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Introduction

Welcome to Edexcel A Level Physics Year 2 Student’s Book. If you used the Year 1
book, you will already be familiar with the approach adopted by the writers —
essential text, illustrated with many contextual examples, an emphasis on
practical work and lots and lots of questions for you to try. The Edexcel
specification has been developed from the best of the Edexcel concept-led
and the Salters Horners context-led approaches. Although the book has been
specifically written to cover the concept approach to the specification, the
contextual examples and practice questions make it a most valuable resource
for the context approach as well. The authors both have vast experience of
teaching, examining and writing about physics. Both have examined for
Edexcel at a senior level for over 30 years and served as Chief Examiners.

Although this book is designed as a resource for the second year of the A-level
course, you mustn’t forget the work you did in the first year as your A-level
examination will test you on the whole of your two years” work. Some of
the Prior Knowledge questions at the start of each chapter will, hopefully, jog
your memory!

A kevy aspect of the text is the emphasis on practical work. Although you do
not have a practical examination as such, questions based on practical work
pervade all the A-level papers, particularly Paper 3, which comprises practical-
based and synoptic questions. There is also an internally assessed Practical
Endorsement at A level, for which you should have started a portfolio of
work in Year 1. Nine of the Core Practicals in the specification were described
in Book 1 and the other seven are described here in detail and in such a way
that students can carry out the experiments in a laboratory environment.
Each experiment has a set of data for you to work through, followed by
questions similar to those you will be asked in the examination. Questions
within written examination papers will aim to assess the knowledge and
understanding that students gain while carrying out practical activities, both
within the context of the 16 core practical activities and in novel practical
scenarios. In addition, the completion of the 16 core practical activities can
provide evidence of competence for the Science Practical Endorsement.
The core practicals are also intended to provide students with opportunities
to undertake investigative work, therefore the core practical experiments
described in this book must be considered as examples of the sort of activity
that could be undertaken.

Many other experiments — under the heading of Activities — are also described,
together with data and questions. An additional chapter — Practical skills — is
available online. It is a reminder of the key practical skills that should be
developed through teaching and learning and will form the basis of practical
assessment in the written examination.



Before carrying out any practical activity, teachers must identify any hazards
and assess any risks. This can be done by consulting a model (generic) risk
assessment such as that provided by CLEAPSS to subscribing authorities.

Emphasis is also placed on practising questions. The text is abundantly
illustrated by Examples, which are accompanied by answers to enable you
to check your progress. There are then Test Yourself questions for you to
try (Answers for these can be accessed using the QR codes found in the
Free Online Resources section at the end of this book) and at the end of each
chapter there are Exam practice questions. These are graded in terms of difficulty
(8 = A-level Grade E, @ A-level Grade C and @ = A-level Grade A/A¥%).
In the Exam practice questions the mark allocation for each part is shown, as
it would be in the examination. The answers give an indication of how the
marks might be awarded but not in the same detail that there would be in an
actual mark scheme.

Throughout the book there are Key Terms highlighted in the margin that
you need to learn. There are also numerous Tips. These may be reminders,
for example, to use SI units, warnings to avoid common errors or hints about
short cuts in performing calculations.

Another additional chapter — Preparing for the exams — is available online and is
a valuable guide on revision and exam technique. As you need to put these
principles into practice from day 1, you are strongly advised to read through
this before you start your course (although you probably won't be able to
attempt the questions). You should then re-visit the chapter from time to
time, particularly when prompted in the book to refer back to the questions
in that chapter. You may also find it helpful to re-visit Chapter 18 — Maths
inn Physics in the Year 1 book. This provides an outline of the mathematical
requirements, together with lots of simple (and not so simple!) examples for
you to practise. You should note the extra requirements for A level compared
with those for the AS examination.

The authors have enjoyed writing this book — we hope you enjoy reading it
and find it, along with the supporting material, a valuable resource to help
you with your studies. Good luck!

Introduction 0



Prior knowledge

Get the most from this book

Welcome to the Edexcel A level Physics Year 2 Student’s Book! This book
covers Year 2 of the Edexcel A level Physics specification.

The following features have been included to help you get the most from this book.

This is a short list of topics that
you should be familiar with before
starting a chapter. The questions

will help to test your understanding.

Test yourself questions

These short questions, found
throughout each chapter, are useful
for checking your understanding as

you progress through a topic.

These highlight important facts,
common misconceptions and

signpost you towards other relevant
topics.

@ Get the most from this hook
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Key terms and formulae

These are highlighted in the text and
definitions are given in the margin to help you
pick out and learn these important concepts.



Examples

Examples of questions and
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calculations feature full workings
and sample answers.

Exam practice questions

You will find Exam practice questions at the end of every chapter. These
follow the style of the different types of questions you might see in your
examination, including multiple-choice questions, and are colour coded to
highlight the level of difficulty. Test your understanding even further, with
Maths questions and Stretch and challenge questions.
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Dedicated chapters for developing your Practical skills and Preparing for
your exam are also included with the other Free online resources, details
of which are available at the end of this book.

Get the most from this book °
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Momentum and energy

Priior knowledge

You should know from earlier work covered in GCSE science or in your Advanced level
studies:
=» that momentum is defined as p =mo and is a vector guantity
=» that vector quantities, e.g. p or o, have a direction, but scalar quantities,
e.g. m or f, do not
=» how to add vector forces, e.g. 4 N plus 3N at right angles — a force of size 5N
=» that momentum is measured in Nsor kgmstasN=kgms?

=» that Kinetic energy is defined as KE =:inm3

=» that kinetic energy is measured in J or Nm or kgm?s2 o
=% how to use algebra to manipulate symbols, e.g. to produce KE =~

=» Newton's second law of motion in the forms F = m% and F= u%

= Newton's third |aw; the push or pull of A on B is equal in size to the push or pull of
BonA

= that W and m are different gquantities and that W =mg

=» that changes in GPE near the Earth’s surface are calculated as AGPE = mgAh

Test yourself on prior knowledge

1 State why momentum is a vector quantity and kinetic energy a scalar
quantity.

2 State a) two vector quantities, and b) two scalar quantities other than
those quoted in Q1 or Q3.

3 Sketch a diagram to illustrate how to add a displacement of 50m
north to 20 m east.

4 Show that a joule is equivalent to a kilogram metre squared per
second squared.

5 Use definitions of momentum p and KE to show that p? = 2m x KE.

&6 Write down in words a statement of Newton's second law in its most
general form.

7 A book of mass 3.2 kg rests on a table. What is the upward push of
the table on the book?

& A crane lowers a ‘bag’ of aggregate of mass 1600Kkg a vertical

distance of 2.8 m. Calculate the loss of gravitational potential energy
of the bag of aggregate.

)

1 Momentum and energy °



Impulse = force x time

i
.',_!|.}I 4

-]

Don't get confused, remember that:

+ Impulse = change in momentum
= Force = rate of change of
momentum

Tirs
e 1=

You do not need to have any knowledge

of calculus for the examination.

o 1 Momentum and energy

| 1.1 Impulse and momentum

In Edexcel A Level Physics Year 1 Student’s Book, we briefly introduced the
term impulse and saw that it was given by the product of the force acting on
a body and the time for which the force acted, i.c.

Impulse = FAt
The unit of impulse will therefore be Ns
We also know that force = rate of change of momentum (Newton's second

law), i:e.

_ Ay : _dp
F= A7 OF, more mathematically, F= ¥ Ty
We can re-write this as

FAt = Ap
But as FAf 15 impulse, We can say

Impulse = change in momentum

We can represent impulse graphically as shown in Figure 1.1.

3 [

F FrnaxT———~
Force/M Forced/M

|

0 > 0 T
0 At 0 At
Time/s Time/s
a b

Figure 1.1 Force-time graphs

In Figure 1.1a, the force remains constant and so the impulse is FAt. This is, of
course, the area under the graph. We can extend this to any shape of graph — the
area under a force—time graph is always equal to the impulse. So, in Figure 1.1b,
the impulse is the area of the triangle = 5F _ At

dp

For those of you who are mathematically inclined, we had above that F = ar
If we now integrate both sides of the equation we get:

f P _ _ o
IgF dt = let dp=p_—p =Ap=impulse

t

We know that _[ F dtr means the area under a graph of force against time
Gtk i : :

(even if F is not constant) and so this tells us that, indeed, the area under a

F—t graph is the impulse, or change of momentum.

Impulse is an important factor in car safety and plays a major part in all ball
games.



A boy of mass 30kg jumps off a wall 0.90m high. On hitting the ground,
his impact time is 0.2s.

a) Determine
i} the speed of impact
iI} his momentum on impact
17} the impulse of the ground on his feet
lv) the force he experiences.
) Explain why bending his knees on impact reduces the force exerted

on him.

Answel
a)l) Using %mz =mghh = v =,/2gAh
= Jz x9.8ms™> x0.90m =42ms!

I} Momentum p=mv=30kg x 4.2ms!

=126kgms™ or 126Ns
111} Impulse = Change in momentum = 126N s (since he comes to rest)

v) From impulse = FAt

_ impulse _ 126Ns
At 0.2s

(This is just over twice his weight.)

=F =630N

b) If he bends his knees on impact, he will increase the time of impact as
he will come to rest more slowly. If the time of impact is increased, the
force of impact will be reduced.

Car safety

Consider a car involved in a head on collision (the major cause of death in
car accidents). Before the collision, the car will have momentum p = mw.
On collision, the car (and the passengers inside) will be brought to rest (zero
momentum) very quickly. This change of momentum, Ap, will produce an
impulse FAt, experienced by the car and its occupants. If we can increase the
time of impact, At, then the force F experienced by the car and its occupants
will be proportionally reduced. This can be achieved by the design of the
car (a ‘crumple zone” at the front and air bags for the front seats) and by the
occupants all wearing seat belts.

The safety of European cars is tested in a laboratory and every make of car
is given an ‘NCAP’ (New Car Assessment Programme) safety rating. One
of the tests involves driving the car into a concrete block (by driving we of
course mean by remote control, with a wired-up dummy in the driver’s seat).
One such test is shown in Figure 1.2 — here we can see the crumple zone at
the front of the car and the driver protection from the seat belt and inflated

air bag.

Figure 1.2 Car undergoing crash test

1.1 Impulse and momentum o



o 1 Momentum and energy

To a good approximation, a force-time graph for a head-on car crash
looks like Figure 1.3.

3

600+
FikN

400+

200+

0 100 200 200
tfms

Figure 1.3 Force-time graph for a head-on car crash

a) Calculate the impulse experienced by the car in the crash.

i) If the car has a mass of 1500 kg, what was its speed immediately
before collision?

¢) To improve the safety of the car, the manufacturer sets out to design a
more effective crumple zone. Explain what the manufacturer would try
to do to achieve this.

i) Copy Figure 1.3 and add a second graph to show what would happen
if the car had an improved crumple zone and collided with the same
speed as before. Explain what features of the two graphs are
different and what features are the same.

Answer
a) Impulse = area under curve = % base = height

=1 0.105 x 600 x 10°N =30000Ns or 30000kgms™
b) From impulse = Ap we have Ap =30000kgms™!
As Ap=mAv= Av=—==——" 52— = 20ms™!

¢} The manufacturer would try to increase the impact time.

As impulse = mAv = FAr, for the same car (same m) travelling at the
same speed (v) the force of impact will be reduced if the time of impact
At can be increased.

d) The second graph should start at the same place as the first, have a
smaller maximum force and a longer impact time, but the areas under
each of the two graphs should be the same.




A question of sport

Impulse plays a very important part in all ball games. Let’s start with football.
The longer the foot remains in contact with the ball, the greater the impulse
will be for a given kicking force. A greater impulse means a greater change in
momentum, so the ball travels with greater speed. A greater time of impact is
achieved by the player ‘following through’. A good follow through is important
in other games too, for example cricket, tennis, golf and hockey. In hockey,
players are not allowed to follow through with a high stick if they are close to
other players — they would be penalised for dangerous play. Modern hockey
players now employ the sweep hit. The player gets low to the ground and
‘sweeps’ the ball with a horizontal stick. The ball stays on the stick for a longer
time, giving a larger impulse and also more control, as shown in Figure 1.4.

Conversely, players wear shin pads in football and hockey. The pads serve to
increase the time of impact and therefore reduce the force if a player is kicked

playing football or struck with the ball (or stick!) in hockey.

In tennis, the tension in the racket strings is important. If the strings are
loosely strung, the ball stays in contact with the racket for a longer time
and so the impulse, and therefore the speed with which the ball travels, is
greater. However, it is more difficult to control the direction of the ball.
Good players exert control by imparting ‘top spin’. This causes the ball to
rotate in the direction of travel, which increases the air pressure acting on
the top of the ball, making the ball *dip” once it has crossed the net. This is
exemplified by Rafael Nadal, who has his rackets strung at low tension and
imparts huge top spin to keep the ball in court. On the other hand, Novak
Djokovic, who is more of a ‘touch’ player, has his rackets more tightly strung
to give him more control. Table tennis players use top spin and back spin and
footballers use side spin to create shots that swerve — ‘Bend it like Beckham.

In a dynamic test, a tennis ball of mass 57 g is dropped from a height
of 2.54m onto a steel plate. It rebounds to a height of 1.38m. A graph
of how the force on the ball varied with time was recorded. A simplified
version of the graph is shown in Figure 1.6.

'S

400
FN i
300 :
i
200 I
I
100 i
I
0 T I T T T >
6} 1 2 3 4 5
t/ms

Figure 1.6 Force-time graph for a bouncing tennis ball

Figure 1.4 A sweep hit. The player in yellow
is probably thankful that she is wearing
shin pads!

Figure 1.5 Rafael Nadal plays a top spin
forehand - note the follow through

1.1 Impulse and momentum °



In ‘show that’ questions, always give
your answer to one more SF than the
values you are asked to show - the
examiner then knows that you have
actually done the calculations correctly!

You should then use your more precise
values for the rest of the question.

If you can't work out the values for
yourself, then just use the ‘show that’
values for the rest of the question and
you will be given full credit.

Don't forget that force, momentum and
velocity are all vectors and so their
direction must be taken into account
when doing calculations such as those
in c).

o 1 Momentum and energy

a) Show that the ball hits the plate with a speed of about 7ms™1 and
rebounds with a speed of about 5ms2.

i) Discuss whether the ball meets the specification that ‘in the
100 inch test the ratio of the speeds before and after impact must be
0.728 - 0.762'. (1 inch = 2.54 cm).

c) Calculate the impulse of the plate on the ball.

d) Show that the maximum force exerted on the ball calculated from this
data is in agreement with that shown on the graph.

¢) Comment on the test report statement that ‘the maximum farce is
between 100 and 1000 times the weight of the ball'.

Answer
a)Using ]Erm'2 =mgAh=v=,/2gAh

v; =2 x 9.8ms2 x 2.54m = 71ms 1= Tms!

vy = \/2 x 9.8ms ™= x1.43m = 53ms™ = Sms~!

) The ball was dropped from 2.54 m, which is the required ‘100 inches’.

] i
The ratio of speed after to speed before is 5 = 0.75,

This is within the specified range and so the ball passes the ‘100 inch
test’.
c) Impulse = change of momentum. Taking upwards as positive:
Impulse =m(v, —v)) =57 x 107 kg x (5.3 — [-7.1])ms™!
=57 x 10 3kg x 12.4ms™!
=071kgms ! or 0.71Ns
(upwards, as its value is +ve)

i) This is represented by the area under the force—time graph. As the
graph is almost a triangle, to a good approximation:

impulse = %me x At

_ 2ximpluse _ 2Xx0.7INs

At 4.0 %1075
Which is, to 2 SF, in agreement with the maximum value of F on the graph.

e) The weight of the ball is mg =57 x 1073 kg x 9.8Nkg™
=0.56N

The force of 360N is 360N/0.56 N = 640 times greater than the
weight of the ball, which is in the stated range of 100-1000.

This gives F__ =360N




Test yourself

1 Calculate:

a) the impulse due to a force of 200kN acting for 40
50ms;

b) the force produced by an impulse of 250N s
acting for 100ms;

c) the time for a car of mass 1250kg to be o
brought to rest from a speed of 2dms2tina
head-on collision if the average force on the 25
car is 300 KkN.

2 Figure 1.7 shows two force—time graphs for % 20
passengers in a car crash. Analysis of these graphs E
can provide us with a lot of information. Passenger 15
A has a mass of 100kg and passenger B has a
mass of 94kg. 10

a) Explain why the force experienced by
passenger A is much greater than that exerted 5
on passenger B.

35

b) Suggest where each passenger might have

been sitting. Justify your answer. 00 005 040 0415 020 025 030 035
time/s
Figure 1.7 Graph of forces acting on passengers in a car accident

c) State what the area under each graph
represents and explain why the area under
each graph is not the same.

d) Calculate the area under graph B and hence estimate the
speed with which the car was travelling before collision.

Core practical 9

Investigation of the relationship between the force exerted

on an object and its change of momentum

This experiment uses the same apparatus and is

similar to the experiment described in Book 1 to welghts light gate
investigate force and acceleration.

Safety note: Place a padded box beneath the
load so that the floor and masses don't get
damaged. Also, to avoid injuries to feet, don't
stand under falling masses!

The light gates are connecied to a suitable data
logger and the results can either be interpreted

manually or can be fed into a suitable computer
programme. The following data is required: lamp

® The length [ of the card (200 mm in this
experiment)

@& The times for the card to pass through each
light gate, £, and 1,

Figure 1.8 Investigating change if momentum

1.1 Impulse and momentum °



® The time for the car to travel fram : % ; At | i
the first light gate to the second light ;" ’;‘ ';"‘
gate Ar

® The mass of the trolley m (450g in this
experiment).

A typical print-out is shown in Figure 1.9.

The velocity through the first gate v, =% and Exgisre. 1.8 Brsitour ol times

the velocity through the second gate v, = tL

2

The change in momentum is then Ap = m(y, —v,) = mAv where m Is the mass being

accelerated.

We need to think carefully about m. The force, which is the weight of the masses hanging

over the pulley (labelled ‘load"), has to accelerate the combined mass of the trolley, the

masses on the trolley and the masses hanging over the pulley. In order to vary the force

and at the same time keep m constant we have to take one of the masses off the trolley

and add it to the load each time.

Times #,, t, and Ar are obtained for a range of values for the load, keeping m constant using the

technique as described above, and are tabulated as shown in Table 1.1. The numbers can then be

‘crunched’ using a spreadshest,

If a graph of FAf on the y-axis against Av on the x-axis is plotted, a straight line through the origin

would show that Av o< F. If the gradient is found to be m, then we can say that
FAt=mdAv or F = mAv/At = rate of change of momentum

Questions

1 Copy and complete Table 1.1 - the first row has been done for you. You are
recommended to set up a spreadsheet for this.

Table 1.1
0.10 0.90 0.090 0.51 0.36 0.39 0.56 047
0.20 0.64 0.38 0.26
0.29 0.48 0.29 0.21
0.39 0.42 0.25 0.18
0.49 0.37 0.22 0.16
0.59 0.34 0.19 0.14

2 By referring to Figure 1.8 and the values for F in the table, determine the mass of each
of the weights and hence m, the total mass being accelerated. Explain how you did this.

3 Pilot a graph of FAt on the y-axis against Av on the x-axis.

4 Determine the gradient of your graph.

5 Calculate the percentage difference between the gradient of your graph and the total
mass m and comment on your answer.

o 1 Momentum and energy




| 1.2 Work and energy

This chapter is an opportunity to revise your understanding of momentum
and kinetic energy in interactions. Remember that momentum is always
conserved. You will learn that kinetic energy is usually not conserved in
collisions. These are known as inelastic collisions. However, elastic collisions
in which kinetic energy /s conserved do occur — for example between
molecules and between nuclei, and also sometimes (almost) between larger
objects such as snooker balls. Elastic collisions between particles of equal
mass result in special outcomes that are important to both particle physicists
and snooker players!

You can calculate the work done by a force as
AW = F, Ax

Using this you can calculate how much mechanical energy an object has
been given. This energy might be stored as

gravitational potential energy  (AGPE = mgAh)

oras elastic potential energy (AEPE = %k.&xz)

oras kinetic energy (KE or E, = %m‘. i

Mechanical energy sometimes appears to be lost to the surroundings, often
as a result of work done against air resistance or contact friction. When this
happens we say that there has been a transfer of mechanical energy to internal
energy — thermal energy of the particles of the surroundings (see page 12).

The principle of conservation of energy states that energy is never
created or destroyed, but it can be transferred from one form into another.
Other forms of energy include chemical energy and radiant energy. You
will meet yet more forms, such as nuclear energy and electrostatic potential
energy, later in this book.

Some useful equations

Look at the equations for kinetic energy E, and linear momentum p:
E = %mvz p = my

For an object of mass m we can eliminate the velocity » and get equations
linking kinetic energy to momentum. Squaring the second equation and

rearranging the first gives:

2E
p2 = m%? and 2 = =k

2 Ek i

g

=] p2 = m? x
So, with no v:

P2
P =f2mE; or Ek = =

Figure 1.10 An easy ‘pot”.

The principle of conservation of
energy: energy can neither be created
nor destroyed, but merely transferred
fram one form to another.

Figure 1.11 James Joule: a Manchester
brewer after whom the unit for energy

was named.

1.2 Work and energy °
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Look to see if the equations are
homogeneous with respect to units:
the key is that) = Nm = kgm?2s-2,
so all is well.

Calculate
a)the momentum of a S8¢ tennis ball with kinetic energy of 751J

b)the kinetic energy of an arrow of mass 0.12 kg with a momentum of
5.2kgms1.

* You will need to use the two equations on the previous page but you

are not expected to remember them.

Answer
ajUsingp = J?.mEk gives the momentum of the ball as
p=+2x0.058kgx75] =29kgms!
b) Using E, =p?/2m gives the kinetic energy of the arrow as
g - (5:2kgm s1)?
ko 2x0.12kg

=113]

The electron-volt is the energy gained
by a particle of unit electronic charge
when accelerated through a p.d. of

1 volt.

i

]

=g

: Th‘-'r:

Trying to remember formulas like

K

i

=, f(ZmEk) is not essential - this one
is given in the data list as
Ee= i
2m
Make sure you understand the basic
principles.

These relationships work in the microscopic world as well as in everyday
life. But for fast-moving atomic or nuclear particles the equations only
work if the particles are moving at less than about 10% of the speed of light,
¢=3.0 X 10°ms~L. Such particles are called non-relativistic particles. We will
consider particles moving at almost the speed of light in Chapter 8.

The energies of particles such as electrons and protons, and of ions such as
alpha particles, are usually quoted in a unit much smaller than the joule; the
electron-volt (V).

16V =16 x 10719

The energy of both an electron and a proton that have each been accelerated
through 150V will be 150eV. However, because they have very different
masses, they will have very different momenta.

What is the momentum of:

a) an electron of mass 9.1 x 10~31kg,
b)a proton of mass 1.7 x 10727 kg,
each of which has a kinetic energy of 150eV?

Answer
For both, 150eV =150 x (1.6 x 10719T) =2.4 x 10717J,

Using p= «J(ZmEk) gives:

) P ectron = J(z x9.1x10> kg x 2.4 x 10‘”1) —6.6 x 1001Ns

B ™ J(z x1.7 xm‘z"kgxz.ztxlo‘”.l) =29 x 102Ns

o 1 Momentum and energy



The same applies to large objects. In Figure 1.12 Sam has a mass of 32kg, and
the tennis ball has a mass of 0.055kg. Let’s work out their momenta if each
has a kinetic energy of 100].

Using p = {(2mEy)
for Sam pP= \['(2 X 32kg)<100_]) = 80kgms™ or 80N's

for the ball P= \/(2 % 0.055kg x 1(:0_]) = 3.3kgms_1 or 3.3INs

So their momenta are very different, though their kinetic energies are the same.

Test yourself

3 What is the kinetic energy of a sprinter of mass 85kg running at 10ms™1?

4 Name three forms of energy other than Kinetic energy or elastic
potential energy.

5 From the equation %:'m:.2 =%Ifﬂx2, show that Ax = Gm?/k).
6 Express 6.5 GeV in joules.
7 Show that the two units of momentum, kéms and Ns, are equivalent.

| 1.3 Elastic and inelastic collisions

Think of colliding trolleys fitted with a pin and cork so that they stick
together when they collide. Figure 1.13 shows the arrangement. What do
you think happens to the kinetic energy of the trolleys in such a collision?

to computer and monitor

interrupter card

trolley A

friction-compensated runway

Figure 1.13 A pin-and-cork collision

First suppose the mass of each trolley is m, i.e. My = g = m. The equation
expressing the conservation of momentum then becomes:

1 1
mu = 2mr thatis v= U

Total KE before collision = —:né w2+ 0= %mu2
2
S - - 1 —1 2
KE after collision = Z(Em)vz = mv?=m (Eu) = hil
.. the total KE has fallen from Lmu? to Lmu?, ie. KE . is half of KE, . .
2 4 after efore

=@®0.055 kg

tennis ball
E =100J E,=100J

Figure 1.12 Sam and a ball

1.3 Elastic and inelastic collisions e



An elastic collision is a collision in
which no kinetic energy is lost, i.e. the
total kinetic energy of the colliding
objects before the collision is equal to
the total kinetic energy of the objects
after the collision.

e 1 Momentum and energy

Momentum has, as always, been conserved but some kinetic energy has been
lost — half the initial kinetic energy in this case. This result is the same for all
collisions where objects of equal mass form linked collisions. Such a collision
is an example of a non-elastic or an inelastic collision.

But remember, total energy must be conserved. The loss of kinetic energy is
equal to the gain in internal energy — in this case as the pin enters the cork.
The Sankey diagram in Figure 1.14 emphasises this energy conservation.

initial KE

Figure 1.14 Total energy is conserved

larmp lamp

glider Q

St loager to computer

Figure 1.15 Testing conservation of momentum and kinetic energy using gliders on
an air track

Table 1.2 shows data for gliders P and Q from Figure 1.15, that move towards
each other on an air track, collide and bounce back. The two gliders had
been fitted with small magnetic buffers that were set to repel. The change
of momentum Ap and the change of kinetic energy AE, have both been
calculated and are shown in the last two columns. Left-to-right has been
chosen as positive for u, v and Ap. Glider P initially moves to the right and Q
moves to the left.

Here are some possible results using this apparatus:

Table 1.2 Positive is to the right for velocity and momentum

P —0.080 0.0048 more

Q 0.25 —0.22 +0.10 +0.080 0.0048 less

You can see that the change of momentum of glider P is 0.080kgms™ to
the left, and that of glider Q is 0.080kgms™ to the right, i.e. momentum is
conserved. [s kinetic energy conserved?

The data for E, in Table 1.2 tells you that there was no loss of kinetic energy,
as all the 0.0048] lost by glider QQ is gained by glider P. This type of collision,
where kinetic energy is conserved, is called an elastic collision. In the
everyday world almost all collisions are inelastic, but in the sub-atomic world
elastic collisions are not uncommon. (You could set up a spreadsheet to
analyse any two-body collision, if you were provided with the data for the
masses and velocities of the two bodies)



A 1200 kg car is stationary on an icy road. The car is hit from behind by a
skidding lorry of mass 5600 kg that is moving at 18kmh (5.0ms™1).
The two vehicles remain locked together after the crash as shown in
Figure 1.16.

50ms

S o 5
a) What type of collision is this crash” 5600 kg

1) What fraction of the lorry’s kinetic
energy becomes internal energy
as a result of the collision?

Answer icy road

B 0o ! Figure 1.16 A car and lorry collision
ai The collision is not an elastic g ¥
collision, it is an inelastic collision.

) Suppose the velocity after the crash is v. Using the principal of conservation
of momentum, which is upheld in all collisions, gives:

5600kg * 5.0ms™! = (5600kg + 1200kg) x v
=v=412ms"!
KE, ...~ KE,, =3 5600kg * (5.0ms™1)? — 3 x 6800kg x (4.12ms )2
=70000J—577007=1230071
which is 12300J/70000J = 0.176 or, to 25F, 18% of the lorry’s original KE.

Fairgrounds with bumper cars also show collisions taking place. Suppose
two cars, B and G, are moving along the same line and the boy in B is
moving faster than the two girls in G: see Figure 1.17.

Table 1.3 gives the masses and speeds of the two cars before and after the collision.
Table 1.3

Figure 1.17 Bumper cars at a fair

When they collide, the car with the two girls is ‘bumped’ forward at 40ms L
In order to calculate the resulting speed v of the boy in his car, we use the
principle of conservation of momentum (P of C of M):

(mu)p + (mu) = (mr)g + (mv)

(135kg X 4.0ms™Y + (180kg X 2.5ms ™) = (135kg X v) + (180kg X 4.0ms™})

= 990kgms 1= (135kg X v) + 720kgms"}
. _ 270kgms! _ o

PP =

135kg
If you work out KE, . % KE_._for these bumper cars you will find that
the collision was, not unexpectedly, inelastic, i.e. there was a loss of kinetic
energy in the collision. You should check this for yourself.

1.3 Elastic and inelastic collisions e



‘Discuss’ here means you have to
calculate whether or not any kinetic

energy has been lost in the collision.

When, as in the examples, the problem
is not split into separate parts, try to
see ‘where you are going’ before lunging
into a solution.

o 1 Momentum and energy

A non-relativistic proton of mass m moving at a speed 10u makes a head-
on collision with a stationary helium nucleus of mass 4m. As a result of
the collision, the helium nucleus moves forward at 4u.

Discuss whether this collision is elastic or inelastic.

Answer

Suppose the speed of the proton after the collision is v. As momentum is
conserved,

m = 10u=mv + (4m = 4u)
= mv =—6mu
So the proton bounces backwards at a speed of 6u.
Kinetic energy of the proton before collision:

KEbefn:e

=%m x (10u)? = 50m?
Kinetic energy of the proton and the helium nucleus after collision:
KE.. = %m x (—6u)? + %éhn % (4u)? = 18mu? + 32mu® = 50mu?

As both KE, .. and KE_., are equal to 50mu?, the kinetic energy lost is
zero, so the collision is elastic.

Test yourself

& Calculate from first principles the kinetic energy of a rowing boat of
mass 220 kg having a momentum of 440N s due south.

9 Sketch a diagram showing the gliders described on page 12 *before’
and ‘after’ their collision.
10 A stationary nucleus of radium-226 decays to radon-222 by emitting
an o-particle. Explain whether this is an elastic or a non-elastic event.

11 Confirm that the change of momentum Ap and the change of Kinetic
energy AE, of glider P in Table 1.2 are correct.

| 1.4 Collisions in two dimensions

Up to now all collisions we have considered have been between two objects
moving in the same straight line: they were all one-dimensional collisions.
A very brief look at a game of snooker will show you that collisions on a
snooker table are rarely one-dimensional; nor are collisions between fast-

moving protons and other nuclear particles.



——

O O O O
00

Figure 1.18 A 2-D snooker collision

The balls forming a two-dimensional collision in Figure 1.18
have the same mass, 125 g. The one moving from the left
strikes a ball that is stationary. The positions of the balls are
taken from a stroboscopic photograph of the collision. The
stroboscope flashes every 0.01s and Figure 1.18 is one-tenth
of the true size of the collision.

Questions

a) Calculate the speeds of the balls by measuring the distances
they each travel in four camera flashes.

i) Calculate the size of the momenta of each ball before and
after the collision.

¢} Measure the angles between the initial direction of the white
ball and of each of the two balls after the collision.

d) Calculate the component of the momentum of the white
ball L to the initial direction and the component of the
momentum of the red ball L to the initial direction,

©) Comment on the results to part () and suggest which
measurements are the least precise.

Answers
a) 1) The speed of the incoming white ball
_ 10x34mm iy
=" 3x00ls 11300 mms
il) The speed of the outgoing white ball
10 % 15mm
S ST =507mms!
iil) The speed of the outgoing red ball
_ 10x27mm oy
= 3% 00ls =9000mms

I} Dividing the speeds by 1000 mm per m, and the masses by
1000 g perkg gives the size of the momenta inkgms™L. For
example, in (1)

125g 1130mms~
p=myv= - |X —
1000gkg 1000 mmm

=0.141kgms™

Similarly, the size of the two momenta are (i1} 0.063 kgms™,
(1) 0.113 kgms™L,

¢) The white ball moves to the left (of the original direction) at
an angle of 61° and the red ball moves to the right at an
angle of 29°.

!} The component of the momentum of the white ball L to the
initial direction

=—(0.063kgms™) x sin61°

=0.055N s (taking ‘left’ as negative)
The component of the momentum of the red ball L to the
initial direction

=+(0.113kgms™) % 5in29°

=0.055Ns (taking ‘right’ as positive)

&} The calculated right and left, positive and negative,
momenta are equal, i.e. the sideways momentum is zero
both before (obviously) and after the collision. The least
precise measurements are those of the angles.

Another way of using Figure 1.18 to show that momentum is conserved

here, is to resolve each of the momentum vectors after the collision along
the line of the incoming white ball, and add these components. The sum of
the resolved momenta along the direction of the original ball will add up to
be (about) the same as the momentum of the incident ball. This will show
that the total ‘forward’ momentum is conserved in the collision. You should

check this for yourself.

i

When doing calculations like 25sin 37°, on a calculator, it is best to put in the 37° first,

press the ‘sin’ sign, and then multiply by 25. (The result should be 15.)

1.4 Collisions in two dimensions e




Core practical 10

Analysing a collision between small spheres

Figure 1.19 shows a multiple flash collision between two balls, the larger one of mass
100 g and the smaller one of mass 43 g, both of which enter from the top of the
photograph. The flashes occur 30 times per second and the photograph is one-eighth
actual size.

Questions

1 Calculate the percentage errors in the speeds of the two balls if a) the possible
error in the flash rate was 30s™! = 1571 and b) the size of the photograph could
have been anything between one seventh and one ninth of actual size. Comment on
your answers.

2 Determine the speeds of the balls before and after collision and hence investigate
whether the collision is elastic.

3 Using a vertical line as the reference direction, determine the momentum of each
ball before and after the collision.

4 By drawing vectors, or calculating components of the momenta, check that linear
momentum is conserved in the collision.

are strongly advised to look at this.

Figure 1.19 A multiple flash collision
between two balls

Note: This is just one way of performing the Core Practical. An alternative method, with a video of a collision and subsequent analysis
using ICT to analyse the data, can be found online. This can be accessed using the Free online resources at the back of the book. You

The yellow lines in the photograph of Figure 1.20a show a non-relativistic alpha
particle making a collision in a cloud chamber filled with helium gas. Figure 1.20b
shows the velocities of the incoming alpha particle before the collision and of the
alpha particle and the recoiling helium nucleus after the collision. The alpha particle
and the helium nucleus each have a mass of 6.65 x 10727 kg. Figure 1.20b shows

the direction and momenta of the particles.
a b

L
1.23 % 107 mg"

1.50 x 10°ms! 35°

Figure 1.20 An c-particle collides with a helium nucleus

a) Make a table showing the calculated values of the momentum of each of

the particles before and after the collision.

i1} By resolving the vector momenta, show that the initial momentum of the
incoming alpha particle is conserved after the collision.

e 1 Momentum and energy

[V

65°

Ho¥ 0.86 x 107ms™




Answer
a)Table 1.4

alpha particle: before collision

helium nucleus: before collision 0 8]
alpha particle: after collision {6.65 x 10727} % (1.23 x 107) 8.18 x 1020
helium nucleus: after collision (6.65 » 10727} % (0.86 x 107) 5.72 x 10720

) Sum of components of momentum after collision parallel to initial path of
alpha particle

=(8.18 % 10~ ms ')cos +{5.72 x 10 ms~')cos
(8.18 x 107 20kg Dycos35°+(5.72 x 107 20kg Dcos55°
=6.70 x 1072%kgms~! +3.28 x 107 ¥kgms!

=998 x 107 0kgms™!

This is equal to the initial momentum of the incoming alpha particle. Vector
momentum is conserved.

In both Figures 1.18 and 1.20a, of two identical mass balls colliding and two
equal-mass nuclear particles colliding, the angle between the two particles 4]
after the collision is 90°. It can be shown that the 90° angle occurs only when | The questions is the last example are
the collision between objects of equal mass is an elastic one. (Snooker players complex and might be worth up to
know this and take steps to avoid possible ‘in-offs’) It was photographs such 10 marks in a test or exam. It must
as that in Figure 1.20a that confirmed the fact that alpha particles are identical be worked through, stage by stage,
to helium nuclei (both contain two protons and two neutrons). showing all your calculations with
units.

Below are two other situations invelving collisions that are close to being elastic:

e A heavy ball or particle strikes a much lighter one that is at rest. The heavy
ball ‘carries on’ and pushes the lighter one forward. In this case, the angle
between the two after the collision is fess than 90° when the collision is elastic.

@ A light ball or particle strikes a much heavier one that is at rest. In this
case, the light ball ‘bounces back’ and the heavy one moves forward.
The angle between the two after the collision is more than 90° when the
collision is elastic.

This information is most valuable when analysing photographs showing
collisions between nuclei, which are all collisions in which kinetic energy is
conserved, 1.e. elastic collisions.

Test yourself

12 Explain in words what is meant by a 14 Draw two sketches showing, as seen in a nuclear
‘parallelogram of vectors'. detecting chamber:

13 Calculate values for: a) an elastic collision between a heavy particie
a) (56kg)sin22 that strikes a much lighter one
b) (90 m)cos90 b) an elastic collision between a light particle
¢) (5.0s)tanss that strikes a much heavier one.

1.4 Collisions in two dimensions o




The key to most questions like this is to
use and remember Newton's third law.

o 1 Momentum and energy

| 1.5 Rockets and jets

Newton's second law leads to:

Force = rate of change of momentum

fe. p= D)
At
We usually consider situations in which m is constant, so
; dv

F=m & or, mstantaneousl}', F=m—

At dt
Sometimes this can be thought of the other way round:
F:vﬁ—morFZrl din

At dt

These equations are needed when answering questions about rockets, see
Figure 1.21, or streams of matter such as water being pumped out of pipes.
In these situations the stream of matter is ejected with constant velocity, v, at
a rate of Am/At or dm/dt.

Clearly the units of the quantities on the right handside for each way of ‘seeing’
velocity ,  kgms
ie.
s

: > = kgm s 2
time

Newton’s second law are those of mass X

or N (newtons).

A large rocket is shown taking off in

Figure 1.21. The rocket gjects gases, the
result of exploding a mixture of oxygen
and hydrogen, at the rate of 12000kgs™1 -
a rather violent explosion, to say the least!
If the exhaust speed of these gases is
4400ms™1, calculate the upward thrust of
the ejected gases on the rocket. Figure 1.21

Answer

The downward push of the rocket on the exhaust gases, using Newton's
second law, is given by

dm
L L
d vdj

= (4400ms™) % (12000kg s71)
=5.3 % 107N or 53 MN

By Newton’s third law, the upward push of the ejected gases on the rocket
F, is equal in size but opposite in direction to this downward push of the
rocket on the exhaust gases F. It is therefore of size 53MN (a force big
enough to lift a mass of over 5000 tonnes at the Earth's surface).

“Water cannons’ are widely used in crowd control. The water, of density p,

that ‘hits’ an individual exerts a force F on her or him that is equal to
v%. In a time At the volume of water hitting its target is, assuming that the

water hits its target full on, A X vAt, where A is the cross-sectional area of
the water stream.



Its mass m is therefore
Am=A X vAt Xp

This gives
% = Avp (measured inkgs™)

Therefore the rate of change of momentum is:

Fi= v% = vap.
In this case v might be 8ms ! and A about 25ecm? or 0.0025m?. As the
density of water is 1000 kgm_a, the force will be F = 160N, a force equal
to the weight of a 16kg mass, which is quite enough to assist the police in
controlling a crowd of people.

Am

InfactFva

the force of a jet of liquid or gas (perhaps air) that is brought to rest after
colliding with something. This ‘formula’ is, however, not one you are

= v?Ap isa general relationship for calculating (approximately)

expected to remember.

A jet engine: 1 takes in cold air, 2 heats this air, 3 throws out hot air. This,
of course, is a very simplified story: in fact aeronautical engineers have been
improving and redesigning jet engines for well over sixty years. Some of the
earliest successful jet engines were used towards the end of the Second World
War to power the ‘doodlebugs’ that flew to London carrying bombs from
German-controlled Europe. These doodlebugs (as the people of London
called them) used up all the fuel they carried by the end of their flight, and
Londoners could hear the engine cut out - a sudden silence that meant a
bomb was about to fall to the ground.

COMPrassor turbine

T e || —
it B k

combustion
chamber

Figure 1.22 A simple jet engine

Test yourself

15 Show that v24p has the unit of force.

16 Use F=1’4p to estimate the force of a wind with an average
speed of 10ms ™1 (about 16 mph) on a building presenting an area
of 200m? to the wind. Take the average density of the air to be
1.2kgm>3.

17 Explain how a helicopter can ‘hover’ (remain in one position) in
the air.

fel =

When tackling problems about jets of
liquids or solids from first principles, it
is essential to introduce a time At or to
quote a given time interval such as ‘in

1 second’.

1.5 Rockets and jets e



Exam practice questions

1 Which of the following is always true?
A Kinetic energy is conserved in collisions.
B Recoil is the result of explosive charges.
C Impulsive forces only act for short times.
D Linear momentum is conserved in collisions. [Total 1 mark]

2 Explain the difference between an elastic collision and an inelastic
collision. [Total 3 marks]

3 A loaded railway wagon of mass 21 tonnes collides with an empty stationary
wagon of mass 7 tonnes. They couple together and move off at 3.5msL.

a) Show that the speed of the loaded wagon before the collision was
4.7ms™L, 12]
b) Calculate the percentage loss of kinetic energy in this collision. [4]
[Total 6 marks]

4 In Figure 1.23, which diagram represents an elastic collision between a
heavy moving body and a light stationary body? [Total 1 marks]

c
Figure 1.23

5 A compressed spring is placed between two trolleys of mass m and 4m
and the trolleys are let go. Describe what happens and explain where the
kinetic energy of the trolleys comes from. [Total 3 marks]

6 Two ice dancers are moving together in a straight line across the ice at
5.8ms . The man has a mass of 75kg and the woman has a mass of 65kg,
They push each other apart. After they separate, they are both still moving
in the same direction. '

The man’s velocity is now 3.88ms 1.

a) Show that the woman’s velocity after they separate is about 8Bms™.  [3]

b) Explain what has happened to their kinetic energy. [4]
[Total 7 marks]




® 7 Taking data from the Example involving an alpha particle colliding with a
helium nucleus (page 16), make calculations to decide whether there was
any loss of kinetic energy in this two-dimensional collision.

[Total 4 marks]

@ 8 A rocket car can accelerate from O to 100mph in a very short time.
Outline the physics principles behind this method of propulsion.

[Total 3 marks]

@ 9mna laboratory test a tennis ball is served at 180 kph. Figure 1.24 shows
a series of photographs of the racket hitting the ball, with the time scale
shown at the bottom.The mass of a tennis ball is 57 g.

Figure 1.24 Impact of tennis ball on racket

a) Estimate the average force exerted on the ball. [6]

b) Suggest why the maximum force is likely to be somewhat greater
than this. Justify your answer with reference to Figure 1.24 and by
sketching a force—time graph. 2]

c) Suggest why it is important for both the ball and the racket
strings to be manufactured from elastic materials. [2]

[Total 10 marks]

A particle of mass 2m travelling along a line at a speed of v explodes into
two equal parts which separate along the line of travel. The explosion
doubles the kinetic energy of the system.

Show that velocities of 2v and zero for the two masses m
are consistent with the laws of physics. [Total 5 marks]

A helicopter can *hover’ in the air by pushing the air downwards using its
rotating blades.

Suggest why helicopters have a small blades mounted on a horizontal axis
near the rear of the helicopter. [Total 4 marks]




@ 12 A shell of mass 12 kg moving horizontally at 320ms! explodes into three
fragments A, B and C, which continue to move in a common vertical plane.

Fragment A: mass 2.0kg continues at 450 ms~ !, 45° above the horizontal.
Fragment B: mass 6.0kg continues at 400ms™!, horizontally.
Fragment C: mass m continues at speed v, in a direction & to the horizontal.

a) Calculate the size of the momenta of the shell before it explodes and
of fragments A and B afterwards. 3]

b) Draw a vector diagtam showing these momenta and hence deduce
values for m, v and 6. [5]

[Total 8 marks]

A helium nucleus, of mass 4m, moving at a velocity of 5v makes a head-on
collision with a stationary oxygen nucleus, of mass 16m. After the collision
the oxygen nucleus moves forward at 2v.

—_— —_— _—
By atrest My 2v
O O & O
4m 16m 4m 16m

before

Figure 1.25

a) Calculate the velocity of the helium nucleus after the collision. [31

b) Discuss whether the collision is an elastic collision. [4]

[Total 7 marks]

Stretch and challenge

u
14 The Nobel Prize for Physics in 1997 was awarded to Steven Chu, who i a ‘W
showed that gas atoms could be slowed down by bombarding them atom photon
with infrared photons. Photons have momentum p = i/, where 1 is the Figure 1.26
wavelength associated with the photon and h is the Planck constant
(6.6 x 107347s).

a) Show that the change of speed Au of an atom after absorbing an

oncoming photon is % 3]

b) For a sodium atom of mass 3.8 X 1072 kg absorbing an oncoming
photon with a wavelength of 0.025 m, calculate the value of Au.  [2]

¢) Show that the expression % gives the unit of Au as ms L. 2]

[Total 7 marks]

15 (See question 10) Prove that velocities of the two masses in the described
explosion must be 2v and zero. [Total 6 marks]




Motion in a circle

Priior knowledge

You should know from earlier work covered in GCSE or in your Advanced level studies:

=} that there are 2x radians in a circle (360°)

=» how to use a calculator: working In degrees or radlians

=» that the momentum of a body Is calculated as p=mo

=» ihe difference between an average and an Instantaneous statement e.g. Newton's
second law of motion In the forms F = %’f orF= %’%

= Newton's third law of motion In the form ‘the push/pull of A on B is equal In size
but opposite In direction to the push/pull of B on &'

=* that the weight on Earth of a mass m Is mg where g= 9.81 Nkg'

Test yourself on prior knowledge

1 How many radians are there in 90°7? 6 Write down Newton's second law for a small time

2 How many degrees are there in 7 rad? interval or.

2 Convert 16.5° to radians. 7 On Earth, what is the weight of a mass of 61kg?

4 Convert 2.62 rad to degrees. 8 On Earth, what is the mass of a weight of 118N?

5 Is momentum a scalar or a vector quantity? Justify 9 Are pushes and pulls scalar quantities? Justify your
your answer. answer.

| 2.1 The language of circular motion

Figure 2.1 A long-exposure photograph of
stars near the Pole Star

2.1 The language of circular motion e



The angular displacement is # radians
where 8= %

The angular velocity of an object is
its rate of change of angle, measured
in rads—1

o 2 Motion in a circle

Over the five hours’ exposure of the photograph, each star in the night sky
near the Pole Star has rotated through the same angle, the same fraction
of a circle. The length of each star track (the arc of length 5) divided by its
distance from the centre of rotation (the radius, r) is the same — here about
1.3 — try it! This number is the angle @ through which each star has rotated —
its angular displacement.

This measurement is in radians, abbreviation rad, and net in degrees. A
radian is the angle subtended by the arc of a circle having the same length as
the radius of the circle (s = r). The circumference of a circle is 27r, so there
are 27 rad in a circle of 360°. This means
360°
2n

so the 1.3 rad found from the photograph of Figure 2.1 is about 75°.

1rad =1 rad % = 57.3°

Remember:

# To convert from radians to degrees, divide by 27 rad and multiply
by 360°.

@ To convert from degrees to radians, divide by 360° and multiply by
27T rad.

When describing how rapidly an object is rotating in a circle, we could
use revolutions per second or revolutions per minute (r.p.m.), but in physics
problems we must always use radians per second.

We call this the angular velocity and give it the symbol @ (omega).

Average and instantaneous angular velocities are sometimes represented by
the equations:

AR
Day=3F

08 dé
Disu =57 O 3y

Calculate the angular velocity of
a)the London Eye, which rotates once every 30 minutes
b)a CD, which when first switched on rotates at 200 rpm.

Answers

Ao=20_ 21rad _; 0035545
At 30x60s
At 60s

Fromﬁ':s?::-s:rﬁ

= As =, A0
At AT
or v = 1w



This is almost common sense. Think of a playground roundabout such as
that in Figure 2.2: everyone on it has the same angular velocity @, but the
further you stand away from the centre, r, the faster you are travelling, n.

The information on a CD is recorded as a series of bumps in the tracks
on the CD. The information is ‘read’ by a laser beam. Calculate the speed
of the bumps moving past the laser head at 4.0cm from the centre of a
CD which is rotating at 430 rpm.

Answer
430revmin = (430revmin™) x (2xradrev?!) + (60smin™?) =45rads™!

sov=re=0.040m x 45rads 1 = 1.8 ms!

Another useful relationship concerns the time taken for something to
complete one circle. If an object is rotating at 1.5rad s7L, you can see that it
will complete one circle in a time

27rad

= — =42
1.5rads™! !

2n
In general: T = —
w

2n
I
spinning Earth, and then v = r@ lets you calculate the speed of any point on

the Earth’s surface provided you know the radius of the circle in which it is
moving. (It would be zero at the poles!)

The city of Birmingham is at latitude 52.5° (the equator has a latitude
of zero, the north pole 90°).The Earth has a radius of 6400km.
See Figure 2.3.

Reversing this to @ = == enables you to calculate the angular velocity of the

B . latitude 52.5°

Birmingham

centre of
Earth

Figure 2.3 Birmingham at a latitude of 52.5°

Figure 2.2 Stand near the centre and
you'll go more slowly

An angle measured in radians has no
units in the Sl system. The angle is
simply the ratio of two lengths, s and
rand their units, the metre, cancel.
We only use the radian in order to
remember the way in which the angle
was measured. Similarly the degree is
not an Sl unit.

2.1 The language of circular motion e
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Be careful that your calculator is turned
to degrees if, for example, you want

to find the sin/cos/tan of an angle

like 45°, and to radians if you want to
find the sin/cos/tan of an angle like
0.79rad.

e 2 Motion in a circle

Calculate:
a) Birmingham's angular velocity as the Earth spins
h) the radius of the circle in which Birmingham moves

c) the speed at which Birmingham’s inhabitants are moving.

Answer
a) The Earth spins once every 24 hours.
2n 2rrad
= T = m =7.27 % 10~} rad s™!

b) At a latitude of 52.5°, r= (6.4 X 108m) cos52.5° =3.90 X 10°m
c)Using v=re

= v=(3.9 X 10°m) (7.3 X 10 rads™)

=280ms1

Test yourself

1 What is the speed of rotation of a point in the UK with a latitude of
60°7? Take the radius of the Earth to be 6400 km.

2 Explain why the photo in Figure 2.1 is showing an exposure time of
about 5 hours.

3 Convert 50 r.p.m. to rad s~L.

4 The Moon circles the Earth every 27.3 days. Calculate its angular
velocity in degrees per day.

5 A CD, when first switched on, rotates at 200 r.p.m. When the ‘reading
head’ is half way from the starting position to the centre of the CD,
the speed of the CD under the ‘reading head' — under the laser
head — has to be the same as it was at the beginning. Explain why
the rotational speed of the CD is then 400 r.p.m.

| 2.2 Centripetal forces

We all spend a great deal of time going round in circles; but we don’t notice the
motion. This is because the circles —around our latitude line on Earth once a day
and around the Sun once a year — are very big and the time to complete a single
circular journey is very long. When you complete such a journey very quickly,

for example on a playground roundabout (see Figure 2.2) or in a car turning a
sharp corner, things are very different. In this chapter you will you revise all the
basic mechanics you learned and practised earlier in your study of physics.

Imagine yourselfasa passenger standing on a bus, holding on to a single vertical
post. The bus first accelerates at @ from the stop (at the left of Figure 2.4), then
turns a sharp left-hand corner at a steady speed v, and finally brakes to a halt at
the next stop (at the right of the figure) with acceleration a. In what directions
do you feel the force of the post on you during each part of this short journey?



passenger f centre of curve

Figure 2.4 A bus turns a corner moving from left to right

The forces on you (drawn in red) for each part of the journey are shown in
Figure 2.4. (Notice that you would have to move round the post to prevent
yourself being thrown forward as the bus slows.) Two of the forces are:

@ a forward pull F| in the direction of the bus as it speeds up, and
@ a backward pull F, in the reverse direction as the bus slows down.

These forces are along the line of motion of the bus, but the interesting part
of the journey is the middle part when the bus turns the corner at a steady
speed v. The pull you need, F,, you would instinctively find is towards the
centre of the curve in which the bus is travelling. If the passenger is at the
centre of the bus, it is towards the centre of the curve along which the bus is
travelling. We say you need:

@ a centripetal pull F, as the bus corners at a steady speed.

Without this force you would feel as if you were being ‘thrown’ away from
the centre of the circular motion. This is a result of Newten’s first law of
motion — your body ‘wants’ to continue in a straight line.

The resultant horizontal force F; on you while the bus turns the corner
means that you must be accelerating in the same direction as the force F,.
In this case it is Newton’s second law of motion that you need to think
about. The force on you as the bus turns is called a centripetal force, which
means a force ‘seeking’ the centre of the circle that the bus is following at that
instant. For all bodies or objects moving in the arc of a circle at a constant
speed, the resultant force acting on them is a centripetal force, which causes
a centripetal acceleration — see Figure 2.5. The children on the roundabout
in Figure 2.2 pull (or are pushed) towards the centre and hence accelerate
towards the centre.

‘Sideways’ acceleration

Centripetal acceleration is ‘sideways’ to the direction of travel. Put more
precisely, in the language of physics, a centripetal acceleration is radially

inwards, perpendicular to the tangential velocity. The size of this acceleration

1s ir where v is the velocity and 7 the radius of the circle, or, because

v = ro, this acceleration can also be expressed as r X w°.

: i N )
centripetal acceleration = - =1

curve of bus round corner

Centripetal means towards the centre
of a circle (centrifugal would mean away
fram the centre).

Figure 2.5 Centripetal or towards
the centre

2.2 Centripetal forces e



For example, a runner moving at 8.0ms! round the end of a track

that forms part of a circle of radius 35m has a centripetal acceleration of

(80ms~'y?
35m

= 1.8 ms 2. The unit for acceleration arises naturally.

The centripetal acceleration of the mass on the end of a hammer
thrower’s wire when it is being rotated in a circle of radius 1.5m is
500ms2 (x50g). What is the speed of the mass as it is whirled in this
circle?

Answer

Rearranging a =~

gives v=var

S v=1500ms™ x 1.5m =27ms"}

Figure 2.6 A hammer thrower

Activity 2.1

Investigating centripetal force

F <l rubber bung

Figure 2.7 Studying circular motion

e 2 Motion in a circle

of mass m

-~
i

thin string




The centripetal force equation F = mre? can be investigated
using the apparatus shown in Figure 2.7. (The ends of the
glass tubing should be smoothed by heat treatment in a
Bunsen flame.)

The small rubber bung, of mass m, is made to describe a
horizontal circle (as far as possible) while keeping the hanging
mass M at a fixed level, so in this case the bung is accelerating
{centripetally) but the hanging mass is in equilibrium.

The period of rotation T of the bung is then found by timing

a number of rotations. The length » {from the glass tube to
the whirling rubber bung) is found once the timing has been
completed by pinching the string to stop the rotation and then

measuring the length of string from the top of the glass tube to
the centre of mass of the bung.

When the supported mass M is in equilibrium, let us assume:

e there is negligible friction between the glass tube and the string
@ that the string to the whirling rubber bung is effectively
horizontal

With these assumptions: the upward pull F of the string on

the mass M will be equal to the horizontal pull F of the string

that provides the centripatal force mre® on the bung,

ie. Mg = mra”. A series of results for different values of M can be
used to investigate whether Mg = mreo’, ie. F = nres’

in the above Activity.

the bung was 75g.

that 1kg = 1000g.)

Answer
(Only the first line is shown.)

50 0.49 219 219 2.87

experimental errors.

A teacher, helped by some students, carried out the experiment described

They obtained the results shown in the Table 2.1 below. The mass m of

Table 2.1
P S ) P /0
219
100 16.2 0.80
150 13.5 0.93
200 11.2 0.79
250 10.7 0.99

Set up Table 2.1 as a spreadsheet to investigate the extent to which the
experimental data confirms that F = mre’. (Remember that w= 2_; and

F=Mg/N | 10T/s T/s /rad 571 mra?/N
-—--———

The (completed) table will show that as M gets larger, the agreement
between the second and the sixth column becomes weaker, which
suggests that this activity is difficult, or rather that it suffers from serious

T

-
| Tip

Eye protection should be worn, even if
the Activity takes place out of doors.

0.51

The students’ teacher suggested that an alternative way to analyse these
results would be to draw a graph, from which they could find a value for the

mass m of the bung.

2.2 Centripetal forces e



A free-body force diagram shows all the
external forces acting on the body you
have chosen. Sometimes, as here, you
must choose forces in one plane.

If F = mrw?, a graph of F (= Mg) on the y-axis against r@” on the x-axis
should give a straight line through the origin. The gradient should be equal
to the mass m of the rubber bung. Try this for yourself!

Resultant centripetal force

Newton's second law tells you that the resultant force F,,, on a body of mass

3 2
m accelerating at ¥ s
r

_m?

res r

In nearly all applications of the second law for objects moving in a circle
of radius 7 at a uniform speed v, there is only a single external force acting
on the object towards the centre of the motion. So the use of the above
“formula’ is relatively easy. (Newton’s second law can also be used in the

2

form Fieg = mrw® as in the above Activity.)

Think about water-skiers: they often swing away from the line the towing
boar is taking, and move in the arc of a circle. A free-body force diagram of
a water-skier as he moves in a circle would look like Figure 2.8a. The water
pushes up on the water-skier with a force R (equal and opposite to his weight
1), and the water alse pushes him inwards (centripetally) with a force F_. (It
also pushes him backwards with a force to balance the pull of the tow rope
on him. But as we are just looking at forces in the plane containing F_, the
resultant centripetal force, we can disregard this.)

Figure 2.8a Forces on a water skier Figure 2.8b Photo of a water skier

0 2 Motion in a circle

When you see a water-skier at the extreme of an outward curve, you see a
huge plume of water that sprays outwards from the skier’s path (Figure 2.8b).
This is the result of Newton’s third law: there is a force on the water equal
and opposite to F_. This force doesn’t act on the water skier who is moving
in a circle — here it acts on the water.

Table 2.2 lists some more examples of objects moving in circles and the
centripetal force(s) acting on them (you will find lots more at a fairground).

Note that the resultant centripetal force may involve other forces, such as the
weight of the object moving in a circle.



Table 2.2 Examples of circular motion

Object moving in a circle Centripetal force

Cyclist on a banked velodrome track Inward compenent of the force of the
track on the cycle's wheels

Single sock in a spin drying machine Inward force of the drum of the spin
dryer on the sock

Fairground car at the bottom of a roller  Upward force of the track on the car
coaster dip

The Moon circling the Earth Pull of the Earth on the Moon
Gymnast on the high bar Inward force of the bar on the gymnast's
hands

A bobsleigh of total mass 380kg is travelling at a speed of 31 ms!
(almost 70 m.p.h.!) along an ice channel. At the moment shown in
Figure 2.10 it is turning a corner that is part of a horizontal circle of
radius 46 m and the bobsleigh is tilted to the vertical at an angle of 65°.

Assume that friction is negligible.

Figure 2.10 A bobsleigh
a) Calculate the centripetal acceleration of the bobsleigh and hence find
the horizontal centripetal force acting on it.

b} What force provides this centripetal acceleration?

Answer

2 -1
a) Centripetal acceleration a =VT &L 4’2:1 r = 21ms™

Resultant centripetal force = ma = 380kg X 21ms— = 8000N

b) This centripetal force is the horizontal component R, of the normal reaction
force R, the push of the ice on the bobsleigh. R acts perpendicular to the
bobsleigh’s runners. As the angle between R, and R is 25°

s Rcos25% =BO0ON = R =8800N

(Note that the vertical component R, of R, R sin25°, is equal to the weight
of the bobsleigh, 3700N.)

Figure 2.9 Racing cyclist on a banked
velodrome track

Tip
Whenever possible, use the cosine of

the angle between a vector and the
direction of its component.

2.2 Centripetal forces e
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A vector interlude

In order to ‘prove’ that centripetal acceleration « is equal to r@
Figure 2.11.

2 or ? consider

A body moves at constant speed v in a time Af between positions 1 and 2.
The radius of the circle is r and & is in radians.

Flgure 2.11 Circular motion of a body at constant speed v

Figure 2.11a shows two velocity vectors v; and v, that are separated by an
angle A@. Figure 2.11b shows that a velocity vector A v must be added to vector
vy to produce the vector vy, i.e. in vectors vy +Ar = v,. The instantaneous
acceleration 4 of the body is I:

You should know that for very small angles, measured in radians, sinf = &,
and that the smaller @ the better the approximation becomes.

We can see from Figure 2.11b that

. AG_ Av
sin—=— =
2 2
For very short time intervals (very small Af) we cay say
sin2f_ A0 _ v ., _ Av (where & is in radians)
2 2 2 2v
= Av = vAf.
Dividing both sides by Af gives us
Ay A8
At At
= d=Vvw

v : : :
As v = ro (or @ = —) the size of the acceleration a is @?r (or =)

Referring again to Figure 2.11b, we can see that as A@ gets smaller and
smaller, Av will get closer and closer to bcing at right anglcs to v. This tells
us that the direction of the acceleration is at right angles to the velocity, i.e.
towards the centre of the circle.

This is only an approximate result, but a full calculus analysis also leads

12
od=—.
r



Test yourself

6 State Newton's second law a) in words, and b) as
a ‘formula’.

7 A car is moving on a level road at 40 mph.
(18ms1). If it is to keep the centripetal acceleration
below 9.8ms 2, what is the ‘tightest’ comer it can
twun? (By ‘tightest’ we mean the corner with the
least radius.)

8 State Newton’s third law in words.

9 How is @ calculated in the fifth column of Table 2.17?

10 In the Example following the Activity, values of Mg
and mro? are given for one set of possible results.
Calculate the % difference between these two
values.

11 Suggest why the experiment described in the
Activity does not produce results that conclusively
support the fact that centripetal acceleration is
calculated as rew??

12 Describe the forces acting along the line of motion
of the water skier shown in Figure 2.8a.

13 Figure 2.12 shows a wet sock in a tumble dryer
that is rotating at 790 revolutions per minute.

mk\
~

~

N

N wet
sock
0.27 m "
drumw
‘|_ holes
Centre of
drum
Figure 2.12

a) Show that the speed v of the rim of the drum is
22msL

b) What is the centripetal acceleration of the
sock?

c¢) Explain how the sock gets this acceleration.
14 The cyclist shown in Figure 2.9 is moving
around a velodrome where the two banked ends
together form a circle of radius 25m. What is the

acceleration of a cyclist moving round one end of
the velodrome at 20 ms17?

15 Figure 2.13 shows two of the forces acting on the
cyclist in a plane perpendicular to the cyclist’'s
motion. Is the horizontal component of the force
F equal to the centripetal force needed for the
cyclist to round the corner?

FemTs s AH00N

cyclist

900 N
Figure 2.13

| 2.3 Apparent weightlessness

We don’t actually feel the gravitational pull of the Earth on us. What tells us
that we have weight is the upward push of a seat or the ground on us. If for
a moment we feel no such force, our brain thinks that we have no weight. A

person might feel weightless when he or she:

® jumps upwards off a trampoline
o treads on a non-existent floor in the dark
o travels in an aeroplane that hits an air pocket.

In each case the person is briefly in ‘free fall’; that is, he or she accelerates

downwards at ¢ = 9.8m s72,

2.3 Apparent weightlessness e




Anyone diving or jumping off a 10 metre board might feel weightless for just
over a second — the time f taken to get from the board to the water surface,

which is given by:

o E = J(2%10m) +(9.8 ms2) = 1.45

Example

A rollercoaster at an amusement park includes a ‘hump’ which is part of
a vertical circle of radius = 18.0m. A person in a car travelling over the
hump feels momentarily weightless. Draw a free-body force diagram of
the person and calculate the speed v at which the car is travelling.

Answer

Test yourself

16 What is meant by
‘weightlessnes'? When the person feels weightless, there is no reaction force — the only
force acting on them is their weight, mg.

Figure 2.14

17 A woman wins a raffle prize %

of a ‘free fall’ jump from a As they are travelling in a circle, their centripetal acceleration =VT.
:r:?;'l'?w'" sheireaiyhe n Applying Newton’s second law gives:
2
18 Why is Section 2.3 called ”’TV =mg
Apparent weightlessness I -
rather than just Sl =gr=98ms? % 18.0m
Weightlessness? Sov=13ms!

e 2 Motion in a circle



Exam practice questions

1 An angle of ' radians is the same as an angle of:
3
A 120° C 60°
B 90° D 30° [Total 1 mark]

2 450 revolutions per second is equivalent to (2 SF)

A 2800rads™ C 1400rads™!
B 1800rads™ D 290rads™! [Total 1 mark]

3 A playground platform is rotating once every 4.0s. A young girl is
hanging on 2.0m from the centre of rotation. She is moving in a circle at
a constant speed v of:

A 63ms™ C 2.0ms™
B 3.1ms™ D 1.0ms™! [Total 1 mark]

4 A stone is swung on the end of a string in a vertical circle. If its average
angular velocity is 8.2rads™ !, how long does it take to complete 5
revolutions? [Total 3 marks]

5 A centrifugal force is a force that acts away from the centre when a body
is moving along a circular path. Describe the centrifugal force acting on
the bus as it turns the corner in Figure 2.4. [Total 3 marks]

6 A laboratory centrifuge operates at a rotational speed of 200 rad g1,
The end of a test tube is 12 cm from the axis of rotation. What is the
acceleration of particles of matter at the end of the test tube? Express your
answer in multiples of g. [Total 3 marks]

7 Going round a tight corner at speed when sitting in a car, you feel a
strong sideways force. This is because

A vyou are being flung out by a centrifugal force

B your body tries to continue in a straight line

C you are pushing sideways against the seat

D vyour body is accelerating away from the centre. [Total 1 mark]

8 A ‘car’ of mass 1800 kg in an amusement park moves through the lowest
part of a loop of radius 8.5m at 11 ms~.

a) Draw a free-body force diagram for the car at this moment. 2]
b) Calculate the upward force of the rails on the car. [3]
[Total 5 marks]

9 What provides the centripetal force needed by a car cornering on a
level road? [Total 3 marks]




10 Figure 2.15 shows a ‘conical pendulum’ in motion, and a free-body force

diagram for the pendulum bob. Use Newton’ laws of motion to prove
2

that tan @ = 15? [Total 5 marks]

Figure 2.15

11 A proposed space station is designed in the shape of a circular tyre.
Figure 2.16 shows a cross-section of the space station.

Figure 2.16

a) How often must the space station rotate about its axis AB in
order that a person living in it may experience a centripetal
acceleration equal to ¢?

b) Suggest two advantages such a space station might have over
an existing orbiting space station such as that shown in the

film Gravity? 2]
[Total 6 marks]
12 A teacher whirls a bucket of water in a vertical circle of radius 1.2 m.

a) What is the minimum speed v at which the bucket must be
whirled if the teacher is not to get a soaking? [4]

b) Suggest a difficulty you might have in putting your solution to
the test. 1

[Total 5 marks]




@ 13 A metal ball of mass 2600 kg on the end of a 6.0m cable is being used
to demolish a building. The ball is pulled back until it is 2.5m above its
lowest position and it then swings down in an arc to strike the building.

Calculate the tension in the cable at the moment when the cable
is vertical.

[Total 5 marks]

@ 14 The girl in Figure 2.17 has a mass of 56kg. She is at the Earth’s equator.

a) What is her centripetal acceleration? Take the Earth’s radius
to be 6400 km. [3]

b) Show that the force needed to produce this acceleration is
about2 N. [2]

[Total 5 marks] Figure 2.17

Stretch and challenge

15 Suggest why the Earth is an oblate spheroid, i.e. it 1s a little flattened at the
poles and has a slightly larger radius at the equator.

[Total 3 marks]

16 Figure 2.12 shows a wet sock that is being partially dried in a spin-dryer.
In the figure the radius of the drum is 0.27 m and the spin-dryer

is rotating at 790 revs per minute.

Estimate the acceleration of the sock and describe how the sock
becomes dried.

[Total 4 marks]

17 Explain how an aeroplane in horizontal flight can turn in a circular path
to right or left.

[Total 4 marks]
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Prior knowledge

You should know from earlier work covered in GCSE science or in your Advanced level

studies:

=» that near the Earth’s surface g = 9.8ms ™
1

=» how to move symbols to be the subject of equations, e.g. from s =— g#2,

>
s
: E

=» that a newton, N, is a name for kgms™2

=¥ that a joule is @ name for a newion metre, i.e. 1J=1Nm

=» the meaning of the prefixes k (10%), M (10%), and G (10%)

=» that a planet like the Earth attracts nearby objects towards its centre

=% the weight W and mass m are different physical quantities and that W =mg

= Newton's second taw of motion; F = g&”?vl or, for constant m: F = m%
Ly

=» that kinetic energy is calculated as KE = S my
=» that changes in GPE ctlose fo the Earth's surface can be calculated as

AGPE = mghh
=¥ that the average rate of change of velocity = %

=» that the instantaneous rate of change of velocity =%

Test yourself on prior knowledge

1 If your mass is 42 kg, what is your weight?

2 Make v the subject of the equation %mnz =mgAh.
3 Show that kgms™ is the same as a newton.

4 Explain the difference between speed and velocity.
5 Estimate the kinetic energy of a

man running as quickly as A4
he can.
6 What is the source of energy
that lifts a firework rocket off S
the ground?
xm
T A woman lifts a baby of mass gt

14 kg from a cot into her arms.
If she lifts the baby a vertical

distance of 0.65m, what is the ¥
baby's gain of GPE?

L o 0 I !
8 The graph in Figure 3.1 shows 0 1fg 2]0

how the displacement of a tfs

T
3.0

firework rocket changes as it Fjgure 3.1 Graph of x against t for a firework

rises. Calculate its velocity at  (ocket
t=1.50s.




' 3.1 Uniform gravitational fields

Gravitational forces act over very large distanices. The Sun keeps the planets in
orbit by its gravitational pull and we all experience a gravitational attraction
to the Earth: our weight. In the next chapter you will see that there are
analogous, but much smaller, electric forces.

In this chapter you will meet Isaac Newton’s formula for the interaction
between two masses and learn how to predict the motion of satellites.

Near the Earth’s surface, the gravitational field (or g-field) is a uniform
field. The lines of force are parallel, equally spaced and the arrows are
downwards — Figure 3.2. The size of the gravitational force on an object in
this field is the same at every place.

The gravitational field strength g is defined by the equation:

A%

where Fg is the size of the gravitational force experienced by a body of mass
m. You will be familiar with this relationship in the form W = mg¢ from your

earlier studies.
The unit of g is Nkg™! or, as a newton N = kgms 2

is ms™2.

, another unit for g

All objects fall with the same acceleration g in the same gravitational field g.
Gravitational field strength ¢ is a vector quantity. The direction of g is the
same as that of the gravitational force Fg.

The values of g on the surface of the planets Mars and Jupiter are
3.7Nkg™! and 23Nkg™! respectively.

a) Calculate the force needed to support a rock of 16 kg on the surface of
each planet.

i) How much gravitational potential energy (GPE) does the rock gain when
raised 2.0m on each planet?

Both a) and b} involve using numbers and units from familiar equations.

Answers
F
alAs g= :E— then the gravitational force on the rock is F, or W=mg.

The force F needed to support the rock is equal in size to F, (Newton's
first law).

- W=16kg x 3.7Nkg™! = 59N on Mars,
and W=16kg x 23 Nkg! = 370N on Jupiter.
) The gain in GPE of the rock is equal to the work FAx, that is mgAx, in
lifting it.
On Mars the gain in GPE=59N = 2.0m= 1201,
and on Jupiter the gain in GPE=370N = 2.0m =7401].

g-field, lines of force

Figure 3.2 A uniform gravitational field

A gravitational field is a region in
which a mass feels a force.

The gravitational field strength, g, at
a point in a gravitational field is defined
as the gravitational force per unit mass
acting on a mass at that point.

Figure 3.3 Mars and Jupiter

3.1 Uniform gravitational fields e



Figure 3.4 Girl on bathroom scales

Alternatively you could solve this by
using centripetal acceleration
= w2
=6.4 % 105 m =
=0.034 ms2
If you have time, it is always a good
idea to check your calculation like this.

Look back at Chapter 2 if you need to
revise centripetal acceleration.

n r
(24 = 3600) 5

When asked to comment, an answer
that includes some quantitative
statement (numbers) is often better
than offering simply words.

Earth's surface

Figure 3.5 Gravitational equipotential
surfaces

o 3 Universal gravitation

Variation of g

‘We have said that the Earth’s field is uniform, with parallel field lines near the
surface, but this is an approximation. The field is actually a radial field (see
Figure 3.11) so the strength decreases with height. The value of g at the top
of the Earth’s highest mountain is about 0.3% less than its value at sea level.

There is also some variation around the globe. The measured value of the
free—fall acceleration varies from 9.83ms™2 at the poles to 9.78 m 572 at the
equator. Some of this variation is the result of the fact that the Earth is not an
exact sphere, and some is the result of the Earth’s rotation.

Figure 3.4 shows a girl standing on a set of bathroom scales. Suppose
she is at the Earth’s equator.

2
(This is a Synoptic Example as it uses a =v7 from Chapter 2 of this book.)

a) What is her centripetal acceleration? Take the Earth’s radius to be
6400 km.

b) Show that the gfield needed to produce this acceleration is less than
0.05Nkg™ and comment on this result.

Answer

* Remember that g can be thought of in two ways.

@ Often when asked to ‘comment’, there isn’t a single correct answer.
a) The girl's speed as the Earth rotates is

21 % 6.4 x 10°m
R e TR e PR R TR =1
% 34 % 36005 465ms

Her centripetal acceleration is
2 -132
v (465ms ) o
—= =0.034
> 64%10°m iy
1) To produce this acceleration needs a gravitational field of 0.034 Nkg L.

This gfield is only a small fraction (less that 0.5%) of the Earth's gfield
at the equator.

On a local scale, tiny variations of ¢ of the order of 1 part in 108 can be
detected by geologists. Such variations help them to predict what lies below
the surface at that point and possibly, for example, to locate oil deposits and
places where “fracking’ is most likely to produce oil and gas.

Equipotential surfaces

The surface of the Earth, the ground, is often taken as a place where objects
have zero gravitational potential energy: it is an equipotential surface.
There is, effectively, no change in the GPE of an object when it is moved
from one place to another on this surface. Above the ground we can imagine
a whole series of flat ‘contour’ surfaces — the dashed lines in Figure 3.5. Each
is an equipotential surface. No work is needed to move an object along such



a surface, but to move it upwards between any two adjacent surfaces involves
a change in gravitational potential. In the case of Figure 3.5, with 50m
intervals between adjacent surfaces, the change in gravitational potential is

gAh = 9.8Nkg™ % 50m = 490]kg ™!
These equipotential surfaces can be drawn with any vertical interval; the

50m is chosen here to reflect the 50 m brown contour lines you see on British
Ordnance Survey maps.

A multi-storey car park has six levels each 3.0m above the other. A car of
mass 1600kg is parked on level 2.

a) Draw a simple labelled sketch of the car park. Label the levels on your
sketch with values for the gravitational potential. Take g = 10N kg ™!
and give the first level a potential of 0Jkg™.

bl What is the change in GPE of the car as it moves (i) down to level 1
(ii) up to level 5?

Answer
The key to this question is to understand the significance of the 3.0m in gAh.

a) Gravitational potential difference between levels
= 10Nkg™ x 3.0m = 30Jkg™! (see Figure 3.8).

b)i) Change in GPE = (1600kg)(—30Tkg ') = 480007 or —48 kJ
(i) Change in GPE = (1600kg)(+ 90 Jkg™1) = +1440007 or +144 kJ

Mote the change in GPE in I} is negative
® because the car has lost GPE going
' 150 kg™ from level 2 to level 1.

C @ 1120Jkg™

. @ 1 90Jkg™!

= @ R—
Iu 1 30Jkg™

3.0m

. @ 1 OJkg™!

Figure 3.6 A multi-storey car park

Test yourself

1 A baby is weighed in a hospital and the birth weight is recorded as
35N. What is the baby’'s mass?

If 1.0kg is equivalent to 2.2 b, what is the baby’s mass in pounds (Ib}?

2 What is the weight of one pound (Ib) in newtons? Use data from the
previous question.

3.1 Uniform gravitational fields °



Remember, if two experimental
measurements are made, the %
difference is found by dividing the
difference between the two values
by the average value and then
multiplyingby 100.

Figure 3.7 The apple and the moon

3 Calculate the percentage difference between the measured value of
the free-fall acceleration on Earth, which varies from 9.83ms 2 at the
poles to 9.78ms 2 at the equator.

4 The value of g on the surface of the Moon averages 1.40Nkg™1,

a) What is the weight of an astronaut, together with his clothes and
backpack if the total mass is 135kg?

b) When this astronaut climbs down a ladder from a lunar module
to the surface of the Moon, he loses 380J of GPE. Calculate the
vertical distance through which he has moved.

5 With what acceleration will a feather fall towards the Moon's surface?
Explain your answer,

6 A car and driver of total mass 1800kg enter a multi-storey car park
and rise from level 1 to level 4.

The vertical distance between adjacent levels is 2.8m.
Calculate the gravitational potential energy (GPE) gained by the car
and its driver. Express your answer in MJ.

Newton's law states that the
gravitational force between two
particles is proportional to the product
of the masses of the particles and
inversely proportional to the square of
the distance between the particles, i.e.
it is an inverse square law.

o 3 Universal gravitation

1 3.2 Newton's law of gravitation

Isaac Newton knew that bodies are accelerating when they are moving in a
circle at a constant speed and hence realised that the Moon is continuously
accelerating (falling) towards the Earth. He is said to have conceived his law
of gravitation by linking this observation with the fact that a falling apple
also accelerates towards the Earth — see Figure 3.7.

This led Newton to propose that every particle in the universe attracts every
other particle with a force F given by an inverse square law

1

Hoo—
2

The full statement of Newton’s Law of gravitation is

. Gml o

F
g

where mm, is the product of the masses of the two particles, r is their
separation and G (‘big gee’) is a constant called the gravitational constant.

Gravitational forces are very small unless one of the ‘particles’ is a planet or
star, and so G is very difficult to measure in the laboratory. It has a value, to
three significant figures, of 6.67 X 107''N m?kg ™. (See question 10 in the
Exam Practice Questions at the end of this chapter for a way of estimating
a value for G.) This inverse square law for gravitational forces, so far as we
know, involves only attractive forces.



The Moon has a mass of 7 X 1022kg and is 4 x 108 m away from
us — each to only one significant figure. Estimate the gravitational pull of
the Moon on you and comment on your answer.

Answer
Gmym,
For a mass of TOkg, the force F= 7 IS
= 6.67 x 100 Nmkg 2 = 6 x 102kg x 70 kg

(4 x 108 m)?
=0.00175 N =0.002 N to 1SF

This is a very, very small force compared to your body weight on Earth,
which is approximately 700 N.

Newton’s law as previously expressed, applies to particles and to spherical
objects such as the Earth. For such objects, the distance ris to the centre of the
object (see example on page 44). If we use it to find the gravitational force
between irregular objects a certain distance apart, the calculated force will
only be an estimate.

A baby arrives in the world with a birth weight the hospital gives as
*3.8kg'. Calculate the gravitational pull of the Earth on the baby
(its weight) using Newton's law.

Take the mass of the Earth to be 6.0 x 102%kg and its radius to
be 6.4 x 10%m.

Answer

g Smma (6.7 107 ' Nm?kg 2 (6.0 x 10** kg)(3.8kg)
r? (6.4x10°m)?

= 37N (exactly as expected, i.e. 3.8kg x 9.8 Nkg™)

Satellites

A body on which the only force acting is the pull of the Earth on it, its
weight, is said to be in a state of free fall. Satellites remain in free fall all
the time as they circle the Earth. (A free-fall parachutist free falls for only a
tew seconds before drag forces affect the motion. During most of the fall the
parachutist is moving at a steady speed of about 125 m.p.h.)

The Earth has only one natural satellite — the Moon — but there are thousands
of ‘artificial’ satellites placed in orbit above the Earth: communications
satellites, weather satellites, military satellites and the International Space
Station. (Again, you may have seen the film Gravity.) Figure 3.8 represents
an artificial satellite orbiting the Earth. A free-body force diagram of the

Here you are being asked to estimate a
value for your mass. Any comment will
be better if it involves numbers.

 Tip |

When putting awkward numbers into
calculators to get things like F here, it
is often helpful to start with the number
on the bottom and square it [==].

Then use the inverse key [1/=] before
multiplying by the numbers on top to
get the answer.

You might like to have a look at
Section 2.3, Apparent weightlessness
again.

3.2 Newton's law of gravitation e



One dictionary definition of synchronous
‘is occurring at the same time'.

Apply Newton’s second law of motion to
the satellite.

o 3 Universal gravitation

satellite (of mass m moving with speed v) shows there to be only one force
acting on it, the gravitational attraction of the Earth towards the Earth’s
centre — see Figure 3.9,

Figure 3.9 A free body force
Figure 3.8 A satellite orbiting the Earth diagram for the satellite

Applying Newton’s second law and his law of gravitation to the satellite (of
mass i moving with speed v) gives

mps _ Gmimg
¥ rz
_om
and as v = T
Gy T2
this leads to ¥ = %

As 4 xf is a constant, the result is that + is proportional to T2 (this is
sometimes known as Kepler’s third law), and so the further out the satellite
is, the longer it takes to orbit the Earth. For moons orbiting other planets in
orbits of known radius, observations of their period of revolution enable us

4y’

to calculate the mass of the planet as mp = o

Communications satellites are placed in geosynchronous orbits above
the Earth's equator.

a)What is the angular velocity of a geosynchronous satellite?

) Calculate the radius of the satellite’s orbit.
(Take Gmz =4.0 x 10¥N m’kg2.)

Answer

a) A geosynchronous satellite must remain above the same place on
the Earth as the satellite and the Earth rotate. To do this the satellite
must lie in an equatorial plane and complete one revolution once every
24 hours.

; PR _ _2mrad  _ -5 |
Therefore its angular velocity is @ = TIC 0000 73x10"rads




i) Applying Newton’s second law to the satellite:

;n'p'?' 3 GmmE
—_— =T =
¥ 2

= Pe? = Gme =40 x 104 Nm?kg™?
_ 4.0x10""Nm’kg?

(73%x1073s7
= r=4.2 % 10’ m or 42 000km (36 000 km above the Earth’s surface)

Continuous free fall

Figure 3.10 shows an astronaut orbiting the Earth. He is in a continuous
state of free fall, i.e. he is falling continuously towards the Earth with an
acceleration ¢ (ms™) equal to the local gravitational field strength ¢ (Nkg™).

From the photograph it is obvious that there is no supporting’ force acting
on the astronaut. When he returns to his space station the only force acting
on him will continue to be his weight, and so he can ‘float’ around, as can
other objects in the cabin that are not attached to the walls. The astronaut
describes his condition as being one of weightlessness, but this is only
apparently the case. His weight mg is still acting on him all the time.

Test yourself

T Recent measurements have revealed that the gravitational field on
the surface of the Moon varies from place to place by nearly 1%.
Suggest possible reasons for this variation.

8 The Moon circles the Earth once every 27.3 days. The distance
between the centres of the Earth and Moon is 384 x 10%km.
Calculate the centripetal acceleration of the Moon towards the Earth.

9 Sketch a graph to show how the speed of a ‘sky diver’ varies from
when she leaves the plane until she reaches the ground.

10 Use Newton's law of gravitation to calculate the pull of the Earth
on an apple of mass 0.10kg. Take the mass of the Earth to be
6.0 X 102*kg and its radius to be 6.4 x 108m.

11 A non-scientist might ask: ‘Why doesn't the astronaut in Figure 3.10
fall towards the Earth?’ The physicist’'s answer is: ‘He does!’ Explain
the physicist's answer.

| 3.3 Radial gravitational fields

Figure 3.11 shows in 2-dimensions the lines of force (the blue lines) and some
equipotential surfaces (the dashed blue lines) in the gravitational field of the
Earth to a distance of about 20 % 10° km from the Earth’s surface. (The radius
of the Earth rg is 6.4 X10°km.) On this scale the lines of force become
wider apart as they spread out. Since the gravitational potential increases by
equal amounts between the dashed lines, they too become further apart the

Don't forget that ris the distance
between the centres of the two masses.
In this case it is from the centre of the
satellite to the centre of the Earth,

so0 the radius of the Earth must be
subtracted from rto find the height of
the satellite above the Earth’s surface.

Figure 3.10 An astronaut in orbit around
the Earth

A body is apparently weightless when
the only force acting on it is the pull of
the Earth or a nearby planet.

Such a body will therefore - like a high
diver - be in a state of free fall, i.e. of
weightlessness.

3.3 Radial gravitational fields @
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greater the distance from the Earth. A similar diagram could be drawn for
any isolated planet or star.

gHield, i
equipotential
surfaces____~

g-field,
lines of
force

T gt e

Figure 3.11 Field lines and equipotentials in a radial field

The gravitational force per unit mass, or the gravitational feld strength,
around the Earth is described by the equation

F,
= E= Gm;nE +m
m r
50
_ Gmg  40%107“Nm2kg™!
&E-—73 < 2

r r
where g is the mass of the Earth, ris the distance from the centre of the Earth

and G is the gravitational constant. In general g = s where m is the mass
of the moon, planet, star or other spherical gravitationally attracting body.

The mass of the Earth is 5.98 x 102%kg and its radius is 6.37 x 10%km.

Calculate the theoretical value of g at the Earth's surface.

Answer
g= Ome _(6.67X 107N m?kg2)(5.98 x10% kg)
@ (6.37x10° m)?
— 9.83Nkg™!




The mass of the Earth is 600 x 1022kg and the mass of the Moon is

7 x 10%2kg, each to one significant figure. Explain why there is a point P

somewhere between the Earth and the Moon where the gravitational field

is zero. Give a rough estimate as to where P lies on the line between the two bodies.

® It is crucial to sketch a diagram in answering questions like this.
© ‘Give a rough estimate’ will use the data and the diagram plus your
knowledge of Newtonian gravitation.

Answer

Between the Earth and the Moon the Earth's gfield (gg) is
towards E and the Moon's gfield (g, is towards M.

Earth

Moon

At some point P the vectors add to zero: gg + gy = 0.

The point P where g is the same size as g, will be much
nearer to the Moon than to the Earth, i.e. EP = PM. This is £

because the Earth’s mass 600 x 1022kg is almost 100 x Flgure 3.12 Earth and Moon
bigger than the Moon’s mass 7 x 1022kg and g = m.

e
|
|
-

As g @ Lz EP will only be about Jioo (= 10) times as big as PM, so
r

the place P where the gravitational field is zero is approximately 90% of
the way from the Earth to the Moon.

Earth’s g-field

3.3 Radial gravitational fields o



The graph in Figure 3.13 shows the inverse square relationship between g
and r for the Earth for values of r greater than 6.4 X 103km (the radius of
the Earth). The values of ¢ are negative because r is measured away from the
Earth but the g-field is tfowards the Earth. We do not know in detail how
the Earth's gravitational field varies below the Earth’s surface, but we can be
sure it will fall to zero at the centre.

A satellite is in a circular orbit of radius 7.5 x 103km So the centripetal acceleration of the satellite is:
around the Earth. Use the data in the graph of Figure w2

3.13 to determine the speed of the satellite in its orbit. = Thms 2,

. =12 =(7.0ms2) x (7.5 % 10°m) =525 x 10" m?s2.
From the graph, at 7.5 x 10®m the size of g is So the speed of the satellite is

7.0Nkg™Lor 7.0ms2 v=T200¢1s

' 3.4 Gravitational field and potential

Beware of the units in questions like In a wniform gravitational field, the relationship between the gravitational

those above e.g., on this graph's x-axis field, g, and the change in the gravitational potential difference is

ris measured in 10%m but in the

Example the orbit of the satellite is

given in 10%km. In a radial field the relationship between gravitational potential 1/, and the
distance r from the centre of the Earth (a sphere), for values of r > rg, is:

AV, = gAh (g being constant).

_ Gm,
Vorar = —— E (1)
The relationship between the gravitational potential Vg and v, is related to the

way in which the size of the Earth’s gravitational field ¢ varies with distance
r, again for values of r > rp.

g= e @

r

Show that the right-hand side of the equation ng = —GT":E has the unit Jkg ..

Answer
G has the unit Nm?kg 2, mg has the unit kg and % has the unit m™!

G
So the units of —= are (Nm2kg™2) xkg x m™ = Nmkg™~! or Jkg ! (as a

Nmisal).

A mathematical digression

You will not be asked to show the integration below during an A-level
examination, but you do need to recognise and be able to use equation (1)
tor spherical, gravitationally attracting bodies of mass m:

V., = ——
& ¥

o 3 Universal gravitation



There is a link between equations (1) and (2):

By definition

GmE
AV = ghr = 2 X Ar

Integrating this relationship in the form

Vv . Gmg
J- “dv = _[ Y Edr
L % 2
(For this more rigorous mathematical treatment we have to insert the minus

sign, which means that dr is away from the centre and g is towards the centre.)

1 K
T —Gmg I:—;:|

]

Hence the difference in the Earth’s gravitational potential between distances
of rjand r, from the centre of the Earth is given by

AV = — GmE _[_ G?ﬂ.E:l

4 )
= 11
- Ome [fl i ] i

The zero of gravitational potential energy is taken to be at infinity; there is
a reason for this.

If one moves from a planet’s surface, 11 = rp, to rp = infinity, so far away

from the Barth that L = 0, then the gravitational potential at the surface of
. 2

a planet is Vg where

Gm
=

and so, although the value of Vé is different on the surface of different planets
or stars, the value of the gravitational potential is the same for all such objects.
Of course what is correct for gravitational fields is also correct for electric
fields, which also follow inverse square mathematics. (See the next chapter.)

You do not need to have any knowledge
of calculus for the examination.

=

One way of testing this inverse square
relationship in Question 12 below is
to make a list of values of g and r_

and then plot a graph of g against rzL

Calculating values of gr? is easier and
quicker.

Beware! We can't use A(GPE) = mgih

in Question 15 below because g is
not constant over the large distance
involved. You might like to check for
yourself that g at 42 000 km is only
0.23Nkg™L.

Test yourself

12 Refer to the graph in Figure 3.13.

about 3r; (Take Gmg = 4.0 x 10 Nm?kg—

a) Describe how to test that the graph is showing
an inverse square relationship between g and r.

h) By taking readings from the graph, use your

answer to a) to show that g =« %

T
13 State in words the meaning of the relationship

_
Vo === -

14 a) The relationship between the gravitational

potential V; and the distance r from the centre
of the Earth (a sphere) is 1, ="

L §
Make a table of values of V., and r for

values of r from the radius of the Earth r to

and rg = 6.4 x 10°m.)

b) Using your table, plot a graph of V; against r.
15 Use equation (3) to calculate the GPE needed to

raise a satellite, e.g. the Hubble space telescope

of mass 11000kg, from the Earth’s surface into a

geostationary orbit.

Take Gmg = 4.0 x 10'* Nm2kg 1, the radius of

the Earth to be r; = 6.4 x 10%km and the radius

of a geostationary orbit to be r = 42 x 103km.
16 Why do we make the gravitational potential an

infinite distance from a planet or star zero?

3.4 Gravitational field and potential @




Exam practice questions

@ 1 The unit for g could be each of the following, except:
A Jmikg™
B ms2
C Nslkg™
D Nkg™. [Total 1 mark]

2 A high jumper of mass 83kg raises his centre of gravity 1.3m in crossing a
high bar. The increase in GPE needed to achieve this:

A isless than 1000]

B is about 100]

C depends on how fast his approach run is

D is independent of his run-up speed. [Total 1 mark]

A crane lifts a mass of 450kg from ground level to the top of a building
30mhigh.

a) What is its change of GPE? [2]
b) What is the change in gravitational potential? [2]

[Total 4 marks]

The value of the gravitational field ¢ at the surface of a planet of radius r
and uniform density p is given by the relation g = %TI:Gpr, where G has

its usual meaning.
Show that the right-hand side of this expression has the correct unit for g.
[Total 3 marks]

Show that the value of ¢ hardly changes in the first 100km above the
Earth’s surface by calculating ¢, and g, , | km.Take r, = 6.37 X10°m.

[Total 4 marks]

A stone of mass 3.0kg is projected from ground level at a speed Tip
of 50ms~L. :

Calculations are easier if they only
a) What will be its height above the ground when it has a involve scalar quantities, so using

speed of 3 Oms™'? [4]1  energy for this calculation makes it

b) Does your answer depend upon the angle at which it is easi_erthan using the equations of
projected? [2] | Motion.

[Total 6 marks]




7 The planet Saturn has a radius of 60 X 106 m and spins on its axis once
every 3.7 % 10*s (about 10 hours).

a) Calculate the centripetal acceleration of an object at rest on
Saturn’ equator.

b) The gravitational field strength on Saturn’s equatorial surface is
10.6 N kg~!. What would an object of mass 100 kg register on
bathroom scales at Saturn’s equator? [3]

[Total 6 marks]

8 The planetVenus has a diameter of 12 X 10°km and an average density of
5200kgm ~3. Calculate the gravitational field at its surface.

[Total 5 marks]

9 (See the formula in question 4.) Isaac Newton ‘guessed’ that the average
density of the Earth was about 5000kgm™. He used this guess to find a
value for the gravitational constant, G.

What value did he calculate? [Total 4 marks]

® 10 A rifle bullet is fired horizontally on the Moon’s equator at a speed v. It

makes a full circle of the Moon in a time T.
Calculate values for v and T given the following data:
mass of Moon = 7.3 X 10%2kg,
radius of Moon = 1.7 X 10% m. [Total 6 marks]

A satellite of mass m is moving at a speed v at a constant height h above
the Earth’s surface.

The mass and radius of the Earth are my and rg respectively, and G is the
gravitational constant.

a) Apply Newton’s second law to the motion of this satellite. [3]
b) Hence show that v decreases as I increases. 2]
¢) How does the mass of the satellite affect the speed v at a height h?  [2]

[Total 7 marks]

The diagram shows a body of mass m situated at the distances marked
from the centre of the Earth (mass mg = 598 X 10%2kg) and the centre of
the Moon (mass my = 7.3 X 10%kg).

The Earth—Moon distance R + r= 3.8 ¥ 10® m.

Figure 3.14




If at this point the body experiences zero net gravitational pull towards
either body show that

5 R =[2F [4]
b) R =3.4 x10°m [4]
[Total 8 marks]

Physics takes the value of gravitational potential to be zero at infinity, i.e.

when r = oo, then Vgrav = —%. Explain why infinity is a sensible choice

for the zero of gravitational potential.
[Total 3 marks]
a) Calculate the gravitational potential at
(i) r = 7500km and
(ii) 8000km from the centre of the Earth.
Take my = 5.98 x 10%*kg. [3]

b) Hence calculate how much gravitational potential energy must be
given to a satellite of mass 11 tonnes (e.g. the Hubble space telescope)
in order to lift it between these two positions. 31

[Total 6 marks]

An object is to be fired from the surface of the Moon at such a speed that
it will never return.

Calculate this speed, v escape, given the radius and mass of the Moon are
7.34 x 10°2kg and 1.64 X 10°m respectively.

[Total 4 marks]

Stretch and challenge
16 The table gives the orbital period T of the four largest satellites of the
planet Jupiter. Their mean distance from the centre of Jupiter r is also
given.
[ e [Ewopa [Gaymeds [cCalisto |
T/days 177 3.66 7.15
/102 km 422 671 1070

a) Plot a graph of In(T/days) against In(r/10° km). [5]

b) Calculate its gradient and hence show that these data agree with the
relationship * o T2 [3]

[Total 8 marks]

17 Explain what you get when you differentiate with respect to r both
sides of the relationship for the gravitational potential in the Earth’s
gravitational field: ¥, = _Gmg

r

[Total 3 marks]




Electric fields

Priior knowledge

You should know from GCSE or from earlier Advanced level work;

=» how to move symbols to be the subject of equations, e.g. a =v&r= v = ar
= that g=9 8Nkg* or9.8ms™

=» that the unit of force, the newton, N, is a name for kg ms=2

= that energy is not ‘used up’: it is conserved

=% that charge is measured in coulombs, C

= that a volt is a name for a joule per coulomb, 1V=1JC?

=» the meaning of k, p and n as used in, e.g., kV = 10%volts

= that like charges repel and unlike charges attract.

Test yourself on prior knowledge

1 What is the weight of a woman with a mass of 65kg?
2 Make p the subject of the equation Ap = pgAh.
3 Describe a situation in which kinetic energy is not conserved.

4 How much charge passes through a cell when it produces a current of
6.0mA for 60s?

5 What does 650 MJ stand for?

6 How many electrons make up a charge of 16nC?

7 Explain what is meant by: ‘This is a 6V battery’?

& ‘The potential difference is 240J/0.60C = 4.0mV." Why is this wrong?

| 4.1 Fields in physics

Matter contains atoms and molecules. When you put a very large number
of them together to make up a planet like the Earth, their mass produces a
gravitational field. (Chapter 3 deals with universal gravitation.) When an apple
(which also has mass) is released in this field, it falls to the ground because it feels
a force — a gravitational force (Figure 4.1a). We do not ‘see” what is causing the
force, but we know it is there because the apple accelerates towards the Earth.

Figure 4.1 Invisible forces a
plastic comb

& falling
apple

4.1 Fields in physics @



A field is a region of space in which an
object experiences a force.
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Figure 4.2 Magnetic lines of force

negatively
charged rod

- F
nagatively
charged rod

+
positively
charged rod

Figure 4.4 Unlike charges attract; like
charges repel

@ 4 Electric fields

The atoms and molecules in matter contain protons and electrons that carry
electric charge. Normally the positive and negative charges in an object, like
a plastic comb, exactly cancel each other out so that the comb is electrically
neutral, i.e. has a total charge of zero. But sometimes a comb that has been
rubbed on a cloth has a net charge and can pick up tiny pieces of paper
(Figure 4.1b). We do not ‘see’ the force picking up the pieces of paper, but we
know it is there because the paper accelerates towards the comb. The charge
on the comb produces what is called an electric field and the force on the
paper is called an electric or electrostatic force.

Both gravitational force and electric force are mysterious because there is no
visible link between the two bodies that accelerate towards one another. The
word field in physics is a general word used to describe regions in which
these ‘invisible’ forces act.

Another type of field is produced by magnets and by electric currents. These
magnetic fields are best understood by drawing magnetic lines of force,
a technique you may have used in your earlier science studies. In exactly
the same way, gravitational and electric fields are also described using lines
of force. Figure 4.2 is a familiar diagram of a magnetic field, shown by
magnetic lines of force with arrows going from IN to S on a bar magnet —a
magnetic dipole. The arrows show the direction of the force on a N pole.
The closeness (density) of the lines shows the strength of the field.

Michael Faraday developed the idea of ‘lines of force’ to describe magnetic
fields. (Chapter 6 develops these ideas.) In this chapter you will learn about
the forces between electric charges, and how electric fields can be described
using lines of force — another result of Michael Faraday’s genius.

| 4.2 Electric forces

How does the comb pick up the pieces of paper in Figure 4.2b? The plastic
comb is electrically charged: if it has extra electrons it is negatively charged.
This negative charge repels negatively charged electrons in each tiny piece of

paper, electrons that are forced away into the wooden surface on which they
lie. You may be surprised that both paper and wood can conduct electricity:
they are very poor conductors but are not good insulators unless they are
very, very dry. So the paper becomes positively charged when it loses some
electrons and then, bingo! — the unlike charges on the comb and the tiny
piece of paper attract. To confirm this fact, and to show that like charges
repel, we can use charged insulating rods as shown in Figure 4.4.

There is an electric field in the region around a charged rod. If an object carrying
a small electric charge Q feels a force F when placed close to the charged rod,

we say the electric field strength produced there by the rod has a size 2

If a piece of paper (see Figure 4.1b) was lifted by an electric force of
1.5 % 107°N and carried a charge of 5.0 % 1078 C, then it must have been
in an electric field of 300N C™. Notice that a charge of 5.0 X 1078 C means
that (since the electronic charge e = =1.6 % 1072 C) about 3 x 10" electrons
moved off the tiny piece of paper!

Electric field strength E is a vector quantity. The direction of E is the same
as the direction of the electric force F, which is defined as the force on a
positive charge.



A proton of charge +1.6 x 10712C is moving in an electric field of strength o electric force F on a small charge
500NC1L, small charge O

a) What electric force acts on it? E—= i) = force per unit charge

) How does this force compare with the weight of a proton Q
(proton mass = 1.7 x 10?7 kg)? The unit for electric field strength is
the newton per coulomb, NC™1,

Answer

2) Rearranging E = 2

0
F=EQ=500NC!x(1.6x 107°C)=8.0x 10N

to find the force, we get:

) The weight of the proton = mg

=1.7x10% kg x 9.8Nkp™!

s1T% 107N
So the electric force here is about 5 x 10° times bigger (nearly 5
billion times bigger) than the gravitational force. You can always ignore o 7

gravitational forces when dealing with electric forces on charged e
elementary particles. + e

| 4.3 Uniform electric fields

+0O =
Two oppositely charged plates placed as shown in Figure 4.5 produce a + =
uniform electric field between them. In a uniform electric field, the electric + o
lines of force (red in this book) are equally spaced. (At the edges this is not " -
quite true, but we will usually deal with the region of the field in which it is B
true.) When you move a small charged object around in a uniform electric o e o
field, the force on it remains constant. Because E = %, this means that the 3 i
value of E is the same everywhere. Figure 4.5 A uniform electric field
Activity 4.1
Demonstrating a uniform electric field
To demonstrate that the electric field between two oppositely
charged plates is constant, the following procedure can be used: plastic ruler
® Cut a test strip of aluminium foil, about 20mm by 5 mm.
@ Attach it to the bottom of an uncharged insulating rod or Jl .
plastic ruler.
@ Hold the ruler vertical and lower the end with its foil into the T
space between the two charged plates. l [‘]
® Move the ruler so that the aluminium foil is at different places i= : kiminium fol
aluminium foi
between the charged plates. 5000V
. . S EHT I
If the field is uniform, the force on the foil will be constant and i S D
the aluminium foil will hang at the same angle to the vertical REma 4.8 Tor safty e ET Supply Shoniphe sttty nksd &
wherever it is placed in the field. If the charges on the plates are provide Jesa than-SmA
reversed, the test strip swings to the same angle the other way.

4.3 Uniform electric fields e



Figure 4.7 Using short threads to show the

shape of electric fields

' If you see the demonstration shown
in Figure 4.7 it is worth asking for the
charged plates to be replaced by point
charges.

A more direct way of showing the uniform electric field is shown in Figure 4.7.
In this photograph a potential difference has been applied to two meetal plates
that dip into a thin layer of insulating liquid. Lots of short pieces of fine thread
are then sprinkled onto the liquid, and they line up end-to-end to show the
shape of the field, rather as iron filings do in magnetic fields.

In a uniform electric field, the size of the electric field strength E can also
be expressed as
|
E=3
where I7is the (electric) potential difference between the oppositely charged
parallel plates or surfaces producing the electric field and d is the separation
of the surfaces. V'is a scalar quantity so this equation gives only the size of
the E vector. The unit for E from this equation will be Vm, apparently
different from N C ~!. However, the two units are equivalent; to show this,

starting with a volt:
V=JCl=NmcC!

and dividing both the V and NmC™! by the metre tells you that
Vvm'=NCL

If the plates in Figure 4.7 were 30 mm apart and had a potential difference
(p.d. orvoltage) of 12 V across them, the strength of the electric field between

12V !
e ANV

There seem to be two ways of charging objects and so two ways of producing
electric fields. One is to use the frictional contact between two bodies, a
nylon shirt and a woollen jumper or a Perspex ruler and a cloth: the other way
is to use a simple battery or a d.c. supply. In fact, both involve the movement

them would be

of electric charge, and it is electric charge that generates the electric field.

Activity 4.2

Investigating the electric field between two charged plates

Figure 4.8

@ 4 Electric fields

Two conducting plates are placed parallel to one another in a (very high resistance) voltmeter. The plates are connected to a
shallow solution of copper sulphate (Figure 4.8a). A metal probe 12V d.c. supply via a switch S. When the switch is closed there
is connected to the negative terminal of the supply via a digital is a uniform electric field in the liquid between the plates.
a ‘E’\ b +12V
positive plate . B
_________________________________ 9.0V
B e e nE —————————————— .0V
- i : metal :
1oy ! Py_pmbe ““““““““““““““““““““““ ~3.0V
I [ 1
e . . . copper A
i A sulphate
solution

i

o

egative plate




When the probe is dipped into the liquid at P, the voltmeter Questions
registers the p.d. between the negative plate A and the point

: S : e 1 What safety precaution should be taken in collecting
in the liquid where the probe is placed P. By dipping the probe

readings for this Activity?

alt different places in the liquid, a ‘map’ of p.d. such as that in 2 With AB = 15.0cm and V,; = 12.0V, plot a graph of V on the
Figure 4.8b can be produced. y-axis against x on the x-axis.

A careful set of voltmeter readings taken along the: line AB in 3 Determine the gradient of your graph.

the above Activity, recording both the voltmeter reading and 4 State the size of the electric field between the plates.

the distance AP, might produce the results shown in Table 4.1.
Table 4.1

J 25 50 75 100 125
J19 41 58 80 102

In the above Activity, the electric field is perpendicular to the lines along

which the voltmeter readings are constant. These lines (as shown in

Figure 4.8b) are called equipotential lines. The work done in moving | Don't forget that fields are vector

a charged object along an equipotential line is zero. The work done AW in quantities and so are forces, so their
moving an object of charge Q between two equipotential lines is AW where direction must be stated.

AW = QA

and Al is the difference in potential or voltage between the equipotential
lines.

There is an electric field near to the Earth’s surface. The upper atmosphere
carries a permanent positive charge and the Earth’s surface a permanent negative
charge. This electric field is not a constant size day-by-day, but on average, is
about 120N C™!. The field is directed downwards towards the Earth’s surface
and can on a local (small) scale be considered uniform. In thunderstorms the
field builds up to much higher values, and lightning can result.

Test yourself

1 Write down the mass and charge of a) the electron and b} the proton. Figure 4.9 A sudden lightning discharge

2 Name three types of ‘Field’ that you meet in Physics.

3 The Earth's electric field is on average 120N C1. Compare the forces
on an electron in the Earth’s gravitational and electric fields near the
Earth’'s surface.

4 An EHT supply produces a voltage of 5000V. What resistor in series
with the output of the EHT (usually connected internally) will limit the
current to 5mA?

5 What unit is a newton-metre per ampere-second (Nm/As) equivalent
to? Show the steps in your answer.
6 During a lightning strike, the Earth's electric field might be 3000NG2.

Calculate the p.d. between two points on the lightning strike that are
20m apart.

T A charge of 3.6mC is moved in a uniform electric field a) 40m parallel to
the field lines, and b) 40m perpendicular to the field lines. Calculate the
work done in each case if the strength of the electric field is 300NC,

8 State two different methods of separating electric charges.

4.3 Uniform electric fields e



Figure 4.10 An electric dipole in a uniform
field

@ 4 Electric fields

| 4.4 Making use of electrostatics

An electric dipole consists of two equal but opposite charges +Q separated
by a distance d. When placed in a uniform electric field E as in Figure 4.10,
the two charges experience equal-sized but oppositely directed forces F as
shown.

The resultant force on the dipole is therefore zero, but the two forces will
exert a twisting action on the dipole, which will try to swing it round until
it lies along the electric field. This twisting effect lies at the heart of two
widespread modern technologies: the microwave oven and liquid crystal
displays (LCDs).

A microwave oven operates by generating an electric field that reverses in
direction several billion times per second. The water molecules in any food
or drink placed in the microwave oven are all tiny electric dipoles. (The
product of the separate charges on a water molecule and the effective distance
between the charges is called the ‘dipole moment’ of the water molecule and
is about 6 X 1072°Cm.) These water molecules respond to this changing
electric field by trying to align themselves with it, but the field is reversing
so rapidly (usually at about 2500 X 10°Hz) that the water molecules jostle
against one another. The energy gained by these molecules from the field
is dissipated as internal energy, thus heating the surrounding food material.
Have you noticed that food without liquid water in it does not defrost easily
when placed in a microwave? The reason is that the ‘dipole moment’ of other
molecules, including ice molecules, is much less than that of water molecules.

You probably use an item containing an LCD (liquid crystal display) every
day. They are all around us — in laptop computers, digital watches, flat TV
screens, mobile phones etc. Many electronic devices display alphanumeric
information using liquid crystals. How do they work? In a normal liquid
such as water, the dipole-like molecules are randomly orientated. Those in a
liquid crystal tend to line up. An external electric field can rotate this line-
up of liquid crystal dipoles. Figure 4.11 shows how this effect is exploited by
influencing the behaviour of the seven small segments used in, for example,
alphanumeric displays.

polariser light

electric field
switching
five segments

polariser

liquid crystal
showing 3 seen
from other side

mirror

Figure 4.11 How a liquid crystal display works



An electric field can be switched on or off for each segment. This alters

the alignment of the dipole-like molecules in a liquid crystal and changes m;ﬂ;ﬁg
the response of that segment to polarised light. (Polarisation is covered in

Section 15.5 of Book 1.) When the electric field is on, the effect is to make I

the segment black, and we see the number or letter resulting from the pattern

of black segments. Liquid crystal displays like this consume very little power, f:—“\mﬂmmiy FESE
c h&[g.gd e
so your calculator can operate quite easily from the power generated by a i = ) Bpﬁﬁéﬂ € g ¢
small solar cell. As the technology has developed, laptops and flat TV displays o _L C cf_ g ;{ G
have used liquid crystals; these can re-form at nearly 100Hz, displaying Y= £ % o © o
moving coloured pictures, but the details are beyond A level. T - R Y
B EeTe e g € . o c‘- (:'_
Electric fields are also used in electrostatic precipitators. These devices - 1 o S
can remove dust or smoke particles from chimneys. Figure 4.12 illustrates ®o oo d e g T50 E
the principle of how they work. Once the smoke or dust particles have been B o o £
given a negative charge as they pass through a metal grill (not shown), they % ;;as:as 5Dn§‘:a'inicng -_5 C
can be attracted to positively charged plates sited further up the chimney. smoke particles
negatively charged

After a time, these plates are struck by hammers (you can sometimes hear
them) and the layers of smoke or dust fall down the chimney where they can  Figure 4.12 An electrostatic precipitator
be collected. (You would be correct in thinking that this technology could
be used — ought to be used? — to remove the polluting smoke particles that
emerge from coal-fired power stations.)

Another use of electric fields is in crop spraying with fertiliser or insecticides.
The liquid to be sprayed is charged as it exits the nozzle of its container and the
sprayed droplets spread out — like charges repel. The spray, perhaps negatively
charged, induces an opposite positive charge on the plant or plants to be
sprayed and — as unlike charges attract — all parts of the plant(s) are cowvered
by the spray, see Figure 4.13. This technique is widely used in spraying vines
all over Europe and is also used to spray-paint metal objects such as car body
COMpONENnts.

| 4.5 Radial electric fields Figure 4.13 Crop spraying

We have seen that the electric field between two parallel charged plates is a
uniform field; what shape of electric field does a small ‘point’ charge like a
single proton produce? ’,-;l:m». J

R

An isolated positive charge P produces an electric field like that shown in
Figure 4.14. The radial lines of force show the direction of the field around P.
If the charged particle at the centre of the field were negatively charged, the

Of course, the electric field lines
spread out in three dimensions from
the charge, Figure 4.14 only shows the
electric field lines in two dimensions.

Figure 4.14 A radial electric field

4.5 Radial electric fields @
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Figure 4.15 [t makes your hair stand on end!

The use of brackets around very large
or very small numbers often helps to
prevent you forgetting that, as here, you
are squaring one of them.

° 4 Electric fields

figure would be the same except that the arrows on the field lines would all point
inwards.

Equipotential lines in this case will be drawn as circles, but in three
dimensions they will be spherical surfaces.

A charged sphere, or an almost-spherical charged human head, can also
produce a field that is radial. Figure 4.15 confirms this as the boy’s hair shows
clearly the direction of the electric field around his head.

Mathematically, the size of the electric field E a distance r from a point
charge Qis:

_ kQ . B
E—? or E= 4.&._0',2

=899 %X 10°NmZC™2.

The constant k or
0

Calculate the size of the electric field 1.0 x 10-19m from the single proton
at the nucleus of a hydrogen atom. (The electron in a neutral hydrogen atom
is found on average at this distance from the central proton.)

Answel
| The proton charge is +1.6 x 1071°C, so

_ (899X 10°Nm’C?) x (16 x 10%C)

E
(1.0 x 10710 m)?

A4 < 10UMNCH

Test yourself

9 What is the net force on an electric dipole placed in a uniform
electric field? Explain your answer.

10 What is the dipole moment of the electric dipole shown in
Figure 4.107

11 Why, during crop spraying, does the spray also stick to the underside
of the leaves?

12 Explain why a rubber balloon can be ‘stuck’ to a wall after being

rubbed on your nylon shirt. L
13 Show that the unit of the constant k in the formula E = g

is correct.
14 A charged oil drop of mass 8.0 x 107'3g is found to remain
stationary in the space between two horizontal metal plates when

there is a p.d. between the plates of 200V. If the vertical distance
between the plates is 8.0mm and the upper plate is positive,

calculate the charge on the oil drop and comment on your answer.




| 4.6 Coulomb’s law

The basic law describing the size of the force F between two point charges

Q, and Q, isan inverse-square law that depends on the distance r between

the charges and the size and sign of the charges Q, and Q,:

kQ
F= 1
rZ

with the constant k as above. The constant k is often written as 1 which
makes Coulomb’s law 47[30

Q,Q

F= 12
41s ,r

The law is named after (Charles) Coulomb who first discovered it, just as
the law of gravitation is named after (Isaac) Newton. (See Section 4.8 for a
table that compares relationships between the two inverse square laws found

in physics.)

You can see that if Q, isan isolated charge and Q,isa small charge placed
near it, then

F _ kQ % kQ,

=i L oF =

Q2 f‘z rg
That is, the way a radial electric field is described depends on Coulomb’s
force law between two point charges. The radial field E = k_Q can also be
described as E = -

0

Activity 4.3

Testing Coulomb’s inverse-square law for the force between
two charges

The forces are going to be very small, so a sensitive measuring device is required to
register changes in the force as the distance between the charges is changed. Here
an electronic top-pan balance that registers changes in mass to 0.01 ¢ (vertical force
changes of 0.0001N) is used.

Figure 4.16 shows how the top-pan balance is used. Two conducting spheres, shown in
blue, are charged, e.g. by flicking the negative lower sphere with a woollen cloth and using
the positive terminal of a d.c. supply set at about 30V to charge the upper sphere. Note
that both the charged spheres are insulated so that they do not lose their charge during
the Activity.

Readings on the top-pan balance should now be taken for different distances y between
the centres of the spheres. One way of recording how this distance changes without
touching the charged spheres is to project a shadow of them onto a nearby screen. A set
of results like those in the Example on the next page can be collected.

insulating rod

O+
®_

insulating
support

-E top-pan

balance

Figure 4.16 Testing Coulomb’s law
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In an Activity to test Coulomb’s law using apparatus
like that shown in Figure 4.16, the following data
shown in Table 4.2 were produced: m is the reading
on the electronic balance and y is the distance
between the centres of the charged spheres.

Table 4.2

778 o041 038 062 083 1.14
120 64 50 43 37

a) Show, by a non-graphical method, that m is
approximately proportional to 1/y2.

) Suggest difficulties that might arise in this
experiment.

# In a) notice the requirement for a method that
does not involve drawing a graph.

correct answer.

* The ‘suggest’ in b) means that there is no single

Answer
a)If m o< 1/y2, then the product my? should be
constant.

Taking values from the table gives the following
values of my2/g cm?:

16, 16, 16, 15 and 16, each to 2 SF

.. The product is approximately constant and
hence m is proportional to 1/y2.

I} One difficulty is that some of the charge on one
or both of the spheres may leak away during
the Activity. Another difficulty is the difficulty in
measuring the distance y between the centres of
the charged spheres.

T
:.:;L! .Jﬂ: ] m

In answering questions about the
precision of measurements taken during
Activities, do not try to quantify the
accuracy of any measuring instruments.
You have to assume they are accurate,
But, of course, your measurements may
not be precise.

=

g .
. .
i®

" When commenting it is often a good
idea to be guantitative, i.e. to offer
comments that include numbers or
even give calculated values.

e 4 Electric fields

Two point charges, of +30nC and —30nC, form an electric dipole of
length 0.25m.

a) Calculate the size of the force between the charges. Comment on its size.
b} Calculate the electric field strength at the midpoint between the charges.
c) Sketch the shape of the electric field in the region of the dipole.

Answer
a) Substituting in F=k0,0,/r:
80X 10°Nm2C?) % (30 x 107°C) = (30 x 107° Q)
(0.25 m)?
= 1.3 % 107*N attracting

This is a very small force; it would support a mass of only
1.3 x 107*N/9.8Nkg ! =13 % 10° kg or 0.013 g.

b) Each charge will produce an equal-sized electric field at the midpoint.
Both fields act from the positive towards the negative charge.

2% (9.0 x 10° Nm?C2) x (30 x 107 C)

So total E=
oo (0.25 mp
=8600NC!
) { o
+30nC ~30nC
Figure 4.17




| 4.7 Electric field and potential

We have seen that in a uniform, i.e. constant, electric field the relationship

between the electric field E and the electric potential difference I is

Hia
T d
Another way of writing this is
E= 1 or A= EAr
Ar

where Al is the difference in potential between two points in the field that
are a distance r apart.

In a uniform field E is constant and so AF/Ar is constant,

As Ar becomes smaller and smaller, we can write

dl’

s dr

The minus sign means that the direction of the electric field is in the opposite
sense to the potential difference. In Figure 4.5, the field is from left to right :
whilst the potential increases from right to left. We can therefore say that the Don't forget to put arrows on field lines
electric field strength is equal to the (negative) potential gradient at any point | 10 indicate the direction of the field.
in the field — see Activity 4.2. '

]

What happens in radial electric fields? How far apart would the circles (in
two dimensions) be for equal electric potential differences in radial fields?
What we need to know is how IV varies with r in a field where E o< ¥ 2, The
answer 1s that

Vocl
r

Put more fully, for a field E = k%z

V:k or IF= 5
r 4‘."{501'

This is shown in Figure 4.18 below.
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Figure 4.18 Equipotentials around a charged sphere

4.7 Electric field and potential @



Suggest and discuss are both ‘difficult’
key words in questions like this.

L

You will not be asked to produce this
mathematics in examinations, but you
must know how to use the relationships
for electric field and potential when the
field follows an inverse square law.

° 4 Electric fields

Figure 4.19 shows v it 7000 e e e e e
a graph that relates

oy 6000 —-
Vto rin an inverse u
square law electric 5000 —
field. -
4000 —
a) Suggest two
methods of 8000 —
sl'!ov:iing that 2000 —
V' is inversely H
proportional to r 1000 —
in this graph. )
i) Explain which of a 1 2 & 4 & €& T 8 8
your methods A1072m

produces results

Figure 4.19
more quickly. g

¢} Show that this graph fits an inverse relationship between Vand r.

d) Discuss which of the methods you suggest in a) is the more convincing.

Answer
a) Method 1: Make a table of values of V and 1/r and draw a graph of V
against 1/r. Method 2: Make a list of values of values of the product V x r.

h) Drawing a graph is laborious whereas a calculator can produce a list of
value of Vr quite quickly.

¢! The numerical values of Vr are: 5800 x 0.5, 2900 x 1.0, 1500 x 2.0,
700 x 4.0, and 350 % 8.0. These come to: 2900, 2900, 3000, 2800
and 2800.

As these numbers are effectively constant (the average is 2900 to
2 SF), then Vr is constant and hence Ve 1/r.

d) After plotting the graph of Vand 1/r, drawing the best straight line
through the points is an averaging process which will lead to a slightly
more convincing result that averaging calculated values of Vr.

A mathematical digression

k k
The link between "= TQ and E= 7(? involves integration. See also Section 3.4.

‘We saw above that by definition

k
AV = EﬁijQr}.r or—2__ar
dmeyr
Integrating this relationship in the form

_[:lde: _[ ’i—?dr

-h= I!GQ[_l]rz

!’fl




Hence the difference in the electrical potential between distances r, and 7,

1
from the centre of a positive charge, Q, is given by

av:;cq[l—i

H B

The zero of electric potential energy is taken to be at infinity. Thus when

one moves from a distance r from a point 5ositive electric charge to infinity,
the change in electric potential is k_Q or ——,

r 41'1'&'01’
So far as the Earth’s electric field is concerned, as the Earth has a negative

-k @
charge, we have that I”= ;o or ame,r

Of course, what is correct for electric fields is also true for gravitational fields.
Gin

r

For a gravitational field we showed that I'=— . {(This mathematics —see

Chapter 6 — is not relevant for magnetic fields, where the field does not follow an
inverse square law.)

4.8 Comparing gravitational and
electric fields

The formula, diagrams and graphs of this chapter show remarkable

similarities with those of Chapter 3. Table 4.3 summarises the similarities in
this analogy between g and E phenomena.

Table 4.3

Field strength

unit Nkg™* or ms=2

Potential difference in a
uniform field

A(GP.
ghh, that is (OFE)

m
unit Jkg~1 {no name)

AGmo?) = mghh

Energy conservation in a
uniform field

Force laws Gmymy
Newton: F =
G=6.67x 107! Nm?kg?
Radial fields Gm
E= 3
Potential difference in a radial field 11
on[1-1]
2 b
Potential in the Earth's gravitational field —Gmy
or a point electric charge W
Graphs

. 1
inverse square, g =< =

so gr? is constant

4.8 Comparing gravitational and electric fields @

unit NC~2 or Vm—2

AEPE)

EAx, that is
unit JC1 or vV

A(gm?) = QAV

kQ:[QQ
Coulomb: F= 2

kor 7z =899 % 10°Nu’ €™
R0
2 % dney?

ol
Q"l Iy
K 0

V=Tor@

E:

inverse square, £ = i
=

so Er? is constant



Both Newton's and Coulomb's law are
required here.

@ 4 Electric fields

There are, of course, differences between the two phenomena. One obvious
one is that gravity is about masses but electricity is about charges. Other
differences include:

# Gravitational forces affect all particles with mass, but electrostatic forces
affect only particles that carry charge.

® Gravitational forces are always attractive but electrostatic forces can be
either attractive or repulsive.

® It is not possible to shield a mass from a gravitational field but it is possible
to shield a charge from an electrostatic field.

Two protons in a helium nucleus are each of mass m, and charge +e.
Their centres are a distance d apart. The electrical force F_ between them
is pushing them apart; the gravitational force Fg between them is pulling
them together.

a) Show that the ratioﬂ does not depend on the distance d.

FE

i) Look up values of the relevant physical quantities (see Table 4.3) and

show that the ratio E is about 1036,

Fy

c) Comment on your answer to part b).

Answer
_ kee ee _
Rj Fe —? or 41&: dl and Fg— d2
F ke
Fg= pam £ as the two d? cancel.
g p'"p
F, (899x10°Nm’ C?) x (160 x 107°C)
b) 7 = N2 ko2 27
y (667 x 107 Nm’kg?) x (1.67 x 107 kg)?

=124 % 1038 = 1 x 1036

c) The repulsive electric forces are enormous compared to the attractive
gravitational forces, so there must be some other force holding the
protons together. See Chapter 8.

Test yourself

15 a) Express the units of the constant k in base Sl units, i.e. in kg, m,
s and A.

b) What are the units of g, in base SI units ?

16 Two raindrops falling vertically side by side, 10mm apart, carry
electric charges of +8.0pC and +12pC. What is the repulsive force
between them?

17 Explain why a piece of dry toast does not warm up noticeably in a
microwave oven.

18 What is the electric potential at distance of 1.0 x 107%m from a
single proton?

19 Calculate the energy needed to remove an electron that is
1.0 x 10~°m from a proton to infinity, i.e. a long way from the proton.




Exam practice questions

@ 1 Which of the following is not a vector quantity?
A Electric field strength C  Gravitational field strength
B Electric charge D Gravitational force [Total 1 mark]
The electric field between two charged plates is known to be 650 NC™L

If the distance between the plates is 12 cm, the potential difference
between the plates must be:

A 54V C 4500V
B 78V D 7800V [Total 1 mark]
The field in Figure 4.20:

Figure 4.20
A could only be a gravitational field
B could only be a magnetic field
C could only be an electric field
D could be any one of gravitational, magnetic or electric fields.
[Total 1 mark]
Write out the full meaning of
a) F=mg 3]
b) F= QE. 2]

[Total 5 marks]

a) What do both g and %’ represent? [1]

b) Show that their units are equivalent. [3]

c) Air ‘breaks down’ when there is an electric field of more than
3.0 x 109N C~1. Express this electric field in Vmm™". [2]

[Total 6 marks]

6 In the hydrogen atom, the average distance apart of the proton and the
electron is 5.3 X 107! m. Calculate the electric force between them. Take
the constant k to be 9.0 X 10°Nm? C2, [Total 4 marks]

7 What is the acceleration of a singly charged nitrogen molecule of mass
4.0 X 10726kg in an electric field of 360N C12 [Total 4 marks]




8 A negatively charged rod is lowered carefully into a cylindrical metal can
without touching it. The can is standing on the ground, a conducting
surface. Explain how the can becomes charged and sketch the electric
field between the rod and the can. [Total 5 marks]

9 a) Show that the graph in Figure 4.21 of E against r in the region of an
isolated proton follows an inverse-square law. [5]

12
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Figure 4.21

b) Calculate a value for the charge producing this field. Take the value of
the electric field constant k to be 9.0 X 10°Nm?C™2. [4]

[Total 9 marks]
10 a) What is meant by ‘lonisation’? 2]

b) In the spark plug of a petrol-driven car there are two electrodes
separated by a gap of about 0.67 mm. What p.d. must be applied across
the electrodes to cause a spark in air? Air begins to ionise when the
electric field is about 3 X 10°V m™". [4]

[Total 6 marks]

11 A speck of dust of mass 2.0 X 107 '®g carries a negative charge equal to
that of one electron. The dust particle is above a flat desert where the
Barth’s electric field is 150N C ™! and acts downwards. Ignoring any forces
on the dust particle resulting from air movements, calculate the resultant
vertical force on the dust particle. [Total 5 marks]

12 A proton of mass 1.7 ¥ 10 kg is moving to the right at a speed of
4.2 X 10°ms~ L It enters an electric field of 45kINC™! pointing to the left.
How far will the proton travel before it comes momentarily to rest?

[Total 6 marks]




@ 13 In one type of ink—jet printer a tiny ink droplet of mass m carrying
charge —Q is steered to its place on the paper by a uniform electric field.
Figure 4.22 shows the path of this droplet.

I PR

droplet

Figure 4.22

a) Give an expression for the acceleration of the droplet caused by this
electric field. [4]

b) Describe the path of an uncharged droplet in this printer. [2]

c) Suggest how different droplets can be steered to different places on the
Paper. [31
[Total 9 marks]

A tiny oil drop of mass 4.0 x 107 kg is observed to remain stationary in
the space between two horizontal plates when the potential difference
between the plates is 490V and their separation is 8.0 mm.

a) What is the strength of the electric field between the plates? 2]
b) Draw a free-body force diagram of the drop showing the gravitational

and electric forces acting on it. [2]

c) Calculate the size of the forces and, by equating them, deduce the
charge Q on the drop. [3]

d) Comment on your value for Q. [2]
[Total 9 marks]

In an attempt to demonstrate the inverse square law relationship between
E and rin the region around a point charge, a teacher produced a table of
values of E and r. The teacher then:

a) drew a graph of E against %, and

b) made a list of values of values of the product Er?. Discuss which

method is the more reliable in showing that E = %

[Total 4 marks]

@ 16 Two charges, of 40uC and @, are placed as shown in Figure 4.23.

A third charge placed at X experiences no net force. Show that
G= 101.1(3. Figure 4.23

[Total 5 marks]

40pC

0




Stretch and challenge

17 In the early 20th century Robert Millikan, a distinguished American
physicist, measured the electric charge on many tiny oil drops. He
deduced that electric charge was quantised.

a) What does ‘quantised’ mean in this context? 2]

b) In fact Millikan ignored the charge he calculated to exist on over 20%
of his experiments. Comment on this treatment of his results. [4]

[Total 6 marks]

18 Two vertical plates are placed 20mm apart in a vacuum. A p.d. of 100V is
produced between the plates.

20mm

Pe

L

Figure 4.24

A tiny particle of mass 6.0 X 107°kg is released at P. The particle carries
a charge of 8.0 x 107 C,

a) Describe in magnitude and direction the two forces acting on the tiny
particle P. [4]

b) Deduce the direction in which the tiny particle will move away
from P, [3]

[Total 7 marks]

19 In 1897 Sir J] Thomson discovered the electron as a particle and was
awarded the Nobel Prize for physics in 1906. Some 30 years later his
son GP Thomson demonstrated that electrons could be diffracted like a
wave, for which he was awarded the Nobel Prize for physics in 1937 — it
has been said that J] Thomson got the Nobel Prize for discovering that
electrons are particles, and GP Thomson got it for discovering that they
aren’t!

Comment on these discoveries in terms of the development of our

understanding of physics.
[Total 5 marks]




Capacitance

Don't be proud. If you don't recognise
something, look it up in the index of this
or other books. It may be that you don't
remember much about something, and
if you do, a bit of revision does you no
harm.

+Vor +— 00

Figure 5.1 a) Circuit symbol for a
capacitor, and b) displacement of charge
after a p.d. is applied

Prior knowledge

You should know from earlier Advanced level work or from GCSE:
=» that charge is measured in coulombs, C, and that the charge on an electron
is -1.60 x 1071°C
= that current is measured in amperes, A, and that 1A=1 Cs!
=» ihe difference between a scalar, e.g. mass, and a vector, e.g. weight
=» that prefixes such as 1 and p mean micro, 1078, and pico, 10712, respectively
=» that potential difference (p.d.) is often called voliage, and is measured in volts, V
= the equations involving resistance; R =L‘T and F=1IR
=» the difference between a series and a parallel circuit
=» that in series resistance values add, but in parallel their inverse values add.

Test yourself on prior knowledge

1 How much charge passes a point in a circuit where there is a current
of 4.0mA for 20s?

2 How many electrons are there in a charge of exactly -1 C?

3 Explain why electric current, I, is a scalar quantity.

4 Complete the sentence: ‘A volt is a name fora J per C %

5 Calculate the voltage across a resistor of 22kQ in which there is a
current of 0.50mA.

6 Two resistors, R, and R,, connected in series have a total resistance
of Ry + R,. Write down the equivalent statement if the same two
resistors are connected in parallel.

| 5.1 What are capacitors?

You may not know much about capacitors, yet you probably make use

of them quite often without realising it. In this chapter you will learn
how capacitors work, how they store charge and how they discharge
through a resistor. This discharge is called an ‘exponential decay’ of charge.
Exponential decays are very significant in many real-life situations, as are
changes that involve exponential growth, for example in energy use and in
population statistics.

The electrical circuit symbol for a capacitor is two parallel lines of equal
length, which suggests (correctly) that connecting a capacitor in series with
other electrical components produces a gap in the circuit.

When you apply a potential difference to the terminals of the capacitor, the
sides or plates of the capacitor become electrically charged. There is then an
electric field between the plates — see Figure 4.5 on page 55. If the potential

5.1 What are capacitors? o



The capacitance of a capacitor is
defined as :Oﬁ. where +( is the size
of the charge on the plates of the
capacitor and F'is the potential
difference between the plates.

A

‘Queue equals sea vee' may be an easy
way to remember this relationship, but
make sure you remember what the
symbols stand for: charge, capacitance
and potential difference.

difference (p.d.) between the plates is I”and the charge that this p.d. displaces
from one side to the other is Q, then

Q o< Vor Q= (a constant) X I/

The constant is C is called the capacitance C of the capacitor.

Q Q

Q=CV =1 C=7

For many capacitors the charge displaced or stored for a p.d. of 12 volts is
very small, perhaps only a few microcoulomb (uC), so C is often a very
small number, of the order of uC per volt. The unit CV!is called a farad
(symbol F) — yes after Michael Faraday — so capacitors commonly have
capacitances of uF or nF (107° F) or even pF (10712 F).

Capacitors of more than 1000 uF (1.0 mF) usually have a plus sign marked on
one end and a maximum voltage written on them, e.g. 25V — see Figure 5.8
on page 76. It is very important in any activity to be sure that the + end of
such a capacitor is connected to the positive terminal of the supply and that
the maximum p.d. is not exceeded.

A potential difference of 30V displaces 4.1 x 108 electrons from one
plate of a capacitor to the other.

a) How much charge does this represent?

b) Calculate the capacitance of the capacitor.

Answer
a) The charge on an electron is —1.6 x 1079 C.

.. total charge displaced = (—1.6 x 1071°C) x (4.1 x 1016)
=—6.6x103C

b =% =6.6x10°C+30V
=2.2 % 107*F or 220 uF or 0.22mF
Activity 5.1
Measuring the capacitance of a capacitor sl ==
Measuring C involves measuring both Fand Q. The p.d. Fis easy /’u;\ ~ @
- a digital voltmeter does the job. Measuring the charge ( that ) =R

will look like Figure 5.3.

e 5 Capacitance

moves from one plate to the other is more difficult. This charge
can be measured using the circuit shown in Figure 5.2, using a
combination of a stopclock and a microammeter. If the charging 6.0V
current can be kept constant, a graph of current I against time ¢

100k

TS
L

Figure 5.2 Circuit diagram and stopclock




If you are using a capacitor with a + sign marked on one end,
be sure to connect this to the positive of the cells or battery,
and do not exceed the voltage rating of the capacitor.

The charge is equal to the area under this current-time graph. Here
the current has been constant, so the charge is just the product Ir.
For example, a trickle of 60 pA for 12s means that 720uC or 7.2 =
1074C of charge has been displaced from one plate to the other.

To keep the current constant, the rheostat should be set at its
maximum value of 100k(). As the switch is closed, the clock should

212 G 5 2 O 5B be started and the initial reading on the microammeter noted.
LTI (5 I 6 5 O 6 S 5 3 9 6 o 0 O The current should then be kept at this initial value by gradually
S EEEEEEEEEEEEEEEEEEEEEEREEENE. RN reducing the resistance of the rheostat. (The red uction will be slow
e I 1 1 T O S S R 2 at first but speeds up as the capacitor becomes charged.) Another
¥ kAT D 1 A T R O A way of keeping the current constant would be to use a constant
current source, symbol (), in place of the cell and rheostat.
Gl RN NS RN RS AR RSN E AR An alternative way of finding the charge on a capacitor is by
00 0 G 6 | discharging it through a fixed resistor. This is described on
0 ||||||| page 84. A coulombmeter is another option, but this can only
2 = : e 8 10 1; % be used to measure very small charges - see page 77.
S

Figure 5.3 A current-time graph

I 5.2 Energy storage by capacitors

Capacitors store energy. The energy transterred, or work done, when a | Remember a volt is a joule per coulomb
charge AQ moves across a potential difference I7is given by AW = VAQ. 1v=1JCT

When charging capacitors there is a problem in calculating the energy
transferred using this formula because the p.d. changes as the capacitor

charges!
A
) R s i e e P L S
|
p.d. l
|
|
|
Vavismniaminnsninsig oyt —————————————"——l
|
: |
energy transfermad :
|
|
|
f—=
Q
charge

Try to remember formulas like
W=V_,0 =%Vmg in words as
‘energy transferred equals average
potential difference times charge
stored’ and ‘energy stored equals half
maximum potential difference times
charge stored”. This will help your
understanding.

5.2 Energy storage by capacitors e

Figure 5.4 A graph of p.d. against charge

Fortunately, 7is proportional to Q (as in Figure 5.4), so the average p.d. V,

is exactly half the final p.d., and we can use I, = A

5 W when calculating

the energy transferred.

.. Energy transferred when charging a capacitor

1
= I/ran = EVmaxQ



Referring back to Figure 5.4, the energy stored is equal to the area between
the graph line and the Q-axis.

-

Using simply V for the maximum p.d. (it is really 17 ,.) then substituting for
Q or Fusing Q = CI” gives the energy stored as
2

w1 | |
W=3VQ=5CV2=5—

Q
C

The capacitor stores this transferred energy as electric potential energy (EPE).

Figure 5.5 shows how the potential difference across
a capacitor changes as it is charged.

2 . I 0 T . =
5_
" ||||||
0 100 200 300 400 500 600
QC
Figure 5.5

a) What is the capacitance of the capacitor?

) Calculate W, the electrical potential energy (EPE)
stored in the capacitor when it has the following
charges — Q/uC: 100, 200, 300, 400, 500.

o) Sketch a graph of W against Q.

i) What shape would you expect a graph of stored
energy against potential difference to have?

Answer

Q 300x107°6C
C==="—"—"—=146uF
YE=rps 6.5V K

(Not the gradient of the graph! It is however, the
inverse of the gradient.)

1
b) Energy stored WZEQV:%T‘

2{100 % 1075C)?
(46 % 10 °F)
=1.1x1074J

For 100 uC the energy stored =

This and other values are shown in Table 5.1
below.

200 300 400 500

WmJ

Figure 5.6

d)As W is proportional to Q2, the graph shows the
characteristic shape of a y against x2 graph. A
graph of W against V will show the same shape, as
W is also proportional to V2.

=
=

Ty

Don't try to use milli- or micro- inside calculations. Always go to standard form.

o 5 Capacitance



Activity 5.2

Investigating the efficiency of energy
transfer from a capacitor

The electrical potential energy (EPE) stored in a 10000 uF
capacitor can be transferred to gravitational potential energy
{GPE) by discharging the capacitor through a small electric
motor. As the capacitor discharges the current in the motor
raises a small mass. The set up in Figure 5.7a, with the circuit
shown in Figure 5.7b, can be used.

The mass to be lifted could be a small ball of plasticine with a
mass m of, say, 8.0g. The cotton is wound round the spindle
of the electric motor and a vertical rule arranged to measure
how far the plasticine is lifted. The gain of GPE by the plasticine
is mgh so m must be small for measurable values of h to be
obtained. The capacitance of the capacitor C must, however,
be large. The capacitance shown is 10000 pF or 0.010F, so

Figure 5.7 a) EPE to GPE b) Circuit diagram

that the loss of EPE, % CV2, is large enough o lift the plasticine
through a measurable height.

A series of readings of V the charging voltage and h should be
taken as the capacitor is first charged from the variable d.c.
power supply and then discharged through the motor.

A typical set of observations might be:

Table 5.2
Vi 7.5 9.0 10.5 12.0
h/m 0.27 0.40 0.53 .71

a) How could these observations be used to test that the gain
of GPE is proportional to the loss of EPE?

b) Why is the gain of GPE not equal to the loss of EPE in this
Activity?

a motor b
T Tz
- 1 [ OLC Ty
thread :— e
— T
W 2 12V j aoIF—— CM)
plasticine @ [
g & T,
rule[—

Test yourself

1 A capacitor carries a charge of £ 20 uC on its plates
when charged by a 12V d.c. battery. Calculate the
capacitance of the capacitor.

2 Sketch a graph of O on the y-axis against V" on the
x-axis as a capacitor is charged.

3 What does the gradient (slope) of a graph of O on
the y-axis against ¥ on the x-axis represent as a
capacitor is charged?

4 A constant current of 3.5A passes through a
resistor for 10 minutes. Calculate how much charge
passes through the resistor in this time.

5 The kgm2s2 is a base Sl unit of what physical
quantity?

6 Calculate the electrical potential energy (EPE)
stored in a 47 yF capacitor after it has been
charged to a p.d. of 60V.

T Calculate the electrical potential energy (EPE)
stored in a 47 pF capacitor which has a charge of
+ 16mC on its plates.

8 Draw a circuit diagram showing how to charge a
capacitor to 12V,

5.2 Energy storage by capacitors @




| 5.3 Capacitors in the real world

The photograph in Figure 5.8 shows an electrolytic 2200uF capacitor, which must
be connected the right way into a circuit. Can you see the plus sign (1) to the left
of the writing printed on the capacitor, and the minus sign () to the right?

A 2200 uF capacitor, such as that shown in Figure 5.8, is fully charged by
connecting it to a 6.0V d.c. supply. The stored energy is then transferred
to a discharge tube, creating a flash.

a) Calculate the energy stored in the capacitor.

b) Calculate the energy given to the charge by the 6.0V battery.

Part bt uses the fact that a volt is a name
for a joule per coulomb. c) Sketch a Sankey diagram to show the operation of the flash unit.

control system

== 5Ok
: '“;i — oo
(o . : Q
If you need to revise Sankey diagrams:

see page 83 of Book 1. GOV 18 —— | discharge tube

+

Figure 5.9 Creating a flash

Answer
a) @ = CV¥, so the stored charge is 6.0V x (2200 x 107%F) =0.0132C

.. the energy stored in the capacitor is
1 1
W=3V0=3x60V=00132C
=0.0396T=0.040] to 2 SF

i) The energy given to the charge as it passes through the charging cells,
the battery, is 6.0 joules for each coulomb of charge (6.0V or 6.0JC™1).

. The energy transferred to the charge =0.0132C x 6.01C!
=0.07927=0.079J to 2SF

c)
) |o] chemical stored electrical

= anergy enargy light
The chemical energy transferred to the 3 B
charge by the battery in this Example is

exactly twice the energy stored as EPE

inthe capacitor (0.0792J = 2 = 0.0396)). internal
The other half of the energy is transferred internal OTELE 11
i i i i energy in all discharge tube
to internal energy in the connecting wires | d J
as work is done in pushing the electrons (thermal energy of surround ings)
along. Figure 5.10

o 5 Capacitance



For the camera flash unit in the previous Example, if the discharge occurs in
0.10ms, the average power transfer is (0.040 J) = (0.10 x 1073s) = 400]s™! or
400W. This is a very bright, short flash.

Ordinary capacitors cannot be used to store large quantities of electrical
energy: it would take a whole room full of them to supply a hundred watts for
an hour. But recent developments have produced super-capacitors that can each
store as much as 8000], and a bank of such super-capacitors can be used, for
example, to back up electrical systems in hospitals in the event of a power cut.

Figure 5.11 shows a common device — a variable capacitor. You turn one like
this when you search for a new frequency on an analogue radio.

Two other places where capacitors can be found in the home are a) below the
keys on a laptop or computer keyboard and b) inside the cable from a satellite
dish or an aerial to a TV set:

® There is a capacitor under each key on the keyboard of any digital numeric
device as shown in Figure 5.12. When a key is pressed the two sides or
plates of the capacitor become a little closer together. In so doing the
capacitance changes slightly (it becomes a little larger): so by scanning all
the keys it is possible to deduce which one has been pressed.

@ The cable you plug into a fixed TV set in the home is called a coaxial cable.
It acts as a cylindrical capacitor. Each metre of the cable has a capacitance
of about 100pF (100 picofarad per metre or 100 X 1072Fm™). The total
capacitance of the cable can thus be calculated from its length and this
enables the installing engineer to reduce reflections of the signal that may
otherwise appear as a shadow on the TV screen.

The coulombmeter

The p.d. across a capacitor is proportional to the charge on its sides or plates, so a
digital voltmeter can be turned into a charge-measuring meter — a coulombmeter.
This is achieved by connecting a capacitor across its terminals (Figure 5.13).

Assume the capacitance of the added capacitor is 4.7pF. If this capacitor
is initially uncharged, charges from 0 up to 940nC (940 nanocoulomb or
940 % 1077 C) delivered to it will produce potential differences from 0 to about
0.20V. In practice the scale of the meter can, using suitable amplification,
be adjusted to read nanocoulombs directly. Such meters, however, can only
measure very small charges — up to about 2000nC or 2uC.

I 5.4 Exponential change

What is meant by an exponential change?

Exponential growth is when something gets larger by the same fraction or
propeortion in each (equal) interval of time.

For example the number of bacteria in an opened tin of meat at room
temperature doubles about every 6 hours. Graphs illustrating exponential
growth such as this show wvery rapid increase — see Figure 5.14a. In real
situations, for example the growth of bacteria, something will intervene to
stop the change, i.e. the exponential change does not continue forever.

Figure 5.11 A variable capacitor

sguashy
insulating
material

fixed metal plate

Figure 5.12 A capacitor key

0000

1
=

Figure 5.13 Converting a digital volimeter
to a coulombmeter
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Figure 5.14 a) Exponential growth and b) exponential decay

It is sometimes tem pting to look for
successive ratios that are 2: 1, i.e. ‘half-
lives’, but very often only one or two half-
lives are shown. This approach can still be
used, however, by measuring the time for
the y-value to halve starting at different
[nitial y-values and looking to see if the
time to halve is always (about) the same.

Exponential decay is when something gets smaller by the same fraction or
proportion in each (equal) interval of time.

For example the number of radioactive nuclei, N, in a sample of sodium-24
halves every 15 hours. Graphs illustrating true exponential decay get closer
and closer to the time axis, but never quite reach it — see Figure 5.14b. In real
situations, such as the decay of sodium-24, there will come a time when only
one and then no radioactive nuclei remain.

Example
exponential decay.

the key to this question.

Answer

intervals are constant.

intervals are given in Table 5.3.

Table 5.3

Show that the graph in Figure 5.14b is showing The ratios of successive values of N in Table 5.3 are

® The statement about exponential decay above is 4.0 25 1.6 1.0 06

The graph will be showing exponential decay if the
ratios of values of N after successive equal time The curve is showing exponential decay as these

From the graph, the values of N/102% at 10 hour

t/h 0] 10 20 30 40 50

Ny/1020 40 25 4186 1.0 06 04

(the 10%°s cancel out):

25 16 1.0 06 0.4
To 2 SF these are:

1.6,1.6,1.6,1.7, and 1.5

fractions are, effectively, equal.
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Log-lin graphs

A log-lin graph is a graph with a logarithmic y-axis (either logy, or natural
logarithms In, — your calculator has both — see Test yourself question 14 below —
and a linear x-axis (usually time f). Such graphs can reveal an exponential growth
or an exponential decay when the graph turns out to be a straight line (nof

through the origin).

To illustrate this, consider the graph showing exponential growth in
Figure 5.14a.

Table 5.4 shows a set of values taken from this graph, including values of
log, ;N or simply logIN.

=
Table 5.4 g
o | 5 | 10 | 15 [ 20 | 25
1.0 i I g 3.0 BT 10.6 18.9
3.00 323 3.48 3.76 4.03 4.28
P i e
Figure 5.15 shows the graph that results from plotting logN against . As this 0 10 20 30
graph is linear with a positive gradient, the curved graph of Figure 5.14a is th
showing exponential growth. Figure 5.15 A log-lin graph
Test yourself
9 Copy down what is written on the large value 13 Show, by taking readings from the graph of
electrolytic capacitor in Figure 5.8 on page 76. Figure 5.14a and calculating ratios, that this
10 A current of 30 mA passes ina 1.5V cell for graph is showing exponential growth.
2.0 minutes. Calculate 14 Copy the line of numbers below and use your
a) the charge passing through the cell in this time calculator to produce two more lines showing the

logarithm to base 10 and the natural logarithm (to
base e) for each value of n:

n 1.00 10.0 2.00 272 7.39 100

b) the energy given to the charge by the cell in
this time.
11 State two uses to which a capacitor might be put.

12 A pair of plates of area 4 separated by a thin o€ 10 ()
sheet of Polythene of thickness d form a Ing(n)
capacitor with a capacitance that is proportional
to A/,
ie. Ce= % or C=% where k is a constant.

What are the units of k?

I 5.5 The exponential function

Exponential decay graphs are described mathematically using a special “function’.
You have met other functions like sinx or cosx, and you should know what
graphs of y = sinx or y = cosx look like — they are wavelike or sinusoidal.

The exponential function is written as e*, and is pronounced as ‘ee to the ex’,
strictly ‘ee to the power ex’.

e is a number equal to 2.718 to 4 SF.

5.5 The exponential function °



The k in these equations showing an
exponential rise or decay with time,
y=yge'" or y =y e is the time
constant for the rise or decay (t/k must

have no units).

@ 5 Capacitance

It is, like T, a ‘transcendental’ number: neither e nor T can be expressed as
a fraction.

A graph of y = e¥ is called an exponential graph. If x is a positive number the
graph shows exponential growth — like Figure 5.14a — and if x is a negative
number the graph shows exponential decay like Figure 5.14b.

A graph of y = yge ™! (where k is a constant) is an exponential decay with
time t. It starts on the y-axis at y = yg when t = 0. It is a ‘concave’ curve that
approaches but never reaches the t-axis. We will see that for a capacitor of
capacitance C discharging through a resistor R, the discharge is exponential

and the constant k = 1/RC.

| 5.6 Capacitor discharge

When a capacitor of capacitance C discharges through a resistor of resistance
R, the current [ in the resistor is proportional to the charge Q remaining on

the capacitor, i.e. the rate of flow of charge is proportional to the remaining

charge.
Expressed algebraically:
S
Qor i Q
I= constant X Q or % = constant X @

This is a very special type of relationship: the less you have the more slowly you
lose it.

The discharge of a capacitor gets slower and slower as the charge left on
the capacitor gets less and less, and it is never complete. Graphs of capacitor
discharge turn out to be exponential decay graphs. The constant in the
above relationship is 1/RC and has the unit 57!, So that

Q

I=Re

The product RC is called the tirne constant for the decay of charge from a
capacitor C through a resistor R. The larger the time constant, the longer the
decay takes. The ‘halflife’ t; of the decay, the time for the charge to decrease
to one half of its value, is: °

t; = RCIn2 = RC % 0.693
2
(try 2 then In on your calculator).

Figure 5.16 shows a typical graph of how the charge Q wvaries with time
in a discharge of this kind. Testing the graph to show that it represents
exponential decay is easy here, as three half-lives can be read off: 128 to 64;
64 to 32; and 32 to 16, each taking 28 ms. You should try and read off some
other half-lives starting at different points.



Amazingly a tangent drawnatt=0on a
curve like Figure 5.16 cuts the time axis
at a time 1= RC, see exam practice
question 22.

210 4 0 0 0 B 0 7 A 5 0 0 N
o N N B RN S EEEEEEEN RS
L. .0 0 O O
80—55555555;:::;;
B S NN NN RN NS ENEEEEEEENREE
ao—-HHHHHHH

= R 5 S 0 O A A

Figure 5.16 Exponential capacitor discharge

"% _ 28 X 1073 s
0693 0693
= 40.4 X 10735
= 40ms to 2 SF

Here RC =

So, for example, if C = 47 pF then R must be 860().

Example
Show that the unit of RC - the ohm times the farad - is the second.

Answer
An ohm is a volt per ampere: 2=V A™! from F=IR

A farad is a coulomb per volt: F=C V! from Q= CV
LAxF=(VAYx@CVH=A1xC
But C =As from Q = It, so the unit of RC = (As) x (A7) =, the second.

Activity 5.3

Studying the discharge of a capacitor
A capacitor labelled, for example 470 pF, is charged to 6.0V and discharged through a
resistor and a microammeter of total resistance R.

Readings could be taken every 20s and a graph plotted of the discharge current I
against time .

5.6 Capacitor discharge e
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o\ & uA
\) \A)
6.0V —1 stopclock
_I_ 470pF == ’/IH)
B

Figure 5.17 Circuit diagram and stopclock

Here is a typical set of readings in this kind of experiment;

Table 5.5
ts 0 20 40 60 80 100
Tud 59 39 26 17 11 7

a) Plot a graph of I in pA against t in s for the data in Table 5.5.
b) What is the half life t, for this decay process?
2
c) Use the answer to (b) to calculate the time constant for this discharge.

i) Calculate the total resistance R (resistor plus microammeter) in the discharge circuit.

Answers
a) ) As the current falls from 50 pA to
25uA, t,=(42 - 8)s=34s

3

This should be checked at another
HuA 2 points:
As the current falls from 30pA to
15pA, t; = (66 —33)s =33s

3

As the current falls from 40 pA to
20pA, t; =(52 - 19)s =335
3

: p _333s
¢} Time constant = RC 1%1_132 0.603
=485 to 2 SF.
d) As C =470yF then R =—255
5 S 5 3 O i O 470 x 107°F
D 1 = —
! 2'0 4'0 B|U 8|D . :Im 1020009 =100k to 2 SF
ts

Figure 5.18

The resistance of the circuit in the above Activity is probably 100k( as
capacitor values are rarely quoted to better than +5%.
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Summarising the various mathematical relationships for capacitor discharge,
we have, using natural logarithms, i.e. to base e:

Another useful relationship can be

Y= yoe™
?2 found by considering what happens at

- v
I=—2c : time, t = RC. At this point V =
Q= Qe = InQ=1InQy ~ 5~ = V=0.368V,.

¢ _
= Ie "RC = InI = Inl, — RC
f

V= I/BC_HRC = Inl" = In¥, — RC

. X ; 1 .
All the graphs of these logarithmic statements have a gradient = —g= and it

can be shown that the time for the charge on the capacitor to halve, 1‘% = R

In2 (= 0.693RC). Another useful relationship can be found by considering

v
what happens at time t = RC. At this point V=—=1"=0.36817,.

[

Refer to the graph in Figure 5.18 on page 82.

a) Using the data in Activity 5.3, plot a second graph of the i ) Ao e
natural logarithm of the current, In(l/pA), against time t and T he

deduce a second value for R.

) Discuss whether this second value provides the more reliable

value for R than that calculated on page 82. a.0-FHHHHHRFHHHH
Answer
a) The values of In([/pA) to 2 SF at the values of t listed in R 1 O A IO . T
Table 5.6 A
[ [ [ I I |
t/s Q 20 40 60 80 100 Q 20 40 60 80 100 120
n(/an) | 41 [ B7 (33 28 24| 20 ts
) Figure 5.19
Here Inf = Inl, — #/RC because I=I,c ¥RC, and so the gradient
_ 1
of the graph = zc
. _(2.0-40) _ P
Gradien 0% —0.021s

1
LRC Y 47.65
Substituting C' =470 x 107°F = R= 1010002 or 100k to 2 SF.

1) This value is more reliable than that on page 83, as it has been
deduced from a straight line graph using all the experimental
results, rather than from only a few points on a curved graph.

5.6 Capacitor discharge @




Ensure that the voltage rating of the
capacitor is not exceeded and that the
electrolytic capacitor has the correct
polarity in the circuit.

e 5 Capacitance

Core practical 11

Charging and discharging a capacitor
Using a data logger to display and analyse the potential difference across a capacitor
as it charges and discharges through a resistor.

Sometimes you may be asked how to collect charging and discharging data when the
overall time is too small for you to collect data as you go. In this case a data logger
can be used to display the potential difference. An oscilloscope can also be used.

The circuit shown in Figure 5.20 is set up.

:
2

voltage data computer
- sensor  logger

U i

— v — |

| [

Figure 5.20 Charge-discharge circuit for a capacitor

The capacitor is charged through the resistor by connecting the switch to contact A. The
capacitor is then discharges through the same resistor by moving the switch to contact B.
The p.d. across the capacitor is measured by the voltage sensor and recorded by the
data logger. The data can then be analysed by the computer.

The exact way in which these data are collected and analysed will depend on the
apparatus available in your laboratory, but the analysis will be the same however the
data have been collected and displayed. A typical display is shown in Figure 5.21.
6.0 -
B iataniics adiaasanadsauaass) iasansasdasatensass
¥y [ .....
890 e e e e
(s DImS A m i ma s s e A M | WA A A R AR

1.0 1

0 T T T : T : 1
0 2.0 4.0 8.0 8.0 10.0

Figure 5.21 Charge-discharge graph for a capacitor

1 Explain what these curves show.

2 Write down the equation for each of the curves.

3 Use Figure 5.21 to estimate the capacitance of the capacitor. Discuss the
uncertainty in your value.

4 Explain why your value is only an estimate and suggest how the data could be
displayed to give a more accurate value for the capacitance.




Estimating areas

The total initial charge on a capacitor that has been discharged is equal to the
total area under the It graph — mathematically this is expressed as Q = [Idt.
For the decay curve in Figure 5.18 this is best estimated by drawing a triangle
of height 60pA. You now must guess how to draw the hypotenuse so that
the area of your triangle is about the same as the area under the curve. You
have to allow for that part of the curve that is not shown off to the right, but
because this is only an estimate, you can’t expect to get the area exactly right.

In Figure 5.18 we can estimate, using area of triangle is % height X base,
that the total charge will be somewhere between %(60 X 107%A) X 90s and
%(60 X 107%A) X 1005, i.e. between 2.7 X 107°C and 3.0 X 107°C.

In Figure 5.18 the capacitor was charged to ©6.0V. We can therefore calculate
the initial charge from Q = CV =470 x 107°F X 6.0V = 2.8 x 107 C. So
our estimate wasn’t too bad after all!

Notice that the two estimates differ by about 10%, which is quite acceptable when
estimating a quantity. Counting squares takes a lot longer and is usually not worth it
during a timed test or examination.

Test yourself

15 A charged capacitor is discharged through a resistor. Explain why a graph of
the discharge current I against time t has the same shape as a graph of the
charge Q remaining on the capacitor against time .

16 What is the natural antilogarithm of the number 0.693 147, given here to
6 SF?

A7 A graph is drawn showing the discharge current I from a capacitor against
time t. Describe three methods of checking that this graph is showing an
exponential decay.

18 A 47 pF capacitor is connected in series with a 22 k() resistor, an open switch
and 12V battery.

a) Draw a labelled circuit diagram of this arrangement.
h) Calculate the initial current in the resistor after the switch is closed.

19 An RC circuit has a half-life of 25 ms. If the value of R is 22k(], calculate the
circuit capacitance.

20 Refer to Figure 5.16. Estimate the area between the graph line and the time
axis.

21 Figure 5.22a shows a circuit for displaying both the current in, and the
potential difference across, a capacitor. Figure 5.22b shows the results
displayed on a computer screen.

a) Explain why connecting the voltage sensor across the resistor shows
the current in the capacitor.

b} Explain the shape of the two graphs.
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Figure 5.22
c) Use the graphs to estimate:
i} the value of the resistor
ii} the charge stored by the capacitor when it is fully charged
ilijthe value of capacitor in the circuit.

If you have time, it is a good idea to check calculations using a different method if this
is possible, as here.
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Exam practice questions

@ 1 The unit of capacitance, the farad F, is equivalent to
A vC! ¢ Jjet
R eyt D CJ . [Total 1 mark]

A capacitor holds a charge of 1.3uC when charged to 60V, What is its
capacitance? [Total 2 marks]

Two capacitors of 47 uF and 470pF are connected to a d.c. supply as shown.
The ratio of the of the charges on plates QQ and R in Figure 5.23 is
A 1:1 Pl|@

|
B 1:10 47“};‘

C 1:11

D not calculable without knowing the e.m.f. of the
d.c. supply. [Total 1 mark]

A 100pF capacitor is charged at a steady rate of Figure 5.23

80uC s ! The potential difference across the capacitor
will be 12V after

A 67s C 1045

B 9.65 D 15.0s. [Total 1 mark]

A 220mF capacitor stores 4.0] of energy.

a) Calculate the p.d. across the capacitor. [2]

b) Calculate the charge on each of the capacitor plates. [2]
[Total 4 marks]

@ 6 At a certain moment after the switch was closed in the circuit shown in
Figure 5.24, the current registered by the ammeter was 8.5 pA. Calculate,
for this moment

a) the p.d.across the resistor [2] | B;E)_V-II {on
F== e

b) the p.d. across the capacitor (state any assumption
you make) [31

¢) the charge on each of the capacitor plates. 2] m—

| PP, .

220kQ

[Total 7 marks]

Two capacitors x and y are storing equal amounts of Figure 5.24
energy, yet x has twice the capacitance of y.The p.d.
across capacitor x is 1. The p.d. across capacitor y must be

A 0.50V C 1.4V
B 0.71V D 20V [Total 1 mark]




8 A 22mF capacitor is connected across a 10V d.c. power supply.

a) What is the charge on the capacitor plates, and how much energy is
stored? [3]

b) The power supply is then disconnected and an identical capacitor is
connected across the 22mF capacitor in such a way that the charge on
the plates is shared equally between the two capacitors.

i)  'What is the total energy now stored in the two capacitors?
ii) Suggest where the ‘lost’ energy may have gone. [5]
[Total 8 marks]

A 100 pF capacitor can be charged to a maximum p.d. of 20V, while a
1.0 uF capacitor can be charged to a maximum p.d. of 300V,

Which column in Table 6.6 correctly shows which capacitor can store the
most charge and which can store the most energy?

Table 6.6

Stores most charge 1.0pF

Stores most energy 100pF

[Total 2 marks]

A pair of plates of area A separated by a thin sheet of Polythene of
thickness d form a capacitor with a capacitance that is proportional to

Aldie . C = A/dor C = % where k is a constant.

When the value of kis 2.0 ¥ 107" Em™, calculate the distance between
the plates for a 4.7 pF capacitor for which the area of the plates 1s 12mm
by 12mm. [Total 4 marks]

a) Write down the proportional relationship between F and x for a
Hooke’s law spring and the proportional relationship between IV and Q
for a capacitor. [2]

b) Knowing that the energy stored in a capacitor is %QV, predict the
formula for the energy stored in the spring. 2]

[Total 4 marks]

Suppose, in Activity 5.3 described on page 81, the circuit contained, first,
a resistance, R, and a capacitor, C, in series and, second, 2R and C in
series.

Sketch, on the same axes, the two graphs of I against ¢ resulting in these
two arrangements and explain your graphs. [Total 5 marks]

A bank of capacitors of total capacitance 0.26 F at the Lawrence
Livermore Laboratory in California can deliver an energy pulse of
6 % 1018W.The pulse lasts for about a nanosecond.

Estimate the p.d. to which the capacitor bank is charged and explain why
your answer is only an estimate. [Total 5 marks]




@ 14 In circuit 1 below the capacitor is charged to 3.0V and discharged
through the lamp. The brightness and the length of the flash are noted.

The same procedure is followed with circuit 2, and the brightness and the
length of the flashes are observed to be exactly the same as those in circuit 1.

All the lamps are identical.
S~

circuit 1 circuit 2
Figure 5.25

a) Explain these observations. [2]

b) Describe in words the arrangement of lamps you would set up to provide
similar results when the capacitor is charged from a 9.0V supply. [3]

[Total 5 marks]

@ 15 When charging a capacitor of unknown capacitance C through a resistor
of 22k}, it is found that the current rises to half its final value in 34s.
Calculate C. [Total 4 marks]

@ 16 In the diagram a potential difference of 12V is applied between P and Q.

a) What is the p.d. across each capacitor? Explain your
answer. [2]

b) How much charge is there on each capacitor? [1]

¢) Hence determine the value of the single capacitor placed
between P and Q that would be equivalent to the two
shown. Comment on your answer. 3]

[Total 6 marks]

@ 17 Refer to Figure 5.14a on page 78.

Without drawing a log-lin graph, show that this curve is
exhibiting exponential growth. [Total 6 marks] Figure 5.26

@ 18 Refer to the graph in figure 5.19 on page 83.

Use the graph to find the currents at ¢, and at 2¢ ;. Comment on your
2 2

answer. [Total 7 marks]




@ 19 The graph shows the current in a circuit as charge from a capacitor decays
through a resistor.

3

T LT T

Figure 5.27
Use the graph to find the initial charge on the capacitor.

[Total 5 marks]

Stretch and challenge

20 Often when a car door is opened, a light comes on inside the car and

fades away after a few seconds.

Suggest how this might be achieved with an RC circuit and offer possible
values for R and C. [Total 7 marks]

In a period of one time constant, the charge on a capacitor of capacitance C

discharging through a resistor of resistance R, falls to 0.37 of its initial value.
a) Explain the above statement. [2]

b) Calculate how many half-lives must elapse before the charge on the
capacitor has fallen to below 1% of its initial value. 3]

¢) For a circuit in which C = 470uF and R = 22k(}, calculate the
precise time after the start of the discharge at which the charge on the
capacitor falls to exactly 1.00% of its initial value. [3]

[Total 8 marks]

A graph of charge Q against time { for an RC circuit in which a capacitor,
initially carrying a charge @y at f = 0, is discharging exponentially through
the resistor, is described by the equation Q= Qe ¥RC.

a) Sketch a graph Q against t for this discharge, and add a tangent to your
graph at £ =0, i.e. from the point (0, Q). [3]

b) Prove that this tangent meets the time axis at £ =1t,, that is where
t=1/RC, : [4]

[Total 7 marks]




Magnetic fields

Prior knowledge

You should know from work covered in GCSE and in your Advanced |evel work:
=» that g= 9.81 Nkg!

=» how to move symbols to be the subject of equations such as W =mg
= that the unit of force, the newton, N, is a name for kgms2

=» that energy is not ‘used up'; it is conserved

=» that a flow of electrical charge is measured in amps, A

=» that the unit of energy is the joule, J

= that a volt is a name for a joule per coulomb, 1V=1JC1

=» that a volt is the unit of both p.d. and e.m.f.

=» that the unit of power is the wati, W

=» the meaning of y as used in, e.g. W = 107° watts

= that the unit of resistance is the ohm, £

=¢ that bar magnets (magnetic dipoles) have N and S poles

=» the shape of the magnetic lines of force near a magnetic dipole

=» that like poles repel, unlike poles attract

=} that magnets attract iron objects, e.g modem 2p coins

Test yourself on prior knowledge

1 What is the mass of a baby who weighs 35.3N?
2 Make the m subject of the equation W=mg.

3 Explain how energy is conserved when a car slows down and stops
at traffic lights.

4 What is the current when 0.48 x 1073 C of charge passes a point in
0.40s?

5 What is the link between the joule and the watt?
6 What do (i) 3.0mA and (ii) 98 kJ stand for?
T Complete the sentence: ‘The difference between p.d. and e.m.f. is ...
& Explain what is meant by: ‘This is a 6V battery'?
9 ‘The resistance is 2.0V/0.5A = 4.0k()." Why is this wrong?
10 Draw a sketch showing iron filings around a bar magnet.

11 Explain how a magnet can pick up a steel safety pin.

="
|

Eiel
s

' In this chapter you will be using many physical quantities and units that you have met
before in your Advanced-level course. It is often useful to use JC~1 (joule per coulemb)
in place of V (volt), especially when it can help your understanding of what is going on.
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A magnetic field is a region in which
magnetic materials {or moving electrical
charges) feel a force. The field can

be produced in three dimensions by
magnetic poles (or electric currents).

Remember: magnetic field lines never
Cross.

® = neutral point

Figure 6.1 Magnats side-by-side

To remember, imagine turning a normal
right-hand screw in the direction of the
current: the way you turn the screw
gives the clockwise sense.

@ 6 Magnetic fields

| 6.1 Magnetic field lines

Around a magnet there is a region where objects made of iron or containing

iron, a modern 2p coin for example, ‘feel’ a force pulling them towards the
magnet. We say that there is a magnetic field around the magnet. It is
invisible, just as gravitational and electric fields are invisible — we only know
it is there because of the effects it produces.

Figure 4.2 on page 54 shows, in two dimensions, the magnetic field around
a bar magnet. The green lines are called magnetic lines of force. You can
investigate the shape of a magnetic field like this using a tiny compass or by
sprinkling iron filings on a sheet of paper or card placed over the magnet.

There is a simple convention for the N and S labels on the magnets and for
the arrows on the lines of force. N and S are used for magnets rather like the
+ and — that are used for electric charges. Magnetic lines of force then flow
from N to S and are drawn in this book in green to distinguish them from
gravitational field lines (blue) and electric field lines (red). N and S are called
the poles of the magnet. Like electric (and gravitational) fields, the magnetic
field is strongest, that is exerts the largest forces, at places where the magnetic
field lines are most closely bunched. Unlike positive and negative electric
charges, an isolated N or S pole has never been found.

Where the magnetic lines of force from two magnets overlap, their effects
add to give a single magnetic field shape. Figure 6.1 shows the resultant field
for two bar magnets placed side by side. Somewhere between the two N
poles there will be a place where the two magnetic fields cancel out. Such
a place is called a neutral point. It will show up experimentally as a place
where a tiny compass does not know which way to point. There is another
neutral point between the two S poles. Composite fields like this show us the
vector nature of magnetic fields.

Electric currents also produce magnetic fields. Magnetic lines of force in
these magnetic fields are always closed loops. The field with the simplest
shape is that produced by a steady current in a long straight wire.

acurrent into page b current out of page

o

Figure 6.2 Magnetic field of a wire carrying current a) into and b) out of the page

Figure 6.2 shows in two dimensions the magnetic field lines as a series
of concentric circles, the field getting weaker further from the wire. The
directional arrows on the magnetic lines of force are clockwise when the
current is going away from you ‘into the paper’.



The symbols ¥ and * inside the circle of the wire are used to indicate that the
current is into or out of the paper respectively.

When current-carrying wires are twisted into coils or spring-like coils
called solenoids, the magnetic fields are like those shown in Figure 6.3.
Two ways of representing the magnetic field of a solenoid are shown. Figure
6.3b(i) shows the three-dimensional diagram, and Figure 6.3b(ii) shows a
two-dimensional ‘cut’ through the solenoid.

a simple coil b{i) solenoid
r e e e s e
curen totetotooetoaon
in locp — SIS el Dol b ol o o ——
— / current
/ in solencid
biii)
:::\'::—f_ X X X X X XX X X X X x__ﬁi,;
——— s Using crosses and dots (= and =), to

f’f—“.-.t.'ttl._‘—ﬁ“\

3 Current into paper
® curent out of paper

Figure 6.3 Magnetic fields of current-carrying coils

| 6.2 How strong are magnetic fields?

You may have met magnetic fields in your earlier work; but do you know

how the strength of a magnetic field is measured? When a current-carrying
wire is placed at right angles to a uniform magnetic field, for example the
field between the IN and S poles of two ceramic magnets (they are the black
ones that have their poles across each flat face), the magnetic fields interact,
resulting in a force F on the wire. (See Figure 6.6.) This force depends on
the current Iin the wire and the length € of the wire that lies in the field:

Fo It

The strength of the field, which is called the magnetic Aux density B, isa
vector quantity, and is defined as the constant of proportionality in F o« [, so:

F=B, If

The , suffix indicates that the wire carrying the current must be perpendicular
to the magnetic field. This equation can be written as F = Blfsinf, where
B, = Bsinfl and & is the angle between B and the wire.

represent currents in wires, often helps
when drawing a magnetic field.

Magnetic flux density (or magnetic
field strength) is B in the equation

F = BHsinf

The symbols are defined in the text.

6.2 How strong are magnetic fields? e



When using a calculator it is best to put
in the angle first and press the sine or
cosine button, before multiplying by a
number,

0 =

Remember that the left-hand rule
applies to the sense of conventional
current, or to the sense of the motion
of positive charge, and not to the
direction of motion of negatively
charged electrons, which will be in the
opposite direction.

current

Figure 6.4 The left-hand rule

e 6 Magnetic fields

Suppose 12cm of wire in which there is a current of 4.0A lies across,
i.e. is perpendicular to, a uniform magnetic field. The force on the wire is
measured and found to be 0.24N. Calculate the magnetic flux density B
of the uniform magnetic field.

This is a routine calculation using the equation that defines B.

Answer
Using the equation F =B I,
024N=B = 40A = 0.12m

g 0.24N

=— =~ =050NAm!
(40A x0.12m)

The unit NA7' m™ (newton per ampere metre) emerges from the calculation
in this example. This unit is usually given the name tesla, symbol T. Like
the newton, symbol N, the tesla is named after a famous physicist, Nikola
Tesla, who was born in Serbia.

A magnetic flux density or magnetic field strength of 0.50N A'm™ or
0.50T is much stronger than the Earth’s magnetic field in the UK. In fact it
is 10000 times stronger. The magnetic flux density of the Earth’s magnetic
field in London (which wvaries with time) is about 50uT and is inclined
downwards at about 65° to the horizontal. As B is a vector, this means that a
horizontal compass needle will respond to the horizontal component of this
tield. This is a field of only about

By; = (50 % 1079T) cos65° = 21 x 1075T or 21 uT.

The left-hand rule

Like gravitational field strength g, and electric field strength E, magnetic field
strength B is a vector quantity. But unlike gravitational and electric fields,
where the forces are parallel to the fields, the magnetic force is perpendicular
to both the field and the current-carrying wire. We are looking at a three-
dimensional situation that can be remembered by what is called Fleming3s
left-hand rule — Figure 6.4. (It must be a left hand.)

The thumb and first two fingers of the left hand are set at right angles to each
other. With the First finger pointing in the direction of the Field and the
seCond finger pointing in the direction of the Current, the Thumb gives the
direction of the force or Thrust.



current

: % : K f % to left
Because of the three-dimensional (3D) nature of F' =B, If, it is often a great help to X X BN K K force in
draw diagrams with the magnetic field into the paper so that both the current and the X X xX@x X X planeof

L page
force lie in the plane of the paper (2D). X X X X X X
For example, see Figure 6.5, where the magnetic field is represented by a pattern of magnetic field down into page
i e Figure 6.5 A 2-D diagram
Activity 6.1
Studying the force on a current-carrying conductor
The arrangement in Figure 6.6 can be used, with a sensitive electronic balance to measure forces.
The balance is first zeroed and the supported b
current is then switched on. Having terminals
made sure the horizontal piece of the ok
wire carrying the current lies between T copper
the poles of the U-magnet (formed by @
two ceramic magnets on an iron ‘yoke’)
and that the wire is perpendicular to =i ot
the magnetic field, a series of balance T !
readings m, in grams, can be taken for a '| oT
range of currents J. .
As a safety precaution, the power supply i ﬁ‘
should be switched off between readings ; — )

: . Y electronic circuit for varying the current
to avoid the copper wire getting too hot. balance
The magnetic force on the wire is, by Figure 6.6 Apparatus for the Activity plus a circuit diagram
Newton's third law, equal in size but opposite in direction to the magnetic force on the
magnet - and it is this latter force that is registered by a change in the balance reading.
The force can then be calculated using F = mg. (Here g =9.8Nkg ™, but first the mass
in g registered by the electronic balance must be converted to kg.)
A graph plotted of F against the current I enables a value for the magnetic field strength
between the poles of the U-magnet to be deduced. (It is also possible to alter the
length £ of the horizontal wire in the magnetic field by using a second U-magnet, but
such an experiment gives only a rough test of how the force varies with £.)
Table 6.1 shows a typical set of observations from this Activity. Assume that the length
of current-carrying wire between the magnetic poles to produce these numbers
was £{=4.5cm.
Questions
1 Complete the table to show the values for F (remember that Table 6.1

1kg = 1000g). na 12 | 25 (34 42 50
2 Draw a graph of F against I mig 045 090 125 150 1.85
3 Deduce a value for the magnetic flux density between the F/1073N
magnets.

4 Why is the value of B the average value of the magnetic flux density?

6.2 How strong are magnetic fields? @



Figure 6.7 Electric mobility

@ 6 Magnetic fields

Test yourself

1 On Earth the geographical North Pole is not a magnetic N pole. Draw a
circle to represent the Earth and on it mark the approximate positions
of the Earth’s magnetic poles. Add the magnetic lines of force,
assuming the Earth to be a magnetic dipole with its south pole in the
region of the magnetic north pole.

2 Explain why the base units of the coulomb, C, are A s, i.e. amps times
seconds.

3 a) Where are the magnetic fields the strongest in Figure 6.17

) What can you deduce about the magnetic flux density inside a
solenoid — Figure 6.3b7?

4 Sketch a two-dimensional diagram showing how you would represent
the currents and the magnetic field of a current-carrying coil — Figure
6.3a — as seen from below.

Use X and » for the magnetic fields into and out of the page.

5 Using the data on page 94, show that the strength of the vertical
component of the Earth’s magnetic field in London is about 45pT.

| 6.3 D.C. electric motors

The force on current-carrying wires in magnetic fields is made use of in
electric motors. A motor using direct current (d.c.) enables you to start a
car engine. Electric mobility buggies (Figure 6.7), golf buggies and electric
vehicles such as electrically assisted bicycles (‘e-bikes’) run on d.c. motors.
Many companies are currently developing electric vehicles to replace the
town car. High-powered electric motors, such as those used in trains and
pumping stations, make use of the same electromagnetic force but their
complex modern technologies are not described here.

magnetic
fieldB

- magnetic
field B

current into and ab=cd=030m
out of coil bc=da=0.20m

Figure 6.8 Forces on a coil



Figure 6.8 shows a rectangular coil abcd with the dimensions given
below the diagram. The coil, which can rotate about the axis XY, carries
a current of 40 A. It is placed so that the plane of the coil lies parallel to
the magnetic lines of force of a field of 0.65T.

a) Calculate the forces on each side of the coil: F;, F, Foq @and Fg..

i) Describe how these forces vary as the coil rotates through 90°.

Answer
ajUsing F=B It:

F, and F;=0.65NAm™ x 40A x 0.30m =7.8N

F,,. and F3, =0 as there is no component of B perpendicular to I
(sinf = sin0°=10)

I} Such a pair of forces, down on ab and up on cd, each of 7.8N, produce
a strong twisting effect. (The forces will be multiplied by 10 if there are
10 insulated turns to the coil.)

As the coil rotates, the forces on sides ab and cd remain the same
size and act vertically up and down still. By the time it has rotated 90°,
however, the two forces are no longer twisting the coil about XY but
trying to stretch it - F,, pulling up and F; pulling down. The forces on
sides be and da grow from zero, but neither of these forces try to twist
or turn the coil about the axis XY.

| 6.4 Some useful algebra

The current I in a wire is the result of the drift of very large numbers of
electrons in the wire. The relationship, which is dealt with in Book 1, linking
the current to the drift speed of the charged particles 1s

I=nAvQ

where n is the number of charge carriers per unit volume (electrons in a
metal wire), A is the cross-sectional area of the wire, Q is the charge on each
charge carrier (Q = —e¢ for electrons) and v is the drift speed of the charge
carriers.

As the force on a wire is given by F ;. = B I{, inserting I = nAvQ gives
F= B, (nAQv){, which can be rearranged as:

Fire = B, Qv X nAL

In this equation A is the volume of the wire in the magnetic field, so A€ is
the total number N of charge carriers in that piece of wire.

Hence & is equal to % i.e. it is the force on one of these charge carriers
(usually electrons).

The result is that the force F on one charged partide moving at speed 0
perpendicular to a magnetic field of flux density B is given by:

F=B,Quv

1D

The ‘calculate’ here simply means use
F=B,K.
ip

‘Describe’ here means concentrate on
the direction of the forces - look at how
the forces act at the beginning and end

of the 90° rotation,

When asked to discuss magnetic forces,
keep your left hand ready with the

thumb and first two fingers of the left
hand set at right angles to each other.

6.4 Some useful algebra °



Do not get confused. Remember that
both F = B, Qv for a charged particle
and I = B I for a wire are usually
given the same symbol F.

‘Explain’ here means use your
knowledge and understanding of
physics to describe what is happening
and hence ‘predict’ which side of the
wire has the positive charge - the top or
the bottom.

@ 6 Magnetic fields

As the size of the charge on an electron or singly ionised atom is only
1.6 % 10719 C, this force is very small. But the mass of an electron is of the
order of ID_mkg, so the accelerations that these tiny forces produce can be

enormous!

In Figure 6.9 the crosses represent a magnetic field into the paper. The
long rectangle PQRS is the outline of an enlarged piece of current-carrying
wire in which there are many electrons.

X X X X X X X X X X X X X X

H X X XX X X X X XX X X X

P Q
Xgdt *® X xa- K X
i s X" X

L Ry : -

X X X i K X X X

S R
S R G S G G R R G G S
magnetic field down into page

X X X X

I
X X X X[ X

X X

Figure 6.9 Using B, Qv

Explain why there is a potential difference across the wire, and predict
which side of the wire is at the higher potential.

(This potential difference is called a Hall p.d. and forms the basis of the
Hall probes used to compare or measure magnetic fields.)

Answer

Although the electrons are drifting from right to left, the direction of
conventional current — the flow of positive charge — is from left to right.
With the downward magnetic field into the page, the left-hand rule
produces a force on each electron, pushing it up towards side PQ as it
mowves along the wire. There is no magnetic force on any of the protons in
the nucleus of the atoms forming the wire, as they are not moving.

Therefore the side PQ of the wire acquires a negative charge and the
side RS, which will have lost electrons, acquires a positive charge. These
two charged zones mean that there is an electric field between the sides
of the wire and thus a potential difference across it. The bottom side is
therefore at the higher potential.

Test yourself

6 a) Explain why the unit of n in nAvQ is m=3.
b) Show that the units of nAoQ work out to be Cs™ or A.

7 What is the force on an a-particle moving at the speed of light
perpendicular to a magnetic field of flux density 250 mT?
8 Show that the unit of B,Quv is the newton.

9 A typical e-bike (‘electric bicycle’) contains a 36V, 9.0Ah battery.
This provides current to an electric motor to ‘assist’ the cyclist.




Suppose a rider and bicycle of total mass 90kg is moving up a

hill, which rises 1.0m in height for each 15.0 m travelled along the

road, at a steady 5.0ms2.

a) Calculate how many coulombs the 9.0Ah battery can deliver
before it is ‘dead’.

b) Show that the rate at which the bicycle and rider are gaining
GPE is about 300W.

c) i) Find the current supplied to the d.c. motor as the bicycle
travels up the hill.

ii) For how long the battery will ‘last’ if it continuously
supplies this current?

iii} How far will the cyclist travelled in this time? Comment on
your answer if, according to the manufacturer, ‘the cycle

1K)

has a range of about 40 km under average conditions Remember that a volt is a joule per
of riding'. coulomb, so eVis a product measured
410 Explain what is meant by the Hall effect. _ in joules.

| 6.5 Electron beams

Electrons carrying electric currents in wires are drifting very slowly, a fraction
of a millimetre per second, but both cathode ray oscilloscopes (C.R.Os) and

In the example below, kinetic energy is
calculated as % mv2 provided very high

speeds (approaching the speed of light)
glass tubes. The electron guns inside such devices, operating at a potential | 4.4 ot reached.

X-ray tubes produce beams of electrons moving at high speeds in evacuated

difference I give each electron a kinetic energy equal to the product el

rog % (91 % 1078 kg) x 12 = 4.0 x 1078]

Calculate the speed of an electron of mass =v=3.0x 10°ms™

9.1 x 107*'kg after it has been accelerated across a Assumption: all the energy becomes kinetic energy —
potential difference of 25V. State any assumption you the electron is moving in a vacuum and any change
make. in gravitational potential energy is negligible. As
Answer 3.0x10°ms™is orl'nly 1% of the speed of light, it is
The kinetic energy of the electron = (1.6 x 1071°C) % 25V reasonable to use Emt-'g for the kinetic energy.

=4.0 % 1078 J =2 m?

Now suppose that a beam of electrons is fired with a speed » in a vacuum
perpendicular to a magnetic field of flux density B. The magnetic force F
on each electron is given by Ben, and this force, by the left-hand rule, is
perpendicular to both the magnetic field and the direction in which the
electron is moving, Figure 6.10a shows the directions of v and F with the
magnetic field into the page. For the 3.0 X 10°m 5! electron in the previous
Example, Bep = 107N for magnetic flux densities of a fraction of a tesla,
so the gravitational force mg = 107N on the electron can be completely
ignored.

6.5 Electron heams @
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Remember that the left-hand rule
applies to the sense of conventional
current: the opposite direction to
the direction of motion of a negative
charge, for example, an electron.

@ 6 Magnetic fields
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Figure 6.10 Electrons beams in a magnetic field
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In Figure 6.10b the effect of the magnetic force on the electron is
illustrated: it continues to act perpendicular to both B and », making the
electron move in a circular path. In this situation the magnetic force Beo is

(effectively) the only force acting on the electron and forms the centripetal

force needed for circular motion (see Section 2.2 in Chapter 2). As Bep is

always perpendicular to the path of the electrons, it does no work on them.
Hence both their kinetic energy and their speed as they move in a circle
remain constant.

+

Tx x

A beam of electrons moving to the right in a vacuum enters a region
where an electric field E (red) and a magnetic field B (green) act, as
shown in Figure 6.11, at right angles to each other. The electrons
continue to move in a straight line through the crossed fields.

the beam.

line.

J)xx

Figure 6.11 An electron beam in ‘crossed’ fields
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a) Write down the electric and magnetic forces acting on an electron in

b) Explain under what condition the electron beam continues in a straight

¢) Check that your algebraic expression for this condition ‘works’ for units.




Answer
a) Electric force on each electron = eE upwards.

Magnetic force on each electron = Bev downwards, using the left-hand
rule.
) For the beam to continue undeviated, eE = Bev, or v must equal E/B.
1
) The unit for BB =NC /T =—2— =ACm=Cs'Clm=ms
m

So the unit for E/B is (as hoped) ms™, the unit of u.

Test yourself

11 Explain, in your own words, when an electron can move in a straight
line in a uniform magnetic field.

12 What is the unit of a physical quantity measured in Tm2s-1?

13 A stream of alpha particles each of charge 3.2 x 10~12C and
mass 6.6 x 10727 kg is travelling with a speed of 1.2 x 107 ms!
perpendicular to a magnetic field of flux density 2.0T.

a) What is the magnetic force on each a-particle?
b} How does this force affect the path of each a-particle?
c¢) Calculate the acceleration of each o-particle.

14 Show that the units of (energy) = (time) are the same as the units of
{(momentum) = (displacement).

| 6.6 Changing magnetic flux

What is magnetic flux? Magnetic flux density B tells us how close together
magnetic field lines are; it tells us the strength of the magnetic field. The

product of magnetic lux density and the area through which it acts is called
the magnetic flux through the area, symbol @.

The magnetic flux through a window of area 1.0m? (using a value of 18T for
the horizontal component of the Earth’s magnetic field, and assuming that the
window faces north or south) will only be

18T % 1.0m? = 18 X 1078 Tm? (weber).

However, the importance of magnetic flux is not simply how large it is but how
quickly it changes. Suppose you open the window very quickly —say in 0.2s —and
that the magnetic flux through the window after you have opened it is zero —
see Figure 6.12.

11D
]

‘Explain’ here means equate the two
forces written down in a).

This is also an opportunity to practise
using the base units of Vand T.

= .
ie

This sort of exercise involving units is
excellent revision for lots of areas of
physics and, even if you are not asked
to do it very often in examinations, it is
well worth trying from time to time in
examples such as this.

Magnetic flux is defined as B x 4 and
has the symbol @, ie. @ =B, A.

The | stresses that the magnetic field
must be measured perpendicular to the
area through which it is passing.

The meaning of ‘density’ in calling B
the magnetic flux density now becomes
apparent, as B is the magnetic flux per
unit area. The unit of B is T, the unit of
@ must be Tm2. This unit is given the
name weber (Wb), but it is safe to use
T m? as a unit for magnetic flux and
important to remember that a tesla T is
aname foraNAZm™L,




Faraday's law of electromagnetic
induction states that the induced
e.m.f. in a circuit is equal to the rate of
change of magnetic flux linkage through
the circuit.

You need to know that the expression
ddb/dt is a shorthand way of saying
‘the rate of change of magnetic flux at a
particular instant’.

@ 6 Magnetic fields
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Figure 6.12 The magnetic flux through a window

The average rate of change of magnetic flux through the window is given by

A®@ 18 x 107 °Wb Eo—
—_— = ®
At 025 90 x 107" Whbs
This looks very uninteresting, until you sort out the units. Let’s try it.
Wbsl=Tm?% 1 =NAIm lm?s =NmAlsi=JjCcl=V
WOW — the volt! One Wbs™ is simply a volt.

So the act of opening the window quickly seems to have produced something
that can be calculated as a voltage, here 90uV.

When a magnetic field passes through a coil of wire that has N turns, the
magnetic flux through the coil, or the magnetic flux linking the coil, is
N@ or NBA. The rate of change of this magnetic flux linkage is the key to
understanding where our electricity supplies come from.

| 6.7 Electromagnetic induction

Michael Faraday, whose name is used for the unit of capacitance in the
previous chapter, found out how to produce electric currents from the
motion of wires (like metal window frames) in magnetic fields. This is how
all the electrical energy in your home is generated. When Michael Faraday
first produced an electric current from changing magnetic fields in 1831, the

second industrial revelution — the revolution involving electric generators
and motors — was born. He called the effect electromagnetic induction
and gave his name to the basic law governing induced e.m.fs:

AD

At
Here & is the e.m.f. induced in a circuit when the average rate of change of
magnetic flux through the circuit is A®/At (or, instantaneously, d@/df). The
e.m.f'is N times greater than one when the circuit is a coil with a lot of turns,
because the same e.m.f. is induced in each coil. This is rather like having a

dd
= or _NW where N = number of turns in coil

number of cells in series: if each cell has an e.m.f. of 1.5V then 20 cells in
series will produce 30V,



What about the minus sign? An induced e.m.f. could, if it was connected [“'-“
in a circuit, send an induced current around the circuit, which would set
up a magnetic field. The minus sign in the equation for Faraday’s law of
electromagnetic induction above shows that the induced magnetic field
would always oppose the change in magnetic Hux that is causing it (the
induced e.m.f). This is called Lenz’s law, and is really an example of the law
of conservation of energy.

Let’s go back to the example of the window from the previous section. The
metal frame around the edge of the window is our circuit, so here N = 1.
The induced e.m.f. will produce a current around this frame, and the current

will itself produce a magnetic field that tries — in this example — to stop the
magnetic flux through the frame from getring smaller. The induced e.m.f.
is doing work sending the charge round the circuit and so we must provide
energy for that by pushing on the window. Of course, for the window we

will never “feel” this force, even though 90uV could produce a noticeable  Fjgure 6.13 Lenz's law could be called the
induced current as the resistance of the metal frame might be only a milliohm |5y of cussedness, as whatever you try to
(mQ}). Nor will we ever notice that it is harder to open the window quickly o produces a result that tries to stop you.

than to do it slowly.

Activity 6.2

Capturing an induced e.m.f. using a data logger

a b
magnet
2
N § e.m.L/\V i )
: \
datalogger “R 0 _"/

0 0.1 0.2 0.3
time/s

Figure 6.14 Capturing an induced e.m.f.

In this Activity a short bar magnet is dropped through a coil connected in series with a
resistor. A data logger (a device that can capture a changing p.d. thousands of times
per second) is comnected across this resistor - see Figure 6.14a.

The data logger will record the potential difference as it varies across the resistor.
The p.d. (V) is equal in size at all times to the e.m.f. () induced in the coil.
Accompanying the apparatus is a graph to show how this e.m.f. might vary with time.
It will look something like the graph in Figure 6.14b.

0.4

6.7 Electromagnetic induction @




a) Explain the shape of the graph produced by the
data logger in the above Activity.

b) Explain why the acceleration of the falling magnet
is not quite 9.8 ms™2(g).

c) Describe how the output of the data logger (the
graph) would differ from that above if

1) the coil is replaced by a coil with double the
number of turns, and

II) the magnet is dropped from a greater height.

« This is a synoptic exercise. Each part of the
example asks you to think about Faraday's law of
electromagnetic induction in the context of the

falling magnet.

@ The rate of change of magnetic flux is the key to
most questions like this.

Answer

a) Where the graph is positive, the magnetic flux
through the coil is increasing as the magnet
approaches the coil. Where the graph is negative,
the magnetic flux is decreasing as the magnet
exits the coil. The maximum e.m.f. as the magnet
exits is a little more than the maximum e.m.f.
as it enters because the magnet speeds up

(accelerates) as it falls through the caoil. Thus

the rate of change of magnetic flux is bigger as it
exits than as it enters the coil. It can also be seen
that the time leaving the coil (< 0.1s) is less than
the time entering the coil (> 0.1s) as the magnet
accelerates through the coil.

) The induced e.m.f. produces a current in the coil-

resistor circuit. This current in turn produces a
magnetic field (see Figure 6.3a, page 93) that will
be up out of the coil as the magnet approaches, so
repelling the falling magnet — Lenz’s law. Similarly,
the falling magnet will be attracted back into the
coil as the magnet exits the coil. Both these effects
are producing upward forces on the magnet so its
acceleration is not quite as big as the ‘free fall’
acceleration g (on top of any air resistance, which
would be very small).

¢} 1) Double the number of turns means that the

induced magnetic flux through the coil is
doubled. Therefore the induced e.m.f. is doubled
at each stage of the fall, and so the peaks are
each twice as high as they were.

il) When the magnet is dropped from a greater
height the magnetic flux linking the coil changes
at a greater rate. Therefore the e.m.f. is greater
and the time taken for the magnet to pass
through the coil is reduced. The peaks are both
higher and narrower.

Flgure 6.15 A patient entering an MRI
scanner

@ 6 Magnetic fields

As we saw earlier, a solenoid is a long spring-like coil, of length many times
its diameter. It often has lots of turns every centimetre. A current I in a
solenoid produces a magnetic field B along its axis (see Figure 6.3b, page 93 ).

The size of B is uniform over the internal cross-section of the solenoid:
B = ugnl where u is a constant with a value 1.26 X 107N A2

(The constant u; is pronounced mu-nought. You do not need to remember
this relationship.)

Huge magnetic field strengths, of the order of 2.0T (not mT or uT), are
produced in the solenoids of nuclear magnetic resonance imaging (MRI)
scanners (Figure 6.15). The solenoid is in the ‘box” and the patient slides into the
solenoid for examination. This solenoid is made up of superconducting coils at
liquid helium temperatures and carries very large currents. An MRI scanning
system can cost a hospital over £ 1 million. There are few safety problems for
the patient because no ionising radiations are involved, as there are with X-ray
CT scans, though some patients do suffer from claustrophobia. Patients are,
however, asked to remove any body jewellery — can you think why?

Figure 6.16 shows a simple laboratory solenoid connected to an alternating
current supply I that varies sinusoidally (I = —I;sin#). A small coil of cross-
sectional area A with N turns is placed as shown inside the solenoid. Any



change in the current in the solenoid will now produce, in accordance with
Faraday’s law, an induced e.m.f. in the small coil, because there will be a
change in the magnetic flux linking the coil.
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Figure 6.16 A small coil in a solenoid

As the current in the solencid is alternating, there will be an alternating
magnetic field in the solenoid. This will produce an alternating induced
e.m.f. in the coil according to Faraday’s law of electromagnetic induction.

Figure 6.17 shows the relation between the current I in the solenoid and the
induced e.m.f. £ in the small coil.

Explain the phase relationship between I and ¢ in Figure 6.17.

¢ ‘Explain’ is not asking for a mathematical analysis, but a word
statement involving your understanding of the relation between the
gradient of a sinusoidal graph, I against t here, and how the gradient
varies with time, i.e. dI/dr against t.

¢ Faraday’s Law of electromagnetic induction tells you that dI/ds « e.

= A series of separate sentences is probably the best way of picking up
the 3 marks that are probably awarded to your answer.

Answer

Faraday's law states that the induced e.m.f. in a circuit is equal in size to
the rate of change of magnetic flux linkage through the circuit. Here the
‘circuit’ is the circuit to which the coil is attached.

The maximum and minimum value of £ will therefore coincide to moments
when the current I is changing at the greatest rates, i.e. when the
gradient is steepest. This occurs whenever the graph of Iv t crosses the
time axis.

€ will be zero where the current is instantaneously not changing, i.e.
whenever the graph of I'vris at a maximum or a minimum.

Mote that from Lenz's law, £ =

../\/\/\,
U:\/\

;/\/“

g\/\/\/’

Figure 6.17 How I and £ are related

Remember that di/dt means the rate if
change of current with time and is the
gradient of the current-against-time
graph at any particular point.

—Nd &

dr
This is shown in the graph above; when

{}EI is a maximum positive gradient, &

has a maximum negative value, and
vice versa.

6.7 Electromagnetic induction @



Test yourself

15 A club tennis player, using a racket with a light metal frame, is
playing on a court where the Earth's magnetic flux density is 50T
and acts at an angle of 65% to the horizontal.

Explain why serving and playing a forehand drive give rise to different
induced currents in the frame of her racket. (No calculations are
expected.)

16 The formula for the strength of the magnetic field B inside a solenoid
of n tums per meter carrying a current | is: B = ugnl.

a) Show that the unit of uynl is the tesla. (The value of y;—a
constant — is 41 x 107N A2)

b) What will be the current in a solenoid with 5 turns per millimetre
in order to produce a magnetic field of flux density 2.0T?

| 6.8 The transformer

Transformers are everywhere: they are in those heavy black plugs used in

.‘l':.:
Tir
-'|.:I-}l_:|5—" A

recharging devices such as that for your mobile; they provide safe voltages for
Specific knowledge of transformers is experiments in laboratories; they are the key to the efficient transfer of power
not required for your exams, but it is still over the national grid. What is it that they transform?

very useful to know about them. ; : .
- Transformers increase or decrease the voltage of alternating current (a.c.) electrical

power supplies. They do not work with direct current (d.c.) power supplies.

@ In all transformers a coil — the primary P coil — produces a magnetic field.
@ This magnetic field links another coil — the secondary S coil.

e With alternating currents, the P magnetic field varies continuously.

@ Therefore the magnetic flux linkage through the S coil also varies

Explanations of this type are often best

laid out as a series of bullet points rather continuously.
than as an ‘essay’ of joined-up prose. # The change of this magnetic flux linkage induces a varying e.m.f. in the
' S coil.
a b c
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Figure 6.18 Three ways of representing a transformer

@ 6 Magnetic fields



Figure 6.18 shows a) the structure of a transformer, b) the principle of the
transformer, and ¢) the circuit symbol for a transformer. The detail of the
structure will vary very much with the power that the transformer must
pass from the primary P coil to the secondary S coil. It is the principle that
mainly concerns us here, but it is worth noting that the coils are wound on
an iron core to increase the magnetic flux, and that this core is made up of
thin laminated iron sheets which are insulated from one another to reduce
the energy losses. (Most transformers become warm, i.e. they waste some
electrical energy — to internal energy — when in operation, and large ones
need special cooling systems to prevent them overheating.)

The transformer equation, for an ideal transformer is:

Vs _ Ns

Ve Np
This states that the ratio of the number of turns on the secondary and primary
coils determines the ratio of the voltages ‘out of” and ‘into’ the transformer. It
may seem that you can get something for nothing, for example get out 2400V
having only put in 240V. Yes, you can get more volts! But you can’t get more
power out than you put in. The principle of conservation of energy tells us this.
For an ideal transformer, the power output is equal to the power input, i.e.

Vs = Ll

In practice, there are always energy losses and so IV < LV}

In the example below, ‘explain
quantitatively’ means use numbers
(calculations) to illustrate your answer.

‘Suggest values' means give possible
values. For this case most values will do
as long as they are in the right ratio.

As there is no
) Suggest values for the number of turns the

O
Figure £.19 A step-down transformer

Figure 6.19 gives information about an ideal Answer

transformer. a) Input power =LV =0.30A x 240V=T2W

a) Explain quantitatively why this transformer is said Output power = Vs = 6.0A x 12V=T72W
to be ideal.

power loss, the transformer is ideal.

240V _ N,

transformer might have on its coils. i) The ratio E == 20. so 8. =20.
0.30A 6.0A p BY P
O T There must be 20 times as many turns on the
240V ~ é ‘ % Dﬁ‘v’u primary coil as on the secondary. For example: Np

might be 2000 and then Ng would be 100.

Sinusoidal alternating currents and voltages

An a.c. voltage in a resistor produces an a.c. current in the resistor. In this
book the alternation will always be sinusoidal, e.g.

V' = Vysin2nft or I = Isin2nft
where fis the alternating frequency.

Chapter 15 deals more fully with oscillations, but here we deal only with
frequencies of 50Hz — the frequency of the ‘mains’ voltage supply in the
UK. Figure 6.20 shows three graphs: first, of a mains a.c. voltage with a

6.8 The transformer @




0 = t/ms
10 \/ 20
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= f/ms

= t/ms
10 20

Figure 6.20 P = IT for a ‘mains’ voltage
supply

The root mean square voltage (or
current) is the peak voltage (or current)
divided by the square root of 2.

Be careful not to mix up situations
involving an alternating V or I with a
direct V or L.

@ 6 Magnetic fields

maximum of Fj; second, the current with a maximum I such a voltage
produces in a resistor; and third, the power P then dissipated in the resistor.
(Only one cycle is shown.)

& The first graph shows a cycle of V'= Vsin2nft where f= 50Hz.
@ The second graph shows a cycle of I = I;sin2nft again with f= 50Hz.
® The third graph shows P = IV with a maximum value P, = I},

The average value of Vis zero and the average value of I is zero. However, the
average value of P is not zero but is 5 ID V. as shown in F:gurc 6.20. The shape
of this P v t graph is another form of sinusoidal graph —a sin? graph. However,
it is always positive, has twice the frequency of the 7and I graphs (1.e. 2f) and,

from its symmetry, averages half its peak value, P, = %Pg.

Because P, = IDVU and I = /R we can write P, = %Vnsz. A direct
current ss.iplzhlj,r ot p.d. ¥ will produce a power in a rcsmtor R of V2/R and
hence V“/R for d.c. is equivalent to —VOZ;’R for a.c., so that
J_

This, the effective (as far as power goes) value of the alternating p.d., is called
the root mean square (r.m.s.) value of the p.d. as it has been obtained by
taking the square root of the mean square p.d. It is the value usually quoted
when we refer to alternating voltages, for example, when we say that in the
UK the mains p.d. is 230V, this is the r.m.s. value and the peak value is thus
{2 X 230V = 325V. We refer to the r.m.s. values of alternating currents in a
similar way: thus a fuse rated as 5 A would ‘melt’ if there was a steady current
of 5A or an alternating current of peak value Y2 X 5A =7 A,

Test yourself

17 a) What is the peak value of a sinusoidal 50 Hz laboratory supply of
12V?
b) What peak current would such a supply produce in a resistor of
22007

18 What is understood by the terms i) frequency, ii) period, iii) peak
value and iv) root-mean-square value when applied to mains
alternating currents?

19 Sketch a sinusoidal graph of I (current) against t (time) for three
complete cycles.

a) Indicate two places where the current is (instantaneously) not
changing.
b) Indicate two places where the current is zero.

c) For the case where the current varies with a frequency of 50Hz,
mark the time axis from zero to 0.06s.

20 An ideal transformer used to recharge a mobile ‘phone reduces the
230V a.c. mains supply to 5.0V. The current needed to charge the
mobile is only 2.0mA. Calculate

a) the current from the mains
b) the power transferred to the mobile
c) the energy transferred in 5.0 hours.




Exam practice questions
@ 1 What are;

a) the horizontal component, and

b) the vertical component of the Earth’s magnetic field at a place where
the magnetic flux density is 66 uT and the field dips in to the Earth at
an angle of 25° to the vertical? [Total 3 marks]

2 Three parallel wires, each carrying equal currents A
down “into’ the paper, are arranged as shown in Figure 1
6.21.The resulting magnetic field at P (marked by
red blob) will be in the direction of which arrow?

[Total 1 mark]

@ 3 Two bar magnets are placed side by side with opposite
poles facing. The number of neutral points produced

will be:
A0 C 2

B 1 D 4
[Total 1 mark] Figure 6.21

4 A charged particle moving in a uniform magnetic field experiences a
force. The size of the force depends upon each of the following, except

A the particle’s mass

B the particles velocity

C the particle’s charge

D the strength of the magnetic field. [Total 1 mark]

5 The magnetic flux density B varies with distance » from a long straight
wire carrying a current. Numerically B 1s inversely proportional to r.

Which graph in Figure 6.22 correctly shows such a relationship between
Band r? [Total 1 mark]

A
Figure 6.22

@ ¢ The power input to an ideal transformer is 60mW. Calculate the output
current I if the output voltage is 12V. [Total 3 marks]




7 The unit of magnetic flux @ is
A the ampere C the volt
B the tesla D the weber. [Total 1 mark]

8 The cross-channel d.c. cable that brings electricity from France to the UK
carries a current of 15kA (yes kilo). The Earth’s magnetic field has a flux
density of 66 uT in a region where the cable is horizontal.

Explain why, without further information, you are unable to calculate the
size of the force on 1.0km of cable. What extra information do you need?

[Total 3 marks]

9 A charged particle moves through a region containing only a uniform
magnetic field. Explain what can be deduced if the particle experiences
no force? [Total 3 marks]

10 There is a current of 2.0A in each of the conductors OP, OQ and OR.
shown in Figure 6.23.The conductors are in a magnetic field of flux
density 0.25mT parallel to the plane of the diagram.

= 0.80m L

-

e
e
~

Figure 6.23

What is the size and direction of the force on each conductor?

[Total 5 marks]
@ 11 The tesla (T) expressed in base SI units is:
A kgm™1A™! C kgs2A~!
B kgslg D kgm?s2A7L [Total 1 mark]

@ 12 The magnetic flux density in an MRI scanner is 1.5T. A woman enters
the scanner wearing, unnoticed, a gold wedding ring with an internal
diameter of 16 mm.

a) What are the maximum and minimum values of the magnetic flux
through the ring as she moves her ring finger about? [3]

b) Calculate the e.m.f. induced in her ring when she moves it from
maximum to minimum flux linkage in 0.30s. 3]
[Total 6 marks]

@ 13 An electron moving at right angles to a magnetic field of flux density
0.20 T experiences an acceleration of 3.0 X 10 ms™2.

a) What extra information is needed in order to calculate the speed of
the electron? 2]

b) By how much does its speed change in the next 107752 1]
[Total 3 marks]




® 14 A length of wire is formed into a loop and placed
perpendicular to a uniform magnetic field.

The circle is then cut and the wire formed into a
double loop as shown in Figure 6.24.

When placed perpendicular to the same
magnetic field, the magnetic flux through the
double loop is N times that through the single

loop, where
A N=025 C N=0.40 Figure 6.24

B N=032 D N=0.50.
[Total 1 mark]

A transformer is designed to reduce a 240V a.c. supply to a laboratory
device that operates off a supply of 12V. There are 200 turns on the
secondary coil, and the device takes a current of 1.5mA.

a) How many turns are there on the primary coil? 2]

b) What, assuming it is an ideal transformer, is the current in the
primary coil? 2]
[Total 4 marks]

16 A horizontal copper wire with a mass per unit length y = 80 g-m_i lies at
right angles to a horizontal magnetic field B (not the Earth’s field). When
there is a current of 5.6 A in the wire it levitates, that is it is supported

against the pull of the Earth.
Calculate the size of the magnetic field strength B. [Total 4 marks]
17 Why might Lenzs law be called the ‘law of cussedness’? [Total 3 marks]

18 An alpha particle (charge +2¢) moving at a speed of 5.0 X 10°ms™! enters
a region in which there is a uniform magnetic field of 0.15T.

‘What is the magnetic force on the alpha particle if the angle between its
initial path and the magnetic field is a) 90°, b) 45°, ¢) 30°?
[Total 5 marks]

19 In Figure 6.25 the switch S is closed in the left circuit.

coil P m coil Q

®

Figure 6.25

a) Explain why the ammeter in the right circuit registers a sudden
current surge and then returns to zero. [4]1

b) Explain what would be observed when the switch is opened again. [4]
[Total 6 marks]




20 An aeroplane with a wing span of 36m is flying horizontally at 240ms™!
in a region where there is a magnetic field with a vertical component of
45uT.

a) Calculate the value of the product Biv. 2]

b) Show that the unit of Bly is the volt. [3]
[Total 5 marks]

A metal scaffolding pole, 4.0m long, falls from the top of a building. The
metal pole remains horizontal pointing East—West and the local magnetic
field, which points North—South, has a horizontal component of 18uT.

Calculate the p.d. between the ends of the pole when it has fallen for 1.3s.
(Use the formula given in the previous question.) [Total 4 marks]

An a.c. supply which provides a sinusoidally varying supply of frequency
50Hz is connected to a capacitor of capacitance 0.47 puE If the peak value
I, of the supply is 17V, what is the peak value of the current I, in the
capacitor? [Total 6 marks]

23 Comment on the statement that ‘an electric car produces no pollution’.

[Total 6 marks]

Stretch and challenge

24 In a‘hybrid’ electric car, regenerative braking is achieved by reversing the
electric motor so that it becomes a generator (or dynamo). Discuss how
the laws of electromagnetic induction can be used to explain how this
both re-charges the car’s battery pack and causes a braking effect.

[Total 5 marks]

25 Compare the size of the forces produced by the Earth’s gravitational,
electric and magnetic fields on a proton that is moving horizontally across
England at a speed of about one-tenth of the speed of light. Look up or
estimate any numerical values that you need. [Total 6 marks]

26 Explain what the area between the induced e.m.f. and the time axis
represents in an experiment demonstrating electromagnetic induction.
[Total 4 marks]




Electrons and nuclei

Priior knowledge

You should know from earlier Advanced level work and from GCSE;
=» that a hydrogen atom has a single proton at its centre

= that the electronic charge is very small

=» that an electric current is equivalent to a flow of charge

=» that like charges repel and unlike charges attract

=» the relative penetrating power of a- and B-particles

=» what makes up o-particles and pB-particles

=% that a volt is a name for a joule per coulomb

=% the unit of force is the newton, symbol N.

Test yourself on prior knowledge

1 What are the Z numbers of hydrogen and helium?

2 What is the unit of charge?

2 What is the charge on an electron?

4 Write down the link between an ampere and a coulomb.
5 Why is an a-particle like a helium nucleus?

6 What is a joule a name for?

7 |s force a vector or a scalar quantity?

| 7.1 The language of the atom

We have known about electrons since the discovery in the late 19th century of
thermionic emission — electrons leaving a hot metal surface. These electrons

can be accelerated by electric and magnetic fields, which enables the ratio of
their charge to mass, e/m, to be determined. The evidence for the very small
positive nucleus at the centre of an atom came from experiments performed
at Manchester University in 1913. The experiments involved alpha particles
that were fired at gold foil and found to be scattered in a special manner —see
Section 7.2.

The proton number (or atomic number) Z denotes the number of protons
in an atomic nucleus of a given element (and is also the number of electrons
in a neutral atom of that element), e.g. for gold Z = 79.

The neutron number N denotes the number of neutrons in the nucleus of
an atom, e.g. for gold N = 118.

The nucleon number (or mass number) A denotes the total number of
protons and neutrons in the nucleus of an atom, e.g. for gold A = 197.

7.1 The language of the atom @



The isotopes of an element all have
the same Z but different v, i.e. the
same number of nuclear protons and
surrounding electrons, but different
numbers of neutrons in the nucleus.

@ 7 Electrons and nuclei

Table 7.1 Masses of some sub-atomic particles

' m, =1.67262 x 1027kg

= -27
m_ =1.67493 x 107'kg

m, = 0.00091 x 10?"kg = 9.1 x 10 3'kg to 2 SF

Atomic nuclei are represented by their symbol, with the proton number at
bottom left and the nucleon number at top left, e.g. lggAu or %C.

nucleon number — 4

X & symbol for element
proton number — Z
These symbols and numbers are also used to represent nuclides — the nucleus
¥ P
plus its electrons. Most elements have at least one stable nuclide plus several

unstable nuclides. Nuclides of the same element are called isotopes, and
have different nucleon numbers A because A= Z + N.

For example, for the only stable isotope of gold:
A(197) = Z(79) + N(118)

For one of the unstable isotopes of gold:
A(196) = Z(79) + N(117)

Unstable isotopes decay to stable ones with characteristic half lives — see
Chapter 9 on nuclear decay. In the process they emit alpha (o), beta (f) and
gamma (y) radiations. The properties of these are described in Section 9.4
and summarised in Table 9.1 on page 155. However, from your earlier physics
work, you will know what o-particles and B-particles consist of, and that y
rays are part of the electromagnetic spectrum.

Test yourself

1 Calculate Am = m, —m, and compare Am with m._.
2 The symbol for a carbon-12 nucleus is 13C. Explain what this is telling you.

3 The only stable nucleus of sodium can be described as
A23)=Z{A1) +N{).

Explain what number should be put in the N ‘box’.
4 Name two regions of the electromagnetic spectrum other than y-waves.

5 An alpha particle consists of X neutrons and ¥ protons. What numbers
are Xand ¥?

| 7.2 Alpha particle scattering

The material of the nucleus is very, very dense — about 10"kgm™! (Compare
this with the density of a metal like gold — about 2 X 10*kgm™.) How do we
know this?

The fact that the atom is mainly ‘empty’ was first established experimentally
in 1913 when a-particles from a natural radioactive source were fired at a very
thin sheet of gold. Most passed through undeflected from their path; others



were deflected though small angles. A tiny fraction — fewer than 0.01% of
the a-particles — were deflected by more than 90°, and from this unexpected
scattering the physicist Ernest Rutherford was able to confirm the nuclear
model of the atom with its tiny, massive, charged nucleus. (That the nucleus is
positively charged comes from the fact that a neutral atom contains electrons,
which are negatively charged.) He was further able to calculate a rough value
for the diameter of the nucleus. Figure 7.1a shows a modern version of the
experiment. The paths of three a-particles that pass just above and very close
to a gold nucleus are shown in Figure 7.1b.

thin metal sheet

vacuum shield

a-particle

tube to produce beam

a narrow beam

[
nucleus

a-particle
detector

a-80Urce

Figure 7.1 a-particle scattering; a) The apparatus b) Some a-particle paths

An o-particle aimed directly towards the nucleus of a gold atom
approaches it to within 5.0 x 10~14m before its motion is reversed.

a) What are the charges on an o-particle and a gold nucleus?

bl Explain why the a-particle rebounds from the gold nucleus.

c) Suggest a value for the diameter of the gold nucleus. -
Although the three bullet points in b)

Answer could be written as a single paragraph,
a) o-particle charge is +2e = 3.20 x 10719C; it is easier to follow the argument when
gold nucleus charge is +79e = 1.26 x 10°17C it is laid out like this. To see where the
hle As the a-particle enters the electric field produced by the positively value for the closest .:mprnach. aames
charged gold nucleus it experiences a repulsive force — Coulomb’s law. from, see Exam Practice Question 11 on
page 128.

@ This force gets stronger the closer the a-particle approaches to the
nucleus as F e L. until all the kinetic energy of the a-particle is

‘used up’, i.e. stored as electric potential energy EPE.

# The a-particle is then repelled by the nucleus, eventually regaining
all its initial kinetic energy (i.e. an elastic interaction) when it is well
away from the gold nucleus.

c) Assuming that the distance of closest approach is approximately equal
to the radius of the gold nucleus, then its diameter
22x50x10¥m=1x10"18m,

7.2 Alpha particle scattering @



This is an example of a ‘synoptic’
exercise, where you bring an
understanding of different areas

of physics to focus on an unusual
situation. Your examination will contain
synoptic exercises.

@ 7 Electrons and nuclei

Rutherford was later able to establish conclusively that @-particles, when
they gain electrons, are atoms that emit a spectrum exactly like the element
helium. For a quantitative treatment of this see the Example below.

Figure 7.2 shows the key stages in an experiment first performed about
100 years ago. The black ‘stuff’ is liquid mercury, the level of which can
be raised and lowered. The gas A in the glass capsule with very thin walls
is radon, an a-emitter. Helium gas at extremely low pressure is gradually
formed in the evacuated capsule B.

Write a bullet-point description of what is happening in this experiment
and what it is designed to prove.

Figure 7.2 The Rutherford and Royds experiment

Answer

» With capsule A filled with radon gas, any a-particles from the decaying
radon pass through the very thin walls and emerge into the larger
capsule B.

@ Here the a-particles gain electrons and become atoms.

& Any gas atoms in capsule B can be compressed, by raising the mercury
level, and forced into the top section between points P and Q.

# A high voltage (potential difference) between P and Q then produces
the emission of light — a spectrum which is characteristic of any gas
between P and Q.

# This gas was identified as helium gas, thus suggesting that if
o-particles gain electrons to become gas atoms, i.e. the nucleus of

helium is identical to the «-particle.




In the Rutherford and Royds experiment, the wall of capsule A was only
0.01mm thick, and the compression of the gas in capsule A was only
performed after six days! To ensure it was a “fair test’, capsule A was later filled
with helium gas, but no helium was found in capsule B, even after several days.

| 7.3 Thermionic emission

When a piece of metal is heated to a high temperature, negatively charged
electrons ‘bubble” out of'its surface. Of course, they will be attracted back to the

surface by the positively charged protons they leave behind. But if a positively
charged plate is placed near the piece of metal in a vacuum, the electrons
accelerate towards it and can be made into a narrow beam. In this arrangement,
called an electron gun, the metal is usually heated by a resistor (connected
to a 6V supply) placed behind it and the narrow beam is produced by making
a small hole in the positive plate (which is at a potential of about +2000V).
Electron beams such as those found in classroom cathode ray oscilloscopes were
described on page 100. Such beams accelerated in a vacuum through 2000V
contain electrons moving at very high speeds.

Summarising from earlier chapters:

® Force on an electron in an electric field F, = ¢E parallel to the field.
@ Force on an electron moving in a magnetic field ‘FE = Bev Perpcndicular
to the field.

Figure 6.10a in the previous chapter shows how a beam of electrons can
follow a straight path through E and B fields that are perpendicular to one
another, and Figure 6.10b helps to explain why electron beams can be made
to follow circular paths such as that shown here in Figure 7.3.

In Figure 7.3 the electrons are projected horizontally to the right from an
electron gun in a magnetic field that is directed out of the plane of the photo.
As electrons are negatively charged, the left-hand rule shows that the Bev
force is centripetal and remains so as the electrons move round part of a circle.
(The bright curve that enables us to ‘see’ where they are is caused by having a
very low-pressure gas in the tube. A few electrons ionise the gas atoms, which
then return to their ground state by emitting visible photons.)

Test yourself

6 A pool full of water has a volume of 1200m?3. The density of water is
1000 kg m—2. What mass of water does the pool contain?

T Describe, for a hon-scientist, what an atom of gold is like.
8 a) Express 0.01% as a fraction
h) Express 90° in radians.
9 Describe an experiment which shows that o-particles cannot penetrate
a piece of paper.
10 Draw a sketch of the electron gun described at the beginning of
Section 7.3.

11 What are the units of
a) an electric field, and
b) a magnetic field?

Figure 7.3 An electron beam made visible

7.3 Thermionic emission @



If you hold numbers in your calculator
as you work through a multi-stage
calculation such as this, you sometimes
get a slightly different answer.
Examiners are aware of this.

@ 7 Electrons and nuclei

| 7.4 Some useful algebra

Applying Newton'’s second law to an electron in the beam in Figure 7.3

above gives:

mlf"?

= Bev
= = Ber

As mv = p, the momentum of the electron (even for very large ), this can
be rewritten as p = Ber, which leads to

r= ¥4
Be
This tells us that the radius of the circle in which the electron moves is
proportional to the momentum with which the electron is fired. (Band e are
fixed in a given experiment.)

In Figure 7.3 the magnetic flux density is 0.50mT and the radius of the
circle in which the electrons are moving is 20cm.

a) Calculate the speed at which the electrons are moving.

) Deduce through what p.d. the electrons were fired.

Answer

B
a) As p = Ber we have mv = Ber and therefore v = %

Using e=1.6 x 107°C and m_=9.1 x 1073 kg gives
, (050 x 103N A ™) x (16 x 107°C) x (20 x 10 m)
©.1 x 10 Tkg)

=1.8x10"ms!

i) Kinetic energy of each electron =%mv2

é—mv;‘ = %(9.1 % 10731kg) = (1.8 x 107ms™1)? = 1.5 x 107167

__ Lsx%1071]
(1.6 x 1097 V')

=040 eV (or 880 eV if numbers held in calculator)

So the electrons were fired through a potential difference of 940V

Referring back to the above algebra:

v Be

From mv = Ber we get —=—
room

v B
and as — = @ = 27f this tells us that 2mf = =
r - m

So the frequency at which the electron circles does not depend on its initial
momentum, and hence on its initial kinetic energy, provided its mass
remains constant. This is the key to the operation of the cyclotron.



| 7.5 The cyclotron

A cyclotron is a type of particle accelerator. The theory that leads

B
to 271f= ~ for the frequency of charged particles circling in a magnetic field
enables protons to be accelerated to high energies in a circulating beam.

Figure 7.4 shows the principle of operation of a cyclotron.
A source of protons — ionised hydrogen atoms — is placed
at the centre of two ‘Dees’. These Dees are semi-circular
flat metal boxes, open at their diameter, and seen here
from above. The Dees are connected to a very high-
frequency alternating voltage V' = Fjsin2mft and are
situated in a strong vertical magnetic field, indicated here
by the X * X. The whole set-up is in a good vacuum.

This is how it works:

e Some charged protons that emerge from the central
source moving in a horizontal plane enter DI’

o where they follow a semi-circular path under the action
of the magnetic field.

® When they next arrive at the narrow gap between the
Dees they ‘see’ the opposite Dee to be at a negative
potential and are accelerated across the gap by the
electric field between the Dees (not shown).

® They now enter D, with extra energy el

@ where they continue in a second semi-circle at a higher
speed due to the extra energy (and therefore greater r)
and arrive back at the gap only now to ‘see’ D, to be
at a negative potential, because the voltage supply is

alternating at exactly the right frequency, a frequency equal to twice the

frequency of circulation of the protons.

e Extra energy ¢l is again added and this continues, with the radius of the

proton
beamn

proton
source

high-frequency alternating voltage supply

Figure 7.4 The Dees of a proton cyclotron

Again a detailed explanation is often
best set out as a series of bullet points.

proton’s path increasing each time until they leave D, tangentially as shown.

Protons are accelerated in a cyclotron in which the
magnetic flux density ‘through’ the Dees is 1.2T and
the voltage between the Dees when the protons cross
the gap is 10W/.

a) Show that the frequency of the voltage supply
necessary for it to be synchronised with the arrival of
the protons at the gap between the Dees is 36 MHz.

) How many circles must the protons make in order
to reach an energy of 10MeV?

Answer

4) The mass and charge of a proton are
m,=1.7x10""kg and e=1.6 x 107°C.

B
Substituting in 2::_); = ?egives
p

_12NAm x 1.6 107C

P 2 x 1.7 x 107%kg
=1.8 x 10'Hz=18MHz

In a cyclotron, the protons only describe half a
revolution before they meet the gap again. This
means that the frequency of the alternating voltage
supply must be twice the frequency of revolution of
the protons, i.e. 2 x 18 MHz = 36 MHz.

) At each crossing the protons gain 10 keV of energy.
As they cross twice per circle, they gain 20keV per
circle. Therefore the number of circles needed to

reach 10 MeVi s 1OMEV._ i

20keV
7.5 The cyclotron @




You should not try to remember and quote
the formula used in the previous Example.
Always start from basic ideas like

2
%=B€u and m=£—2:r5f.

7

@ 7 Electrons and nuclei

The 10 MeV reached in the previous Example is about the limit for a cyclotron
accelerating protons, as the synchronism only lasts so long as m remains
constant. To overcome this problem, synchro-cyclotrons were developed, in
which the frequency of the alternating p.d. was lowered in such a manner
as to keep accelerating the protons as their (relativistic) mass increased.
Cyclotrons can be used to accelerate other positively charged ions, and are
sometimes used to accelerate the protons used in modern medical treatments
such as proton beam therapy (see pagr 173).

| 7.6 Linear accelerators

You have probably seen a small Van de Graaft accelerator during your physics

studies (see Figure 4.15). In research laboratories large ones can be used to
accelerate charged particles up to energies of around 10MeV. To accelerate
protons (or other charged particles) to energies beyond this, a linear accelerator or
linac, of a different design detail for each particle, is used. In the electron linac,
shown in Figure 7.5, the electrons are given energy as they pass between charged
metal tubes. As in a cyclotron, the energy is delivered to the charged particles by
the electric field in the small gap between the tubes.

toac,
supply

electron
beam

drift tubes Chapoar

Figure 7.5 An electron linac

The tubes are connected to a high-frequency alternating voltage supply,
and the lengths of the tubes are calculated so that there is always a positive
charge, as seen by the accelerating electrons, on the ‘next’ tube. In this way a
bunch of electrons fired by the electron gun is attracted to the first tube but
while it is in that tube the charge on the next tube again becomes positive,
thus attracting the bunch leaving the first tube; and so on. The length of the
tubes increases as the speed of the bunch of electrons increases so that the
time the electrons spend in each tube is the same.

In any one tube the electrons travel at a steady speed — they drift — there
being no electric field inside the metal tubes. This is also the case for charged
particles while they are inside a Dee in the cyclotron.

Electron linacs are now routinely used in hospitals to produce beams of
high-energy electrons. When the beam hits a tungsten target the result is a
beam of X-rays — see Figure 9.4.

Figure 7.6 shows the structure inside the vacuum chamber of the proton
linac at Fermilab (Fermi National Accelerator Laboratory) near Chicago in
the USA. The drift tubes are clearly seen. This linac is 150m long and can
accelerate protons to 400 MeV.



At Stanford in the USA, an electron linac that is 3km long can accelerate
electrons to 50 GeV (50000MeV). (Once the electrons have a very high
energy — move at close to the speed of light — the tubes in the linac do not
get noticeably longer.)

A modern proton linac has 420 metal tubes. lis operating voltage
frequency is 390 MHz.

Calculate how long it takes a proton to travel along this linac. (Assume
the gaps between the tubes are very small.)

Answer

The protons drift for half a cycle in each tube (because every second tube
is connected to the same side of the alternating supply).

L. 1 1
. i i W — — =
. time in each tube 7 7= 2 %390 x 10°Hz) 1.28 = 105

So the time to travel down 420 tubes =420 x (1.28 x 107s) =54 % 107"s

Test yourself

12 What is the speed of light in a vacuum?

13 Explain why one electron-volt is equivalent to 1.6 x 107 joules.
14 Check that the units of % are s7! or hertz.

15 Why is 10 MeV about the limit for the energy of protons accelerated
in a cyclotron?

16 Name two features that are common to cyclotrons and linacs.

Figure 7.

Fermilab

6 Inside the proton linac at

7.6 Linear accelerators @



Figure 7.7 One of the huge detectors for
the Large Hadron Collider at CERN

@ 7 Electrons and nuclei

| 7.7 Particle detectors

The history of nuclear physics in the 20th century closely followed

improvements in the experimental methods available for detecting nuclear
particles. Four Nobel Prizes in Physics were awarded in this field: Table 7.2
lists these, including the year (in brackets) of the first use of the detection
method. Cecil Powell, the ‘father’ of Particle physics, sometimes used a
team of technicians to search for any interesting feature in his photographic
emulsions. In the late 20th century Tim Berners-Lee invented the World
Wide Web in order to send data from CER N’ experiments to universities
all over the planet for them to study. (And - luckily for all of us - he did not

make any charge for the use of the web!)

Table 7.2 Nobel Prizes in Physics in the field of particle detection

1927 CRT Wilson (Scottish) Cloud chamber {1911)

1950 CF Powell (English) Photographic emulsions (1934)
1960 DA Glaser (American) Bubble chamber (1960)
1992 G Charpak (French) Drift chamber (1992)

There may be others added to this list in the present century, if the designers
of the huge detectors at CERN and other high-energy laboratories are
honoured. Figure 7.7 shows such a massive detector being assembled. Note
the size of the physicists in their hard hats on the gantry!

The basic principle behind the detection of charged particles has not changed,
as energetic charged particles cause ionisation in any material through which
they pass.

The cloud chamber made use of ionisation in super-saturated air and the bubble
chamber of ionisation in super-saturated liquid hydrogen. The ionised molecules
along the particle’s path form centres for the formation of tiny liquid water
drops and tiny hydrogen gas bubbles respectively. These can be illuminated and
photographed: in both cases the ‘track’ of the ionising particle is thus made visible.




Figure 7.8 is a photograph of a spiralling curved track in a bubble chamber.
This was caused by an energetic electron that entered the chamber at the top
right. You may guess (correctly) that there was a magnetic field perpendicular
to the electron’s spiral, and the left-hand rule will tell you that the field was

directed out of the plane of the paper (because an electron is negatively
charged). You may also realise that the electron is gradually losing energy.
There are two ways of deducing this:

Each ionisation will take a few electronvolts from the kinetic energy of
the electron, and there are many hundreds if not thousands of ionisations
in the spiral.

The radius of the spiral is getting smaller, and on page 118 we proved
that r= %, that is the radius of the electron’s path is proportional to its

momentum, and thus depends on its kinetic energy.

(The labels A, B, C and D on this photograph are used in Exam Practice
Question 21 at the end of this chapter.)

Cloud chamber photographs can be seen in Figures 1.20, 8.3 and 9.11.

High-energy charged particles can also be detected by the sparks they
produce between a series of thin sheets of charged metal foil. Such
a detector is called a spark chamber and was the forerunner of modern
drift chambers.

Figure 7.9 shows how charged particles can be ‘tracked’ by the sparks
they produce. Clearly there was no charged particle in the centre of the
photograph — perhaps the incoming particle stopped there, after it had
knocked a neutron out of an atom’s nucleus.

Figure 7.8 A bubble chamber photograph

Figure 7.9 A spark chamber photograph

7.7 Particle detectors @



Be sure to square ¢ when using
Einstein's equation.

| 7.8 Einstein’s equation

Einstein’s famous equation is best written as

AE = EAm

where ¢=3.00 x 10®ms™! is the speed of light in a vacuum. The Am tells us
that particles have a mass when they are at rest — their rest mass m, — but
a greater mass m, + Am when they have extra energy AE. It further tells
us whart the ‘rate of exchange’ is between mass and energy. An extra energy

(perhaps kinetic or internal or elastic) AE is equivalent to an extra mass %
c

Calculate how much ‘heavier’ a 12V, 50 Ah car battery is when fully
charged than when totally discharged. State any assumption you make.

Answer
Assume that the battery is at the same temperature in both circumstances.
A battery with a capacity of 50 A h will discharge
50Cs™ % 3600s = 180000C
The total electrical energy stored in a fully charged 12V battery is therefore
AE=180000C x 12JC' =216000071
This is equivalent to a mass increase of

N 21600007
~ (3.00 x 10°ms™)?

The battery is therefore 2.4 x 107N heavier when fully charged. (Negligible!)

m =2.4x101kg

The Example above, like many others in our everyday world, shows us that
we can normally treat the conserwation of mass and the conservation of energy
as two separate principles. But in the sub-atomic world, the world of high-
energy electrons and nuclear particles, we need to apply the equivalence of
mass and energy — Einstein’s principle of the conservation of mass—energy.

Figure 7.10 Matter from energy!

@ 7 Electrons and nuclei

A dramatic demonstration that kinetic energy and mass are interchangeable is
shown in Figure 7.10. Here an iron nucleus approaching the Earth from deep
space strikes a silver nucleus in a photographic emulsion raised high into the
atmosphere by a balloon. The huge kinetic energy of the iron nucleus is used
to create about 750 new ionising particles, the total mass of which multiplied
by et equals the loss of kinetic energy in the collision.



Calculate the potential difference through which an electron, of rest mass
my=9.11 x 10 kg, must be accelerated in order to double its effective mass.

Answer
Suppose the p.d. is F, then the energy AE given to the electron = el{

In this case the equation AE = c*Am becomes eV = c*Am, and Am
becomes equal to m, because the mass is to be doubled.

Substituting: (1.6 x 1071°C) x =(3.00 x 108ms™1 x (9.11 x 107!kg)
= F=5.1%10°V or 510kV

Let us try to calculate the speed of an electron accelerated through 5000kV
in a linac producing X-rays.

Starting with Elm cvz = eV
and substituting m, = 91 x 1073 kg, e=1.6X 107 C and V= 5000000V
== 1.3 X 10°ms™! to 2 SF

This is not possible (and we haven’t made a mistake in using the calculator!).
Nothing can travel faster than the speed of light, 3.0 X 10¥ms™!. So what
has ‘gone wrong'? We used Newton's formula for kinetic energy, and this
assumes that objects have the same mass at all speeds. The theory of special
relativity proposed by Einstein predicted that the faster things go, the heavier
they become — as the Example above shows. (The graph in Figure 8.5 on
page 134 shows this quantitatively.)

The electrons in the Stanford linac can acquire energies of 50 GeV, which is
a factor of 10* greater than 5000 keV. The rest mass of the Stanford electrons
becomes negligible compared with their total effective mass — quite the
opposite result from the example of the charged car battery!

Test yourself

A7 What feature is common to most methods used in the detection of
sub-atomic particles?

18 What particles do not show up on photographic emulsions used to
detect sub-atomic particles?

19 A bill for electricity states that the customer has ‘used’ 2500kW h of
electricity. Explain this statement.

20 Einstein’s equation gives us % = Am. Show that Js2m=2 is equivalent
to 1kg g

| 7.9 Particle interactions

Figure 1.20a on page 16 shows an alpha particle striking a helium nucleus in
a cloud chamber. As part of the Example on page 16 the fotal vector momenta

before and after the collision, in the direction of the incoming u-particle,
were calculated and found to be equal. In collisions momentum is always
conserved; in nuclear collisions charge and mass—energy are also conserved.

7.9 Particle interactions @



In Figure 1.20b kinetic energy, a scalar quantity, is conserved as (try it):

%max (1.50 x 107 m 5_1)2=%mu>< (1.23 x '107n15_1)2+21mHe>< (0.86 x 107 ms™)2

After cancelling the halves and the equal masses of m and m,,, each side
is numerically 2.25 X 10, Here the speeds are not high enough (less that
one tenth the speed of light) for the kinetic energies to represent a noticeable
extra mass.

Sometimes collisions occur in which not all the particles are ionising because
they are uncharged. Such particles leave no tracks in a bubble chamber.

There is a magnetic field into the plane of the bubble I1) Deduce the existence and nature of any other particles
chamber tracks represented in Figure 7.11. in the interactions between particles E and F

In a} ‘explain any deductions’ implies that some
deductions will be quantitative.

RANSwWel

1) Each of the particles A, B, C, D, E and F has an
electric charge as each provides a track showing
ionisation in the bubble chamber.

A and B are positively charged (from the left-hand
rule) and the curvature of their tracks are similar.
If they have equal charge, then the momentum of
each is equal.

C and D must be negatively charged. As r = 2r. then
perhaps .= g, and the momentum of each would
then be pp = 2p. (since p=B0r).

E is a negatively charged particle. F's track is
almost straight so it has a very high momentum; it
must, however, be negatively charged to conserve
charge when F knocks E forward.

i) There must be two neutral particles that do not
ionise, moving from the point where F makes a
collision producing E. Perhaps they are y-photons.
Each then produces a pair of oppositely charged
particles A—C and B-D to conserve charge where
they are produced.

Figure 7.11

a) State and explain any deductions that can be made
about the nature of the particles A,B,C, D,Eand F

There is some guesswork in the answer above, but it illustrates how photographs
of particle tracks and interactions can yield information. Nowadays powerful
computing techniques are employed to make deductions from the information
gathered by vast detecting systems at, for example, the LHC at CERIN.

@ 7 Electrons and nuclei



Exam practice questions

1 The mass of a proton is N times the mass of an electron. A sensibly
rounded value for N would be abourt:

A 200 C 2000
B 550 D 5500 [Total 1 mark]

The proton number of the element uranium is 92. The number of
neutrons in an atom of the isotope 23517 is:

A 92 C 146

B 143 D 235 [Total 1 mark]
Which of the following is not a possible unit for momentum?

A Ns C Jm™s

B kgms™ D kgms™! [Total 1 mark]

A singly ionised helium atom and an ionised hydrogen atom are each
accelerated in a vacuum through a potential difference of 200V, The
kinetic energy gained by the helium is:

A a quarter of the energy gained by the hydrogen

B half the energy gained by the hydrogen

C the same as the energy gained by the hydrogen

D twice the energy gained by the hydrogen. [Total 1 mark]
5 An energy of 12n] is equivalent to an energy of:

A 75keV C 7.5GeV

B 75MeV D 75GeV. [Total 1 mark]

6 According to the Einstein mass-energy relationship, using ¢ =3.0 x 108ms1,
a mass difference of 4.0 X 1075kg is equivalent to an energy difference of

A 360] C 120p]

B 40] D 0.36]. [Total 1 mark]
7 The curved path in Figure 7.3 is visible because:

A clectrons glow when they travel at high speeds

B electrons leave a trail of tiny water drops along their path

C gas atoms in the tube are attracted to one another and form particles

D gas atoms in the tube are ionised by the electrons. [Total 1 mark]

8 Protons being accelerated in a cyclotron move at a constant speed while
inside the Dees, because

A they are shielded from the magnetic field while inside a Dee
B there is no force acting on them along their path

C only while in a Dee are they travelling in a vacuum

D the alternating voltage is synchronised to their movement.

[Total 1 mark]




9 Tuke the density of nuclear matter as 1.0 ¥ 1016kgm™=. It can then be
deduced that

a) the volume of a gold nucleus 77 Au is:
A 02 x107¥m3 C 1.3:x 107
B 2.0x 107"m? D 33x% 107" m?
b) the radius of a gold nucleus is about:
A 20Xx107%m G- 3.0 1o 1%m
B 50X 1074m D 6.0 X 1074m, n
[Total 2 marks]

@ 10 Figure 7.12 shows the path of an g-particle scattered by a gold nucleus.
Copy the diagram.

@ gold nucleus
Figure 7.12

a) i) Label with the letter M the point on the a-particle’s path where it
feels the maximum force from the gold nucle us.

ii) Add the path followed by an a-particle moving initially along the
same line but having a smaller energy than that in the diagram.

iii) Add the path followed by the original a-particle but which
approaches a nucleus carrying a smaller charge than gold. [31

b) Identify the two new tracks from a ii) and iii) with suitable labels. [1]
[Total 4 marks]

@ 11 The electric potential energy (EPE) of a particle of charge Q, a distance r

from a nucleus of charge Q, is giveh by the relationship
kQ,Q, 1
EPE = where k or 7= = 9.0 X 10°Nm*C™

r T,
a) Calculate the EPE of an a-particle 5.0 X 107'* m from the centre of
a gold nucleus. (The charge on an e-particle and a gold nucleus is 2e

and 79e respectively.) 2]

b) Express this energy in MeV and explain how an o-particle with this
kinetic energy will slow to zero and then reverse as it *hits” a gold
nucleus head on. [4]

[Total 6 marks]

@ 12 The‘radius’ of a nucleus and the ‘radius’ of an atom are about 1074 m and
1070 m respectively. What fraction of a typical atom is therefore “empty
space’? [Total 3 marks]




13 In a hydrogen atom the average distance apart of the proton and the
electron is 5.3 X 107! m. Assuming the electron to be a particle orbiting
the proton, explain how the frequency f with which the electron is
orbiting can be calculated. Deduce a value for f, and suggest in which part
of the electromagnetic spectrum such a frequency lies.

[Total 5 marks]

Protons each of momentum p move in a circle of radius r when projected

perpendicular to a magnetic field of flux density B. It is shown on page 118

——
thatr= Be

For speeds that are not too high, show that the kinetic energy E, of
protons moving in a circle is proportional to e, provided B, e and m are
constant. [Total 5 marks]

The gap between two ‘tubes’ in a proton linac is 25 mm. The alternating
voltage has a maximum value of 200kV. What is the mean value of the
accelerating electric field between the tubes? [Total 4 marks]

16 Prove that the synchronous frequency in a proton cyclotron is given by

Be
P [Total 4 marks]

17 The tracll:: of an a-particle ionising air molecules in its path 1s a straight
line. Each ionisation requires 30 eV.The graph in Figure 7.13 shows the
number of ionisations an ¢-particle makes as it moves from its source to
the end of its track.

8000—
R - 16.0]0 /\ ™,
lonisations

per mm f \

4000

2000

0 50 6

distance from end of
range in air/mm

Figure 7.13

Use the graph to estimate the initial energy of an u-particle that travels
60mm in air. [Total 5 marks]

@ 18 Refer to Figure 1.20b on page 16. Show that the momentum at right
angles to the initial direction of the a-particle after the collision is zero.
‘What assumption do you make? [Total 6 marks]

@ 19 Protons are accelerated to an energy of 20MeV in a cyclotron. Calculate

their relativistic mass increase and express this as a percentage of their rest
mass 1.67 X 107%kg. [Total 5 marks]




Stretch and challenge

20 Figure 7.14 shows three drift tubes that form part of an electron linac —a
linear accelerator. The charges on the tubes at one instant are shown.

Figure 7.14

a) Copy the diagram. Add electric field lines to your diagram and explain
the function of these electric fields on the workings of this electron
linac. 3]

b) i) Why are the tubes referred to as “drift tubes’?

ii) Suggest why the tubes appear to be of equal lengths in the
diagram. [6]
c¢) Calculate the increase in mass of an electron accelerated through a p.d.
of 8.4 GV and comment on the result. [3]
d) Show that the units of the calculation in part ¢) are correct. 3]
[Total 15 marks]

Refer to Figure 7.8. The momentum of an electron when moving
perpendicular to a magnetic field of flux density B is given by p = Ba,
where 7 is the radius of its path.

a) Measure the radius of the electron’ path at A, B and C.Take the centre
of its path as D. It is helpful to use the edge of a white sheet of paper
under your ruler. (The Photograph is % real size.) 3]

b) Calculate the momentum of the electron at A, B and C, given that
B=12T [4]

¢) This high-energy electron is moving at a speed close to » = 3.0 x 10°ms™!
(to 2 SF) at each point. Calculate values for the mass of the electron at
A, BandC. 3]

d) How do your answers compare with the rest mass 9.1 X 10731 kg of'an
electron? 1]

[Total 11 marks]




Particle physics

Priior knowledge

You should be familiar with the Prior Knowledge required for the prewvious chapter
‘Electrons and nuclei’ You should also know from earlier work covered in your
Advanced level and GCSE:

=» that magnetic flux density or magnetic field strength is measured in teslas, T
= that a tesla is a name for NA m™!

=» that the speed of e-m radiation is 3.0 * 108 ms ! in a vacuum

=¥ that linear momentum (p = mnv) is a vector and kinetic energy (E, = %,m_i:, is
a scalar )

=» how to make things the subject of equations, e.g.
P = %m\ﬁ- =y =

=1 m

=+ the relationship that centripetal acceleration a =‘—f0f rer?

=# that the force on a charged particle moving | to a magnetic field is B, Ov

=» the meaning of prefixes such as M (mega = 10°) and G (giga = 109)

= Einstein's famous equation relating energy and mass AE = ¢2Am

=» that electromagnetic waves can be described as a flow of ‘particles’ called photons

=» that the energy of a photon of frequency f'is hf, where A is the Planck constant h

of numerical value 6.63 = 10734js

=» the de Broglie equation A =% relating wave and particle behaviour,

Test yourself on prior knowledge

1 Write down the relationship for the force F on a wire of length £
carrying a current I placed L to a magnetic field of magnetic flux
density B.

2 What is the formula if the wire is placed at an angle & to the
magnetic field?

3 What is meant by the statement ‘A charged particle with an energy of
B6MeV'?

4 |n the form of Einstein’s equation E = mocz. what is meant by'mn?

5 Show that BOv has the unit N (newton).

6 If a charge O is moving with speed v in a magnetic field of strength B,
under what circumstances will the force on the charge, F = BOv, be zero?

7 What is the unit of the Planck constant?

2 What is the energy of a photon that behaves like a wave of
wavelength A?

9 Calculate the de Broglie wavelength associated with an electron
moving with a momentum of 2.73 x 10~22N s,




Figure 8.2 The quarks that make up a

proton and a neutron

(12 I

Particle physics

| 8.1 The discovery of quarks

The scattering of a-particles by a thin sheet of gold was described in

Section 7.2. This famous experiment was performed in Manchester in 1913.
In the late 1960s, a similar experiment was performed at Stanford in the
USA, but this time the bombarding particles were high-energy electrons
and the target was liquid hydrogen in a bubble chamber. At low energies,
the negatively charged electrons were deflected by the protons forming the
nuclei of hydrogen as if the protons’ positive charge was confined in a tiny
volume (as in the o-particle scattering experiment). There was no net loss of
kinetic energy, i.e. the scattering was elastic (Figure 8.1a).

At high electron energies — above about 6 GeV (6 X 107 electron-volts) — funny
things began to happen. Now the electron lost alot of energy in colliding with the
proton and the proton fragmented into a shower of particles rather than recoiling
(Figure 8.1b). This energy-to-matter transformation meant that the collision was
inelastic, hence the name ‘deep inelastic scattering’. The conclusion was that
protons were not tiny ‘balls’ of positive charge but contained localised charge centres.
The electrons were interacting with these charge centres via the electrostatic
force, which is an inverse-square law force — see Section 4.6 Coulomb’s law.

a b

low-energy high-energy
electron electron

P

Figure 8.1 a) Elastic and b) inelastic scattering

shower of
particles

-
-

proton

The charge centres, of which there are three in the proton and also in the
neutron, are called quarks. Figure 8.2 shows the quarks ‘inside’ a proton and
a neutron. The quarks here are of two varieties:

‘up’ quarks with a charge +%e, symbol u
‘down’ quarks with a charge —%e, symbol d

The quarks in protons and neutrons are bound together tightly (the springs
in the model shown in Figure 8.2 represent this), and in order to break the
quarks apart very high-energy bombarding electrons are needed. However,
the experimenters did not find any individual quarks in the showers of
particles resulting from the inelastic collisions, and no one has yet found
a ‘free’ quark. The showers of particles were mainly ‘mesons’ consisting of
quark—antiquark pairs — see the next page.
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Some of the particles you are learning about here are the building blocks
of the matter that we see around us — atoms. This matter that is made of
protons, neutrons and electrons (our atoms) is sometimes referred to as
hadronic matter. Most importantly it interacts in a manner determined by
Newton's law of gravitation — see Chapter 3.

| 8.2 Matter and antimatter

We now believe that all fundamental particles, like up and down quarks and
electrons, have antiparticles with exactly the same mass as their corresponding

particles but with opposite charges. The antiparticle to the electron is called
a positron and has the symbol ¢*. The photograph in Figure 8.3a shows a
cloud chamber in which a charged particle entering from the right is slowed
down as it travels through a 6 mm lead plate across the middle of the chamber.
Figure 8.3b shows a diagram of the particle track.

b

On page 126 it was shown that the radius r of such a track if 1 to a magnetic
field of flux density B was related to the particle’s momentum p by the
relationship r = p/BQ, where Q is the charge on the particle. The remarkable
thing about this 1933 photograph is that the magnetic field was directed
dowmwards, and so the charge on the particle was, by the left-hand rule,
positive. The charge was found to be +¢; it was a positron. The concept
of there being antiparticles like the positron (we can now make anti-atoms
of hydrogen) was predicted by Paul Dirac in 1928, and for this work he was
awarded the Nobel Prize for Physics in 1933 at the early age of 31.

In Figure 8.3, the downward magnetic flux density B = 1.5T. Assuming
the photograph is ‘life-size’, calculate the momentum of the positron
before and after it penetrates the lead sheet. The measured radii on the
photograph are about 60 mm and 30 mm.

Answer
Using p = BOr with 0 = +e gives:
Proegore = 1-3T % (1.6 % 1071°C) x 0.06m = 1.4 x 10720N's
Papier = 15T % (1.6 x 107°C) x 0.03m =0.7 x 107 N's

Figure 8.3a) A cloud chamber photograph
from 1933

b) diagram of the particle track

Figure 8.4 Paul Dirac - English physicist

When doing or reading Examples like
this, it is valuable revision to check the
units: here TCm becomes Ns.

8.2 Matter and antimatter @



Meatbon-12 = 12u (::xactly]

One unified atomic mass unit (1 u)
=1.66 x 107% kg to 3 SF.

@ 8 Particle physics

The restmass m of both an electron and a positron is 9.1 X 107'kg, so a simple
substitution into p = mg would suggest that the positron in Figure 8.3 was
travelling much faster than the speed of light (¢ = 3.0 X 10¥ms™). This is not
possible. Einstein’s theory of special relativity predicted that the faster things
go, the heavier they become. The graph in Figure 8.5 puts this quantitatively
and describes the mass m of an object increasing as a fraction of its rest mass
m,, as its speed increases. For example: m = 2.5m, when a positron is moving
at about 0.925¢ or at 92.5% of the speed of light.

s

zo- T A

1.0

0

l ' l l '
0 0.25¢ 0.50¢ 075¢ 100

Figure 8.5 The relativistic increase of mass with speed

Test yourself

1 Explain the difference between elastic and inelastic collisions.
2 Express 6 GeV in joules and nanojoules.
3 State Coulomb's law for the force F between charged particles.

4 State the structure of a neutron using u for an up and d for a down
quark.

5 What is the electric charge, in coulombs, on a positron?
6 Show that T C m is equivalent to N s.
7 Use Figure 8.5 to find

a) the fractional increase in mass of a particle moving at 75% the
speed of light

Iy} the speed at which a particle must be moving to increase its mass
to 3 times its rest mass.

| 8.3 Other mass units

So far in this book we have used the SI unit kilogram for mass and the SI

unit joule for energy. We have already used a non-SI unit for energy, the
electron-volt (eV). Of course, ] and €V can be used with multiples of ten, e.g.
kilo-, milli-, as can the gram, g. Another unit for mass, the unified atomic
mass unit, symbol u, is useful in nuclear and particle physics. It measures
masses on a scale where an atom of the isotope of carbonlgc is given a mass
of exactly 12u.



Another non-SI unit for mass or extra mass used in high-energy particle
physics 1s MeV/e2 or GeV/c2. This results from Einstein’s equation AE =
Am. So the rest mass of a particle might be given as 250 MeV/? which,

after multiplying by 1.6 X 107*JMeV ™! and dividing by (3.0 x 108ms™1)?,
equates to 4.4 X 107®kg.

Table 8.1 summarises these different mass units.

Table 8.1 Mass units used in particle physics Familiarity with these non-S units can

only be achieved by practising changing

1kg = 1 6.02 % 1028 5.62 x 1029 from one to another. A common error is
Tl 1.66 x 10-27 1 1.07 % 10-2 to forget to square c. (Remember that
1MeV/c2=  1.78x10°%0 934 1 ¢ =9.0x 10°m?s™2)

Express the mass of an isotope of a uranium atom 235U a) in kg and
) in GeV/® . Take the rest mass of 225U as being 238u.

11238u =238u x (1.66 x 107 kgu™!) =3.95 = 10" 25kg

h) 238u = 238u x (934 MeV/2 u™!) =222 x 103 MeV/2 =0.222 GeV/2

| 8.4 Creation and annihilation of matter

The conservation of mass—energy explains some astonishing events, in Remember that a photon is a quantum
particular: (bundle) of electromagnetic energy.
Photons behave sometimes like waves
and sometimes like particles.

particle production photon — electron + positron
particle annihilation electron + positron — photon(s)

Figure 8.6a shows pair production in a bubble chamber across which there
is a magnetic field. Here a y-ray photon creates an electron—positron pair of
charged particles. Figure 8.6b is a corresponding diagram to which a dotted
line has been added to show the track of the incoming photon.

Figure 8.6 Pair production in a bubble chamber

8.4 Creation and annihilation of matter @



Figure 8.7 Four PET scans of the brain

@ 8 Particle physics

In this event, charge is conserved: zero before and (—e) + (+e) = 0 after. Mass—
energy is also conserved — see the Example below. (Momentum is conserved,
as is shown by the equal but opposite curvature of the two particles’ coloured
paths in Figure 8.6b.)

Show that the minimum vy-ray energy necessary for electron—positron pair
production is 1.02 MeV.

The rest mass of an electron plus a positron is
9.1 % 1031 kg +9.1 x 1073 kg =18.2 % 1031 kg.

This total mass has an energy equivalence AE = c2Am, where
Am = 18.2 x 10-3Lkg. So the minimum energy E for the photon must be

E=(18.2 x 107 kg) x (3.0 x 108 ms )2 = 1.64 x 1073T or 1.02MeV.

The annihilation of an electron and a positron obviously conserves charge,
but it is more difficult to demonstrate that the resulting electromagnetic
radiation conserves energy, unless the resulting photons (often tweo, for
example when the annihilating particles have zero or equal and opposite
momenta) subsequently produce detectable charged particles. What we
can say is that a pair of photons from such an annihilation will each have
an energy of at least half of 1.02MeV and thus a minimum de Broglie

wavelength (A = he/E) of 0.61 % 107'2m. These are photons in the y-ray part

of the electromagnetic spectrum.

PET scans

Antimatter particles are nowadays in use routinely in hospitals whenever a
PET scan (positron emission tomography scan) is used to image activity in a
person’s brain. Suppose you are asked to help with experiments to see which
part of your brain is working when you look at a screen, listen to music,
speak to your friends or think about your physics studies. The brain scans for
such activities in a normal brain are shown in Figure 8.7.




How is it done? Your blood is injected with a small amount of liquid
containing an isotope of oxygen —!20. This is a radioactive isotope with
a half life (see Section 9.7) of 122 seconds. In decaying in your brain, each
oxygen-15 nucleus emits a positron that immediately annihilates with a local
electron to produce two y-rays, each of energy 511 keV.

‘-3++¢z——:hY+"f

As the positron and electron are effectively stationary, the y-rays move
apart in opposite directions (conserving momentum) and are detected by
surrounding devices called scintillators. The part of your brain they come
from is deduced from the difference in time they take to reach the scintillators.
A computer produces the resulting image.

Other particle—antiparticle annihilations are possible, for example that
resulting from a proton meeting an antiproton. Here the energy is much
higher, because the mass loss is much greater. Perhaps in a few years we will
see experiments to annihilate a hydrogen atom with an anti-hydrogen atom
(these are produced by their thousands in physics laboratories around the
world, e.g. at CERN). Nowadays fMRI scans (functional nuclear magnetic
resonance scans) are also used to show which part of the brain is responding
to different stimuli.

Test yourself

8 Express the joule in base Sl units.
9 Express the electron’s mass, 9.1 x 10-31kg, in MeV/c2.

10 What is the mass in kg of a molecule of an oxygen isotope that is
quoted as having a mass of 34u?

11 Explain how to calculate the energy of a photon of electromagnetic
radiation of wavelength A.

12 How can we tell from a cloud chamber photograph of an electro-
positron pair production that linear momentum has been conserved?

12 What is an energy of 1.02MeV in joules (J)?

14 A proton and an antiproton (each of mass 1.66 x 10727 kg) annihilate to
produce two identical photons. Calculate the frequency of each photon.

| 8.5 The standard model

In Section 8.1 of this chapter you read that the up and down quarks were discovered
using high-energy electrons. All these particles — the u quark, the d quark and
the electron — are ‘fundamental’ particles. The electron and its antiparticle the
positron are members of a group of fundamental particles called leptons.

There are two other leptons of greater mass (and therefore produced by more
energetic events) that we call muons (p) and taus (t). Each p~ and T has a
negative charge —e, and each antiparticle u* and T° a positive charge +e,
where e = 1.6 X 1077 C,

< Ty ¥ detector
(scintillator)

¥ detector
({scintillator)

Figure 8.8 Photons from matter-antimatter
annihilation enable brain activity to be

imaged

8.5 The standard model @



@ 8 Particle physics

These fundamental leptons form the three ‘generations’ I, I1 and III shown
in Table 8.2.

Table 8.2 The three generations of leptons

I T S S

electron, e muon, u- tau, T
charge —e=-16x=1072C —e=-16x10"YC —e=-16x10"%C
rest mass 0.511 MeV/c? 106 MeV/ 2 1780 MeV/e2

Reactions such as radioactive decay have shown that electrons (and positrons)
are associated with the up and down quarks that make up the protons
and neutrons of everyday matter. Similarly the muon and tau leptons are
associated with other quarks. These quarks are shown in Table 8.3.

Table 8.3 The three generations of quarks

up quark, u charmed quark, ¢ top quark, t
+":—§'a + —259 + %a
a few MeV/c2 about 1GeV/2 over 100 GeV/c2
down quark, d strange quark, s bottom quark, b
&
a few MeV/c2 ‘about 0.1 G‘chcz a few GeV/c2

All quarks also have their corresponding antiparticles. These are written using
the same symbols but with a bar above them: so, for example, uand &, d and d.

Historically, it was the symmetry of the arrangement of the three generations
that led physicists to establish the standard model. This is summarised in
Table 8.4.

Table 8.4 The standard model of fundamental particles

e 7 T leptons, charge —
s & t quarks, charge +%s
d s b

quarks__, charge —%u-
Ordinary matter, the stuff the stars and galaxies of stars that we can see are
made of, is made entirely from the ‘first generation’ of particles: the electron
plus the up and down quarks. Individual quarks have never been isolated,
which is why their masses are not precisely known. They join together in
threes to form baryons and twos to form mesons (see below).

Associated with each lepton is a neutrino, a mysterious ‘particle’ which you
will learn about in Chapter 9 in relation to radioactive decay. Neutrinos ‘may’
form part of what is called dark matter — see the Chapter 13 on astrophysics.



Figure 8.9 shows the structure of ordinary matter, starting right to left with
quarks, which form baryons, then atoms, which include leptons, and finally
crystal structures.

nucleus neutran

matter

Figure 8.9 The structure of ordinary matter

Time dilation

The lifetime of elementary particles (their half-life) depends on how fast they are
moving relative to the observer — the person who tries to measure their speed.
This is a result of Einstein’s theory of special relativity. In fact we now know
that, for an object moving at a speed v, the time dilation factor is ¥, where:

1

1— %>

'}f:

For example, for a particle travelling at nine tenths the speed of light vt = 0.9
and y= 2.3 to 2 SF, so the particle will, on average ‘last’ for more than twice
its normal lifetime. It is because of this time dilation factor that high-energy
(high speed) particles ‘last’ much longer than we expect, and leads to strange
results such as the twin paradox — see the Example below and exam practice
question 20.

Muons are created by protons from the Sun interacting with molecules
high up in the Earth’s atmosphere. We now know that these muons decay
in the laboratory with a very short half-life — about 2.2 ps.

a) How far would a particle moving at the speed of light travel in 2.2 us®?

b} In fact, huge numbers of muons are detected at sea level. Comment
on how this is possible.

Answer
ald=vt=(3.0 % lﬂsms_l) % (2.2 % 10—55) =660m

b} The muons resulting from this reaction are travelling very, very quickly.
So quickly that they do not decay in a couple of microseconds but,
owing to the time dilation factor, last much longer.

Many of them therefore travel from the upper atmosphere to the
Earth’'s surface before decaying.

8.5 The standard model @



Quarks and antiquarks cannot be mixed
up to make a three-quark baryon; gqg,
for example, is an impossible baryon.

Tip

When listing the charges for a baryon it
is safest to bracket the charge on each
quark so as not to get confused with +-

or —+ situations.

—

=
k=

i

i

| VX

o

Try to remember that uud is a proton
and udd is a neutron.

Other than uud and udd, you do not
need to learn the names or structure of
any baryons.

Figure 8.10 The pion group of mesons

@ 8 Particle physics

| 8.6 Baryons and mesons

Even before quarks had been discovered, lots of previously unseen, massive

particles carrying a charge of zero or +e or —¢ had been found in experiments
using the increasing energies available from wvarious particle accelerators.
Assuming these particles are made up of two or three qugrks, can you predict,
using only u and d quarks plus their antiparticles @ and d, what some of these
might be?

How about:
ddd: a particle with charge: (—%f)+(—%£)+(—%€.] =—¢

or di: a particle with charge: (—%e)+(—%e) = —¢

If you make use of the other four quarks, many more combinations result. It
is even possible to get particles with a charge of +2¢ or —2e; can you see how?

Particles made from three quarks, qqq (matter) or three antiquarks
qqq (antimatter), are called baryons. Protons and neutrons are baryons; all
baryons have their antiparticles, for example the antiproton is aid. Even a
baryon made up of three u quarks uuu has been found. It has a charge +2¢
and is called the delta particle — symbol A*™.

Example
What is the charge on a uds baryon?
Answer

Charge is (+-§e)+(—ée)+(—é-e] =10, i.e. it is a neutral particle.

The uds in the above Example is called a sigma zero, Y and is one of a
group of T particles containing one strange quark — plus, of course, two other
quarks. Particles with two strange quarks, e.g. dss, are called xi (E) particles;
the dss is xi minus with a charge of (_%9)"'(_%5)"'{"}5) = —¢, symbol E7. The
sss baryon, also with a charge of —¢ (can you see why?), is called omega minus,

€27, This particle, the omega, minus was discovered in 1964. Its discovery was
an important step in confirming the correctness of the quark model.

Particles made of two quarks are called mesons. They are all combinations
of a quark and an antiquark: qq. One group of mesons, known as pions, are
ud, uil or dd, and di, as shown in Figure 8.10. These have charges of +¢, 0, 0
and —e, and are designated as 1", n°, ©° and 7. (Yes, there are two different
ways of making a T meson!)




You should be able to predict other groups of mesons, but you do not need
to remember their names. Those with one strange quark are called kaons
(K); the s5, with two strange quarks, is called the eta meson, symbol 'r|D. It
was showers of mesons that emerged from the deep inelastic scattering of

electrons described in Section 8.1 (Figure 8.1b).
It is important to remember that in all reactions

the total number of baryons is conserved.

Thus p + p — p + " is not possible (although charge is conserved), but

ptp—p+pt+ nispossible.

One possible outcome when two protons interact is:
p +p — p + n + n*. Analyse this reaction in terms of the charge and
deduce the quark structure of the n*.

Answer
Left-hand side of equation p + p has charge (+e) + (+&) = +2e.

-. Right-hand side p + n + n* has zero charge from n so must have +2e
from p and mt.

As p has charge +e, t* must also have charge +e for charge to he
conserved.

Writing the known quarks in brackets: p + p — p + n + nt becomes:
p (uud) + p (uud) — p (uud) + n (udd) + Tt (gq)

as m'"is a meson and must consist of a quark and an antiquark. An up
quark is needed on the right and an extra down quark seems to have
appeared.

. The meson must be a ud meson, of charge (+%e)+(+%e) = +e, as
needed.

The quarks are thus: uud + uud — uud + udd + ud

s

‘Analyse’ is an unusual word at the
start of a question. What is means here
is ‘use your understanding of charge
conservation and of the quark structure
of protons and neutrons to examine the
equationp+p—=p+n+mx.

In reactions involving baryons

and mesons any extra quarks that
materialise are always mesons of the
form qq.

What has actually happened in the interaction in this Example is that
some energy has gone to producing a dd” quark—antiquark pair of zero
net charge. The d then goes to form the neutron and the d” to form the
¥ meson.

Some conservation laws

In the standard model, the law of conservation of charge has been assumed.
To state it clearly:

@ In any particle interaction, charge is conserved.

Other laws, or rules, that apply to interactions between fundamental particles
include:

8.6 Baryons and mesons @
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@ The number of baryons is conserved.
@ Lepton number is conserved.
# Strangeness number is conserved.

To take these laws in sequence:

The number of baryons cannot change in a nuclear reaction. Thus, as
mentioned above, a reaction like p + p = p + n is not possible, whereas
p +p=p+n+ nis possible as it has two baryons on each side. Each baryon
carries a baryon number +1 and each anti-baryon a baryon number —1.
Strictly speaking it is baryon number that is conserved, but in this book you
can look at equations and see that the number of baryons on each side of
the equation is the same (remember, you only need to remember the quark
structure of protons and neutrons).

You will meet electron neutrinos in Chapter 9 when beta-decay is described.
All neutrinos are given the symbol v (‘nu’) and each lepton e, p and T has
associated with it a neutrino VoW and g0 Each of e, p and T has a charge
¢~ and, of course, the antiparticle of each lepton has a charge of et: the
antiparticles themselves have a “hat’ on them. The same ‘hat’ is found on
antineutrinos, but neither neutrinos nor antineutrinos carry any charge. Our
Sun emits vast numbers of neutrinos, and many millions of v_ neutrinos pass
through each of your eyes every second. Fortunately neutrinos do not interact

with ordinary matter except very, very rarely —so you are quite safe being
bombarded by them.

All leptons and neutrinos carry a lepton number of 1, while all their
antiparticles carry a lepton number of —1. You will find the equations in
Chapter 9 all balance in the sense that the total of the lepton numbers on
each side of a nuclear equation balance. This is the law of the conservation
of lepton number.

Finally, strangeness is conserved in nuclear reactions. To ‘see’ this it is
necessary to look into the quark structure of the interaction and to identify

the strange s and anti-strange § quarks. The strange quarks have strangeness

number +1, the strange anti-quarks a strangeness number of —1, and it is this
strangeness number that is conserved, as in uud + vud = uud + yus + ds. In
this book you will always be given the quark structure when the conservation
of strangeness number is involved.

Test yourself

15 Write down the quark structure of a) the proton, and b) the neutron
16 What is the key difference between baryons and mesons?

17 What is an sss baryon called, and what is its charge?

18 Is p + n = p + n? + n° a possible interaction? Explain.

19 Why might this equation be correct: ¥ — Zr + _'1’:-3 A

20 In the decay of 2™ 1o a E particle and a K® meson, the quark
structure of the 2" is sss and of the =— is ssd. Predict the quark
structure of the meson.




| 8.7 Wave—particle duality

Wave—particle duality is a physicist’s way of saying that waves have particle-

like properties and particles behave in a wave-like manner. You have already
met photons — “particles’ of electromagnetic radiation. The answer, then,
to the question: "What is light?’ is that sometimes it behaves like a wave of
wavelength /1 and sometimes as a ‘particle’ or photon of energy he/i, where
is the Planck constant (h = 6.63 X 1074]s).

The reverse, that particles with mass, such as electrons, can behave like waves
seems astonishing. What should we call them — wavicles perhaps? In 1924 a
young French physicist, Prince Louis de Broglie, was awarded his PhD for
a thesis suggesting that a particle with momentum p had associated with it
a wavelength 4 = h/p. It is said that the awarding committee believed the
thesis to be nonsense, but asked Einstein (who happened to be in Paris at the
time) to look at it. Einstein said that he agreed it was without foundation, but
added: “You will feel very foolish if de Broglie turns out to be right. And he
was right! You have met these ideas before in your physics course: they are
outlined in Book 1 of this series,

Table 8.5 Wave-particle duality summarised

E=if -

six [

Don’t you think it is amazing that the Planck constant h links energy to
frequency (and hence to wavelength) for electromagnetic waves and linear
momentum to wavelength for particles?

Calculate the wavelength associated with a beam of electrons that has
been accelerated through 1200V,
Answer
A voltage of 1200V gives the electrons an energy of
E=1200JC 1 x (1.6 x 1079C) = 1.92 x 107167

For this voltage we can use the non-relativistic relationship between
kinetic energy and momentum. Using m =9.11 x 10~ kg:

=2mE = p=12x09.11 x 103 kg x 1.92 x 107167
P g
=187 % 107 ¥kgms 1= 1.87 x 100 ¥ Ns

Hence:

h o 663 x10347s
i =35x 101
P 187 x105Ns =

— —

A=

You have probably come across the fact that electrons can produce diffraction
patterns. Diffraction is a key property of waves, because it is the result of
wave superposition. The photograph in Figure 8.11 shows the outcome for
electrons diffracted by graphite crystals in a thin sheet of graphite.

Figure 8.11 Electron diffraction rings

8.7 Wave-particle duality @



Figure 8.12 Demonstrating wave-particle
duality: diffraction patterns for at left X-rays
and at right electrons

That some experimental data support
a theoretical prediction does not mean
that the prediction is necessarily true.
Of course it may be true, but science
moves forward by showing a predicted
result to be wrong; an outcome that
means a new way of predicting a new
theory must be sought.

@ 8 Particle physics

Other diffracting crystals can be used. Figure 8.12 shows, side by side, the
diffraction patterns produced by passing X-rays and electrons through the
same very thin aluminium foil. It was arranged that the X-rays and the
electrons would have the same ‘wavelength’. Do you need any further proof
of the wave-like behaviour of particles?

The diameters d of the first electron diffraction rings were measured in
an experiment involving electrons accelerated through different potential
differences, V. The electron beam was diffracted by a graphite crystal in
each case.

For energies up to about 5kV it can be shown that d « L. Some typical
results from the experiment were: 3

Vv 2500 3000 4000 5000
dim 0.037 0.034 0.029 0.026

Show that these are results consistent with the above relationship linking
dto V

Answer

Ifd = L. then d?2V should be constant.
7
Values for a2V, in m2 V are: 3.4, 3.5, 3.4, 3.4.

The proportional relationship is therefore supported by these figures to
2 SF — the precision of the diameter measurements.




Exam practice questions
@ 1 An elastic collision is one:
A between low-energy particles
B in which electrostatic forces act
C in which mass is conserved
D where no kinetic energy is lost. [Total 1 mark]
2 Which of the following is not a unit of mass?
A mg Cu
B N D keV/c? [Total 1 mark]
3 An energy of 6.4 MeV is equivalent to
A 6.4 % 107%] C 6.4 % 10712]
B 10 x 10715] D 1.0x 1072]  [Total 1 mark]
4 Which of the following is an impossible baryon?
A ddu C uds
B add D ads [Total 1 mark]
5 Which of the following is a possible meson?
A ds C ds
B ud D us [Total 1 marlk]

6 How many baryons are there in an atom of ] Li?

A zero C 4

B.3 D3 [Total 1 mark]
7 Which of the following is a possible reaction?

Ap+tmnr—ptp

Bptn—n+n

Cptp—p+p+tn

Dpt+tp—p+p+nl+nd [Total 1 mark]
8 220 GeV/c2 is equivalent, to 2 SE to a mass of

A 3.9 x 10 25kg C 2.1 x 105kg

B 3.9 X 1072kg D 2.1 X 10%kg [Total 1 mark]




@ 9 This drawing of a bubble chamber event showing electron—positron pair
production at A is incorrect.

The tracks shown in Figure 8.13 are not possible because

A the particle tracks curve in different senses

B charge is not conserved

C momentum is not conserved

D the magnetic field was upwards. Total 1 mark]

10 Calculate the wavelength associated with a tennis ball of mass 57.5g that
is served at 220kmh™!, and comment on the result. [Total 6 marks]

11 The Stanford accelerator can accelerate electrons beyond 30 GeV.
Figure 8.13
a) What is the mass in kg of a particle of mass 30 GeV/c?? [3]
b) Express this energy as a multiple of the rest mass of an electron. [3]
[Total 6 marks]

Show that the wavelength associated with each of the photons produced
in the reaction involving a proton p and an antiproton p.

p+p—y+y isabout3 x 1071%m

and state any assumption you have made in your calculation.
[Total 6 marks]
Show that the unit of 2he/m? is the metre. [Total 5 marks]

The graph in Figure 8.5 can be described by the equation

"
(1 — 2 )

By taking at least three readings from the graph, show that it has been
correctly drawn. [Total 5 marks]

The initial (lower) interaction in Figure 7.11 is the decay of a K™ meson
into two pi mesons, n?and . Express this decay in terms of the

quarks involved, indicating how the charge is conserved by your quark
equation. [Total 5 marks]

A Kt meson can decay into three pions as shown at D in Figure 8.14.

a) State the direction of the magnetic field affecting the paths
shown in Figure 8.14. 1]

b) Explajn why the ‘downward’ T+ meson follows a path DA that
reduces gradually in radius. [3]

[Total 4 marks]
Figure 8.14




Stretch and challenge

17 The famous €~ particle, with quark structure sss, was first found as a result
of a K™ meson interacting with a proton to give a K’and a K* plus the Q7.
Given that the K~ meson is siand the K" is ds:

Write down the quarks involved in this reaction and explain how the
conservation laws apply to it. [Total 8 marks]

18 Figure 8.15 shows how an electron orbiting a proton in a hydrogen
atom might be thought of as forming a standing wave. Suggest how this
model might predict discrete or quantised energy levels for hydrogen.
[Total 5 marks]

Figure 8.15

19 Figure 8.16 represents tracks in a bubble chamber before and after a
particle interaction.

P
a) The quark components of the particles i