring is halved. [1]

; k
Since c= ci this implies that [1]

x
The combined force constant is doubled;
force constant = 29.2 x 2 =58.4Nm! [1]

b (ii) Force is the same in each spring. The
extension of combined springs is doubled. [1]

]
Since a this implies that k ee [1]

%
The combined force constant is halved;

DOD,force constant = ae 14.6Nm! [1]

6.2
[ape = lex 600 [1]

2; 2,
£=1.8) [1]

1 a2 B= Tk therefore: 15=>kx(2.0x10 ne [1]

Se 5x2
(2.0x10~)? [1]

k= 1028 [1]

3 work done = area under graph (area of trapezium) [1]

work done = x 0.10 x (5 + 15) [1]

work done = 1.0J [1]
4 elastic potential energy = FE= Tp = a x 1200.04? 1

e) 2 [1]

elastic potential energy = 9.6 x 10°7J [1]

Assume all elastic potential energy is transferred to
gravitational potential energy. [1]

mgh = 9.6 x 10°75 [1]

9.6107REALS ee iy = (2 s.f.) [1]

0.008 x 9.81

6.3

1 The molecular chains are easier to untangle

for smaller forces, hence the F—xgraph has a

smaller gradient.

The molecular chains are difficult to extend further

when they are fully extended, hence the F —x graph

has a steeper gradient.

Rubber returns to its original length when the force is

completely removed, and so shows elastic behaviour.

The hysteresis loop shows that all the energy stored is

not returned —some energy is transferred to thermal

energy. So rubber is poor at storing energy.

3 a Notall the energy stored in the material is

returned —so the landings are less bumpy.

b The work done on the material is greater than

the energy returned. The area of the hysteresis

loop is the energy transferred to thermal energy,

so the tyres warm up.



1 Rubber will return to its original length when the

forces are removed. [1]

2 The force-extension graph for rubber is not a
straight line through the origin. [1]

It does not obey Hooke’s law: force is not proportional

to extension. Therefore, a rubber band cannot have

a force constant. [1]

3 The metal wire shows elastic behaviour up to its

elastic limit and polythene does not show any

elastic behaviour. [1]

Polythene shows plastic deformation, as does the
metal wire beyond its elastic limit. [1]

4 thermal energy = area of the hysteresis loop [1]

area of loop ~ 4.0 squares [1]

Therefore, thermal energy = 4.0 x (0.1 x 10)=4J [1]

6.4

1 area under graph = boxe

e

1
area under graph = 5

1areaundergraph=¢ialV=AL—thevolumeofthe
material. ‘

elasticpotentialenergy=sft
Therefore, the area under the graph is energy

stored per unit volume.

Energy is equivalent to work done, and work

done = force x distance.

Force is given by the equation F= ma. It has base
unit kgms~?.

(Volumehas base units m?.}
Therefore, energy per unit volume has base units:

: stress = force/area

(Areahas base units m*.)

Therefore, stress has base units:
kgms*

m
Both base units are the same.

1 ;
energy per unit volume = 3 Stress - strain

120 x 10° =5 x stress x 0.40

stress = 6.0 x 10°Pa

Assumption: the silk obeys Hooke's law.

1 Itis the maximum stress that can be applied to a

material before it breaks. [1]

2 Cast iron is a brittle material.
io

8 = eon 200x10"Pa [1]a: mx(0.10107)?“1.048-—1.035
2 =1.25...x107= i [1]

F
4 {ultimate tensile strength = cx {1]

220x10° = MES
mtx (0.60 10 ~)* [1]

F = 220 x 10° x mx (0.60 x 1073)? [1]

F = 250N (2s.f.) [1]
Tien x

5 a H=0+€=—+—A ab 1]

eet pe ee ee
E=—x—=—— [1]

A gy tae 4

FL 3 ;er aes Oe eet ny

Ax w7%X(0.42x107)°x1.4x10>
E=9.7 x 10!9Pa (2 s.f.) [1]

c The elastic limit of the material is not

exceeded, so stress c< strain. [1]

7A

The resultant force is zero. [1]

2 Force on the Earth = 600N [1]

The force is the same because the person and the

Earth interact with each other. According to Newton’s

third law, the magnitude of the force experienced by

each is the same. [1]

3 The force experienced by each is the same but in

opposite directions. [1]

Hence, the resultant force = 0. [1]

4 The runner exerts a backward force on the Earth. [1]

According to Newton’s third law, the Earth exerts

an equal forward force on the person. [1]

5 a The acceleration of free fall would be 9.81 ms

assuming there is no drag. [1]

b_ The force on the Earth is the same as the
weight of the bird (Newton's third law). [1]

F=ma
F 150

~m  6.0x10"4 Uy

a= 2.5 x 10774ms 1]

7.2

1 Total energy and linear momentum are both
conserved. [1]

2 The loss of momentum is numerically equal to the
gain in momentum (principle of conservation of
momentum); therefore, Ap= 120kgms"'. [1]

Av=Be = ie) [1]
m 2.0

Av=60ms"! [1]

3. The initial momentum is zero; therefore, the Ron)

momentum must also be zero.

momentum of cannon = momentum of shell [1]

1200 x v = 20 x 300 [1]

v= 5,0ms* {1]



4 a total initial momentum = total final momentum
(300 x 2.5) + (400 x -4.0) = 300v +0 [1]

—850Le a3 0G ea

y=—2.8ms_? (2 s.1.) [1]

b_ initial KE = x 300 x 2.57 + 5 x 400 x 4.02

SAMs a0 J [1]

final KE =5 x 300 x 2.82 = 1.1176 x 103J (2s.f.) [1]

loss in KE = 4.13... x 10? —1.1176 x 10?
= 3.0 x 103J (2 s.f.) [1]

c The kinetic energy is not conserved. [1]

Therefore, the collision is inelastic. [1]

7.3 :
i er tae ey ry

At 5)0)
Hea? Ax108N, [1]

2. Ap=F x At=1500:025 [1]

Ap= 3.75 = 3.8kems ) (2 s.f.) [1]

gp AE 1.0 10° x 3.4 x 10° —2.3 x10° x1.2x10° iT

At 200

FS 3.20109 N [1]

4 Ap=(0.150 x -15) - (0.150 x 15) =-4.5kgms?! [1]

F= = = — (magnitude only) [1]

F=180N [1]
5 change in momentum per second = 2.5 x 4.0

= 10kgms~” [1]

Therefore, force = 10N {1]

7.4

: h ae1 Sincewaa ,momentump isinversely
proportional to the wavelength A.

bh 663x100"!

A. SO0XL0..

p=13 10" kems (25.6)

3 yalea= ———
9.1x10

area = 1.1 x 10°m? (2s.f)

1 Nsandkgms"! [2]
2 impulse = F x At=200 x 5.0 [1]

impulse = 1000Ns [1]

3 Ap=impulse = 1.1Ns
Av eee elbs 1]

m 0.050
Ave22ms* {1]

ica~ change in momentum = area under graph [1]

Ap=5x 1.5 x 107!7x 6.0 x 10-6
=4.5x10%kgms! [1]

b 4.5 x 10-23 =1.7 x 10°2’v— (1.7 x 10 x

5.0 x 104) [1]

—22ae 13x10 = 1]

L7x10°

v= 7.6 x 104ms7! (2 s.f.) [1]

7.5

1 The angle would be 90°. [1]

2 The diagram is incorrect because:

After the collision, the total momentum in the

original direction of travel of X is 5 kgms"!. This is not

the same as the initial momentum in this direction. [1]

Also, there can be no momentum at right angles to

the original direction of travel of X because the initial

momentum in this direction was zero. [1]

3 The initial momentum must equal the final

momentum. The final momentum is the vector sum

of the two momentums. {1]

Therefore

initial momentum = 3.07 + 2.07 [1].

initial momentum = 3.6kgms"! (2 s.f.) [1]

4 final momentum = total initial momentum [1]

final momentum = (0.250 3.0)?x(0.150x4.0)> [1]

final momentum = 0.96...kgms“! [1]
0.9655

final velocity v= =2.4ms" (2 s00 [1]
0.400

The charge was due to an excess of electrons,

each with charge e. The total charge on the drop

must be ne, where n is the number of excess of

electrons.

2 Measure diameter to determine the radius, r, and

then use the equations for volume and density to

determine the mass.

mp= Pk Sob m= pVandV= om

therefore,m=pone
Weight is given by W= mg; therefore, the weight of the

drop is given by W = pong

Toallowthe uncertainty and so the accuracy to be
determined. To ensure the data does not appear to be

more accurate than it actually is.

2.0 ¥ 1.60 210"? C=3.2 X10-8C

-5.0 x 1.60 x 10719C = -8.0 x 10-!9C

~12 x 1,60 x 10°° C=—1,9x 10-2 Ciasty

41 x 1.60 x 10-9 C=6.6 x 10786 (2 sf)
aan#



a -—10e must be 10 electrons, each with charge e. [1]

b e=1.60 x 107!°C number of electrons

total charge
ee a [1]

charge on each electron

15
== number of electrons [1]

1.60 x 10
15 F

Pee =9.4 x 10'” electrons (2 s.f.) [1]

pine
3 PS -, wereiore C= Tir [1]

t=4.0 hours = 14400 seconds [1]

AQ=500 x 107 x 14400 = 7200C [1]

[1 mark for 2.0C]

4 Q=ne therefore
Q=5.0 x10'* x 1.60 x 107? = 8.0 x 10°C fy

8.0 x10”ee Tg 10 A [1]

t 1.0

5 number of electrons
total charge

charge on each electron

9000"SS=aee Ca5.620% 107” electrons [1]
1.60 x 10

At = 2.0 hours = 7200s [1]

average number of electrons per second

_ number of electrons _ 5.625 x 10”

time taken 7200

= 7.8 x 10'® electrons per second (2 s.f.) 1]

6 Two weeks = 1.2 x 10°s.

AO = IAt = 6.2 x 1.2 x 10° = 7.44 x_10°C [1]
total charge

number of electrons =—————________—_—_
charge on each electron

: _ 7.44 x 10°

~ 1.60 x 107!”

= 4.7 x 10” electrons (2 s.f.) [1]

7 1Asis equivalent to 1C [1]

1.0 mAh = 1.0x107?Ah = 60x 107A min = 3.6As;

therefore, 1.0 mA h = 3.6 C [1]

5000 mAh = 5000 x 3.6 = 18000C [1]

8.2

1 Conventional current is from the positive terminal
to the negative terminal. — {1]

Electrons flow from the negative terminal to the
positive terminal. [1]

‘r
a

Any valid comparisons, examples include:

Similarities:
- Both are examples of flows of charge. [1]

"Differences:
a metalsthechargecarriersareseenonsInionic

“solttionstthepe aecarriersareions. [1]

{1]

In metals electrons flow in the opposite direction to

the conventional current. In ionic solutions the charge

carriers can either flow in the same direction or in the

opposite direction to the conventional current. [1]

Must contain at least one similarity and one difference
for 4 marks.

3 As Figure 5 with labelled electrodes [1]

Cu’* moving towards negative cathode [1]

SO,?- moving towards positive anode [1]

4 Cations move from positive to negative (towards the
cathode). The same direction as the conventional
current. [1]

Anions move from negative to positive (towards the
anode). The opposite direction to the conventional

current. [1]

5 [= < and At= 3.0 minutes = 180s [1]

Each cation has a relative charge of +2e.

Ag= 2 1.60 x 1077 x6.0 10 So 10st LI
1.9x107

= ———— =1.1x10°A=1.1pA (2 sf. 1fen LA ( ) [1]

8.3

1 The total/net charge in any interaction must be
the same before and after the interaction. [2]

[A simple, ‘The charge in any interaction must be the
same before and after the interaction’ gains 1 mark]

2 As Figure 2 [1]

The sum of the current into a point must equal the
sum of the current out of the point. : [1]

3 a i 7A towards the 2A

ii 5A away from the junction [both required
for 1]

b_ iii 4A towards the junction [1]

civ 2A to the left {1]

v 5A to the left [1]

vi 7A towards the junction [1]

4 Current in wire A=
1.9 x 107! x 1.60 x 107°

eee ae a

Current in wire B= 15A-5.06..A=9.9A (2s.f.) [1]

5 Discussion should include:

Charge must be conserved

Charge is due to electrons/ions

Therefore, the total number of electrons/ions must

be conserved

=5.06...A [2]

Current is a flow of charge

Rate of flow of charge into a point must be equal to
the rate of flow of charge from that point |

[1 mark for each valid point,
with up to three total marks]



6 Two protons have a net charge of +2¢
(3.20 x 107!°C) [1]

Any particles created in the collision must give rise
to the same net charge. For example, if the positive
charges are measured after the collision and found to
be +5e, this suggests a particle (or several particles)
with a charge of —3e must have been created,

ensuring the net charge remains at +2e. [1]

8.4

4 Showthat the equationis homogenouswith
respect to base units.

1=A nev
/[A],A [m?],n [m-3],e [C],v[ms-4]

Therefore
[A] =[m*] x [m*] x [C] x [ms™*]
[A]=[Cs”]
[A]=[A]

2 a_ mean drift velocity increases

b mean drift velocity increases

ce mean drift velocity halves

1 Conductors have the greatest number density (ae

followed by semiconductors, and then insulators [1]

2 I=Anev andz for copper=8.5 x 1072m? [1]

1=5.50X10° x 8.5 x 107° x

L60ec tO «2,05410- [1]

p=15A(2 51) [1]

3 f=Aney theretore y= 7

ne
500 x 10°Poe eee, I

TELOXMOGXxstO6-x%NOs xl OOEX 0

V=7 5X10 “ms (3 54.) [1]

te: i
4 a Fromv= it follows that v c<a [1]

e
Therefore, if the cross-sectional area increases,

the mean drift velocity decreases. [1]

b From v= it follows that v «<AA [1]
Ane Nn

As copper has a higher 1 than zinc, n increases,
so the mean drift velocity decreases. [1]

see I
c Fromv= it follows that v ce mi [1].

e
As A= mr’, if r decreases by a factor of 3,

A will decrease by a factor of 9 (3). [1]

As A decreases by a factor of 9, the mean
drift velocity must increase by a factor of 9. [1]

5 I[=Ane v; therefore, v= [1]
Ane

Bz
Sadi 1.0 x 10

A= mr; therefore, A=1X Se ae [1]

=7.85...x 10°’ m?

I 0x LOY

"Ane 7.85)0x 107 X 6.6% 10> balCO 10m

v=3.6 x 107 ms! (2 s.f.) [1]

6 I=Anev; therefore, n= [1]
ARVe

I 12x d0s
i = = 39 [1]

Ave 82x*10) x 72°X 1605E10

Hi lenT a ol Os [1]

Link 10
Giving a ratio of ——__—— of 15 x 10 =

85x10
1 (2°S-1.) [1]

9.1

1 a Diode [1]

b  Thermistor [1]

c Capacitor [1]

2 a Cell and lamp [1]

Correctly drawn in series [1]

b_ Battery [1]

Resistor and ammeter [1]

Correctly drawn in series [1]

c Power supply and two resistors {1]

Correctly drawn in series [1]

3 Cell, open switch, lamp in series [2]

Voltmeter correctly drawn in parallel with lamp [1]

4 Any two from [2]

Circuit not complete

Negative terminal labelled incorrectly

Positive terminal labelled incorrectly

5 Power supply, ammeter and lamp [1]

Correctly drawn in series [1]
Voltmeter in parallel across lamp 1]

9:2

1 Power supply/cell/battery, voltmeter and lamp {1]

Voltmeter in parallel across lamp [1]

2 Potential difference is used when work is done
by the charge carriers. A transfer of energy from
the charge carriers to the component, transferring
electrical energy into other forms. [1]

Electromotive force is used when work is done

on the charge carriers. A transfer of energy to the
charge carriers from the cell/battery/power supply,
transferring other forms of energy (chemical, light,
etc.) into electrical energy. ™EY



oi a = therefore, W=VQ [1]

W =80 x 4.0 = 320J [1]

4 Calculate the p.d. across a filament lamp
when 168 J of energy is transferred to the lamp
by 14C of charge. [2]

WwW
LPSair [1]Q

168V =—=12V [1]
14

5 One volt is the potential difference across a

component when 1J of energy is transferred per unit
charge passing through the component. 1 V is equal to
1J of energy transferred per coulomb of charge. [1]

Var, V [V], W [J], Q [C]

From AQ = JAt [C] = [As]

Therefore

[V] = [J] x [A™'] x [s“"] [1]

From W = Fx [J] = [N m]

Therefore:

[V] = [N] x [m] x [A™']x [s"]

From F = ma [N] = [kgms~?] [1]

Therefore:

[V] = [kg] x [m] x [s~7] x [m] x [A7'] x [s“']

Which becomes:

[V] = [kg] x [m7] x [s*] x [A7']

Therefore, in base units the volt is equal to

kgm?s-*A7! [1]
6. Time = 6.0 x 60 x 60 = 21600s [1]

AQ= IAt= 500 x 107?x 21600= 10800C LL]

| yar therefore, W=VQ [1]

W =1000 x 10800=11M4J(2 s.f.) {1]

Total V= 50 x 100 = 5000 V

eVeV= em, therefore v =

2 m

2x 1.60 x 10 7° x 5000
v= ,|-—_——61110"

v= 4.2 x10’ ms *(2s.f)

2 Electronsmust spend the same time in each electrode
as they move alongthe accelerator (in orderto ensure
they leavethe electrode at the same time as the
potential differencechanges and accelerates them
towards the next one]. Theelectrons are moving

_ faster as they movealongthe accelerator.Therefore,

_electrodes must increase in length.
Pal r oor

Electrons are emitted from the hot wire/filament

at the rear of the electron gun. [1]

There is a large p.d. between the filament and
an anode. [1]

Electrons are accelerated towards the anode. [1]

They pass through a hole/gap in the anode. [1]

l 2 ; :
eV= 5m therefore kinetic energy = eV [1]

kinetic energy = 1.60 x 107!? x 12000 [1]

kinetic'enerzy = 1.9 x 107! J (2 sit.) [1]

4 te ae
kineticenergy= a therefore [1]

[2x 1.8x 10°
v= ,|——————=6.0x 10’ms (2sf.) [1]

oPFam WO)

v= 0.09 x 3.00 x 108= 2.7 x 107ms7! [1]

poe _ dmv?
eV = —mv" therefore V = =——— [1]

2 €

2

+x 9.11x 10°!x(2.7x 10”)
v= =19 [1]

1.60 x 10

Ve=2100 Na (2isat.) [1]

Velocity of electron will be greater than the proton. [1]

The kinetic energy of each will be the same

(as they have the same magnitude charge). [1]

Mass of proton is greater, so travels more slowly
at the same kinetic energy. [1]

9.4

1 Graph of J against V [1] with a straight line through
the origin. [1]

Vee J [1] for a conductor at constant temperature [1]

V 52
R=—= — =10Q0(2 sf. 1Le O50 ( 1]

2.4ee we = 30 O [1]

I g0%x* 10

One ohm is the resistance of a component when a

p.d. of 1 Vis produced per ampere of current. [1]

(See 9.2 question 3 to get the base units of the volt.)

Ra—

R [Q], V[kgm?s-*A7!], I [A] [1]
[Q] = [kgm? A & TA]

Which becomes:

[Q] = [kgm?s~*A~*]
Therefore, in base units the ohm is equal to

ep anctchesepe [1]

t 180

no hereinte = 1k 0.30% 1200 =360.1 1]
?



WwWae andv = thereforeV=— [1]
t Q jh yi

ee ees ay [1]
ES<0)

Re es ear Os 4.) [1]
i i)

1 Power supply, ammeter, voltmeter, variable

resistor/potentiometer

2 Increasing the resistance ofthe variable resistor will

reduce the current in the circuit.

Set up either circuit as shown in Figure 2.

Record values for / and V.

Adjust variable resistor/potential divider to produce a

range of values.

Include negative values.

Repeat and average.

Plot a graph of | against V.

aie |it Vel [1]
b ComponentA: aes £0500 [1]

fiat 2)
ComponentB:Ree BS [1]

if 1.6
Graph of J against Vwith axes labelled
(including units) [1]

Points plotted correctly [1]

Line of best fit drawn [1]

a 1.80 +/-0.20 [1]

b 2.20 +/- 0.20 [1]

ec 4.50+4/-0.30 py

Filament lamp [1]

Any three from: [3]

As the current increases more electrons/charge
carriers pass through the lamp per unit time/second.

The rate of collisions between electrons and positive

ions increases.

Each collision transfers energy to the ions/ions gain

more energy.

Ions vibrate more.

Temperature of the wire increases.

Resistance increases.

Graph of J against V.

Twostraightlinesthroughtheoriginwith
different gradients [1]

Steeper line labelled room temperature /

shallower line labelled higher temperature. [1]

Explanation.

Hotter wire has a greater resistance. [1]

This results in a lower current at the same
p.d. / shallower line. [1]

9.6

Any two from: [2]

Voltmeter connected in series

Voltmetey in the wrong place (i.e., not across diode)

Missing ammeter

Diode wrong way round

A and B [1]

Diode in series with B is the correct orientation

to allow current in bulb B. [1]

Diode in series with C will not allow current
in bulb C. [1]

Graph of I against V with axes labelled [1]

Axes include correct units Ey

Points plotted correctly [1]

Line of best fit drawn [1]

a o()/ very large [1]

b 6500 +/- 10000 [1]

oe 120/25 o [l}~

a_ 0 values for the current on the negative side

as p.d. increase. [1]

Current remains 0 until a small increase in
positive p.d. [1]

Current then increases linearly. [1]

b- On the negative side the —/is directly proportional
to —V(as the current is in the resistor only). [1]

On the positive side the graph is the same as a
standard diode (as the current passes through the
diode when its resistance drops low enough). [1]

1 Resistance of a normal wire drops as it gets

cooler.

Resistance of a superconductor drops as it gets

cooler, but at a critical temperature falls to 0.

No energy transferred to heat when there is a current

in a component.

Allowsvery high currents.

Resistance applies to a particular component. [1]
Resistivity is a property of the material. {1]

pL
Ra = 1a [1]

ee el Ogee
R= —————————_ 13.32107 Ht

R= 5.1mQ (2:s.£) ; {1]

Increasing the temperature of the metal:

Positive ions in the metal have more energy. [1]

The positive ions vibrate more. {1

Increasing the resistivity.

4



_ pL _ RA
R= 7 therefore P = L [1]

A= ar" 1]

A = m x(3.0 x 10°) =2.82... x10°m? [1]

eo 170 x 2.82... x 10°

12

p=4.0 x 107 Qm (2 s.f.) [1]

if
a R= E therefore Re L. As L doubles R

doubles. [1]
pL l

De a therefore R« “9 [1]. As A doubles

R halves. [1]

c As A=nr? ifrhalves A decreases by a factor
of 4 (27) [1]

is 1R=F- thereforeR«ri.Adecreasesbyafactor
of 4, R increases by a factor of 4. [1]

d AsV=L~x A, if Vremains constant, if L
doubles then A halves. [1]

From Re L as L doubles R doubles and from

Rex - as A halves R doubles. [1]

Therefore R increases by a factor of 4. [1]

a Reduce the impact of random errors [1]

To ensure the wire is of uniform diameter [1]

b_ i Graph of R against L with axes labelled [1]

Axes include correct units [1]

Points plotted correctly [1]

Line of best fit drawn [1]

ii gradient = - [1]

From R= ee ee =? therefore gradient = -
aD dsae Al A

and p= gradient x A [1]

3 2Ann x(S820) 66.10%?

p=gradient x A

p=-6.12 x 1.66... x 107”

p=1.0x 10°Qm (2s.f.) +/- 0.2 x10°Qm [I]

ce Adjusting the variable resistor keeps the current
at 0.50A / Reducing the resistance of the variable
resistor as the length of the wire increases keeps
the current at 0.50A [1]

Changing the current will change the
temperature of the wire. {1]

Changing the temperature will affect the
resistance of the wire. ; {1]

ass tts = ‘

7 Any four from: [4]

Set up circuit as Figure 1.

Record values of V and / for different thicknesses of

wire of the same length (L).

Adjust variable resistor (if present) to ensure J remains

constant.

Repeat readings and average.

Calculate R for different thicknesses using R= us
I7 . 5 7Calculate A of wire using 4 = Tr

l
Plot a graph of R against ei

Measure gradient.

gradient = pL

Find resistivity of the wire from p=

9.8

la

b

gradient

L

As the temperature drops the resistance
increases. [1]

Use the thermistor as.a sensor. At a given
temperature the thermistor will have a specific
resistance. As the resistance changes this can be used
to adjust the temperature of the lorry. If the resistance
drops, the temperature should be increased, and so
on, keeping the temperature at a set level. [2]

2 Graph of R against T with axes labelled (include
correct units), smooth curve of decreasing gradient [1]

With significant change in R over the range of
100-300 °C [1]

Large change in R over the range of temperatures
found in ovens [1]

V
3 Calculate R using R= 7 [1]

Graph of R against T with axes labelled [1]

Axes include correct units [1]

Points plotted correctly [1]

Line of best fit drawn {1]

4a 640 +/-50 {1]

b 150 +/- 30 [1]

5 Se cS eh— = 22.8 [2]

TP A352) 10
Temperature = 17 °C +/— 2 °C [1]

9.9

1 Toreduce the effect of the atmosphere
(IRabsorbed by water vapour] / to reduce the

impact of cloud cover (i.e. it is more likelythere
is acloud-freeday).

2 When the planet passes in front of the star there is a

small but detectable drop in intensity (as some ofthe

light is blocked by the planet). Thisdrop in intensity

might be detectable by an LDR,resulting in a slight

increase in resistance.



1 LDR resistance increases as it gets darker.

LDR resistance decreases as it gets lighter.

[1]

[1]

2 LED should be LDR [1]

Table missing units [1]

3. Any valid comparisons, examples include: [4]

Resistance of resistor and thermistor affected by
temperature (unaffected by light intensity)

Resistance of thermistor increases as it gets colder.

Resistance of resistor decreases as it gets colder.

Resistance of LDR changes as the light level changes

(unaffected by temperature).

Thermistor and LDR are made from semiconductors.

4 a 20-40 (arbitrary units) ul

b  0.06—0.08 (arbitrary units) [1]

9.10

1 Circuit diagram with power supply/cell/battery,
filament lamp in series with an ammeter. Voltmeter
connected in parallel across lamp. [1]

Measure V and J and calculate power using P=IV. [1]

2 PTV. [1]

P= hy 510) X820 = 40 ey

12
sia 2 is itnenreiore is [1]

1200
I =——=60 4A0 [1]

WwW
b P= a therefore W = Pt [1]

W =1200 x 3600=4.3MJ (2 s.f.) [1]

4 a P=I°R therefore at constant current P <R [1]

If Rdoubles P doubles. ay

b P=IR therefore if the resistance remains
unchanged P « 7 [1]

If J doubles P increases by a factor of 4 (27). [1]

5 Find the watt in base units.

FromPam>[W]=[Js4]
From W = Fx = [J] = [N] x [m]

Therefore [W] = [Nms7!]

From F = ma —>[N] = [kg ms~?]

Therefore the watt in base units is kgm?s~>. [2]

Express V A in base units.

Fromon >[V)=[Cc}]
From W = Fx > [J] = [N] x [m]

Therefore [V] =[NmcC7}]

From F = ma > [N] = [kgms~?]

Therefore [V] = [kgm7s? Cf

From AQ= IAt — [C] = [A s]

Therefore [V] = [kgm?s-* A~!]

Therefore [V A] = [kgm?s~* A“! A] = [kgm?s~3]_ _—[2]

9.11

Ww1 P=~~ therefore W =Pt [1]

W = 60 x,7200 = 430kJ fl]

2 number of units = 0035387 —0034512 = 875 units [1]

Cost = 875110) 20> (i4

3 From definition 1kW h is the energy transferred
by a 1kW device in 1 hour. [1]

P= me therefore W = Pt [1]
t

W =1000 x 3600 = 3.6 MJ [1]

4 a P= we therefore W = Pt
t

In SI units, P=9000 W and f= 900 s [1]

W = 9000 x 900=8.1MJ [ui

beee— ve therefore W = Pt

t
In kW h units, P=9.0kW andt=0.25 hours [1]

W=9 x 0.25=2.3kWh ll a

W
5 P= ee therefore W = Pt

In kW h units, P= 0.060 kW and t= 840 hours [1]

W = 0.060 x 840 =504 kW h [1]

Cost = 50 x 0.112 = £5.60 [1]

6 Filament lamps: in kW h units, P=18 x 0.100
= 1.8kW and LEDs: in kW h units, P=18 x 0.015
= 0.27kW 1]

i= 60 x,.60:x 2x 365 =262.e 20-5 [1]

Energy transferred by lamps =
W =1.8 X 2.62 x 10° =4.716 x 10° J 1]

Energy transferred by LEDs =
W =0.27 x 2.62 x 10° = 707.4% 10° J (1) a

Energy saved =.4.716 x 10° —707.4 x 10° =4.0MJ [1]

10.1

1 A:2.0A 1]

B: 2.0A uP
C:0.6A uy 4

D: 3.2A ll =

E:12A [1] ;

F:1.8A ‘eh

2 A:4.0V [ij

Bs Lv [1]
C: 9.0V tla

D: 8.0V ll 4

E: 4.0V (lie

F: 4.0 V [1]

G: 3.0V [1]

3 a Two resistors in series with power supply. {1).
5.0 V across each resistor. iy

b_ Two resistors in parallel with power supply. a] ;
10V across each resistor. |

¥ “9
PX

U1]



4 a ‘Two resistors in series with power supply. 3.3 V

across one resistor (the one with lower resistance)
[1] and 6.7 V across the other resistor (the one

with higher resistance).

b Two resistors in parallel with power supply.

10V across each resistor.

5 Current in the added branch.

Current in the previous branches remains unaffected.

More current drawn from supply.

a Correctly drawn circuit with two lamps on the
first branch [1] and one lamp on the second.

b_ First branch has twice the resistance as the

second.

[1]

[2]

[1]

[1]

[1]

[1]

[1]

Therefore, the lamps on this branch have half the

current of the second branch through them.

First branch 2.0 A through each lamp

Second branch 4.0A

c PIV

[1]

[1]

[1]

First branch: Current in each bulb = 2.0A and p.d.

=6,0V {1} therefore P =/¥=2.0 x 6.0=12W [1]

Second branch: Current in bulb = 4.0A and p.d. =

L2Y {1} therefore P=JV=4.0 x 2=48W [1]

d_ As before, the first branch has twice the resistance

as the second therefore the lamps on this branch

have half the current of the second branch

through them.

Firstbranch(5]1.7Athrougheachlamp
Second branch has twice the current. (35
3.3A 3

a_ resistance increases.

b_ resistance decreases.

a R=150+9.0=1590

b —= YH Tr
Oe). AZ

12therefore R= — = 2.40

merper ty 3
REI? IS “20 60

therefore R= 9" = 4.6.0

1 1 1 9a —= ——_ + — = —
R (150+100) 200 1000

1000therefore R= =111 © (3/s-f.)
4 :

b. For the parallel part of the circuit

1 1 iL a
— ———— ——

=
—= : +

R (20410) 20°12
therefore R= = +60=720

1 it 3.

[1]

[1]

[1]

[1]

[1]

[1]

1]

[1]

A, Single 500

Single 1000

Single 2000, [1 mark in total for all

three singles correct]

50Q in series 100

50Q in series 2000

2000 in series 1000

All three in series

50Q in parallel 1000

50 in parallel 200 0

2000 in parallel 1000

All three in parallel

(50Q in parallel 100) in series with 2000

(50Q in parallel 200) in series with 1000

(2000 in parallel 100) in series with 509

(50Q in series 100Q) in parallel with 2000

(50Q in series 200) in parallel with 1000

(200 in series 100Q) in parallel with 500

5 ee eee Sshereinreeo Sigel ame
R=Rai. Ri Ry) Rs
-(sutaul- PYES6s22107a:
1030 \22004700) R;,

]R; =——————== 3290 (SsSer3)
SUEia,6 10)

10.3
1 Four marks for all 7, three marks for 6 correct, two

marks for 5 correct, one mark for 4 correct, zero

marks for less than 4 correct.

I: current

V:potential difference

Ww:work done/energy transferred

P: power

R: resistance

Qand AQ: charge

fand Afr: time

2a NO = TAT

AQ = 0.30 x 45 = 14°C (2's.f.)

be Pi

W020 41 20.= 24)

3 Current through resistor B = 0.50 —0.40 = 0.10A

b_ Resistor A: V =IR

therefore V =0.50X5.0=2.5V

P
ResistorD: =IV, V= e

therefore V =—— =1.0 V

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]



3 a

Resistor A: Using P=17R, P=0.50* x 5.0
= 1.3W (2s.£.) [1]

Resistor B: Using P=1°R, P=0.10° x 8.0=80mW [1]

Resistor C: The p.d across B,

V=iR=0.10X 8.0=0:80V =p.d across G [1]
P=0.40 x 0.80 = 320mW [1]
Resistor D: 0.50 W
Totalpower= 1.3 +0.080+0.32+0.50=2.2W _ [1]

iP he
therefore V = — = ——=4.4V [1]

TiO 50:
10.4

€=V-+ Ir therefore V= €—Ir

Totale.m.f=1.5+1.5=3.0V
Total internal resistance = 0.25 + 0.75 =1.50

V= €-Ir = 3.0-(0.80 x 1.5)=1.8V

b Find the current in the cell. € = I(R+r) therefore

piSanwa 0 Repen
(R+r) (11.5)
V=e-I/r=3.0—(0.26...x 1.5)= 2.6V(2s)
Totale.m.f=1.5V eetTotalinternalresistance= 5 =—+—,
R= 0.380 er as)

V= €-Ir = 1.5—(0.80x 0.38) = 1.2V

Findthecurrentinthecell.€=/(R+r) therefore
py Sn An

(R+r) (40.38)
V= e€-Ir=1.5—(0.14 x 0.38)=1.4V

1 a

1 Graphof terminal p.d. against / with axes labelled

Axes include correct units

Points plotted correctly

Line of best fit drawn
Gradient is constant.

Intercept=e.m.f=1.6V
Gradient = internal resistance = 0.50 Q

To ensure it does not heat up, changing its internal

resistance.

1_ A low internal resistance is needed to provide a large
current [1], for example, in a car battery.

A high internal resistance is needed to ensure a high
current cannot be produced (for safety reasons) [1]
For example in a school high voltage power supply. [1]

As the current increases the terminal p.d

decreases. [2]
Lost.VOlts=e 7—ekocx2.0 13.0 V [1]

Terminalp.d. = e.m.f—lost volts = 9.0 —3.0
—=6.0V | [1]

—Using P=I°R, P=1.5?x2.0=4.5W [1]

Using V=IR, R=" 2 =4.09 i [1]

304

4 a Fortheparallelpartofthe circuit
0aoe A Wee thereforeR=30 ..50=802

R 90+45 30 1
b_ Terminal p.d. = 7 R=0.10 x 80 = 8.0V

Lost Volts = 12 - 8.0 =4.0V

c Lost volts = Jr therefore

a lost volts _ 4.0
geiT 0.1

5 Graph of terminal p.d against J with axes labelled
(include correct units), showing a straight line

with a negative gradient

=40Q0

Y-axis intercept labelled e.m.f

Gradient labelled -r

Second line with double the e.m.f and double

the gradient

10.5

1 Theresistance of this part of the potential divider
drops. LoweringV

RVout=———+
out (R, +R)

4 4700

(2200 + 4700)

b_ Resistance of the loaded part of the circuit
eee 14s 44r

10000 470000

out

Vin

x12= 8.2V (2s)

therefore
4700

_ 420000
R =S319e ee Ge

R
¥i=—— eeout (R,+R)

electors
(2200+ 3200)

x12 = 7.1V (2sf]

Resistance of the loaded part of the circuit =

ul 1 1 12= = = SS therefore
Re 4700 SeODS

Steane
= ————"—"_.12 = 051V (2s£]

(2200 + 98)

1 Potential divider circuit drawn with two resistors

in series.

Diagram labelled with 20V V,, and V,,, across one
of the resistors.
Both resistors must have the same resistance.

Therefore, the p.d. will be shared equally between
them, each one receiving 10 V.

‘R; 90
m™(A+R) 7 (270490) ,

R, 120= _ =V, 2_ xY=ae (RptRg) a”we@ez20)

[2]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

(1)

[1]

[1]

[1]

x12=3.0V PI 9
a

[2]

hedlOilhe

ieid



Potential divider with two resistors drawn

correctly. V,,,, connected across 30 resistor [1]

b_ Potential divider with two resistors drawn

correctly. V,,,, connected across 900 resistor fly

uk4 —1=— therefore K= Maa [1]

Vy 2 1

V, = 360 —3.0 = 357V [1]

110 x 3.0
Ry =———_= 0.92 Q (2 s.f.) ]: 357

10.6

i Potentialdividercontainingaresistorand
thermistorinseries.
v3 connectedacrosstheresistor.

2 Maximum:
6I ee ae

(R,+R.) " (1000+50-10°)

=9.0V (8.9998 V)

RMinimum:Vio.=(2+h)xV,1+Rp
500

= ——_—__— X 90 = 3.0V
(1000 +500)

1 Any valid two: [2]

Can be made very compact

Uses fewer components

Can easily be made into a rotary dial.

Allows the full range of output potential difference
from 0 V to V,...

2 Potential divider containing a resistor and an

LDRin series. [2]
Vy,connectedacrossthe LDR. [1]

Za Vo) =12 - 6.0=6.0V {1]

Ry= AO X60 _2200.0 ny

(As 6.0V is half of V,.,, the resistance of the
thermistor must equal the resistance of the resistor)

BDVy99=12- 10=2.0V . [1]
R,= =SXS =110002 1]

e) Ve512-lOR1iV [1]
pec we "

4 Increasingthetemperaturewouldincreasethe
_xalue[igo a [2]
5ne GraphOERagainstTwithaxislabelled(include
correct units)andapoe curveofdecreasing

gradient A, aL {1]
Eeet ato°candst100°Cmamecorrectly.[1]

b Find V, when V,,,,=4.0 V. V,=12-4.0=8.0V [I]
ul

ae /—=— therefore R, = ets

Vau Re ; V,

220 x 4.0
Ro eae IO 0 ;: 8.0 [1]

Read value of temperature at 1100. [1]

(around 30 °C —depending on the sketch graph)

6 Allows V,,,,to be varied [1] at a specific temperature. [1]

11.1

1 Any valid three, for example (answers must contain
at least one similarity and one difference) [3]

Similarities:

Progressive waves

Transfer energy

Differences:

Transverse wave —oscillations are perpendicular to

the direction of the wave’s movement.

Longitudinal wave —oscillations are parallel to the

direction of the wave’s movement.

Transverse wave —contains peaks and troughs.

Longitudinal wave —contains compressions and
rarefactions.

2 Transverse wave —Fix one end of the slinky, hold
the other end, move this end perpendicular to the
body of the slinky. [1]

Longitudinal wave —Fix one end of the slinky, hold
the other end, move this end parallel to the body
of the slinky. [1]

3 A: Vertically downwards [1]

B: Vertically upwards [1]

C: Vertically downwards [1]

4 Particles are closer together [1]

Stronger restoring force/vibrations are passed
more rapidly from one particle to the next. [1]

5 Diagram should include: Compressions [1],
Rarefactions [1], particles vibrating parallel to
the direction of energy transfer {1]

11.2

x360°=2°x360°= 180°
40

== x360°=360°
x 80

= — x 360° = — x 360° = 720°Gaur, ia), 40

360°

af 540 1.00 Ba

360° 360°
@ X\An). 900" 2%1660

Br red = S00 Se ea.
ey 360 360°

=40cm



1 Increasing the timebase results in a smaller

time period for each square on the screen.

The wave trace will appear more compressed.

2 Period of oscillation = 0.02 s, therefore one complete

cycle will be completed in each square.

v=fr

ve 20 <050=1.0ms.

A: down

D: up

Connect a microphone to an oscilloscope. [1]

Blow the whistle and record the number of divisions
n between successive peaks of the signal displayed on
the oscilloscope.

Find the period T by multiplying n by the time base.

Frequency f of the sound calculated using f=1/T.

1
=>

l
= 3  U0HZ

2.0 x10

v= fa therefore A=—

= eed FO m

500
a_i Same shaped wave profile as in question.

Wave profile shifted a quarter-cycle to
the right.

ii Same shaped wave profile as in question.

Wave profile shifted a half-cycle to the right.

b i 0.3m

ii0.0m

1110.3 m

T
a 0Ror % rad

b= 180° or m rad

e 270°or+qTrad
11.3

1 Any valid three, for example (answers must contain
at least one similarity and one difference)

Similarities:

Property of all waves

Frequency does not change
Differences:

Reflection —speed and wavelength do not change

Refraction —speed and wavelength change

Reflection —wave does not change medium

Refraction —wave changes from one medium to
another

2 Normal drawn in each example (at 90° to the
surface),

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

3]

[1]

In each case the angle of incidence = angle of

reflection. [3]

3 Normal drawn correctly and partial reflection
shown in diagram. [1]

Ray of4dight bends away from the normal. [1]

4 v= fd therefore if fis constant [1]
ver [1]

5 General shape, including a different wavelength
at each end of the pool (1

A increases moving towards the deep end [1]

i reduces moving towards the shallow end [1]

11.4

1 Only transverse waves can be plane polarised. [1]

Sound is a longitudinal wave. [1]

Therefore, sound waves cannot be plane polarised

2 Any two examples of transverse waves: [2]

e.g.

(Visible) Light; Microwaves; Radio waves; Infrared
waves; Ultraviolet; Swaves

3 Diffraction effects are most significant when the
wavelength is a similar size to the gap/obstacle. [1]

Wavelength of light is much smaller than most
gaps / sound waves have a larger wavelength. [1]

4 3.0m wave diffracts more. [1]

3.0 cm wave does not really diffract as the wavelength
is much smaller than the size of the gap. [1]

3.0 m wave diffracts significantly as the
wavelength is the same size of the gap. [1]

5 Higher frequency means a smaller wavelength. [1]

Radio waves have a longer wavelength; therefore,
they diffract over the hill reaching the bottom of
the valley. {1]

The TV signal has a shorter wavelength; therefore,
does not diffract as significantly, failing to reach
the bottom of the valley. [1]

3406 a aS a ea te SD [1]

f 1200

Very similar to the gap therefore significant
diffraction. [1]

ons 340
bh = Seay ii7, 1GK1C: er oe

Much smaller than the gap therefore no
diffraction. {1]

1 Graphof intensity against distance with axis

labelled(includingunits},pointsplottedcorrectly
and line of best fit drawn.

pds
2 Use /= ———-~ tocheck if the data follows an

distance

inverse square relationship.



a

b

{=

Intensity increases by a factor of 9 (32).

Intensity decreases by a factor of 16 (42).

A

PI4A00
=——_ = 20Wm ~

A 20

iP

4nr?

60

4 x m x(20)

12mWm? (2s.f.)

Bus
From [= at if the power is constant

]then: IJ« —
As the area reduces

Intensity increases.

Intensity = 1.4kWm ~ therefore power received
by each 8.0m? panel is: 1400 x 8.0 = 11200W

Total power received = 11200 x 2 =22400W

Ww
P = — therefore W = Pt

t
W =22400 x 7200=160 MJ

2

P.
I = ——, therefore P=1 x 4nr?

*
P=1.0x10%x4x2x(15)° =0.28 W (2s-f.)

[= > therefore the intensity at 120 m
Tr

=J= eee 1.6 x 10°°Wm~ (2 s.f.)
4xmx120

Intensity has fallen by a factor of 65.

_As intensity °<(amplitude) the amplitude will

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

have decreased bya factor of 8.1 ( VJ65) (2 s.f.) [1]

1 Lowerchance of cloud cover, intensity of
electromagnetic waves is greater (less energy

absorbed by the atmosphere}

AllEMwaves can be detected, no atmospheric

distortion, no weather/cloud cover

Drawbacks: Cost, difficult to repair
a i Gammarays, X-rays, Ultraviolet, longer X of IR,

radio waves longer than around 10 m

ii most wavelengths of visible light, microwaves,

radio waves up to 10 m

_v=fi thereforeiffay
Highest frequency corresponds to a Aof around

200 nm:
Vuaes00>e10

f=9 =300x10
=1.5x10'° Hz

__Lowestfrequencycorrespondstoa i ofaround

Be Re= —_— = 30MHz

11.6

1 Gamma rays, X-rays, ultraviolet, visible light,

infrared, microwaves, radio waves

(1 mark if one incorrect, 0 marks if more than one

incorrect)

Polarisation

a

Vex

3.00 «10°
econ = 3.4m (2 s.f.)ore

Md

V 3.00 x 10°
Asis = aga =TOMhehaatAaie)

v3.00 x108 ;
A=7 =So kik 3.3nm(2Sai)

fAthereforeiff=
Highest frequency:

f= ¥  3.00'x10° .—=—— =7.5x10"Hz
A 400x 10

Lowest frequency:

f=
v _ 3.00 x 10°

e700 x 10°
= 4,3 x10" Hz (2 s.f.)

distance travelled _ 150 x 10°

speed 3.00 x 10°
t=500s

distance travelled = speed x time taken

Time taken for pulse to reach aircraft = 0.28 ps

distance travelled = 3.00 x 10° x 0.28 x 10°

= 84m

117

1 Only transverse waves can be plane polarised.

1 When the Polaroids are aligned the intensity is

at amaximum value.

As one is rotated the intensity is reduced.

When the second Polaroid is aligned at 90° to the first,

the intensity is zero.

As the grille is rotated the intensity falls.

It falls to zero when the gaps in the grille are in the

opposite plane to the microwaves (after 90°).

As the grille is rotated further the intensity increases

again.
It reaches the maximum value again when the gaps

in the grille are in the same plane as the microwaves

(after 180°).

Holeswillnot allowany orientation of plane polarised

microwaves through.

2 At 0°, 180°, and 360° the Polaroids are aligned,
so the maximum intensity is received.

At 90° and 270°the Polaroids are aligned in

opposite planes, so the intensity falls to zero.

[2]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]

fl

[1]



a_ It must be plane polarised. [1]

b- Rotate the Polaroid further [1] until it is at 90°
from the minimum intensity. [1]

In this orientation the Polaroid is aligned in the
same plane as the light emitted from the screen. [1]

20;x29.0x 10%=1.8 x 10, WwW [1]
100 ;
23.62 st. [1]b 58 BHON(2)Sets)

11.8

As the speed of light through the material decreases
the refractive index increases. [1]

C Bee oh Ke
From = — [1] the refractive index is inversely

Vv
proportional to the speed of light through the

material 1 — [1]
Vv

Pe ue [1]

Vv
8(ee A (25.0) 1]

220 x 10
G 6n= —therefore v= — [1]
Vv n

8ie 3.00 x 10 1]

1.33
ve esx Ooms 42518) 1]

s n, sin 8.
n, sin@, = n, sin@, therefore n, = rangi [1]

pe SON (3.1) [1]

sin 36
Normal and partial reflection shown [1]

Angle @, is less than 0, [1]

Angle 9, = 43° [2]
(from workings below)

n, sin @
n, sin@, = n, sin@, therefore sin@, = ———+

n1.47 x sin45 ;
a 2 658.

1.52
Angle 6, = sin’ 0.638..= 43°

F n, sin@n, sin @,= n,sin@, therefore sin@, =~— + [1]
i)

42 xsin 20Ts Tope 1]

1.33

G7 = si) 0.622), = 38° (2 ¢.f.) [1]

11.9

1 In order for TIR the light must be travelling from

a material of higher refractive index to one of a

lower refractive index.

2 The pulse reflected multiple times arrives after the

pulse transmitted through the centre ofthe fibre.

The pulse reflected multiple times has a lower

amplitude when it leaves the fibre than the pulse

transmitted through the centre of the fibre.

3 Lightfollowsa curved path (sinusoidal).

11 From sinc = — [1]
n

If the refractive index decreases the critical
angle increases. [1]

{ sa NP!
2 sinC =— therefore C=sin” |— [1]

n n

- =] 1 fo)C=sin | —— |=24  (2s.f.) [1]
2.42

3 sinC= a therefore n= — [1]
n sin C

fae = ee eee 1]

sin 42.8 )

A i= 36° [1]
: 1 1

sin C= — therefore 1= ——
n sinC

no 0]

sin 36

n=1.7 (2s.f.) [1]

5 a At the-critical angle therefore light travels
along boundary. [2]

b_ Below the critical angle therefore light is
partially reflected and refracted. [2]

c Above the critical angle therefore light is totally
internally reflected. [2]

86 a= oe ae 0]

VES L85SxXto
=i aulsin Uo nherelon cee e] [1]

n n
1C=sin! (-) = 35 Ou oesae) [1]

Glee

121

1 Destructive interference [1]

In order to cancel out the sound waves from the
surrounding environment [1]

2 As figure 3. [2]

intensity « (amplitude)? [1]

As the amplitude doubles the intensity will increase
by a factor of 4 (27) [1]

[1 mark only if mentioned only increasing]

Two clearly distinct waves with the correct
wavelength [1] and amplitude. [1]

Waves have a clear sinusoidal shape. {1]

Constructive interference where the waves both have
positive displacement [1] and where the waves both
have negative displacement. [1]

Destructive interference where one wave has
positive displacement and the other has negative
displacement. [1] .

SeeFigure1. [6]

a



12.2

1 Path difference at the 1° order maxima = 1A.

340aes 1200Hz(2s.f.]
Iffrequency is halved, the wavelength is doubled.

Maxima and minima would be further apart (the path

difference at the 1*' order maxima would be doubled).

1 Use aruler to carefully measure the path from

the centre ofthe first slit to the 1°*order maxima.

Use a ruler to carefully measure the path from the

centre of the second slit to the 1° order maxima.

Calculate the difference.

Path difference at the 1°*order maxima = 1A.

Repeat for different maxima and minima (being careful

to relate the path difference to the wavelength (e.g.,
path difference at the 2™order maxima = 2A, etc)).

Average the values for the wavelength.

Most significant diffraction when the gap size =

wavelength.
La = ee oe= =1.3cm(2s.f.)

24 x 10

Use the metal sheets to create a single gap. Place in

front of the microwave source and rotate the source

through 180°. Ifthe intensity received by the receiver

drops then rises again the source is plane polarised.

Diagram showing light reflecting off the top

surface (obeying the lawof reflection) and light

; reflecting offthe bottom surface after travelling
through the oil (refracting on entry and exit).

The light travelling through the oiltravels a greater

distance (approx. 2 x the thickness of the oil).

Wavelength of red light is greater than blue light.

The path difference must be greater in order to
produce destructive interference; therefore, the oil

needs to be thicker.

1 a Constructive {1]

b_ Constructive [1]

c Destructive [1]

2 Increases pie

Zero in the centre (at the central maxima) [1]

_ Moving through 180° or mtrad at the first-order minima,

360° or 2n rad at the first-order maxima, etc [1]

¥ Reaching1080°or6nradatthethird-ordermaxima.[1]
2 thesecond-ordermaximathepath

4 a _ the wavelength of the sound;
Vv 340

= — =——=0.17m [1]
f 2000

b Ata phase difference of 5m radians the path
difference = 2.5.1 [1]

Path ditterende=2,5'x. 0:174=10'43.m [1]

ec Atthe second-order minima the phase
difference = 3m radians [1]

Ata phase difference of 3m radians the path
difference = 1.5A [1]

Path diterence= 5.x 0217. =i026m [1]

PPE

1 There would be green light in place of red.

The separation between fringes would be

smaller due to the shorter wavelength.

This would reduce percentage uncertainty in

measurements as the distance will be greater.
a ADie a therefore x =——

D a
632.8 x 10° x 10

c=een tS = oo, AOae = 13mm
0.50 x 10

1 Waves must be coherent to form a stable interference

pattern [1]

Using a monochromatic source, a single slit and
double slit results in two sources of coherent light [1]

2 ee [1]
D
0.6 x10? x 1.4 x10?

= precmircyeTE ae ions = 550) nim [1]

3 x=83mm [1]

x measured across several fringes [1]
=) =Nee astae “= M10 5550 nim 9/450 oa

4 2»7=™ therefore p=“ [1]
D r

_ 0.40 x10™ x1. 8 x10”
610 x10” [1]

D=1.2.m (2's.£.) [1]

5 a AsA increases x increases. {1]

b. x= AB therefore if other factors remain
a 1

constant xe — [1]
a

As a doubles x halves. [1]

c = eat therefore if other factors remain constant
a

xe D [1]

As D increases by a factor of 3 x increases by a
factor of 3. [1]

d Double the frequency and the wavelength halves. [1]

x= Ao) therefore if other factors remain constant
a rt

xoch | [1]
As A halves x halves. [1]



12.4

1 Measure the distance between adjacent nodes

(or antinodes} —this is equal to =.

1 A stretched string fixed at one end [1] with a

vibration generator (connected to a signal generator)

at the other end. [1]

2
Multiplythe average distance by 2.

8ae = oncom
if SO xeaks)

Therefore the distance between nodes = 0.030 m

Close to the metal sheet both waves which form the

stationary wave have similar amplitudes (they have

travelled similar distances from the source).

Atother nodes there is a greater difference between

the amplitudes of the two waves (as they have

travelled different distances). Resulting in non-

perfect cancellation.

Comprised of oscillations/vibrations.

Particles in the waves have frequency, period of
oscillation and amplitude.

a_ They are in antiphase

b_ They are in phase
r

The distance between adjacent nodes is equal to 5°

The wavelength of the parent waves = 0.30 x 2

= 0.60 m

At the node the amplitude = 0

Moving away from the node the amplitude
increases (reaching a maximum at the antinode).

Moving past the antinode, the amplitude reduces
back to zero at the node.

a (i) 180° ormrad.

(ii) 360° or 2m rad.

b (i) Flat line

(ii) Simple sinusoidal wave (two waves on
top of each other)

(iii) As first diagram

£5 102:Hz

2 See Table1

a_ Atfundamental frequency
b At2™harmonic

c Nopattern forms (not an integer multiple of
the fundamental frequency)

AsTincreases v increases. From v= fA as Ais
constant [as the length ofthe string is constant), f

increases. AsTincreases by a factor of 2, f increases
by a factor of V2.

Adjust the frequency of the signal generator. [1]

2 If L increases f, decreases. [1]

If L doubles f, halves. [1]

3 a 3 harmonic, therefore the fundamental

frequency must be a = Nee [1]

b Length of string = 0.36m, therefore the distance

between nodes = 0.12cm [1]

Wavelength = 2 x 0.12 = 0.24 cm [1]

(Using A = : L results in both marks)

c (i) 4'® harmonic, see Table 1 [1]

(ii) no pattern formed (not an integer multiple
of f,) [1]

4 a 0.5 Hz +/- 0.05 Hz [1]

b_ Intensity increases at integer multiple of f.. [1]

Due to the string also vibrating at these
harmonics. [1]

5 a 6' harmonic, node to node distance = a =

0.15 m [1]

Wavelength = 2 x 0.15 = 0.30 cm [1]

b v=fa [1]
v = 3600 x 0.30=1080 ms 1]

1 See figure 3 at the fundamental frequency

2 a gradient =Lf

Thewavelength ofthe progressive waves = 4L.

v=fA, becomes v=fx 4Ltherefore ie fl.
4

b_ Gradient=85ms++/-Smst

Therefore speed of sound = 85x4=340ms"!

c Tuningfork is slightly above the tube.

Measurements of L contain slight systematic error

and are shorter than q

1 Connect speaker to signal generator. [1]

Position speaker in front of solid surface, with
microphone in between. [1]

Adjust frequency of sound until a number of nodes
and antinodes are detected using the microphone. [1]

: x
Measure the distance between nodes = > Therefore

the wavelength of the sound waves = node-to-node

distance x 2 {1]

2a L=“ therefore A=4L {1]

A= 491 2= 48m [1]

v_ 340
= —= —=71Hz ikieter esr cM

po

x

eeeee|aenAre



r
3 E= — therefore 4=2 L [1]

N=2x1.2=2.4m [1]

v 340
= —= —=142 Hz (3 s.f.)f A ge (1

4 Nodes: B and E [2]

Antinodes: A, D and G [3]

(1 mark for each correctly identified. Deduct 1 mark

for each incorrect letter, minimum mark = 0)

5 At 2f,there would need to be an antinode at each

end of the tube. [1]

In a closed tube there must be a node at the

closed end. [1]

13.1

1 a E=6.63 x 1073*4~x1.02 x 10!4

= 6.76 x 10-79 (3 s.f.) [1]

b E=6.63 x 107-*4 x 97.0 x 10°
= 6.43 x 10-6 J (3 s.f.) [1]

c E=6.63 x 107*4 x 6.00 x 10!4
= 3.98 x 10795 (3 s.f.) [1]

2 Violet [1]

From E = hf, the higher the frequency the greater

Highest frequency. [1]

the energy. [1]

3 ead therefore <a [1]

ny E
6.63 x 10° x 3.00 x10°

ap eee en [1]
3.32 x 10

A=59.9 nm (3 s.f.) [1]

4 a 63x10! ev (2s.f.) [1]

b 206 keV (3 s.f.) [1]

i238 X 10!2 eV (2 s.£.) [1]

5 Radio: f = 9.7 MHz [1]

Infrared: f = 2.5 x10"* Hz [1]

Visible —red: f = 4,5 x10!4 Hz [1]

Visible —green: f =5.6 x10'* Hz [1]

Visible —blue: f = 6.5 x10"* Hz [1]

UV: f =1.4 x10" Hz [1]

X-ray: f =2.5 x10"” Hz [1]

gamma: f = 3.6 x10” MHz [1]

34 8= meee adi «10 = 442 x 1075 1]

4.50 x 10
= 2760 eV [1]

—34 8i gS 6:63. % LOM Xxaed x10 = 33x 1077 1]

600 x 10°

=oeley [1]

: heTa ev=— [1]
r

“pc 6.63 x 10° x 3.00x10°
BerePir) 160610%. 620x10>

Be t0ON(25i).5 oe 1]

b General shape of I-V characteristic for diode

(see topic 9.6) [3]

Threshold p.d. lower for the red LED [1]

Red photons have a lower frequency [1], therefore
less energy (lower threshold p.d) is required [1]

8 Energy of each photon,

hc 6.63 10-4 x 3.00 x 10°
B=—= ~ SA 0le~i0: J 11)

r 405 x 10

10 mW = 10 x 107°?Js“! [1]

3Number of photons = eee

4.91...x 10"

=2.0 x 10°'® photons per second (2 s.f.) [1]

9 Connect the LED to a variable supply. [1]
A safety resistor is also connected in series with the

LED. [1]
Connect a voltmeter across the LED. [1]
Slowly increase the p.d. across the LED until it just
emits light. Record the p.d. Vacross the LED. [1]
The Planck constant is calculated using eV = hic/A or

h = eVA/c, where e is the alimentary charge and c is

the speed of light in a vacuum. [1]
Improvement: Carry out the experiment in a dark
room or place a black tube over the LED to judge
when the LED just starts to emit light. [1]

13.2

1 Become (positively) charged [1]
Gold leaf would rise/move away from the stem [1]

2 a No emission [1] Infrared photons are below

threshold frequency (have insufficient energy) [1]

b- Emission of photoelectrons as blue photons are
above threshold frequency [1]

3 Energy transferred to each electron comes from a
single photon in a one-to-one interaction. [1]

Energy of each photon depends on its frequency
(E =hf). [1]

Greater the frequency, the higher the energy of the
photon and so the greater the maximum kinetic
energy of the electron. [1]

4 Maximum [1] wavelength that would cause
photoelectric emission from the surface of a metal. [1]

5 Increased emission [1]

Number of emitted electrons per second would

quadruple. [1]

Quadrupling the intensity results in four times the
number of photons; therefore, four times the number

of electrons emitted per second. Ta]



Answers

13.3

1 hf = 04 Kiige = 3-77 &107s, 2.68%: 105" [1]

hfs645 10-23 [1]

2 a KEyy =hf— 6 =5.20-4.08 = 1.12 eV [1]

b hf<¢@ [1] therefore no electrons emitted [1]
322i, = @ thereiore f= ue

Zinc: @= 4.30 eV = 6.88 x107!9 J [1]

Sodium: @= 2.36 eV = 3.776 x 10°19 J [1]

6.88 x10” 15
hea f= OF C10 Hz (Ste [4= 26 Gesmel0 + me

3.776 x10” a
Sodium: f, =———————= 5.70 x 10° Hz (3 s.f.) [1]fo= 3x10

4 With monochromatic radiation all photons have the
same frequency and therefore the same energy. au

Each electron requires a specific energy to free it from
the surface of the metal (the lowest energy required
to free an electron is equal to the work function of
the metal). [1]

The kinetic energy of the emitted electron is a result
of the remaining energy after the electron has been
freed. [1]

5 hf = @+KEy,y therefore KEy,y =hf -—@

Sodium: =2:36-eV = 3.78 x 1077 J

KE iy = 6103-102 148 X10 — 3:78 x10"

= 6.03 x10?” J (3 sf.) [1]

1 2X KEKE yax =~mv* therefore v = ,|————“4" [1]
2 m

[2 X56,03.x10 2
oo. 33]

SAGESao) [1]

V=1.15 Mm $7-(3-5.f.) [1]

6 hf =$+ KEy,, therefore $=hf —KEy,y = (6.63 x

10-34) x (8.0 x 10!4) —(1.36 x 1.60 x 10°!°) [1]

(eas LIS lO as. bxLO? J 12 's.f.) [1]

19)hfy = therefore f, = dogg ELS ID 1]

N63 10"

fo = 4-7 x 1014 Hz (2 s.f.) [1]

13.4

1 a Itdecreases.

b It decreases bya factor of 1 over V3.

c It increases by a factor of vi0.

2 a 2.03x 10m

b 5.01 x 10-4m

S57esac la Th

1 Adjust the accelerating p.d. This changes
the velocity/momentum ofthe electron and

therefore its wavelength.

2 They are too penetrating. They may damage the

material.
3 £,=40eV=64x 10

Oe:Ex=Sau therefore

[2x [2 AKIO uv= é Ege ae = 37x10 ms
m baWebo<

h h
i = — as momentum, p = mv we can say A = —

p mv

é 6.63x10**
POT ei0y ca oas

Similar size to the space between the atoms in the

crystal, resulting in significant diffraction.

=2.0x10'° m (2sf]

NORE [1]
P 34.63X10° 5egrets BR Ryeitis i eis 1]
LEGLOGO

Theprotonhasagreatermass Ly
Therefore, at the same velocity the momentum

of the proton is greater than the electron [1]

As X= ks the wavelength of the proton must be
p

smaller [1]

Wavelength of the electron is very small [1]

In order to observe diffraction the electron must
pass through a gap a similar size to its wavelength [1]

This does not happen in the course of most

experiments using electrons [1]
34ne eel Bone 10 11]

Am = 3.63. x10!" x 9.11 x1077)

v= 2.00 x 10° ms* [1]

—34iter ea Cv, 6.63 x 10 1
Am = 4.85 x10? x-9.11x107!

v= 150°%: 10° ms [1]

aea X= as momentum, p = mv therefore i est
p mv

6.63 x 10 *4
= = [1]

9.11 x10! x 4.20 x10"

4.21.73 «107? m 1]

—34b ees oe 10 1]

Am 1.73210" & 187° s10-"

v= 22.9 kms! (3 s.f.) [1].

0.25 c= 0.25 x 3.00 x 108=75 x 10°ms7! [1]

h 663 X10"yr eld al ed ah Sb
mv 9.11x107*!x 75x10°

=9,7 x10 "4m (2's.£.)



acceleration

forces 46-50, 105-106

gravity 33-34, 37-39

motion 27-34, 37-39

particles 33, 140, 252

addition

momentum 109-110
scalars 12

vectors 14-15, 18-19,
109-110

aerial alignment 210

air bags 105

air columns, waves

233-235

air resistance 54

ammeters 124

amperes 118, 119

amplitude 193-194,

203-2052 19-223,
227-235

analysing circuits

173-176

Andromeda galaxy 203

angle of force 73

angle of incidence 199

angle of reflection 199

angle of refraction

alive

anions 123-124

anodes 123-124, 139

antinodes, waves 227-235

antiparallel vectors 14-15

antiphase waves 196,
220-223, 227-235

Archimedes’ principle

67-69
area under the graph

29-31, 107-108

astronomy 157

average speed 22-23

average velocity 24-25

balanced forces 49-50

base units 8-9

batteries 134-135,
177-181

boundaries 200,

211-215

braking distances 35, 36
breaking strength 93
brittle materials 95

-

—cables 94-95

carbon-60 250

car stopping distances

35-36

cathodes 123-124, 139

cations 123-124

cells 134-135, 177-181

Celsius units 11

centre of gravity 49-50

centre of mass 49-50

charge 116, 118-133,

158-159, 243-249

charge carriers 119-130

chemical energy 74

circuits

diagrams/symbols

134-135, 166-189

see also electrical

circular waves 199-200

classifying materials 127

closed systems 103-104

closed tubes 233-234

coherence, waves

220-226

collisions 103-106,

109-110

combining resistors

170-172

compression

forces 84-87

waves 192, 195

conduction 127-130,

151-152

conductors 127-130, 145,

151-152

conservation of

charge 125-126

energy 74-75, 166—

169, 247-249

momentum 102-104,

109-110

constant acceleration

29-30

constant velocity 100-101

constructive interference

219

conventional current

122-124

coplanar forces 64

cosine rules 18

coulomb units 10, 118, 119

couples 60-61

crash-test dummies

ea 108106

crest, waves 195

critical angle 213-215

cross-sectional area

128-130, 149-152

crosswinds 16

crown glass 325

crystallography 253

current

electrical 116, 118-133

I-V characteristics

144-148, 154-155,

180, 241

resistance 141-146

de Broglie, Louis 250-253

deformation, materials
84-97

degrees 11, 196, 220-223

density 65-69
derived units 10-11
deriving equations of

motion 31-34
destructive interference 219

diamonds 213

diffraction 201-202,
224-226, 250-253

diodes 147-148, 240-241

displacement
constant acceleration

29-30
motion 24-34

vectors 13
velocity-time graphs

29-32

waves 193-198,
218-223

displacement—distance
graphs 194-197

displacement-time graphs
25-26, 197-198

distance
displacement graphs

194-197
intensity relationship

203-205

motion 22-23

vectors 13
see also wavelengths

distance-time graphs 23

dividing scalars 12-13

double-slit experiment
224-226

drag 51, 54-56

drift velocity 127-130

ductile materials 92-93

efficiency, power 79,
80-8 1

Einstein, Albert 47,

244-249

photoelectric effect

equation 247-249

elastic collisions 104

elastic deformation 84-85

elastic limits 84-85

elastic materials 92-96

elastic potential energy

74, 88-89, 92-96

electrical circuits 116,

134-135, 166-189

analysis 173-176

batteries 134-135,

177-181

cells 134-135, 177-181

diagrams/symbols 116,

134-135, 166-189

diodes 147-148,

240-241

electrolytes 123-124

equations 128,
158-159, 173-176,
183-184

internal resistance

177-181

Kirchhoff’s laws

125-126, 166-176

light-dependent

resistors 156-157

metals 122-123

parallel 167-168

Planck constant

240-241

potential dividers

182-186

potential energy 74

resistors 141-143,
156-157, 170-172,

177-186

sensing 153-155,

185-186

series 134, 166-167,

170-172

symbols 116, 134-135,

166-189

thermistors 153-155
see also electricity

313



electricity

charge and current
116, 118-133,
158-159

conduction 127-130,

151-152
electromotive force

137-138

meters 161-162

potential difference
136-148, 177-186,
239-242

potential dividers

182-186

power 116, 134-165

resistance 116, 124,
134-165

superconductivity

151-152

voltage 136-148,
177-186, 239-242

see also electrical
circuits

electrolytes 123-124

electromagnetic (EM)
waves 108, 206-215,
222, 224-229, 238-255

double-slit experiment
224-226

interference 222

photons 108, 238-255

polarisation 209-210

properties 207-210

see also light

electromagnetic energy

75, 238-255
electromagnetic force

101
electromagnetic radiation

238-255
electromagnetic spectrum

206

electromagnets 37-38

electromotive forces
(e.m.f.) 137-138,

167-168, 177-181.

electron guns 139-140,

250-253

electrons

charge 119-130,

239-242

conventional current
122-124

de Broglie wavelength

251-253
diffraction 250-253
photoelectric effect

243-249

photon interactions
108, 238-255

quantum physics
239-255

velocity 139-140

wavelengths 251-253

wave-particle duality
238, 250-253

work function 243,

245-249

electronvolt (eV) 239-249

electroscopes 243-246

electrostatic forces 119

elementary charge

ile, HA

EM see electromagnetic

waves
e.m.f. see electromotive

force

emission

electrons 243-249

photoelectrons

243-249

photons 238-255

energy 20, 72-83
conservation of 74-75,

166-169, 247-249

elastic 74, 88-89,

92-96

electricity 116,

134-165
electromagnetic 75,

238-255

exchange 76-78

forms of 74-81

gravitational potential
72-74, 76-78

kinetic 72-74, 76-78,

89, 244-249

momentum 102-110

per unit volume 96

photoelectric effect

243-249

photons 238-249

potential 72-74, 76-78,
88-89, 92-96

power 72, 79-81, 116,

134-165

resistance 116,

134-165

waves 190-198,

203-210, 227-235

work 72483, 88-89,

139-140, 239-242

equations

de Broglie 251-253
electrical circuits 128,

158-159, 173-176,

183-184

elecinie ciment 1113;

128

of motion 31-34,

40-43

p=hpg 67-69

photoelectric effect
247-249

potential dividers
183-184

waves 193-194, 203-

2057 20772 11D 5

equilibria, forces 57-64

equilibrium position 190,
Os

eV see electronvolt

extension, forces 84-85,

88-9]

fibre optics 214-215

filament lamps 119-120,
130, 144-146

filters, polarisation
209-210

first laws

Kirchhoff’s law

125-126

Newton's law 100-101

flow of charge 122-130

fluids 54-56, 67-69

forces 20, 46-71

acceleration 46-50,

105-106

compression 84—87
constant k 85-86

couples 60-61

density 65-69
drag 51, 54-56
electromotive 137-138,

167-168

electrostatic 119

in equilibrium
57-64

extension 84-85,
88-9 1

free-body diagrams

51-53, 58-59

friction 51

gravity 33-34, 37-39,
49-50, 101

impulse 107-108

interactions 101

mass 46-50, 100-101,
105-106

mechanics 46-7 1

moments 57-61

momentum 102-110

motion 72-73

net force 46-53,
62-64, 100-101,
105-108

normal contact 51

pressure 65-69

resultant force 46-53,

62-64, 100-101,
105-108

tensile 51, 62, 84-91

torque 60-61
triangle of 62-64

upthrust 51, 67-69

vectors 14-19

weight 46-53,

100-101

work 72-73

force-time graphs

107-108

free-body diagrams

51-53, 58-59
free electrons 122

free fall 33-34, 37-39

frequency

photoelectric effect

243-249
photons 238-246

waves 193-194,
197-198, 207-208,
227-235

friction 51

fringes 224-226

fundamental frequencies

230-235

fundamental mode
of vibration 230,

233-234



galaxies 203

gamma rays 206
g (free fall) 37-39

gold-leaf electroscope

243-246
graphene/graphite

277250
graphs

area under 29-31,
107-108

force—extension 84—85,

88-9]

force-time graphs

107-108

I-V characteristics
144-148, 154-155,

180, 241

motion 23, 25-26,
28-32, 39, 54-55

photoelectric effect

248-249

stress-strain curves
92-96

superposition 218-219

velocity—time graphs

28-32, 55

waves 194-198,
218-219

gravitational forces 101

gravitational potential

energy 72-74, 76-78

gravity 33-34, 37-39,
49-50, 101

harmonics 230-235

heat energy 75

Hertz, Henry 243

hertz units 10

Hooke’s law 84-87, 89

horizontal projection
41-43

impulse 107-108

incident rays 199-200,

244-246

independent motion

40-41

inelastic collisions 104

inflation echo 209

infrared astronomy 157

in phase waves 196,

220-223, 227-235

instantaneous speed 23

insulators 127, 151-152~

intensity

amplitude 203, 205

distance relationship

203-205

photoelectron emission

243-246

waves 203-205, 227

interactions, forces 101

interference 219-226

coherence 220-226

diffraction 201-202,

224-226, 250-253

double-slit experiment

224-226

superposition 218-223,
227-235

internal energy 75

ionic solutions 123-124

ionised air 118

Ions AO. 122

I-V (current-voltage)

characteristics

144-148, 154-155,

180, 241

joules 10, 72, 239-242

kelvin (K) 11

kilowatt-hours (kWh)

161-162
kinetic energy 72-74,

76-78, 89, 244-249

Kirchhoff’s laws 125-126,

166-176

kWh (kilowatt-hours)

161-162

lamps 119-120, 130,

144-146

laws

Kirchhoff’s laws

125-126, 166-176

momentum 20,

102-113

motion 20, 46-48,

100-113

Newton’s laws 20,

46-48, 100-101,

105-108

Ohm’s law 141,

142-143

reflection 199

refraction 212

Snell’s law 212

LDR see light-dependent

resistors
LED see light-emitting

diodes

length, resistance

149-152
light

polarisation 209-210

speed of 47, 207,

211-215

Young double-slit
experiment
224-226

see also
electromagnetic

waves
light-dependent resistors

(LDR) 156-157, 185,
204-205

light-emitting diodes

(LED) 147, 240-241

light gates 38

limit of proportionality 93

LINAC (linear particle
accelerator) 140

linear momentum
102-104

linear particle accelerators

140
lines of best fit 38

liquids, pressure 67—69
loading curves 90-9 1

longitudinal waves

190-198

lost volts 177-181

Marconi, Guglielmo 134

mass
centre of 49-50

forces 46-50, 100-101,

105-106

Newton’s laws of

motion 100-101

materials 20

classification 127

conductors 127-130,

151-152

deformation 84—97

Hooke’s law 84-87, 89

insulators 127, 151-

152

loading/loads 90-91

mean drift velocity

127-130

mechanics 84-99

number density

127-130, 153

resistivity 149-152

semiconductors 127,

147-148, 151-152

springs 84-89

strain 92—96

stress 92—96

stretching 92-96

unloading 90-91

Young modulus

93-96

maxima, waves 220-223,

228

mean drift velocity

127-130

measurements

electric current 124

units 8-11

mechanics

forces 46-71

materials 84-99

Melde’s experiment 231

metals

electric current

122-123, 127

loading graphs 90

photoelectric effect

243-249

stress-strain Curves

92-93

meters 47, 86, 137,

144-146, 161-162,

186, 243

microwaves 210, 222,

2274229

Millikan’s experiment

120-121

minima, waves 220-223,

228

moments 57-61

momentum 20, 102-113

collisions 103-106,

109-110

conservation of

102-104, 109-110

energy 102-110

forces 102-110

laws of 20, 102-113

photons 108

rate of change 105-108 |

monochromatic light

224-226



motion 20, 22-45

acceleration 27-34,

37-39

displacement 24-34

distance 22-23

equations 31-34, 40-43
fluid 54-56

forces 72-73

graphs 23, 25-26,
28-32, 39, 54-55

laws of 20, 46-48,
100-113

power 80-81

projectiles 40-43

speed 22-24, 35-36

stopping distances

35-36

suvat equations 31—34

velocity 24-34

moving charges 122-130

multiple loop systems 168

multiplying scalars 12-13

names and symbols 10-11

negative charges 119

net charge 118, 120-121

net forces 46-53, 62-64,

100-101, 105-108

newton, units 10, 46

Newton, Isaac

first law 100-101

laws of motion 20,

46-48, 100-101,

105-108

second law 46-48,

105-108

third law 100-101

waves 224

newtonmeters 47, 86

nodes, waves 227-235

noise cancellation

218-219

non-perpendicular vectors

18-19

normal, line of 199-200,

211-215

normal contact forces 51

nuclear energy 75

nuclear forces 101

number density
127-130, 153

ohmic conductors 145

Ohm’s law 141, 142-143

316

ohm units 10, 141,

142-143

oil-drop experiment
120-121

olive oil 211

one-dimensional vectors

14-15

open tubes 233, 235

optical fibres 214-215
oscillation 193-198,

206-210

oscilloscopes 197-198

parallel circuits 167-168,

170-172
parallel vectors 14-15

partial polarisation 202

particle-like nature 238

particles

acceleration 33,

140, 252
diffraction 250

photons 238-255

wave-particle duality
238, 250-253

pascals, units 10, 92

path difference 220-223
paying for electricity

161-162
p.d. see potential

difference

peaks, waves 191, 195

period of oscillation

193-194

perpendicular distances 57

perpendicular vectors 15,

16-17

phase difference 196-197,

220-223, 227-235

phasors 139
photoelectric effect

243-249
Einstein’s equation

247-249

electrons 243-249

kinetic energy 244-249

metal surfaces 243-249

photoelectrons 243-249

photography 38
photons 108, 238-255

electromagnetic energy
238-255 .

electron interactions

243

emission 238-255

energy 238-249

frequency 238-246

momentum 108

particles’238-—255

photoelectric effect

243-246

Planck constant
238-242

quantum physics

239-255

wavelengths 238-242

waves 238-255

pipes 233—235

pivots 57-59

Planck constant 108,
238-242, 251-253

plane polarised waves

201-202, 209-210

plane waves 199-202,

209-210

plastic deformation 84,

90-91, 95-96

polarisation 201-202,
209-210

polarity 134-135

polycrystalline
graphite 250

polymers 90-91, 95-96

polythene 90-91, 95

positive charges 119

potential difference (p.d.)

136-148, 177-186,
239-242

potential dividers
182-186

potential energy 72-74,

76-78, 88-89, 92-96

potentiometers 144-146,
186

power 20
efficiency 79, 80-81

electricity 116,

134-165

energy 72, 79-81, 116,
134-165

motion 80-81

resistance 116,

134-165

Sun 203-204

waves 203-205

power supplies 134-135

prefixes, SI system 9
pressure 65-69 ;

primary waves 190-198

principles of

conservation of energy

74-75

conservation of

momentum
102-104

moments 57-59

superposition of

waves 218

progressive waves
190-198, 203-210,

227-235

projectile motion 40-43

properties

electromagnetic waves

207-210

photoelectric effect

243-246

waves 193-198,
207-210, 227-229

protons 119

P-waves (primary)
190-198

quantised charge 120-121

quantities 8-11
quantum physics 116,

238-265
de Broglie equation

251-253
photoelectric effect

243-249
photons 238-255

wave-particle duality
238, 250-253

waves 238-255

radians 196, 220-223

radiant energy 75,

238-255

radiant power 203-205

radiation 238-255

radio waves 206, 207

rarefaction 192, 195

ray diagrams 199, 200,

211-215

rays 1997200; 211-215

red light photons 239

reflection 199-200,

213-215

refraction 199-200,

PMile ets) {
refractive index 21 1-21 Sah



relative charges 119

relativistic mass 47

resistance 116, 124,

134-165

current 141-146

definition 141

determination 141-143

electricity 116, 124,

134-165

energy 116, 134-165

internal resistance

177-181

power 116, 134-165

ratios 182-184

resistivity 149-152

temperature 142-143

resistivity 149-152

resistors

combining 170-172

electrical circuits

141-143, 156-157,

170-172, 177-186

in parallel 170-172

potential dividers

182-184

in series 170-172

variable 177-181,

185-186

resolving vectors

16-19, 110

resonance tubes 234

restoring forces 190

resultant forces 46-53,

62-64, 100-101,

105-108

resultant vectors 14

robots 185

rotational equilibrium 61

rubber 90-91, 95-96

scalars 12-13, 24

scale diagrams 18

scales 239-240

secondary waves 190-198

second laws

Kirchhoff’s law

166-169

Newton's law 46-48,

105-108

semiconductors 127

diodes 147-148,

240-241

light-dependent

resistors 156-157

materials 127, 147-148,

151-152

thermistors 153-155

sensing circuits 153-155,

185-186

series circuits 134,

166-167, 170-172

sine rules 18

SI units 8-11, 46

slit experiments 224-226

slopes 52-53, 63

Snell’s law 212

sound 75, 222, 230-235

speed

charge carriers 128

of light 47, 207,

211-215

motion 22-24, 35-36

of sound 234

waves 193-194, 207,

211-215

springs 84-89, 191

standard form 9

standing waves 227-235

stationary waves 227-235

air columns 233-235

formation 227-229

harmonics 230-235

progressive waves
227-229

properties 227-229

sound 230-235

stiffness 85, 94

stopping distances 35-36

storing energy 96

strain 92—96

stress 92-96
stress-strain curves 92-96

stretched strings 227-228,

230-232
stretching materials 92—96

strings 227-228, 230-232

strong materials 93

strong nuclear forces 101

subtracting scalars 12

subtracting vectors 18

Sun, power 203-204

superconductivity
151-152

superposition 218-223,

227-235
surface charging 243-249

suvat equations 31-34

S-waves (secondary)
190-198

symbols 8-11, 134-135

Systeme International

(SI) units 8-11, 46

temperature 11, 142-143,

153-155, 185

tensile deformation 84

tensile forces 51, 62,
84-9 ]

tensile strain 92, 93-95

tensile strength 93
tensile stress 92, 93-95

terminal potential
difference 177-181

terminal velocity 54—56
thermal energy 75

thermionic emission

139-140

thermistors 153-155, 185

thin-film interference 223

thinking distances 35-36
third law of motion

100-101

threshold frequencies

243-246
threshold potential

differences 148,

240-241
TIR (total internal

reflection) 213-215
torque 60-61

total internal reflection

(TIR) 213-215

trajectories of motion

40-43

transverse waves
190-198, 206-210

triangle of forces 62—64

trigonometry 18-19, 225

troughs 191, 195
tubes/ 233-235

tungsten filaments 144

two-dimensional

collisions 109-110

ultimatetensilestrength
(UTS)93

uniform gravitational
fields 77-78

units 8-11, 46

Universe 207-208 _

unloading curves 90-91

unpolarised light

sources 20]
upthrust 51, 68-69

UTS (ultimate tensile
strength) 93

variable resistors

177-181, 185-186

vector quantity 13

vectors 13-19, 24-27,

41-43, 102,

109-110

velocity

charge carriers

127-130

constant 100-101

drift 127-130

electrons 139-140

motion 24-34

terminal 54-56

velocity—time graphs

28-32, 55

vertical projection

41-43

vibration 230-235

voltage

electricity 136-148,

177-186, 239-242

internal resistance

177-181

I-V characteristics

144-148, 154-155,

180, 241

voltmeters 137, 243

volts 10, 136-137,

177-181

water waves 200
watts, units 10, 79

wave equations 193-194,
203-205, 207,
238-242

wavetronts 199
wavelengths 108,

193=198, 203-210,
224-235

de Broglie 251-253

electrons 251-253

harmonics 230-235

photons 238-242
wave-particle duality

238, 250-253
wave profiles.

194-197



waves 116

air columns 233-235

amplitude 193-194,
DOBAZ05a29-273,

227-235

antiphase 196, 220—
DI, DEY

circular 199-200

coherence 220-223,

224-226

critical angles 213-215

degrees 196, 220-223

diffraction 201-202,

224-226

displacement 193-198,

218-223

double-slit experiment

224-226

electromagnetic 108,

206-215, 222,
224-229, 238-255

energy 190-198,
203-210, 227-229

equations 193-194,
203-205, 207,
211-215

frequency 193-194,
197-198, 207-208,

D2 —22>

graphs 194-198,
218-219

harmonics 230-235

intensity 203-205, 227
interference 219=226

longitudinal 190-198
oscillation 193-198,

206-210

path difference

220-223

in phase 196, 220-223,
227-235

phase difference
196-197, 220-223,
227-235

photons 238-255

polarisation 201-202,
209-210

profiles 194-197

progressive 190-198,
203-210

properties 193-198,
207-210, 227-229

P-waves 190-198

quantum physics

238-255
radians 196, 220-223

radiant power 203-205

rays 199) 200/201-2155

reflection 199-200,

213-215

refraction 199-200

refractive index

211-215

sound 222, 230-235

speed 193-194, 207,
211-215

standing 227-235

stationary 227-235

strings 227-228,
230-232

superposition 218-223,
227-235

S-waves 190-198

terminology 193
total internal reflection

213-215

transverse 190-198,

206-210

vibration 230-235

Young double-slit

experiment

224-226

weak nuclear forces 101

weight 46-53, 100-101

wires

electric charge/current

129-130

loading graphs 90

resistivity 149-152

Young modulus

94-95

work 20

energy 72-83, 88-89,
139-140, 239-242

forces 72-73

springs 88-89

work function 243,

245-249

Young double-slit

experiment 224-226

Young modulus 93-96

zero momentum 104

~
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