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How to use this Book

Introduction } Introduction
g - The application of a pair of squeezing or stretching
Explalns the layout of each Chapter’ he*lps forces to a solid will cause a change in the shape
with navigation through the book and of a solid. This chapter will deal only with solids,
. ind kit iss because for liquids and gases, changes in shape are
gives a reminder of what 1s important dependent on the container holding them. i
about each topic. : — —

Teacher’s Tip

p . | Be careful when subtracting temperatures.
Tea Ch ers tlpS [ A temperature change from 6°C to 80°C is
obviously 74 °C. This could have been written
353K - 279 K =74 K. The temperature interval
between two temperatures must be the same

Quick suggestions to remind you about

key facts and highlight important points. whether the Celsius scale or the Kelvin scale are
used. You must not add on 273 when considering
temperature intervals. [
Example 2 4 !

On a linear air track, a mass of 120g is travelling 8 ? =
tc the right with a velocity of 83 cms™. It collides
elastically with a mass of 200 g travelling with

velocity 47 cms™ in the opposite direction, as shown |

in Figure 4.9.
— 83cmyt —gTeme
=083m ¢! =047ms"
= =
E__' =
BN | | J
A B
120g 00g
=042kg =020kg
ME’ e P TEET——
Velocity U Velocity ¥
Figure 4.9 |
With what velocity do the masses travel after the : Exa m p I es
ccllision? :
Answer Before collision total momentum to right A StEI.) bY Stel? appr oach to answering
=(0.12 x 0.83) - (0.20  0.47) questions, guiding you through from start
After the collision total momentum to I to finish.

right=(0.12x U) +(0.20 x V)

These two terms are equal by the principle of
censervation of energy, so

(0.0996 — 0.0940) = 0.0056 =0.12U + 0.20V

Sometimes it is worthwhile multiplying both sides
ofan equation by a large number to get rid of all the
zeroes, Multiplying through by 100 gives

(9.96-9.40) =0.56 = 12U + 20V

Neither U nor V can be obtained from this equation
but using the fact that the velocity of approach
ecuals the velocity of separation gives

(0.83+047)=V-U
By substituting into the first equation we get
12U+20(1.30+ U)=0.56 it
12U+26+20U=0.56 so 32U=-2544and

U=-0.795ms"' =-80cms' to 2 sig figs. and
V=0.505ms™' =51cms™ to 2 sig figs. i




How to use this Book

' Progress Check

3.1 A car travels a distance of 720km in moving 48) km

south and 370km west as shown in Figure 3.11. What is
the displacement of the car from its starting point after
completing the journey?

TSI

Progress check questions

Check your own knowledge and see how

Route duance ! well you are getting on by answering

Finishing
point

Figure 3.11

32 A plane travels 2000 km east and 130km south an a flight.
What is the displacement of the plane from its tarting !
point at the end of the journey?

Examination questions

Help prepare for examination by completing the questions
taken from Cambridge past-examination papers.

regular questions. Sample answers for
these are provided at the back of the book.

Examination Questions VI

1. (a) Deine gravitational potential at a point,

where G is the gravitational constant.

(b} The gravitational potential ¢ at distance r from point mass M is given by the expression

Explain the significance of the negative sign in this expression. 12] |

ar |

ST

——— -~

— . ———

Chapter summary

At the end of each chapter so you can
check off the topics as you revise them.

Chapter Summary

/" Newton’s first law. Every object continues in its state
of rest or state of uniform motion in a straight line
unless acted upon by a resultant external force.

v Newton's second law. The rate of change of
momentum of a body is proportional to the resultant
force acting on it.

/ Newton’s third law. If body A exerts a force on body
B then body B exerts an equal and opposite force on
body A.

v/ Mass is a measure of how difficult it is to accelerate a
body. It is measured in kilograms,

Weight is the force of gravitational attraction acting
on a body. It is measured in newtons.

Momentum is the product of an object’s mass and
velocity. It is measured in N's. To determine the time
t an object takes to stop when a force F is applied, use
its momentum in the equation mv = Ft.

The principle of conservation of momentum states
that in all collisions the total momentum is constant
provided that there is no resultant external force
acting.




Physical Quantities
and Units

You are already familier with much of this chapter but
it does contain a large amount of detail that you must
use accurately. Using units and quantities correctly
and showing your workings are very important

skills to practice so that you avoid making errors,
particularly when writing up practical work or when
writing answers to tests.

Physical quantities

All measurements of physical quantities require
both a numerical value and a unit in which the
measurement is made. For example, your height
might be 1.73 metres. The number and the unit
in which it is measured need to be kept together
because it is meaningless to write ‘height = 1.73’
The numerical value is called the magnitude of the
quantity and the magnitude has meaning only when
the unit is attached. In this particular case it would
be correct to write ‘height = 173 centimetres), since
there are 100 centimetres in a metre. You can help
avoid making mistakes when converting units by
using this method.

Write the conversion as an equation.

1.73m=1.73m x 1005 = 173cm

The m on the top cancels with an m on the bottom
so you are certain the conversion is the right way
round. Many students make the mistake of not
reviewing what they have written in an equation to
make sure it makes sense.

Teacher's Tip

Look out for incorrect statements. Check you
write numbers and units correctly and do not
write, for example, 1.73cm =173 m.

Other conversions are not necessarily so obvious.
Another matter of convention with units
concerns the way they are written on graph axes
and in tables of values. You might often use or
see a statement such as ‘energy/joule’ or in an
abbreviated form ‘E/J. This means the quantity
energy divided by its SI unit, the joule. For example

energy _ 780 joule _ 30

joule joule

The figure 780 is now just a number with no unit.
That is what will appear in a table of values or on a
graph so there is no need to add the unit to every
value in tables or graphs, provided the unit is shown
on the heading or axis.

In order to answer the questions given, you will
need to use the prefixes on multiples and sub-
multiples of units. Table 1.1 shows the meaning of
each term you might have to use.

Abbreviation ~ Multiplying factor
tera T 10"
giga G 10°
mega M 10°
kilo k 10°
deci d 107
centi c 1072
milli m 107
micro u 10°¢
nano n 10°°
pico p 10
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So, for example, light of wavelength 456 nm is
a wavelength of 456 x 10~ m. This will equate to
4.56 x 107" m or 0.000 000 456 m. Always be careful
with any of these prefixes and double check to see
that you are not using them the wrong way round.
It is amazing how often some students will, for
example, find the speed of a car as an unrealistic
0.0052ms™" when it ought to be 52ms™. The reason
for the difference is that at some stage in the
calculation the student has divided by 100 when
he or she should have multiplied.

S| units (Systéme International
d'unités)

All the units you use during your AS course are
called the SI units. They are derived from five base

units. These are, together with the abbreviation used
for each, as follows:

e the kilogram (kg) as the unit of mass,

® the metre (m) as the unit of length,

o the second (s) as the unit of time,

o the ampere (A) as the unit of electric current
and

e the kelvin (K) as the unit of absolute
temperature.

The definition of these five units is amazingly
complicated and you are not required to know
the definitions. Each definition is very precise and
enables national laboratories to measure physical
quantities with a high degree of accuracy.

Although you do not need to know these definitions,
you will need to know how many other definitions
of SI units are derived from the base units. All the
definitions and their corresponding units are given
in this book, when required in appropriate chapters.
Knowledge of units is essential since every numerical
question you might have to answer will be dependent
upon using units.

To find the expression of 2 unit in base units it is
necessary to use the definition of the quantity. For
example, the newton (N), as the unit of force, is
defined by using the equation

force = mass x acceleration.
So, IN=1kgx1lms? or IN= lkgms™.

Estimating physical quantities

In making estimates of physical quantities it is
essential that you do not just guess a value and
write it down. It is important to include the method
you use, not just the numerical values. Answers
you write might have numerical values stretching
from 107 to 10*’. You need to remember some
important values, to one significant figure, in SI
units. The following list is by no means complete
but is a starting point.

Do not forget that various atomic sizes and
masses may be given in the exam paper data.

mass of an adult 70kg

mass of a car 1000kg
height of a tall man 2m

height of a mountain 5000m
speed of car on a high-speed road 30ms™
speed of a plane 300ms™
speed of sound in air at sea level 300ms™!
weight of an adult 700N
energy requirement for a person for 10000000]
one day

power of a car 60kW
power of a person running 200W
pressure of the atmosphere 100000 Pa
density of water 1000 kgm=

A few astronomical values are useful too.

distance from the Earth to the Moon 400000 km
distance from the Earth to the Sun 150000000 km
radius of the Earth 6000 km

mass of the Earth 6% 10%kg

Once you have some basic data you can use it to
find an approximate value for many quantities. As
a general rule, always get your values into SI units,
even though you may well remember some values in
non-8I units. Never use non-SI units such as miles,
yards, pounds, etc.



For example, a question might ask you to estimate
a value for the kinetic energy of a cruise liner.
‘Estimate’ means the values you choose do not have
to be precise, but they should be sensible. A suitable
answer to this question might look like this:

Mass of cruise liner estimated as 20 000 tonnes

1 tonne = 1000 kg
so mass of cruise liner = 20000 x 1000 = 2 x 10"kg

Speed of cruise liner = 15ms™ (half the speed of a car)

— 1 2
Kinetic energy = > mv*

=0.5%x2x10"x15%

=2x 1077 (to 1 significant
figure).

Scientific equations

You also need to be able to check the homogeneity
of any equation. This means that both sides of any
equation must have the same units.

For example, consider the equation for kinetic

energy E, = Zmv,
2
The unit of energy (the joule) is the
unit of force X distance, i.e. the unit of
mass X acceleration x distance. So the unit of E, is
kg x m s~ x m, which simplifies to kg m?*s™.
Looking at the right-hand side of the equation for

T i | 2 s ;
kinetic energy, the unit of 5 mv? is kg X m* X s7%, which

is the same as the unit of E_(the % has no unit).

This means that the equation for kinetic energy is
homogeneous.

If you ever find that the units on both sides of an
equation are not the same, then either the equation
is incorrect or you have made a mistake somewhere.

Vectors and scalars

A vector is a quantity that has direction as well as
magnitude; a scalar is a quantity with magnitude
only.

Table 1.2 lists quantities in their correct category.

Physical Quantities and Units 3

mass displacement
length velocity
time acceleration
area force
volume momentum
density

speed

pressure

work

energy

power

Combining vectors

Adding or subtracting scalars is just like adding or
subtracting numbers, as long as you always remember
to include the unit. Adding vectors can be difficult;
subtracting vectors can be even more difficult.
Forces are vector quantities. When adding two
forces together the total force is called the resultant
force. The resultant force is not an actual force at
all. It is just the sum of all the forces acting on an
object. The forces that we add might be caused by
different things, for example one force could be a
gravitational force and the other could be an electrical
force. It might seem impossible for a force of 8N to
be added to a force of 6 N and get an answer 2N,
but it could be correct if the two forces acted in
opposite directions on an object. In fact, for these
two forces a resultant force can have any magnitude
between a maximum of 14N and a minimum of 2N,
depending on the angle that the forces have with
one another. In order to find the resultant of these
two forces, a triangle of forces is used, as shown in
Figure 1.1. The two vectors are drawn to scale, with
1 cm representing 2 N.

The mathematics of finding the resultant can be

difficult but if there is a right angle in the triangle
things can be much more straightforward.
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§N

v

> =

Resultant 6N
2N

Resultant
4N

8N

Y

Resultant
10N

v 6N

Resultant
13N

Figure 1.1 Addition of vectors

Subtracting vectors also makes use of a vector
triangle. Note that you can always do subtraction by
addition. If you want to know how much money you
can spend if you want to keep $20 out of a starting

sum of $37, then instead of $37 — $20 = $17 you can
think ‘what needs to be added to 20 to get 37.

To subtract vector B from vector A, a triangle
of vectors is used in which —(vector B) is added to
vector A. This is shown in Figure 1.2. Note that A +
(—B) is the same as A — B.

Resolution of vectors

Not only is it possible for you to add vectors, it is
often useful to be able to split a single vector into
two. This process is called resolution of a vector and
almost always resolution means to split one vector
into two components at right angles to one another.
This is illustrated in Figure 1.3.

In Figure 1.3(a) an object has velocity v at an
angle 6 to the horizontal. The velocity can be
considered equivalent to the two other velocities
shown. vsin @ is its vertical component and vcos @ is
its horizontal component. In Figure 1.3(b), force F is
the force the sloping ground exerts on a stationary
object resting on it. (This force will be equal and
opposite to the weight of the object.) Fcan be re-
solved into two components. Fsin ¢ is the force along
the slope and is the frictional force that prevents the
object sliding down the slope. Fcos ¢
is the component at right angles to the slope.

vsin @

veos @ !
(a) (b)

Figure 1.3 Resolution of a vector

7/ Almost all physical quantities require a numerical
value and a unit.

v~ The units used throughout the book are
SI units.

v~ Some physical quantities have direction. These are
called vectors and can be added using a vector triangle.

v" Quantities without direction are called scalars. These
are added arithmetically.




Physical Quantities and Units 5

1.1 Convert
(a) 2.86 kilograms into grams,
(b) 0.0543 kilograms into grams,
(c) 48 grams into kilograms,
(d) 3.8 hours into seconds,
(e) 6500000 seconds into days.

1.2 Convert

{a) 1.00 square metres into square centimetres,

(b) 7.38 cubic metres into cubic centimetres,

(c) 6.58 cubic centimetres into cubic metres,

(d) a density of 3.45 grams per cubic centimetre into
kilograms per cubic metre,

(e) aspeed of 110 kilometres per hour into metres
per second.

1.3 Derive the base units for
(a) the joule, the unit of energy
(b) the pascal, the unit of pressure
(c) the watt, the unit of power.

1.4 Use base units to show whether or not these
equations balance in terms of units. (Note: this does
not mean that the equations are correct.)

(a) E=mc’
(b) E=mgh
(c) power = force x velocity

(d) p=pgh
1.5 Estimate the following quantities.

(a) The energy required for you to go upstairs to bed.

(b) The average speed of a winner of a marathon.

(c) The power requirement of a bird in a
migration flight.

(d) The vertical velocity of take-off for a good high
jumper.

(e) The acceleration of a sports car.

(f) The density of the human body.

(g) The pressure on a submarine at a depth of 1000 m.

1.6 Explain why these suggested estimates are incorrect.

(a) The power of a hot plate on a cooker is 2 W.

(b) The speed of a sub-atomic particle is 4 X 10°ms™.

(c) The hot water in a domestic radiator is at a
temperature of 28 °C.

(d) The pressure of the air in a balloon is 15 000 Pa.

(e) The maximum possible acceleration of a racing
caris 9.81 ms™.

1.7 Using a copy of Figure 1.2, determine the value of
vector B - vector A.

1.8 A car changes speed from 30 ms™ to 20ms™ while
turning a corner and changing direction by 90°. What
is the change in velocity of the car? State the angle of
the resultant velocity of the car relative to the initial
velocity.

1.9 The Moon moves around the Earth in a circular orbit
of radius 3.84 X 10°m. Its speed is 1020 ms™.

Deduce

(a) the time taken for a complete orbit of the Earth,
(b) the angle the Moon moves through in 1.00s,

(c) the change in velocity of the Moon in 1.00s.

1.10 An athlete, just after the start of a race, has a force of
780N exerted on her by the ground and acting at an
angle of 35° to the vertical. What is the weight of the
athlete and what is the force causing her horizontal
acceleration?

1.11 AKkite of weight 4.8 N, shown in Figure 1.4, is being
pulled by a force in the string of 6.3 N acting in a
direction of 27° to the vertical.

Alift

Force of
wind

27

Y

Weight 63N
48N
Figure 1.4

(a) Resolve the force in the string into horizontal and
vertical components.

(b) Assuming that the kite is flying steadily, deduce
the upward lift on the kite and the horizontal
force the wind exerts on the kite.




Measurement
Techniques

Introduction

Throughout this book reference will be made to
many experiments that you could carry out yourself.
It will also describe some of the experiments done
in the past that have had a great influence on our
understanding of the physical world. In all of these
experiments, there are certain basic techniques

that need to be used and in this chapter some of
the principles of experimenting will be explained.
Much of the importance of all experiments depends
on their reliability. An experiment will always be
unreliable if the experimenter changes results to try
to make the results fit what is expected. This does
not mean that all measured data must be exact, as
this is impossible. The data itself must be found
honestly and an estimate made of its uncertainty.
This chapter will explain the way uncertainties

can be evaluated, but first it will explain methods
for recording readings, for evaluating results from
graphs and with problems associated with obtaining
information from a mixture of both analogue and
digital equipment.

Record taking

What should be a golden rule about recording the
results of any experiment is that readings must

be written in the form they are taken. In other
words, do not do any arithmetic on readings before
writing them down. A simple example is when
measuring the period of oscillation of a simple
pendulum. If you are able to time 50 oscillations
then the heading of the first column of your table
should read ‘length of pendulum’ and the second
‘number of oscillations’ with 50 as the first entry.
The third column should be headed ‘total time/s’
and the time might be e.g. 86.5s. Only at the fourth
column should you include the heading ‘period T7s.
A complete table might look like Table 2.1, after

applying the relationship between the period T of a
simple pendulum, its length / and the acceleration g

due to gravity.
T=2m \F
b4

Lehgth of Numberof  Total Period g/ms™?

pendulum/m  oscillations time/s  T/s
0.980 50 99.3 1.986 9.81
0.885 50 94.4 1.888 9.80
0.790 50 89.2 1.784 9.80
0.745 40 69.2 1.730 9.83
0.665 40 65.4 1.635 9.82
0.545 30 44.3 1.477 9.86
0.460 30 40.8 1.360 9.82
0.335 30 34.8 1.160 9.83
0.245 30 29.8 0.993 9.81

A few points of detail should be noted.

e The average value of gis 9.82ms™ with an
uncertainty explained later in this chapter.

o Keep the number of significant figures constant
in any column unless a figure is lost or gained
naturally, as with 0.993 in the fourth column.

o Four significant figures are given in most of
the fourth column in order not to reduce the
accuracy given in the third column. 0.993 is
given to about one part in a thousand. If T
were quoted only to three significant figures,
the first of the period readings, for example,
would only be given as 1.99 and be known
only to one part in 200.



e Do not drop off final zeroes. In the first column,
all the lengths are given to the nearest 5 mm.

If the first figure was quoted as 0.98, it would

imply less accuracy than the second figure 0.885.
® One important part of this experiment is to start

and stop a stopwatch after a complete number

of cycles. The amplitude of swing has made

it necessary in this experiment to reduce the

number of swings when the length is reduced.

o Whenever swings are being counted, avoid
counting ‘one’ in your head at the start of the
first swing; ensure you count ‘zero. If you start
at ‘onée’ then all the periods will be too short.

o It is preferable for you to time for a larger
number of swings in one count rather than
to make several repeats of a small number
of swings. Repeating introduces starting and
stopping errors; a larger number of swings
reduce these errors.

Graphical work

Very frequently the best way of analysing results
is to make use of a graph. Often an equation can
be rearranged into a form that enables a straight
line graph to be drawn. Graphs can be drawn very
accurately. It is important for you to use a sensible
scale and to mark the points on the graph accurately.
This does mean using the whole range the graph
paper allows. Do use fractional parts of a small
square when putting data on to the graph or when
taking readings from the graph.

The general equation of a straight line graph is

y=mx+c

where x is the independent variable, y the dependent
variable, m the gradient of the graph and c is the
intercept on the y-axis.

How this graphical technique can be used will be
illustrated by using it for the pendulum experiment
mentioned earlier. Since

T=2n \P , by squaring both sides we get T?= &y
g g

This will give a straight line graph provided T2 is
plotted against [. The gradient of this graph will be
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4m?/g and since c is zero the graph will pass through
the origin.
The graph is plotted in Figure 2.1.

T:.IJSE
+0 i I /zi i

3.0

L5

0.5

0 0.2 0.4 0.6 0.8 1.0 l/m

Figure 2.1 Graph of T? against

When taking the gradient of a straight line graph,
choose two values on major lines as far apart as
possible. In this case, the obvious values of length
to choose are 0 and 1.

The gradient of the graph is given by

4 4.06-0
1.00-0

gradient = =4.06

Hence g = 44%-6 =972ms*

Analogue scales and digital
displays

A simple metre rule gives an analogue reading
while a digital watch gives a digital reading. Do not
assume that a digital reading is more accurate than
an analogue reading. Most digital readings come
from analogue readings. A digital thermometer,
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for example, will probably be using a thermistor as its
source of information. The potential difference (p.d.)
across the thermistor will be measured; this will be
combined with a calibration curve available from
the manufacturer, that gives its resistance at different
temperatures. The value of the p.d. will then be
digitised and finally displayed.

It may seem to you that a reading from a digital
balance of, say, 486 grams, means that the mass
is exactly 486 grams. This is not the case for three
reasons. The first is that the original calibration
might not have been done correctly, the second is
that the calibration might have changed as a result
of wear and tear or misuse and the third that any
mass between 485.5 and 486.4 would result in the
instrument reading 486 grams, if the instrument
reads to just three significant figures.

Experimental uncertainty

Experimental uncertainty used to be called
experimental error. However, the change was
made because ‘error’ seems to imply that a
mistake has been made and that is not the issue.
All readings have uncertainties. A ruler might
measure to the nearest millimetre, a clock to the
nearest second, a thermometer to the nearest
degree; so one person using a metre ruler might
record the length as 86.0 cm and another person
measuring the same length might record it as
86.1 cm. This type of variation is called a random
uncertainty. It might come about through the
limitations of the scale on an instrument or
through the way the instrument is used. Checking
measurements will show up the random nature
of readings and taking an average of readings will
minimise the overall uncertainty.

If the instrument itself is faulty or if it is being
used incorrectly, there will be systematic
uncertainty. This might be an error in the
instrument. For example, its zero reading might
be incorrect. Systematic uncertainties or errors
are often much more difficult to detect. There
is no easy way to account for systematic errors
or uncertainties, though one check that can be
made with electrical instruments would be to use

a different meter and if it gives the same reading
there is unlikely to be a serious systematic error.

Precision and accuracy

Any readings taken to high precision have low
random uncertainty. Any readings taken to high
accuracy have low systematic uncertainty.

This is illustrated in Figure 2.2 where an archery
target is marked with the position of arrows fired
at it.

»  Figure 2.2(a) shows that the archer is very
skilled, so there is little random uncertainty but
that his equipment has a systematic error in it.

o  Figure 2.2(b) shows that the archer is
unskilled, so there is considerable random
uncertainty but that his equipment has no
systematic error in it. The average position of
his arrows is in the centre of the target.

o Figure 2.2(c) shows that the archer is
unskilled, so there is considerable random
uncertainty, and that his equipment has a
systematic error in it.

» Figure 2.2(d) shows that an archer has high
precision equipment and great accuracy, so
there is minimal random uncertainty and no
systematic error.

Figure 2.2 Archery target



Choice of measuring instrument

To say that there is an uncertainty of 1 mm in
measuring a length is not very helpful by itself. The
length being measured also needs to be given. For
example, an uncertainty of 1 mm in a distance of
2km is of very high accuracy, the uncertainty is

1 part in 2000000, a fractional uncertainty of only
0.000000 5 or 0.000 05%, the same uncertainty of
1 mm in a metre is a fraction of 0.001 or 0.1%.

1 mm in 20mm is a fraction of 0.05 or 5%.

A reading that is uncertain to 1 mm when
measuring a wire’s diameter of 0.2 mm is useless.
This shows that a choice of different instruments
will be necessary for measuring different lengths.
Figure 2.3 shows an instrument called a Vernier
calliper. This instrument is useful in measuring
the internal or external diameter of tubes, for
example. It will give a reading to the nearest
0.1 mm or better.

When the two jaws of the calliper are closed, the
zeroes on both the scales coincide. The jaws are then
opened and the object to be measured is placed
between them as shown. From the diagram it is clear
that the object has a diameter of between 1.9cm and
2.0cm. However, the size of the scale divisions on the
sliding or moveable jaw is not quite the same size as
those on the fixed jaw. They differ, for this calliper, by
a tenth of a millimetre. By looking along the Vernier
scale you will see that at 5 divisions along the sliding
scale both the main scale and the Vernier scale
coincide. The distance arrowed, therefore, is 0.5 mm
and the diameter of the object is, therefore, 1.95cm.

Jaw extensions for
measuring inside
dialmeters —
of pipes
Main scale

~.

_?U.Jllllllll

Fixed
jaw

Figure 2.3 A Vernier calliper
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A Vernier calliper, however, would not be
suitable for measuring the diameter of a wire. For
measurements such as this a micrometer is needed.
This is illustrated in Figure 2.4.

Distance
being Screw thread with
measured pitch of Imm

Rotating thimble

Fixed micrometer
frame

Figure 2.4 A micrometer screw gauge

A micrometer uses a screw thread and, at its
simplest, divides up one rotation of the screw
into 100 divisions. If the pitch of the screw is
1 mm then each division represents one hundredth
of a millimetre. (The pitch of a screw thread is the
distance the screw moves forward each rotation.)
The reading on the micrometer in Figure 2.4 is
9.74 mm.

Figure 2.5 shows the enlarged reading on a
micrometer in which the pitch is only 0.5 mm. This
pitch is very common on micrometers but it does
need careful use. The rotating scale only goes up to
50 but the main scale shows half millimetres, so you
need to know whether the reading is under or over
half a millimetre.

The reading on this micrometer is 2.5mm on
the main scale and 28 divisions on the rotating
micrometer scale. The full reading is, therefore,
2.5mm+ 0.28 mm = 2.78 mm.

Micrometer
scale

Main scale

Figure 2.5 Reading on a micrometer
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Calibration curves

Many measuring devices are checked by the
manufacturer against international standards of
length, temperature, electric current. Details are
produced of how any particular instrument’s accuracy
is dependent on external factors, such as temperature.
These details are available from the manufacturer on
request. The information will often be in the form of a
calibration curve in which the reading obtained under
particular conditions, is plotted against a corrected
value under standard conditions. The shapes of two
particular calibration curves are shown in Figure 25.1
(the resistance of a light-dependent resistor at different
levels of illumination) and Figure 25.4 (the resistance
of a thermistor at different temperatures).

Estimating uncertainties

If finding the value of a physical quantity is difficult,
finding the uncertainty in that quantity is even
more difficult. There is almost never any sense

in quoting a result as, for example,

density = (7.805 £ 0.076) x 10°kgm™~. This

shows that the uncertainty is much greater than
the final decimal place of the result and that
density = (7.80 £ 0.08) x 10°kgm™ would be more
sensible. The third significant figure is very doubtful
and density = (7.8 £ 0.1) X 10°kgm™* can be stated
with greater confidence.

Any reading has uncertainty. As explained above,
if a measurement of length is made using a ruler,
the length obtained will usually be measured to the
nearest millimetre. If you measure a length as 249 mm
with an uncertainty of 1 mm at the zero and another
1 mm at the other end then the reading, together with
its uncertainty is (249 £ 2) mm.

This gives the actual uncertainty as 2mm, the
fractional uncertainty as 2/249 or 0.0080 and the
percentage uncertainty as 0.8%.

In performing any experiment it is usual to make
measurements of several quantities. In order to
find the overall uncertainty of an experiment it is
necessary to know the uncertainty of each quantity
separately. If these uncertainties are estimated as
percentages then they can be added together to
determine the overall uncertainty of the experiment.
Percentage uncertainties also make it easy to see

which of the measurements causes the greatest
uncertainty. The final result of this procedure should
be expressed in numerical rather than percentage
uncertainties, for example as (4.73 £ 0.03) N for a
force measurement, rather than (4.73 = 6%) N.

The question that needs answering is “How do you
find the uncertainty of an experimental result?” The
answer to the question comes in two stages.

Stage 1 Estimate the uncertainty in each of the
readings you take. The most straightforward way of
doing this is to use the smallest division available on
the instrument you are using. On a clock this will
probably be a second, on a stop-watch it might well
be 0.01s. Unfortunately, this method does tend to
underestimate uncertainty for the following reasons.

e All systematic uncertainties will not be
accounted for.

e It might underestimate some uncertainties
badly. A stop-watch might give a reading to
a hundredth of a second but you might have
pressed the stop button at the wrong moment.

e Poor technique might make readings far less
reliable than the instrument might otherwise
have given. e.g. If you hold a ruler in your
hand without a firm support, it will not give
reliable readings.

e An instrument viewed from the wrong
angle will give a parallax error. Keep your
eye vertically above a needle on an ammeter
so that the scale reading is the one directly
beneath the needle.

® Any mistaken reading from a scale will
certainly increase uncertainty. The reading on
the scale in Figure 2.6 is NOT 2.4 but 2.8.

Figure 2.6

Stage 2 Combine these individual uncertainties to
find the overall uncertainty.
Here, examples can show you how to proceed.




(Uncertainty in addition of values.)

An object with momentum (85 = 2) N's catches up
with, and sticks to ancther object with momentum
(77 £ 3) Ns. Find the total momentum of the two
objects and its uncertainty after the collision.

Answer (162 *+5)Nsis a straightforward
calculation. The maximum value is

87 +80=167Ns and the minimum is

83 +74=157Ns. In percentage terms, the
uncertainties of the initial values are 2.3% and 3.9%,
respectively. The percentage uncertainty in the answer
is 3.1% so you must not add percentage uncertainties.
Here you just add values and uncertainties.

Example 2

(Uncertainty in subtraction of values.)

A reading on a balance of the mass of an empty
beaker is (105 *+ 1) g. After some liquid is poured
into the beaker, the reading becomes (112+ 1) g.
Deduce the mass of liquid added and its uncertainty.

Answer (7+2)g. 113 —104 =9 is the maximum
and 111 — 106 =5 is the minimum.

This is not straightforward. It shows that
subtracting two nearly equal numbers increases
the uncertainty appreciably. You must subtract
the values but add the uncertainties. Two readings
with percentage uncertainties about 1% give an
uncertainty of 29% when subtracted.

3

;:Kam;:}ie -
(Uncertainty in multiplication or division of values.)
These are very common situations. A plane

travels at a speed of (250 = 10) ms™ for a time of

(18 000 £ 100) s. Determine the distance travelled
and its uncertainty.

te *ﬁuu-,m
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Answer The maximum possible distance
=260ms'x 18 100s=4.71 X 10°m

250ms™'x 18 000s =4.50 X 10°m so the
uncertainty is 0.2 X 10°m. The answer should be
written as (4.5 +0.2) X 10°m

You can add percentage uncertainties here because
it is a multiplication. The percentage uncertainty in
the speed is 4%, the percentage uncertainty in the
time is 0.6% and the percentage uncertainty in the
distance is, therefore, 4.6% and 4.6% of 4.5 is 0.2.

(Uncertainty in values raised to a power.)
Determine the value of the kinetic energy, and its
uncertainty, of a cyclist of mass (63 £ 1) kg when
travelling with speed (12.0 £ 0.5) ms™.

Answer Here the expression is

kinetic energy = % X mxvxv. The —;— has no
uncertainty. You must not divide your uncertainty
figure by 2. The percentage uncertainties of the
other three terms must be added together. This has
the effect of doubling the uncertainty for v, since it is
squared. A cubic term would involve multiplying its
uncertainty by 3. A square root is a power of a half,
so uncertainty in a square root is halved.

Percentage uncertainty in m = 1.5%, uncertainty
in v=4% so in v is 8%. This gives a total percentage
uncertainty of 9.5%, round this up to 10%, therefore
the result is

kinetic energy = (4500 + 500) J

Note that in quoting the uncertainty only one
significant figure is used.

v" When taking experimental readings, always record
actual readings as soon as you take them.
Keep the number of significant figures determined by

the instrument you are using,
v~ Plot graphs on as large a scale as possible but do not
use awkward scales on the axes.

An instrument with incorrect calibration will result
in a systematic uncertainty.

All readings, even those given by a digital display, will
additionally have random uncertainties as a result of
the way the readings are taken.
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Progress Check

2.1 An experiment was performed to determine the resistivity p Plot a suitable graph and use the graph to determine
of copper. The resistance R of a length of wire is related to the resistivity of copper. Estimate the uncertainty in
its length I and area of cross-section A by the equation the value you obtain.
pl 2.2 A cuboid of metal has a measured mass of (4.70 £ 0.2) kg.
R= I Its dimensions are: length (50.5 + 0.2) cm, width

(7.60 £ 0.08) cm, depth (5.02 = 0.02) cm.
Deduce (a) the volume of the cuboid, together with
its uncertainty, and (b) the density of the metal of the

The resistance of 1 metre length of copper wire of different
diameters was measured, with the following results:

Length of wire  Diameter of | Resistance of cuboid.
//m wired/m __ wire R/ohm 2.3 Explain why the following statements of uncertainty are
1.000 0.559 x 103 0.0704 inappropriate. Give a possible correction.
1.000 0.315x 10~ 0.225 (a) g=9.81403
1.000 0.234x 107 0.402 15} gERBI07Eed )
N ' . i (c) g=9.810794 +0.34781
1.000 0.152x 10~ 0.952 (d) g=9.8+0.369
1.000 0.122 x 1073 1.47 (e) g=9.81£0.39
1.000 0.102x 107 2.09
Examination Questions |
1. (a) Two of the SI base quantities are mass and time. State three other SI base quantities. [3]

(b) A sphere of radius r is moving at speed v through air of density p. The resistive force F acting on the sphere is given

by the expression
E=Bripv*
where B and k are constants without units.
(i) State the SI base units of F, p and v. [3]
(ii) Use base units to determine the value of k. (2]

(Cambridge International AS and A Level Physics 9702
Paper 21 Question 1 October/November 2010)

2. The volume of fuel in the tank of a car is monitored using a meter as illustrated in Figure 1.

FUEL

R

Figure 1 Fuel meter
The meter has an analogue scale. The meter reading for different volumes of fuel in the tank is shown in Figure 2.
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30

Volume/litre

0 1/4 172 3/4

Meter reading

Figure 2

The meter is calibrated in terms of the fraction of the tank that remains filled with fuel.
(a) The car uses 1.0 litre of fuel when travelling 14 km. The car starts a journey with a full tank of fuel. |
(i) Calculate the volume, in litres, of fuel remaining in the tank after a journey of 210 km. [2]
(ii) Use your answer to (i) and Figure 2 to determine the change in the meter reading during the 210km journey. [1]

(b) There is a systematic error in the meter.
(i) State the feature of Figure 2 that indicates that there is a systematic error. [1]
(ii) Suggest why, for this meter, it is an advantage to have this systematic error. (1]
(Cambridge International AS and A Level Physics 9702
Paper 21 Question 1 October/November 2009)

. Make reasonable estimates of the following quantities.

(a) the frequency, in Hz, of an audible sound wave [1]
(b) the wavelength. in nm, of ultraviolet radiation [1]
(c) the mass, in grems, of a plastic 30 cm ruler [1]
(d) the density of air, in kg m™ at atmospheric pressure (1]

(Cambridge International AS and A Level Physics 9702
Paper 02 Question 1 May/June 2008)

. (a) The current in & wire is . Charge Q passes one point in the wire in time ¢. State
(i) the relation between I, Q and ¢, [1]
(ii) which of the quantities I, Q and t are base quantities. [2] |
(b) The current in the wire is due to electrons, each with charge g, that move with speed v along the wire. There are 1 of
these electrons per unit volume. For a wire having a cross-sectional area S, the current [ is given by the equation

I=nSqv',
where k is a constant.
(i) State the units of I, , S, g and v in terms of the base units. [3]
(ii) By considering the homogeneity of the equation, determine the value of k. (2]

(Cambridge International AS and A Level Physics 9702
Paper 02 Question 1 October/November 2008)




Kinematics

Distance and displacement

The distance you travel by a car on a journey, or since
the car was bought, is recorced on the instrument
panel. The distance will be given in miles or
kilometres, usually to the nearest tenth of a unit. This
recorded distance makes no mention of the direction
in which any distance travelled has taken place. In SI
units, a distance such as this would be recorded using
the standard unit of length, the metre. The metre is
defined in a very accurate way, in terms of the speed
of light, but you need to think of it just as being a
very accurately defined length, and metre rules
approximate to that accurately defined distance.

The term displacement differs from distance in
the sense that it is not only giving a distance but is
also stating the direction in which any movement
has taken place.

Displacement is a vector quantity while distance
is a scalar quantity.

When a ball is thrown vertically upwards a
distance of 3.0m, its displacement from its starting
point, when it reaches the top of its movement, is
3.0m upwards. By the time it falls back to its point
of throw, its displacement is zero. On the way down
only, its displacement from the top is —3.0 m upwards.

When a ship sails a distance of 3700km between
Mumbai and Kolkata, its displacement from its
starting point on its arrival in Kolkata will be 1700km
in a direction N 75°E. This difference arises from the
fact that the ship will have to travel right around the
south of India, a much greater distance than a straight
overland distance.

Speed and velocity

As with distance and displacement, one of these
terms, velocity, is a vector and other, speed, is a
scalar quantity. Therefore, whenever velocity is used
a direction must be given.

Speed is defined as the distance travelled per
unit time. It is a scalar quantity.

Velocity is defined as displacement per unit time.
It is a vector and so the direction must be stated.

The defining equation for both of these terms is:

5
V=-
t

where v is the speed or velocity,
s is the distance or displacement, and
t is the time interval.

Example 1

What is the average speed on a journey of a car in
which it travels 620km in 8 h 25m?

Answer Distance (s) =620km=6.2 X 10°m
Time (f) = 8h 25min = (8 X 60) + 25 = 505 min
505 min =505 X 60 = 3.03 X 10*s
.. average speed =

$ BHRINW _ypge
t 303x10%s

Teacher’s Tip

Many careless mistakes are made when using
equations such as v = s/t. Some of these mistakes
can be eliminated if you put units into the
working equation. For example, a train travelling
at 136 kmh™' for 6 hours travels a distance of

136 % % 6h = 816km

It is clear that the unit of time, the hour, cancels
out from the top and the bottom, leaving the
answer in kilometres. A corresponding answer
for velocity can be worked out in exactly the same

way, but the answer needs to have a direction
included. It could be 609 km due south.




Acceleration

Acceleration is a vector and is defined as the rate
of change of velocity.

The average acceleration a of an object is,
therefore, given by

where v is the final velocity, u is the starting velocity
and t is the time interval.
The SI unit of acceleration is ms™ + s or ms™.

Graphs for motion
Distance-time graphs

A distance-time graph can be used to find the speed
of an object. Figure 3.1 shows a distance-time graph
for an object travelling with speed 6.0ms™".

30

Distance/m

Time/s

Figure 3.1 A distance-time graph

After 1s the object has travelled 6.0 m, after 2's
12m and so on until after 55 it has travelled 30 m.
The object is travelling at a constant speed.

Figure 3.2 gives another graph where the object
also travels 30 m in 5s but it has covered a greater
distance in the last second than it did in the first
second. Its speed is not constant.

30

)
o
L

Distance/m

=
1

0 T T T

Time/s

Figure 3.2
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To calculate the object’s speed after 4 s of travel,
the distance travelled in a small interval of time
needs to be taken. This could be from 3.9s to 4.1s or
even 3.99s to 4.01 s. Each of these is getting closer to
the gradient of the graph at a time of 4.0s.

The slope (gradient) of a distance-time graph
gives the speed.

The slope (gradient) of a displacement-time
graph gives the velocity, provided the direction of
the change in displacement is given.

Velocity-time graphs

As acceleration is the rate of change of velocity, the
slope (gradient) of a velocity-time graph will be the
acceleration.

Consider an object accelerating uniformly in a
straight line from a velocity of 8.0ms™ to a velocity
of 23.0ms™ in a time of 5.0s. A graph of this motion
is shown in Figure 3.3.

25 7
(23)
20 A

Velocity/m s
=
1

(=]
—
b3 4
L
e
-

Time/s
Figure 3.3
The slope of the graph, the acceleration, is given by

increase in velocity
time
(23.0 — 8.0)ms™
5.0s

acceleration =

15ms™ :
=2 _30ms>

5.0s

However, this is not the only information that
this graph of Figure 3.3 supplies. If the object had
remained at a constant velocity of 8.0 m s for all of
the 5.0s of travel, it would have had a displacement
of 8.0ms™ X 5.0s =40 m. This is shown as area A,
on Figure 3.3. Extending this idea to the accelerated
motion, the total displacement will be area A plus
area B.
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Area A=40m

AreaB= % X base X height of the triangle

%X5.0SX 15ms™

=37.5m
Total displacement =40 m + 37.5m
=77.5m

Derivation of equations of motion for
uniformly accelerated motion in a straight line

In this section, the symbols used have the following
meanings:

s the displacement,

u the velocity at the start of the motion,
v the velocity at the end of the motion,
t the total time for the acceleration and
a the acceleration.

Directly from the definition of acceleration as the
increase in velocity per unit time, we get,

vy—u
t
at=v—u OR v=u+at

a= which can be written as

Equation I

Figure 3.4 is a velocity-time graph that shows
these terms as used with uniform acceleration and
some connections between them.

V| at

Velocity

Time
Figure 3.4 A velocity-time graph
Area A is ut,
Area B is%x txat=%at2
This gives the total displacement s the area
beneath the graph
S=ut+ % ar’ Equation II

The total area under the graph could equally be
given by

.45 :
s=vi-sat Equation III
or the average value of the velocity multiplied by

the time, namely

u+v
L=

Xt Equation IV

If you look at Equations I to I'V, you may notice
that Equation I omits s, Equation II omits v,
Equation III omits # and Equation IV omits a. All
the equations require ¢, but this term may not be
given. An equation that does omit ¢ can be obtained
by some difficult algebra.

v =u’+2as

The five equations all refer to uniformly
accelerated motion in a straight line. In other
words, they do not apply if the acceleration is
changing or if the object is going round a corner.
It is worthwhile for you to be able to quote all of
these equations. Two of them are given on the
Data and Formulae page of the exam paper.

Equation V

Teacher's Tip

Whenever you use any of these equations always
carefully check the signs. For example, if movement
upwards is positive then movement downwards

is negative.

Example 2

A ball is thrown vertically upwards with a velocity
of 28 ms™ from a point 2.8 m above the ground.
Calculate

(a) the maximum height reached, and
(b) the time taken before it reaches the ground.

The acceleration due to gravity is 9.8 ms=. Air
resistance can be neglected.

-

Answer (a) u=28ms’!, v=0, a=g=-9.8ms>

Note the minus sign; u is taken as positive for
upwards so g must be negative as the acceleration
due to gravity is downwards.

Here s is required, so use equation v* = #? + 2as to get

0=28+(2x(-9.8) Xs)

This gives 282 =2x 9.8 x s

28
SO,Sﬁﬁ—‘lOm



(b) The time taken to reach the top can be found
usingv=u+at
0=28+(-9.81)
t=28/9.8=2.86s

The time to fall a total distance of 42.8 m can now

be found using s = ut + %at2 with all values in the
downward direction

42.8=0+%><9.8><t2

?=2x%42.8/9.8=8.73
sot=2.96

From the start the total time will be
(2.86+2.96)s=5.825
Part (b) could have been done in one step using

s=ut+ % at’ and getting
~2.8=28t+3 (<9.8)°

But this does involve solving a quadratic equation.
What would the negative value of t give?

Weight

The weight of any object is the gravitational pull on
the object. Our human body does not have any sense
organs that detect this pull but everybody knows that
there is a pull towards the Earth because if we drop
something it moves towards the Earth until it hits
something. When you stand on the Earth you can feel
the contact force of the Earth acting upwards on you,
because your body does have a sense of touch. The
forces acting on you when you fall or when you stand
on the ground are shown in Figures 3.5(a) and (b).

Upward contact
forces of the ground
on your feet

Weight

Weight
Earth Earth
(a) (b)

Figure 3.5 Forces acting on you (a) when you fall
and (b) when you stend on the ground

The forces involved in these diagrams will be
considered in more detail in Chapter 4 but, at present,
note that when falling in mid-air your weight causes
you to accelerate downwards. At this stage you have
no feeling for your weight, though you might feel a
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force from the air you are passing through. Similarly
an astronaut in the space shuttle has no feeling for
weight. In simulated free fall in a plane, people seem
to be weightless. This, too, is because we cannot feel
weight.

When you are standing on the Earth you are
not accelerating because the support force on you,
provided by contact with the Earth balances your
weight. Your weight is the same in both Figure 3.5(a)
and Figure 3.5(b).

The weight of an object is defined as the product
of the object’s mass and the acceleration of free fall g.
So, if your mass is 68.0 kg and the acceleration of
free fall is 9.81 m s~ then your weight is given by,

Weight = mass x acceleration of free fall
=68.0 X 9.81 =667 N.

Note that weight, being a force, will always
be measured in newtons. Your weight will vary
slightly from place to place on the Earth because the
acceleration of free fall varies from place to place on
the Earth’s surface.

Measurement of the acceleration

of free fall, g

One way in which g can be measured in the
laboratory is to release a ball as a timer is started.

After falling through a distance s, the timer stops
and records a time ¢ for the fall.

Using s = ut + %atz, gives

1 s
s=0+3gt

and hence g= 2s/t°

One arrangement that will achieve this is shown
in Figure 3.6.

Switch closed before
start so electromagnet holds ball

A D)
i+

Off to start

Electromagnet
Timer

Steel ball OF o #up

Figure 3.6 Laboratory set-up to measure g
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When switch A is turned off the steel ball starts to
fall and the timer starts. The ball falls onto switch B
and when it breaks the circuit the timer stops.

Some problems with the method are:

e the ball is inclined to stick on the
electromagnet after switching off, so the
current in the electromagnet must be only
just large enough to hold the ball, and

e air resistance increases as the ball falls,
reducing the acceleration.

An improved method, using light gates, is
suggested in Progress Check Question 3.10.

The effect of air resistance
on a falling body

So far in this chapter, air resistance has largely been
ignored. In practice there are situations in real life
where air resistance is vitally necessary, a parachute
being the best example. Air resistance on a falling
sphere increases with velocity. It is a force that acts
upwards. This is also true for most other falling
bodies, but area of cross-section also affects the
magnitude of air resistance. Sky divers, for example,
usually spread themselves to give maximum air
resistance because it increases the time they can be

in free fall before they need to open their parachutes.

Figure 3.7 shows how air resistance increases as
downward velocity increases.

Air resistance increasing

——————
R=0 ,
T T T A
Velocity W ¥ T
3 g w =
increasing W ’
W =W
w R
w
w
\
w J

Figure 3.7

This causes the resultant downward force on the falling
body to decrease and so there is less acceleration.
Provided the length of drop is sufficient, air resistance
increases to become an upward force equal in
magnitude to the body’s weight, at which point the
object has zero acceleration and constant velocity.

The expression terminal velocity is used for this
situation. For a falling person this happens at a velocity
of around 50 to 60ms™. A parachutist, in contrast,

is slowed down by his parachute and usually hits the
ground when travelling at about 2-3ms™. Graphs
showing how the downward acceleration and velocity
change with time are given in Figures 3.8(a) and (b).

A
e 9.8 4
:
=
0 =
0 Time/s
(a)
.
Terminal R T
7, Velocity
B
g
=
0 >
0 Time/s
(b)
Figure 3.8

Objects moving under gravity in two
dimensions

Anything moving through the air near the Earth’s
surface is often moving sideways as well as up or
down. When a golf ball is hit cleanly with a golf club,
it will start by moving forwards and upwards and,
before it hits the ground, by moving forwards and
downwards. This is shown in Figure 3.9, where air
resistance has again been ignored.

4

Horizontal ground v
—— Horizontal velocity constant

T | Vertical velocity changing
¥

Figure 3.9 The path of a golf ball when air resistance is
ignored



In this idealised case, once the ball has lost
contact with the club there will be zero horizontal
force on the ball. Its horizontal velocity, therefore,
remains constant. This is shown by black arrows of
constant length. Vertically, however, the weight of
the ball will cause a downward acceleration of g. Its
vertical velocity, therefore, falls at a constant rate
of 9.81 ms™ to 0 at the top of the flight and then
increases at the same rate bringing the ball back to
the ground.

The following example shows how to calculate the

range of a golf ball in the absence of air resistance.
Air resistance will decrease the range of the ball and
the maximum height it reaches.

Example 3

A golfer strikes a ball so that the ball has a velocity
of 64ms™ at an angle of 37° to the horizontal. In
the absence of air resistance, calculate for horizontal
ground,

(a) the maximum height reached,

(b) the time taken to reach maximum height, and

(c) the distance the ball travels horizontally before
hitting the ground for the first time.

Answer Start by finding the horizontal and
vertical components of the initial velocity, using
Figure 3.10.
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Initial velocity

Vertical 64m s}

component
of initial
velocity

|
1
|
|
|
|

\-472
L

Horizontal
component of
initial velocity

Figure 3.10

Horizontal component = 64 cos37°=51.1ms™

(a)

(b)

(c)

Vertical component = 64sin37° =38.5ms™

Use v* = u* + 2as for the vertical motion only,
so v=0 at the top of the flight. This gives

0=(38.5—2%x9.81 X

where s is the vertical rise.
Therefore 2 X 9.81 X s=38.52and s =75.5m.
The time for this vertical rise can be obtained

from s= vt — %atl

75.5=0—1x (-9.81) X £ and

s0 #=2%755/9.81=154and t=3.93s

Since both halves of this path are symmetrical,
the time taken to return to the ground will also
be 3.93s. The total time is, therefore, 7.865s. At

a constant horizontal velocity of 51.1 ms™, the
ball will travel a total horizontal distance of

51.1 = X 7.865=400m (to 2 significant figures).

v/ Speed is a scalar and is distance travelled per unit
time.

v Velocity is a vector and is speed in a stated direction.

/" Acceleration is the rate of change of velocity. It is a
vector.

v/ Equations of motion for uniform acceleration:

1. v=u+at

2. 5= ut+%ar=

-
3. 5= vt—-z-m‘

u+v

wn
=
Il

=

The gradient of a distance-time graph gives the speed
(or velocity).

The gradient of a velocity-time graph gives the
acceleration.

The area beneath a velocity-time graph gives the
distance.

The pull of gravity on an object is its weight.

For motion in two dimensions, horizontal velocity
is usually considered to be constant; vertical velocity
will have acceleration due to gravity downwards.
These two velocities can be considered separately.
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. Progress Check ;

3.1

3.2

3.3

3.4

35

3.6

3.7

3.8

A car travels a distance of 720km in moving 480 km
south and 370km west as shown in Figure 3.11. What is
the displacement of the car from its starting point after
completing the journey?

Starting
point
Route distance
720km 480km

Finishing —# = - ————— = v
pRit 370km
Figure 3.11

A plane travels 2000km east and 150km south on a flight.
What is the displacement of the plane from its starting
point at the end of the journey?

When travelling in a straight line, a train increases its
velocity from 3ms™ to 50ms™ in a time of 107s. What is
its average acceleration during this time?

In an X-ray tube an electron has acceleration of
8.4 x 10" ms™ from rest to a velocity of 3.8 x 107ms™.
How long does the acceleration take?

What is the minimum time it will take for a racing

car to increase its speed from 28 ms™ to 75ms™ if the
maximum grip between the car and the racetrack enables
a maximum acceleration of 17ms™ ?

In a sprint, an athlete maintains a constant acceleration of
7.8 ms™ for the first 1.5s of the race, Calculate:

(a) the velocity of the athlete after 1.5,

(b) the displacement of the athlete after the 1.5s.

In an old castle there is a well that is so deep that when a

bucketful of water is dropped down the well it takes 4.0s

before the dropped water hits the water in the well. The

acceleration due to gravity is 9.8 ms™.

Estimate:

(a) the speed of the dropped water when it hits the
water in the well,

(b) the depth of the well.

Explain two factors that make your answers unreliable.

A railway company is asked to allow a high-speed train
to make a stop at a station where it had previously not

3.9

3.10

stopped. Two minutes must be allowed for the train to

be stationary. Consider a train travelling at 60ms™

before braking with a deceleration of 2.0ms™.

(Deceleration is negative acceleration.) After stopping it

can accelerate at a rate of 1.2 ms™. Calculate

(a) the time taken for the train to stop,

(b) the time taken for the train to accelerate back to
top speed,

(c) the distances the train takes to stop and to speed up,

(d) the delay time of the train as a result of stopping at
the station.

A motorist travelling at 25ms™ is 40m behind another
motorist also travelling at 25ms™". The first motorist
accelerates in 6.0s to 30ms™' and maintains this speed
difference until he is 50 m in front of the other motorist,
who keeps to his original speed. Deduce

(a) the total time this takes,

(b) the distance the overtaking motorist has travelled.

A steel ball bearing is dropped from above gate 1 and is
timed as it passes through the three light gates shown in
Figure 3.12.

®
Gate 1 il Lamp 1
—1 § — 3%
‘: 53cm
Gate 2 ! Lamp 2
: )
Gate 3 : Lamp 3 e
— | —3

Path of ball between
three light gates

Figure 3.12

The separation between each pair of light gates is 53.0cm.
The time interval between gates 1 and 2 is 0.197465s and
between gates 2 and 3 is 0.124 34s.

; : : 1
(a) Write equations using s = uf + 5 at for

(i) the time between gates 1 and 2,
(ii) the total time between gates 1 and 3.

(b) Eliminate u, the speed of the ball at gate 1 and
solve the equation to find g.




Dynamics

Introduction

You need some background knowledge about
motion to understand dynamics. In the
seventeenth century Sir Isaac Newton transformed
ideas about motion. He stated three laws of
motion that are now known as Newton’s laws of
motion. The most important difference between
pre-Newton ideas and his own ideas was that
Newton realised that increased force resulted in
increased acceleration and that zero force resulted
in zero acceleration. Previously zero force was
assumed to be the condition for zero velocity.

It may appear obvious that force is required for
motion but it is not so. The Earth, for example,

is travelling at about 30 kilometres per second in
its orbit around the Sun. Nothing is pushing it to
keep it at this speed and it has been travelling with
a speed like this for the last 4 500 000 000 years.
Similarly an artificial space probe, far out in space
might be travelling with constant velocity of
5kms™ for years. It only requires its rocket motor
to be switched on when it is required to change its
velocity.

Teacher’s Tip

Zero resultant force implies constant velocity and
zero acceleration. A resultant force will cause an
acceleration in the direction of the resultant force.

Newton'’s laws of motion

The formal statements of the laws are as follows.

Newton’s first law

Every object continues in its state of rest or state
of uniform motion in a straight line unless acted
upon by a resultant external force.

Newton's second law

The rate of change of momentum of a body is
proportional to the resultant force acting on it.

More detail about momentum will be given
shortly. Here it refers to the product of the mass and
velocity of an object. It is a vector quantity.

Newton’s first law is actually the special case of the
second law when the resultant force is zero. In that
case there will be no rate of change of momentum,
so there will be a constant velocity.

Newton's third law

In its traditional wording, it is:

If body A exerts a force on body B then body B

exerts an equal and opposite force on body A.
A different version of this law will be given in a

Teacher’s Tip on page 24.

Mass

Whereas weight is a force and is, therefore,
measured in newtons, mass is not a force. Mass is
a measure of how difficult it is to accelerate a body.
It is often referred to as the inertia of a body or its
reluctance to accelerate. Mass is measured in the
familiar unit, the kilogram.

If an object has a mass of 100kg, it will be 100
times more difficult to accelerate it than the standard
1 kilogram mass. Another way of looking at this
is that if a force can give the standard kilogram a
certain acceleration, then the same force on a 100kg
mass will cause one hundredth of this acceleration.

One important point about an object’s mass is that
it is constant throughout the Universe. The weight
of a 5.000 kilogram mass on Earth may vary from
49.15N at the North Pole to a lower force of 48.90N
at the equator. On the Moon the weight would be
about 8.0N only. It would be very easy to lift the mass



on the Moon but if you kicked it, that is, accelerated
it, the feel of it on your toes would be exactly the same
as if you kicked it on the Earth. In all these situations,
the mass remains the same at 5.000kg.

It is confusing that in everyday life, weights are
given in kilograms. Postal services in many countries,
for example, charge for parcels according to weight—
and then give weights in kilograms. For your physics
course it is best to remember the difference between
mass and weight as shown in the Teacher’s Tip.

o The mass of an object is always measured in
kilograms.

e The gravitational force pulling an object
towards the Earth, its weight, is always
measured in newtons.

If your own mass is 70 kg, your weight is
70kg x 9.81ms =687 N.

Note that the unit for g, the acceleration of free fall
due to gravity, is not onlym s~ but since acceleration
can be calculated from force divided by mass, the unit
of acceleration can also be written as

o,
kg’

Therefore, 9.81 ms™ is 9.81 newtons per kilogram,
and when written this way it is referred to as the
Earth’s gravitational field strength. Gravitational field
strength is defined as the force per unit mass acting
due to gravity.

Linear momentum

Momentum was stated earlier to be the product of a
body’s mass m and velocity v. The symbol normally
used for momentum is p, so
p=mxv

(There is another momentum called angular
momentum. It involves rotation and is not included
in this physics course. Therefore, whenever you see
the word momentum in this course you can assume
it is linear momentum for an object travelling in a
straight line.)

Newton’s second law states that the rate of change
of momentum of an object is proportional to the
resultant force acting on the object.
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change in momentum

This gives F=k X Equation I

change in time

where k is a constant.

For those of you studying calculus this is F = k%.

For a constant mass this becomes
mxchange in v
P=lesx —g
changein f

Since change in v/change in ¢ is the acceleration
we get
F=kma Equation II

You may be familiar with this equation, apart
from the k term in it. Making k equal to 1 comes
about from the definition of the unit of force, the
newton.

A force of 1 newton (N) is the force that causes
a mass of 1 kilogram to have an acceleration of
1ms™

So,I1N=kx1lkgx1lms™

This makes k = 1 so long as the units used are
newtons, kilograms and metres second™. It also
means that force in newtons can be defined as being
equal to the rate of change of momentum.

With k = 1, Equation II becomes the familiar,
F=mXa.

In this equation F and a are vectors and m is a
scalar. This means that F and a must always be in the
same direction. A resultant force on an object will
accelerate the object only in the direction that the
force is acting. This reinforces the comment made
in Chapter 3 about a ball travelling through the air
(see Figure 3.9). In Figure 4.1 the ball is following a
curved path.

Path of ball

Acceleration sy
Velocity

Pull of Earth

Ground

Figure 4.1



The velocity of the ball is at a tangent to the curve,
but the force acting on the ball is the gravitational
attraction of the Earth pulling vertically downwards,
so the acceleration must also be vertically downwards.

Equation I gives a more meaningful SI unit for
momentum than the artificial kgms™. Rearranging
the equation gives

change in momentum = force X time

and, therefore, an SI unit of momentum is the
newton second, N's.

Newton'’s third law

This law effectively states that forces always come in
pairs. As push on B is always accompanied by Bs push
on A, and that these two forces are equal in magnitude
and opposite in direction. The two forces are also always
of the same type and never act on the same object.

For example, when a tennis racket hits a tennis
ball, the contact force of the racket on the ball equals
the contact force of the ball on the racket.

This does not mean that they somehow cancel one
another out.

If the contact force on the ball is 60 N forwards
then it accelerates forwards at a rate dependent on
its mass. The contact force on the racket is 60 N
backwards and it will decelerate at a rate depending
on its mass, and any other forces acting on it.

Now consider an apple falling from a tree. (This
is an appropriate example because Newton, by
common agreement, is assumed to have written his
laws after thinking about a falling apple!) Figure 4.2
shows the Earth and the apple.

\ Apple

Force Earth exerts
on apple

Force apple

exerts on
Earth /

Equator

Figure 4.2 As an apple falls the force the Earth exerts on
it is equal and opposite to the force the apple exerts on the
Earth. (The figure is not drawn to scale!)
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The gravitational force of the Earth on the apple
downwards equals the gravitational force of the
apple on the Earth upwards.

The forces

e are equal in magnitude,

® are opposite in direction,

e are both gravitational

e and act on different objects.

The downward force on the small mass of the
apple causes its acceleration, the force of the same
magnitude acting upwards on the vast mass of the
Earth has virtually no effect on the Earth’s movement.

Now consider the situation at the instant the apple
hits the ground. Figures 4.3(a) and (b) show so-called
free-body diagrams for both the Earth and the apple.
The apple is touching the Earth but the diagrams get
confused with one another if they are shown touching.

4 Contact force Groand

of ground on
apple 15N

:\J Gravitational Contact force Grﬂ\f‘it_ati&?nal

pull of Earth of apple on pull of apglc?

onapple 2N ground I5N  y on Earth 2N

(a) (b)
Figure 4.3

The gravitational forces are exactly the same as
has just been discussed. They are now taken to be
2N in magnitude. The difference is that now there
is an upward contact force of the ground on the
apple, taken as 15N, and consequently a downward
contact force of 15N of the apple on the ground.
The apple is decelerated by a resultant upward force
of 13N. The Earth is almost unaffected by the 15N
downward contact force on it.

Once the apple has stopped, the free-body force
diagrams are shown in Figures 4.4(a) and (b).

These diagrams are very similar to those in
Figures 4.3(a) and (b). The only difference is that the
15N forces have dropped in magnitude down to 2N.
The resultant force on the apple is zero and so at rest
on the ground it has zero acceleration.
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Contact force Gravitational

of ground on pull of Earth
apple 2N on apple 2N
Contact force
of apple on
ground 2N ¥
A . :
Gravitational
pull of apple
on Earth 2N
(b)
Figure 4.4

In studying this topic it is important to note that
contact forces can vary; the gravitational attraction
does not, for a given object in a given place. When
walking, for example, you vary the contact force
between your shoes and the ground in a complicated
way. There are only a few special moments when the
magnitude of the contact force happens to be equal
to the magnitude of your weight.

féa’i:{hefs Tip-

Learn Newton’s third law in a longer, but more
precise form.

If body A exerts a force on body B then
body B exerts a force on body A that is equal in
magnitude, opposite in direction, and the two

forces are of the same type.

So, it is incorrect to apply Newton’s third law
to two forces acting on the same body that might
happen to be equal and opposite to one another even
though they are different types of force. Newton’s
third law says nothing about a gravitational force
being equal and opposite to a contact force. The two
different forces may be equal and opposite, but this is
not related to Newton’s third law.

Conservation of momentum

The deduction of the principle from
Newton'’s third law

Comnsider a collision between two blocks of matter
far out in space. The blocks can be of any size, any

shape, any mass, any velocity, any strength and any
stickiness. After the collision, the two blocks may stick
together, may bounce off one another or may break up
into thousands of bits. To simplify things the following
analysis assumes that the blocks hit one another head
on but the analysis is equally true if done for two or
three dimensions rather than one. Figure 4.5 shows
the arrangement with A, of mass M, moving in one
direction with velocity U. It also shows B, of mass m,
moving in the opposite direction with velocity .

&)

massm

U It

mass M

Figure 4.5

On hitting B, A will exert a force on it which
might vary with time as shown in Figure 4.6(a).

A
g
=
= Time
&
2
(a)
A
<
s
=
o Time
o
L%
-
=z

(b)
Figure 4.6
The area beneath this graph is a product of the

average force exerted IF and the time . F < t is the
change in momentum of B.



Newton’s third law states that if body A exerts a
force on body B, then body B exerts an equal and
opposite force on body A. The force that B exerts
on A is, therefore, shown in Figure 4.6(b). The
two graphs must be exactly mirror images of one
another. The area beneath the top graph shows the
gain in the momentum of B. The area beneath the
bottom graph shows that all the momentum gained
by B is exactly matched by the momentum lost by A.
It is a loss of momentum of A because the force on A
is in the opposite direction to its motion. The force
on A slows A down.

Gain of momentum of B =loss of momentum of A.

The total momentum of the two bodies is
unchanged.

This is a fundamental principle of physics that has
never been known to have been broken. It is called
the principle of conservation of linear momentum.

The use of the principle of conservation
of momentum

A formal statement of the principle of conservation
of linear momentum is as follows.

In any collision between bodies the total
momentum remains constant provided that there
is no resultant external force acting.

The principle holds however many systems
are involved but, for example, when a collision
takes place between two cars, not only are the cars
involved but the ground has forces exerted on it as
well and so does the air surrounding the collision
as air resistance might be involved. The following
example shows how this difficulty can be minimised
and how the principle of conservation of momentum
can be used.

Example 1

A car of mass 950kg is at rest and a car of mass

1200 kg travelling at an unknown velocity u hits

it from behind. From skid markings on the road

an investigator deduces that the speed of both
vehicles immediately after the collision was 7.3 ms™.
Calculate the value of u.

Answer It is always worthwhile with these
problems to sketch a diagram on which known
details can be added. It is all too easy to confuse
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velocity v and velocities u and U and get masses m
and M the wrong way round. A typical sketch is
given in Figure 4.7.

: Zero velocity
{

—_—
Before collision 12%31:3 9.::Oalig
After collision 1200kg 950kg |—
7.3ms™!
Figure 4.7

Using the principle of conservation of momentum
Total momentum total momentum
before collision after collision

(1200 xu) = (1200+950) x 7.3
Therefore, u=(2150x 7.3)/1200=13.1 ms™".
One interesting point about this collision is that

although momentum is conserved in the collision,
kinetic energy is not conserved. This must be the
case, since even if no other energy is lost there will
be a lot of sound energy produced in the crash.

You are probably familiar with kinetic energy being

1 5 ; s : 3 2
3mv2. This will be considered in more detail later

but here,
Kinetic energy of 1200kg car before the collision

=2 %1200 % 13.1*= 103 K]

Kinetic energy of both cars after the collision
= 2% (1200 + 950) X 7.3* = 57K]

So, 46 k] has been lost in heating the road and the
cars and in producing sound energy.

Elastic and inelastic collisions

A collision such as the one detailed in the example
above is known as an inelastic collision because
kinetic energy has been lost. In an elastic collision
there is no loss of kinetic energy. A special situation
arises with an elastic collision.

Consider the following elastic collision in a
straight line between body A of mass m and velocity
u with body B of mass M and velocity U as shown
in Figure 4.8. The velocities after the collision are
vand V.
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B

A
2 o u U
Before collision @—v
‘..‘
( ) R

Figure 4.8

After collision

Equating total momentum before the collision
with momentum after gives

mu+ MU=mv+ MV

The corresponding equation for kinetic energy
will be

1 3 1 Lo ps b 2
5 mu +2MU =5 my +2MV

To simplify these two equations is not as easy as
it might seem. It can be made easier by putting all
the terms with an m in them on the left-hand side of

the equations and all the terms with M in them on
the right. The % may be cancelled from the kinetic
energy equation giving

mu—mv=MV—-MU or

m(u—v)=M(V-U)and Equation I
mu? —mv =MV —MU? or
m(u> —v?) = M(V*=U?) Equation II

Now divide the Equation II by Equation I to get

m(u’ —v) _ M(V:-U?)
M(V-U)

m(u—v)

Both m and M cancel out and both top lines are
differences of two squares so

(u+v)(u—1f):(U+V)(U—V)
(u—v) (U-v)

giving
(u+v)=U+V)
or(u—-U)=(V-v)

The term on the left is the relative velocity of
approach, i.e. how fast mass m is catching up mass
M. The term on the right is the relative velocity of

separation, i.e. how fast M is moving away from
mass m.

For elastic collisions only, the velocity of approach
equals the velocity of separation.

Example 2

On a linear air track, a mass of 120g is travelling

to the right with a velocity of 83 cms™. It collides
elastically with a mass of 200 g travelling with
velocity 47 cms™ in the opposite direction, as shown
in Figure 4.9.

1

83cms” <« 47cms
=0.83m s =047ms"!
B =i 'E_V
|- ES
A B
120g 200g
=0.12kg =0.20kg
Al’ier T ] TR
Velocity U Velocity V
Figure 4.9

With what velocity do the masses travel after the
collision?

Answer Before collision total momentum to right
=(0.12 x 0.83) — (0.20 X 0.47)
After the collision total momentum to
right=(0.12x U) + (0.20 X V)

These two terms are equal by the principle of
conservation of energy, so

(0.0996 — 0.0940) = 0.0056 = 0.12U + 0.20V

Sometimes it is worthwhile multiplying both sides
of an equation by a large number to get rid of all the
zeroes. Multiplying through by 100 gives

(9.96 —9.40) = 0.56 = 12U + 20V

Neither U nor V can be obtained from this equation
but using the fact that the velocity of approach
equals the velocity of separation gives

(0.83+047)=V-U
By substituting into the first equation we get

12U+ 20(1.30 + U) =0.56

12U+26+20U=0.56 so 32U=-25.44and
U=-0.795ms™' =-80cms™" to 2 sig figs. and
V=0.505ms™"=51cms™ to 2 sig figs.
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v Newton's first law. Every object continues in its state v Weight is the force of gravitational attraction acting
of rest or state of uniform motion in a straight line on a body. It is measured in newtons.
unless acted upon by a resultant external force. v" Momentum is the product of an object’s mass and

v/ Newton’s second law. The rate of change of velocity. It is measured in N's. To determine the time
momentum of a dody is proportional to the resultant t an object takes to stop when a force F is applied, use
force acting on it. its momentum in the equation mv = Ft.

/" Newton’ third law. If body A exerts a force on body / The principle of conservation of momentum states
B then body B exerts an equal and opposite force on that in all collisions the total momentum is constant
body A. provided that there is no resultant external force

/' Mass is a measure of how difficult it is to accelerate a acting.
body. It is measured in kilograms.

Progress Check

4.1 (a) Calculate the weight of a new-born baby of mass 4.4 Draw free-body force diagrams for

3.72kg. (a) a person standing on level ground and a case held
(b) Calculate the mass and the weight on the Earth of in their hand,

a satellite that has a weight on the Moon of 1130 N. (b) a person driving a car and the car accelerating in a

The gravitational field of the Moon at its surface is straight line,

1.62Nkg™. (¢) acarand a caravan, with the car accelerating.

4.2 For each of the following situations, which quantity, mass 4.5 A cannonball has mass 25kg and it is fired horizontally
or weight, is mainly involved? Give reasons for your with velocity 75ms~' from a cannon of mass 320kg.
AT Calculate the initial velocity of recoil of the cannon.

(a) Buying a loaf of bread
(b) Lifting a group of people in a lift 4.6 A head-on elastic collision takes place between a

4.3

(c) Starting a Grand Prix racing car in a race
(d) Posting a parcel

(e) Hitting a wall in an accident in a car

(f) Checking the load in a helicopter

(g) Rock climbing

In using the equation F = kina, what value will k have
if the mass is measured in grams, the acceleration is
measured in cms™and F is to be found and measured
in newtons?

stationary nucleus of uranium, mass 235u, and a neutron,
mass 1.00u. The neutron was travelling with velocity

4.70 x 10°ms™", Calculate the speed of the two particles
after the collision.

[Note: Provided all the mass units are the same in the
conservation of momentum equation, there is no need
to convert masses in u to masses in kilograms because
the conversion factor would cancel out throughout your
equation.]




Forces, Density and

Pressure

Types of force

A force is often described as a push or a pull, but if
we want to know more about this term, then first we
have to learn how a force can be produced.

Outside of the nucleus of an atom, there are three
ways in which a force can be generated. It can be
generated:

e onamass in a gravitational field,
e onacharge in an electric field, and
e onan electric current in a magnetic field.

The first of these three has been mentioned
in Chapter 4. A mass m in a gravitational field g
experiences a force mg. For example, in the Earth’s
gravitational field of 9.81 Nkg™" a 20.0 kg mass will
experience a force of 20.0kg x 9.81 Nkg™ =196.2N
in the direction of the field.

The other two types of force will be considered
in more detail later in the book but, for the sake of
completeness they are given here and described in
outline.

A charge g in an electric field E experiences a force
gE. For example, a charge of 3.6 microcoulombs (UC)
in an electric field of 23000 N C™* experiences a force
given by

F=gE=3.6x10°Cx23000NC'=0.083N in
the direction of the field.

A current I flowing through a wire of length /
when placed at right angles to a magnetic field of flux
density B will experience a force F given by F = BIL

For example, a current of 6.2 A flowing through
a 3.0cm length of wire, when placed at right angles
to a magnetic field of flux density 0.026 tesla (T) will
experience a force F given by

F=BIl=0.026T x6.2A x0.030m =0.0048N

This force will be at right angles to both the
current and the magnetic field.

The definitions for gravitational field and electric
field are directly comparable. The definition for
magnetic field is more complicated, particularly
concerning direction.

These three causes of force appear to omit
ordinary forces between touching objects like
knocks, hits, pushes, tensions, etc. This is because all
of these forces are actually electrical forces. It is the
electrical force that holds all solid objects together.
All atoms contain charged particles and solid objects
remain solid because of the attractive force between
these particles. All forces of contact are, in fact,
electrical forces, even though you do not regard
touching a table as having an electric shock.

Forces in fluids

Swimming is possible because the water you swim
in provides an upward force on you. This becomes
very clear when you snorkel on the surface of deep
water. When you look down to the bottom of the
sea, provided the water is clear and perhaps the Sun
is shining, it almost looks as if you are in danger of
falling from a great height, but you know that the
water is holding you up. The support force acting on
you is a contact force from the water and is called an
upthrust. Upthrust is the force that allows all boats
to float. A boat in equilibrium will have an upthrust
on it that is equal and opposite to its total weight. If
it rises a little, then the weight will be greater than
the upthrust and if it falls a little, then the upthrust
will be greater than the weight. So, when out of
equilibrium, the resultant force will tend to push it
back into equilibrium.

The origin of upthrust is due to the increase in
pressure in a liquid with depth. More detail will

be given about pressure later in the chapter but its
definition is that pressure is force per unit area. Be
careful with the use of the word pressure because



in everyday speech people often use the term
‘pressure’ when they should have correctly used
‘force’. Pressure is correctly measured in the unit
newtons per square metre unit or the pascal.

1N m™is a pressure of 1 pascal, 1 Pa.

Atmospheric pressure is about 100 000 Pa.
Meteorologists (scientists who study the weather
and climate) use the unit 1 bar for 100000 Pa and
often measure atmospheric pressure as, say,

998 mbar (= 0.998 bar).

A cube submerged in a liquid will have forces
acting on it due to the pressure of the liquid. This is
shown in Figure 5.1.

YV ¥V Y VY

Figure 5.1 Forces acting on a solid
submerged in a liquid
The sideways forces cancel out; the upward forces
are greater than the downward forces, so there is a
resultant of all these forces in an upward direction.
This resultant is the upthrust.

R i Ti"' {

nesiIstive 1orces

When there is movement of an object across a
surface, there is usually a force on the object that
is in the opposite direction to its motion. The force
on the object is called friction when the object is
moving across a solid. When the object is moving

Sphere Cylinder
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through a fluid, the terms viscous force or drag are
used. Fluid means ‘something that can flow’ and so
a fluid substance is a liquid or a gas. In air, the term
air resistance is frequently used and fluid friction is
another term used generally for viscous forces.

Generally the magnitude of viscous force
increases with speed but only under special non-
turbulent conditions is viscous force proportional
to speed. Friction between solids is usually
independent of speed once the object is moving.
You must have noticed that it is easier to keep
something moving than it is to get it moving in the
first place. This is because the frictional force on a
stationary object is greater than that on the same
object when it is moving.

Friction is frequently considered to be a nuisance.
However, friction is an absolutely essential force for
almost everything. Life, as we know it, would not
exist without friction. All clothing is held together
by friction. All houses require friction to remain
standing. Nails, screws, nuts and bolts all hold
together because of friction. Cars not only require
tyres to grip a road using friction, they are held
together by friction. Even mountains would not
exist if there was no such force as friction.

Centre of gravity

Any large object may be made up of many parts and
each part made of innumerable numbers of molecules.
It is almost impossible to make any calculation about
the overall acceleration of the object by considering
each molecule separately. This problem is overcome by
using the concept of the centre of gravity of an object.
The centre of gravity of an object is defined as
the single point where the weight of the object
may be considered to act. For most regular objects,
the centre of gravity (C of G) of the object is at its
geometrical centre, as shown in Figure 5.2.

CofG D

Cube Uniform bar

Figure 5.2 For regular objects, centre of gravity is the geometrical centre
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Cof G
L]

Ring L-shaped bar

Steel head of
sledge hammer

-

Cof G
°

\\’doden h;u;.dle

Figure 5.3 For some objects, centre of gravity lies outside of the object

For some objects the centre of gravity may be
difficult to find or may even be outside of the body
altogether, as shown in Figure 5.3.

Note that the weight of an object does not act at the
centre of gravity. It acts on all the molecules that make
up the object. It is just that for the sake of calculations,
the same answer is obtained by assuming that the
whole weight does act at the centre of gravity.

So far with the study of Newton’s laws of motion, it
has been stated that a resultant force will cause an
acceleration of a body. This is true, but a force may
also cause rotation of the body.

There is a series of terms associated with turning
forces. These are now defined with the warning that
they need to be used with care.

The moment of a force is the product of the
force and its perpendicular distance from the axis of
rotation. This is illustrated in Figures 5.4(a) and (b).

l4m

(a)

Figure 5.4

Here, in Figure 5.4(a) a beam is pivoted at X with
a 200N force applied to it at a distance of 1.4 m from
its axis of rotation. The clockwise moment of the
force is 200N X 1.4m =280 N m.

When the force is not at right angles to the beam, in
Figure 5.4(Db) it is the perpendicular distance from the
line of action of the force to the pivot that is needed.

With an angle of 25° the clockwise moment
becomes

200N X 1.4 X cos25°=254Nm.

A couple is a pair of equal forces that tend to
produce rotation only. They will, therefore, not
produce any linear acceleration. See Figure 5.5.

ON Y

Figure 5.5

The torque of a couple is equal to one of the forces
multiplied by the perpendicular distance between them.
For Figure 5.5 the torque is 20N X 0.16m = 3.2Nm.

Equilibrium

A body is said to be in equilibrium when there is
no resultant force or resultant torque acting on the
body. Note that this does not mean that the body is

not moving. When you are travelling at 800 kilometres
per hour in a comfortable airline seat during a smooth
flight, you are in equilibrium. This is because you are



not rotating and you are not accelerating. The resultant
force on you is zero and the resultant torque on you is
also zero. Under these conditions, normal actions such
as pouring a drink into a glass can be performed in the
same way as if you were sitting at home. The problem
in a plane only comes about when the plane meets air
disturbance, where a resultant force may be caused.
You are then no longer in equilibrium.

The triangle of forces

Consider a child on a swing having been pulled
backwards before starting the swing. A force
diagram for the situation is shown in Figure 5.6.

Force of swing
B, >
\ on child

Pull to prevent
< I\ movement /

Weight of child acting
through centre of
gravity W

Figure 5.6

For these three forces to provide equilibrium,
they must act through a single point so that there is
no resultant torque. They must also have a resultant
force of zero so the forces must add vectorially to
zero. This they will do provided they add to form
a closed triangle, called a vector triangle. This is
shown in Figure 5.7.

Figure 5.7
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The principle of moments

This principle states that if the sum of the clockwise
moments about any point in a system equals the
sum of the anticlockwise moments about the same
point, then the system will not rotate. (Strictly it will
not change its rate of rotation.)

This is an equivalent statement for rotation as
Newton’s first law is for linear motion.

Example 1
The jib of a tower crane is in equilibrium and is

illustrated in Figure 5.8 with the loading forces
acting on it at specified distances.

Support force
from tower

. Sm_ | 4m = 12m )
\
£ R 2
. \ i
Counterpoise jib
Y Y
Weight of Weight of Weight of
counterpoise | jib 8000N load
w 10 000N
Tower
Figure 5.8

Calculate (a) the weight necessary for the
counterpoise and (b) the support force provided by
the tower.

Answer (a) The clockwise moments about the
tower:

moment provided by the weight of the jib
=8000N x4.0m=32000Nm

moment provided by the load
=10000N X12m = 120000 N m

Total clockwise moment
=32000Nm+120000Nm = 152000 N m

The anticlockwise moment is provided by the
counterpoise weight.

Thisis Wx5m
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For equilibrium,
clockwise moments = anticlockwise moments so
5W = 152000 and thersfore
W=152000/5
=30400N
(b) The total downward force = the total upward
force when in equilibrium, so
30.4kN 4+ 8kN + 10kN
= support force provided by the tower
=48.4kN,

Density
Density is defined as the mass per unit volume of a
substance. In equation form, this becomes

mass m

density = , orinsymbols p= v

volume
In SI units, density is measured in kilograms per
cubic metre. The symbol for density, p is the Greek
letter rho.

Example 2

A cold water tank providing water for use in a house,
has internal dimensions of width = 64 cm,

length = 92 cm. It contains water to a depth of 56 cm.
The mass of water in the tank is 330kg. (This is about
a third of a tonne.) Calculate the density of water.

Answer Volume of water =0.64m X 0.92m X 0.56m
=0.33m’
Density of water = mass/volume
=330kg/0.33 m’ = 1000 kg m™
Note from this example that the density of
water is not 1kgm™. A cubic metre of water is
a large quantity of water. It has a mass of a tonne,
a thousand kilograms.
Densities of some common materials, in
decreasing values, are given in Table 5.1.

solid copper 8930
solid iron 7870
solid concrete 2400
liquid water 1000
solid ice 920

solid wood (oak) 650

gas air (at standard pressure and 273 K) 1.3

gas  steam (at standard pressure and 373K) 0.80
hydrogen (at standard pressure

88 1nd 273K) S

Pressure

Pressure is defined as the normal force per unit area.
The unit of pressure is the pascal, Pa, and is 1 newton
per metre squared.

(Old non-SI units are still used frequently for
pressure. If you ever have your blood pressure
taken, it will be measured in millimetres of
mercury because before using electronic devices
doctors used to use a pressure instrument called
a manometer, in which there is mercury in a
glass U-shaped tube. Meteorologists use the unit
millibar for pressure. One bar is approximately
equal to atmospheric pressure and is exactly
100000 newtons per square metre, so a millibar
is 100 newtons per square metre. High atmospheric
pressure might be 1024 mB and in a depression
might fall to 940 mB.)

Atmospheric pressure

The Earth’s atmosphere is a relatively thin layer of
mostly nitrogen and oxygen gases. The pressure
exerted on a particular object on the Earth is due
to the continual bombardment the object receives
from molecules surrounding it. Each collision
results in a molecule’s momentum changing.

The rate of change of momentum is force. Add

all the small forces together and the result is

the total force on the object. The fact that you

do not feel atmospheric pressure is because the
pressure inside your body is nearly the same as
that outside it. The resultant force on you caused
by atmospheric pressure is, therefore, almost
zero. Where you do notice pressure is when you
are swimming. Here, the pressure in the water
increases considerably with depth. The pressure,
even only 30 cm below the surface of water is
considerably greater than that at the surface. This
means that the force on you due to water pressure
upwards is greater than that downwards. This
results in buoyancy.



Pressure due to a column
of liquid of constant density

Consider a cylinder of liquid of density p. The height
of the cylinder is / and its area of cross-section is A,
as shown in Figure 5.9.

Liquid of

densityp I

Figure 5.9

The total volume of liquid = hA

So the total mass m of the liquid = density x volume
=pxhA

The weight of liquid = mg = phAg

Chapter Summary
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This is the force F acting downwards on its base
and the pressure on the base is F/A.
So,
= F = PRAE

gl b

If the difference in pressure between two points in a
liquid, a vertical distance Ah apart, is required then
the difference in pressure is given by

Ap = pgAh

Standard pressure

Sometimes pressure may be measured in
atmospheres. Standard pressure is one atmosphere
and to convert this to a pressure in pascals, you
will need to use the above equation. An older
standard of pressure was equal to the pressure of
76 cm of mercury. This was used because many old
barometers used a glass tube, sealed at its upper end,
containing mercury and with a vacuum above the
mercury.

The pressure of 76 cm of mercury is

0.76 m x 13600kgm™ x 9.81 ms™

=1.014 X 10°Pa

v/ Forces outside of the nucleus are either on a massina
gravitational field OR on a charge in an electrical field
OR on an electric current in a magnetic field.

v Pressure is force per unit area, It is measured in
pascals (Pa). 1Pa=1Nm™.

+* The centre of gravity of an object is the point where
the weight of an object may be considered to act.

+ The moment of & force is the product of the force
and its perpendicular distance from the axis of

v An object is said to be in equilibrium when the
resultant force on it is zero and the sum of the
moments on it is zero.

v Density is mass per unit volume, Its SI unit is
kilograms per cubic metre.

v/ Pressure is force per unit area. Its SI unit is the pascal.
1Pa =1 newton per square metre.

v~ The pressure due to a column of liquid is given by
pressure = pgh

(a) the charge on en electron from the information that
in an electric field of magnitude 400000N C it
experiences a force of 6.4 X 1074 N,

(b) the current needed in a wire, 20cm long and

placed at right-angles to a magnetic field of flux
density 0.84 T, for the force on the wire to be
0.040N.

rotation. = density x acceleration x height
ofliquid  dueto gravity  of column
Progress Check
5.1 Calculate: 5.2 Using SI units the viscous drag P on a parachute is given

by the empirical equation P =4.7 X 10*v, where v is the

descent velocity.

(a) What is the unit of the numerical value 4.7 x 10%?

(b) Determine the maximum descent velocity of a girl
of mass 63 kg. The mass of the parachute is 13 kg.
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5.3 A plane in flight has vertical forces acting on it as shown 5.5 Ina simple weighing machine a load of 80N was balanced
in Figure 5.10. by moving a sliding weight along a bar until equilibrium
What conditions must apply for the plane to be was found. Figure 5.12 shows the arrangement and the
in equilibrium? Give your answer in terms of the relevant distances.
magnitude of the forces M, T and W and the distances S0em
xand y. 2

o léem X
Tail plane r - ]
lift Pivot

Main wing 4 M
lift

v
Weight  Sliding
of bar  weight
=]15N of 29N

Figure 5.12
(a) What distance x will balance the load?

Weight (b) What is the maximum load that can be measured
W by this weighing machine?
Figure 5.10 5.6 A girder is pivoted at X and has the forces shown in
Figure 5.13 acting upon it.
5.4 (a) Sketch a vector triangle for each of the three “": N 500N
systems shown in Figure 5.11. Each system is in
equilibrium.
(b) Use your sketch to calculate the value(s) of the X P
unknown force(s). L : l ! |
(c) Draw scale diagrams of the vector triangles to 0.60m 040m 0.50m 0.70m 0.80m

check your answers to (b).

L 4 4 Y
400N 200N P

Figure 5.13

Calculate the force necessary at P to prevent rotation.

147 Force of wall on
=1 | =15N
' __—klﬁlder s Equal support force F

5 i Force of ground

Wall

on ladder
-
Ladder l
5
Weight of ladder Weight of
=80N picture=1.83 N

Figure 5.11




5.7 A forearm and hand of weight 18 N is held
horizontally and is carrying in the hand a weight of
30N. The arm is kept horizontal by a tension applied
by a tendon attached to the biceps muscle at one end
and to a bone in the arm at the other. The tendon is
at an angle of 76° to the horizontal and attached a
distance of 4.0 cm from the point where the arm is
pivoted, as shown in Figure 5.14.

Tension provided
by tendon

o 0

33¢m

Force exerted on
hand by object

Weight of hand
e being carried

and forearm

= &N

=30N

Figure 5.14

Calculate the tension in the tendon.

5.8 The loading of a bridge does not cause rotation but

the principle of moments can still be used to calculate

loading forces. One such system is shown in

Figure 5.15.

(a) Take moments about A and hence find the value of
the support force at B.

(b) Making use of the fact that the total of all the
downward forces must equal the total of all the
upward forces, deduce the value of A.

5.9

5.10

5.11

5.12

5.13

5.14
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A school hall has dimensions 30m x 15m x 5m.
Calculate the mass of air in the hall. Express your answer
to 1 significant figure. (Density of air = 1.3kgm™)

Calculate the mass of a coin made of copper. Its diameter
is 3.0cm and its thickness is 1.6mm.
(Density of copper = 8930kgm™)

Estimate the mean spacing of gold atoms. One gold atom
has a mass of 3.27 X 10~°kg.
(Density of gold =19300kgm™)

A hydrogen balloon is spherical and has a radius of 5.1m.

The fabric of the balloon has mass 60kg. Calculate

(a) the mass of hydrogen filling the balloon,

(b) the mass of air having the same volume,

(c) the mass of the load the balloon can support. This
is given by answer (b) — answer (a) — the mass of
the fabric of the balloon. (Density of hydrogen
in balloon = 0.090 kg m™, density of air outside
balloon = 1.3kgm™)

A blood pressure reading is 130/86. The two figures
are the systolic (maximum) and diastolic (minimum)
pressures in millimetres of mercury. Convert these two
pressures into kilopascals (kPa). (Density of mercury is
13600kgm™.)

The density of air at sea level is 1.29kgm™. Atmospheric
pressure at a particular place is 9.76 x 10* Pa on a certain
day. Assuming that all the atmosphere has the same
density, calculate the height of atmosphere required for
this pressure. Explain why planes can actually fly at an
altitude of 11 km.

Support A
force A S'uppr)rt
force I
3.0m 10.0m 8.0m 15.0m 30m
L _ ]
L \
TOkN 20kN 60 kN
Weight of
bridge = 90 kN

Figure 5.15
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5.15 An object in the shape of a cube of side 200 mm is placed
in a liquid of density 1.8 x 10°kgm. Its top surface is
horizontal and is 350 mm below the surface, as shown in
Figure 5.16.

(a) Calculate
(i) the pressure from the liquid, at the top
surface,
(ii) the pressure from the liquid, at the bottom

surface,
““““““““ 4~ - Surface (iii) the downward force caused by the liquid on
the top surface,
(iv) the upward force caused by the liquid on the
bottom surface,
(v) the net upthrust on the cube.
(b) Archimedes’ Principle states that the upthrust
on a body in a fluid is equal to the weight of
fluid displaced. Show that this is true for your
calculation in (a) (v).
(c) What condition needs to be satisfied for the cube
h to float up to the surface?

350mm

Liquid density
1.8 ¥ 10° kg m~3

200mm

Figure 5.16

Examination Questions Il

(4]

1. (a) Distinguish between the moment of a force and the torque of a couple.

(b) One type of weighing machine, known as a steelyard, is illustrated in Figure 1.

12N sliding weight metal rod

| L R U R

hook 25N sliding weight

Figure 1

The two sliding weights can be moved independently along the rod.

With no load on the hook and the sliding weights at the zero mark on the metal rod, the metal rod is horizontal.
The hook is 4.8 cm from the pivot.

A sack of flour is suspended from the hook. In order to return the metal rod to the horizontal position,
the 12N sliding weight is moved 84 cm along the rod and the 2.5N weight is moved 72 cm.
(i) Calculate the weight, in N, of the sack of flour.
(ii) Suggest why this steelyard would be imprecise when weighing objects with a weight
of about 25N.

(2]

[1]
(Cambridge International AS and A Level Physics 9702
Paper 02 Question 3 October/November 2008)




Work, Energy and

Power

Work and energy

Work and energy are closely related to one another
and both are measured, using the SI system of units,
in joules.

Work

Work is defined as the product of a force and the
distance moved in the direction of the force.

It is a scalar quantity, so does not have direction
associated with it even though direction is mentioned
in its definition. [This is a case where two vectors,
force and distance in the direction of the force, are
multiplied together to give a scalar product.]

The unit of work, the joule, is defined as the
work done when a force of one newton moves its
point of application a distance of one metre in the
direction of the force.

Two straightforward examples are given to show
this in practice.

Example 1

A crane lifts a boat of weight 5000 N from a height
of 0.20 m above the surface of the water to a height
of 3.70 m above the water at a constant speed. What
work is done by the crane?

Answer The crane exerts a constant force of 5000 N
on the boat while it rises a height of (3.70 — 0.20) m
at a constant speed.

Work done by the crane on the boat

= force x distance moved upwards
=5000N x3.50m =17 500]

Example 2

An escalator lifts a family of total weight 2200N a
distance of 8.0 m at an angle of 37° to the horizontal,
as shown in Figure 6.1.

Figure 6.1

What work is done by the escalator on the family?

Answer The family is moved a vertical height of
8.0xsin37°=4.81m

Work done on the family = 2200N x 4.81 m
=10600]

Note that the step each member of the family
stands on is pushing that family member vertically
upwards. The horizontal movement of the family
member does not involve any work being done.

Energy

Energy is defined as the stored ability to do work.
A truck travelling along a horizontal motorway may
have a kinetic energy of 18 MJ (18 000000]). When
it comes to a slip road that has an upward gradient,
it will use some of this stored energy to enable it

to climb the slope, as well as to waste some of the
energy in heating the road surface, the air around
the truck and maybe the brakes. If it uses up all

its stored energy, the kinetic energy it had, it will
have stopped. This process may be reversed when
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rejoining the motorway. The gravitational potential
energy the truck now has can be used to do work
on the truck on the downward gradient slip road in
order to increase its speed.

Motorway designers always try to make slip roads
upwards for getting off and downwards for getting
on. The natural slope of the land does not always
make this possible.

Conservation of energy

In the nineteenth century, James Prescott Joule,

an English physicist performed a remarkable series
of accurate experiments in which he converted

one form of energy into another. In one such
experiment, he converted the gravitational potential
energy of falling masses to turn a paddle wheel in
some well-insulated water. Joule found that the loss
of gravitational potential energy always equalled
the gain in thermal energy of the water, once he
had taken into account such factors as the thermal
energy gained by the container, the lagging and the
thermometer and the kinetic energy the weight had
when it hit the ground. Joule actually made his own
thermometers for doing these experiments and they
were accurate to a hundredth of a degree Celsius.

It took many years before the implication of Joule’s
work was fully accepted. It is now expressed as the
principle of conservation of energy. This states that:

Energy can be converted from one form into
another but can never be destroyed.

Categorising different forms of energy is
important because in many ways all the different
forms are related to work done in a physical field or
to kinetic energy of movement. Table 6.1 may be
helpful in understanding the connections between
the different labels attached to energy.

~ Comment

Gravitational
potential energy

Energy gained as a result of moving
upwards in a gravitational field

Energy gained as a result of a charge
moving against the force provided by an
electric field

Electrical
potential energy

Elastic potential
energy

Energy gained by stretching or squashing
a material

Kinetic energy ~ Energy as a result of movement

Energy associated with the arrangement

(Chemical anergy of atoms in molecules

Energy gained as a result of an increase in
temperature

Energy gained as a result of an increase in

the random movement of atoms/molecules’

Thermal energy

Internal energy

Transmitted energy as a result of
organised movement of atoms/molecules
in a sound wave

Sound energy

Radiation energy, Transmitted energy as a result of

e.g. light, infra  electromagnetic waves

red, radio, etc.  no movement of atoms/molecules is needed
Energy as a result of the nuclear structure

Nuclear energy of atoms

Examples of work done or energy supplied

While both work and energy are always calculated
from the basic equation of

work = force X distance moved in the direction

of the force, there are some situations that are so
common in practice that it is useful to be able to
quote certain answers.

Gravitational potential energy (E;)

The work done in lifting an object of mass m,
at constant speed, a height Ak in a downward
gravitational field of magnitude g is given by,

AE, = weight X distance moved = mg X Ah
AE, = mgAh
Electrical potential energy (e.p.e.)
The work done in moving a charge g a distance x
against an electric field of field strength E* is given by
work = force X distance = Eq X x = Eqx

This is shown in Figure 6.2 where a positive
charge g is moved from A to B against the force
caused by the electric field.

<— Electric field

+q
Figure 6.2

The charge, therefore, has Egx of extra electrical
potential energy at B than at A.

*Electric field will be covered in Chapters 10 and 23.



Elastic potential energy

This is similar to gravitational and electrical
potential energy but, in the case of springs the force
will not be constant as the spring is stretched.

The graph of force against extension for an elastic
change is shown in Figure 6.3.

Force 4

F

Extension

Figure 6.3

The work done in stretching the spring a distance
x will be

the average force x distance moved = %P X X.

This is %Fx and it is also given by the area beneath
the graph.’

Elastic potential energy in a gas
The air in a bicycle tyre is under pressure. This air
could do work so it has stored energy. All pneumatic
systems use compressed air to do work.

Remember that pressure = force/area, so force due
to pressure = pressure X area = pA

If a gas expands and does work against a surface of
area A and at constant external pressure p, then the

work done = force % distance moved

= pA X distance moved

but A x distance moved = the change in the
volume AV

The energy supplied by the gas is, therefore, p AV.

This analysis can be extended to situations where
the pressure is not constant, but the mathematics is
more involved. The work done by a gas is, however,
always the area beneath a graph of pressure against
volume as shown in Figure 6.4.
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13'nessureJk
Work done
by gas
0 222 s
0 Volume

Figure 6.4

Kinetic energy

This is the work an object can do against a resistive
force as a result of its speed. It is also, therefore, the
work that needs to be done on the object to reach
that speed in the first place.

Consider an object of mass m at rest. When a
force F acts on it to give it an acceleration a so that
it reaches a speed v in a distance s, then the work W
done by the force is given by

W = Fs and also F=ma.

Since the object accelerates uniformly from rest,
the equation of motion

v'=u*+2as becomes'=2as

Combining these equations gives

my’

W:Fszmas=7= my

1
3

Note that kinetic energy is often given the symbol
E, . It is always a force X a distance and so in SI units
will always be measured in joules.

Example 3

A loaded truck has mass 40 tonnes (40 000kg) and
is travelling with a speed of 20m ™. Calculate its
kinetic energy and use the kinetic energy to deduce
the stopping force needed to stop the truck in 1000 m,
100m and 10m.

fmswer The kinetic energy of the truck is
5 X 40000 x 20°=8.0x 10°].

Since this is the braking force x the stopping
distance then,

for a stopping distance of 1000 m the braking
force needs to be 8000 N,
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for a stopping distance of 100 m the braking force
needs to be 80000 N,

for a stopping distance of 10 m the braking force
needs to be 800000 N.

You can see as the distance decreases, the force
increases. This is why, in cases of serious accidents
where vehicles stop in very short distances, much
damage is caused.

Internal energy

Internal energy is the sum of the random potential
and kinetic energy of all the molecules in the mass
of matter being considered. Since molecules vibrate
they are continually changing potential energy into
kinetic energy and vice versa. Later in this book you
will be able to deduce that the mean internal energy

i 3kT
of any molecule at temperature T is given by —,

where k is a constant called the Boltzmann constant.

Chemical energy

When a chemical reaction occurs there is a
rearrangement of the atoms in the reaction and
often there is a release of energy. In a torch battery,
the chemical reaction enabling a current to be
produced reduces the chemical energy within the
battery and causes the current.

Mechanical energy

This term is usually used in a rather vague way and
is often applied to vehicles, aircraft and many types
of machines. It often implies a mixture of energies
such as kinetic and potential energy.

Power

Power is defined as the rate of doing work. That is
the work done per unit time.

work dene W

Average power = ; in symbols P = .

timetaken

The unit of power is the watt. One watt is one
joule per second.

A problem here is what W represents. When it is
in roman script W it represents the unit, watt. When
it is in italic script W it represents work done. (There
are not enough letters in the alphabet to give every
quantity a different letter so you will have to be

particularly careful, especially with W and W.
There is no problem if you write ‘work’ or ‘watt’)

Power in terms of velocity

When you are moving a bicycle with a speed of
10ms"and the driving force provided by you is 30N,
then the work done by you per second is given by

force x distance moved per second =30N x 10ms™
=300Nms'=300]s™

That is, your useful power output is 300 W.
You will not be able to keep up this power
for long. Even a fit person would have difficulty
sustaining a power of 100 W continuously.
From this calculation you can see that

force x velocity = power, insymbols FXv=P

Efficiency

The truck in Example 3 was travelling at 20ms™
and had a mass of 40 tonnes. Its kinetic energy
was 8.0 MJ. In ideal circumstances, 8.0 M] would
be required to get the truck up to that speed. In
the real world, however, there are many ways in
which energy can be wasted. Air resistance, drag
on the tyres, internal friction in the gear box and
other mechanical systems all result in energy
being wasted in heating parts of the truck and the
surroundings. Then there are inefficiencies in the
engine itself when the chemical energy of the fuel
has to be converted into work done by the engine.

Definition of Efficiency

Efficiency is defined by the following equation and it
is normally quoted as a percentage.

Useful energy output % 100%

Efficiency =

Total energy input in the same time

For internal combustion engines, the efficiency
of diesel engines is usually greater than that for
petrol engines. Typical figures for a well-tuned
engine are around 55% for diesel engines and 40%
for petrol engines. Theses figures may seem low
but the laws of thermodynamics place limits on the
maximum efliciency possible for an engine. The
limits are determined by the temperature in the
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engine and the temperature of the surroundings.
There is difficulty in converting disorganised
energy, such as the kinetic energy of molecules
moving in all directions in a hot gas, into ordered
energy, such as a car moving along a road.

Figure 6.5 is a diagram known as a Sankey
diagram. It shows how the power of a car’s engine
may be distributed between various useful and
wasteful powers. The width of each arrow indicates
the quantities of power. Sankey diagrams are not
directly specified in the syllabus, but some students

Motive power 38%

Power wasted as
thermal energy 50%

Lights  Power for air

might find the ideas contained in these diagrams 1% Windscreen 3%  conditioning 6%
useful in understanding energy losses in practical "%
devices.
Figure 6.5
Chapter Summary
v/ Work is defined s the product of the force and the /" Power is defined as the rate of doing work. It is
distance travellecd in the direction of the force. It is measured in watts. I[W=1]s"!
measured in joules. v/ Efficiency is the useful energy out of a system divided
/" Energy is defined as the stored ability to do work. It by the total energy input to the system. Often given as
too, is measured :n joules. a percentage.
Table of different energy types.
Type of energy Explanation Equation for calculation

energy an object can provide as a result of its change in

gravitational potential energy posifion ina gravisaionsl field AE =mgAh
: . energy an object can provide as a result of its change in [
electeicat potsatalenczy position in an electrical field BB
Kinetic anecgy Fhe energy an object can provide as a result of its change B % lmv:
in speed k2
the energy an object can provide as a result of a change
tliemiit gy ) P g =
SRl in its temperature L
; ; . g the energy an object can provide from a stretched sprin
elastic potential energy in a spring (or i ti}; pring B= % Fx
elastic potential energy in ;
S the energy that can be provided from a squashed gas E=pAV
T the sum of the potential and kinetic energies of the g 3kT
&Y molecules in a gas 3

the energy available from rearranging the atoms in a

chemical energy Teaction
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Progress Check

6.1 A person of mass 60kg goes upstairs, a vertical distance of
2.8m, in 4.7s. Determine the work done and the minimum
power output of the person.

6.2 A vehicle has a kinetic energy of 48000].
(a) Calculate the distance it will travel against a constant
stopping force of 600 N.
(b) The mass of the vehicle is 800kg. Calculate its initial
speed.

6.3 A car of mass 1200kg is going to overtake another car and
hence wants to increase its speed from 25ms™ to 30ms™".
Deduce
(a) the increase in kinetic energy required for this,

(b) the force necessary for the acceleration if it is to be
completed in a distance of 100 m.

6.4 Explain why the work that has to be done on a train to
accelerate it from zero speed to 10ms™ is not the same as the
work done on it to increase its speed from 40ms™ to 50ms™.

6.5 A person of mass 80kg, travelling in a car at a speed of
25ms7), is stopped in a distance of 43 m.
(a) Calculate the force on the person during this braking
period.
(b) The brakes cause the wheels to turn less quickly,
resulting in a drag force on the car. What two or three
forces cause the drag on the person?

6.6 Calculate the increase in the potential energy of a person
of mass 100kg when going to the top of the Eiffel Tower, a
height of 330 m.

6.7 (a) Calculate the minimum power necessary for an elevator
to raise a mass of ten people of average mass 80kg at a
speed of 4.3ms™".

(b) Explain why the mass of the elevator itself is not
required.

6.8 A ball, of mass 1.30kg is thrown vertically upwards with a
speed of 18.6ms™".
In rising, it reaches a height of 15.0 m. Calculate the work
done by the ball against air resistance.

6.9 Copy and complete the following table to show the device,
the type of energy supplied to the device, the type of
energy wanted from the device and the energy wasted by
the device. The last two rows are for any two additional

devices,
Device f{':;;ﬁy ',  Energywanted fv:::fj
car chemical  kinetic/potential  thermal
television electrical light/sound thermal
electrical kinetic
loudspeaker
microphone
potential
candle
kinetic electrical
nuclear
potential
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Examination Questions Il

1. (a) State what is meant by work done. (1]
(b) A trolley of mass 400g is moving at a constant velocity of 2.5ms™ to the right as shown in Figure 1.

trolley
™~

25ms™

400g
[®] (6]
P s & S o E L =k

Figure 1
Show that the kinetic energy of the trolley is 1.3]. [2]
(c) The trolley in (b) moves to point P as shown in Figure 2.
25ms7!
g F

400g [

trolley

////////O//”/Il,///////é/

X

Figure 2

At point P the speed of the trolley is 2.5ms™.
A variable force F acts to the left on the trolley as it moves between points P and Q.
The variation of F with displacement x from P is shown in Figure 3.
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P 11 |
] A MRS ]
e ] | 111 | |
1 111 I
0 ik 1 L el I R ] T '1I>
0 X
P Q
Figure 3

The trolley comes to rest at point Q.
(i) Calculate the distance PQ, in m. [3]
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A

2.5 4

vl s

(ii) On Figure 4, sketch the variation with x of velocity v for the trolley moving between P and Q.

2. (a) (i) Define acceleration.

(ii) State Newton’s first law of motion.

Y

Figure 4

(2]

(Cambridge International AS and A Level Physics 9702
Paper 21 Question 3 October/November 2013)

(b) The variation with time ¢ of vertical speed v of a parachutist falling from an aircraft is shown in Figure 5.
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Figure 5
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(i) Calculate the distance travelled by the parachutist, in m, in the first 3.0s of the motion. (2]
(ii) Explain the variation of the resultant force acting on the parachutist from t=0
(point A) to t=15s (point C). [3]
(iii) Describe the changes to the frictional force on the parachutist
1. att=15s(point C), (1]
2. between t=15s (point C) and t = 22 (point E). [1]

(iv) The mass of the parachutist is 95kg.
Calculate, ‘or the parachutist between t = 155 (point C) and t =17 s (point D),
1. the average acceleration, in ms=, [2]
2. the average frictional force, in N. [3]
(Cambridge International AS and A Level Physics 9702
Paper 21 Question 1 October/November 2012)

3. (a) (i) State the SI base units of volume. (1]
(ii) Show that the SI base units of pressure are kgm™ s, (1]

(b) The volume V of liquid that flows through a pipe in time t is given by the equation

vV _=wPr

t  8Cl

where P is the pressure difference between the ends of the pipe of radius r and length I,
The constant C depends on the frictional effects of the liquid.

Determine the base units of C. [3]
(Cambridge International AS and A Level Physics 9702
Paper 21 Question 1 May/June 2012)

4. Aballis thrown against a vertical wall. The path of the ball is shown in Figure 6.

T wall

9.95m

Figure 6

The ball is thrown from S with an initial velocity of 15.0ms™ at 60.0° to the horizontal. Assume that air resistance is negligible.
(a) For the ball at S, calculate

(i) its horizontal component of velocity, in ms™, [1]
(ii) its vertical component of velocity, in ms™, (1]
(b) The horizontal cistance from S to the wall is 9.95m. The ball hits the wall at P with a velocity that is at right angles
to the wall. The ball rebounds to a point F that is 6.15m from the wall.
Using your answers in (a),
(i) calculate the vertical height gained by the ball, in m, when it travels from S to P, [1]
(ii) show that the time taken for the ball to travel from S to P is 1.33s, [1]
(iii) show that the velocity of the ball immediately after rebounding from the wall is about 4.6 ms™. [1]
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(c) The mass of the ball is €0 x 10*kg.
(i) Calculate the change in momentum of the ball, in N's, as it rebounds from the wall. (2]
(ii) State and explain whether the collision is elastic or inelastic. (1]
(Cambridge International AS and A Level Physics 9702
Paper 21 Question 3 October/November 2011)
5. (a) Distinguish between gravitational potential energy and electric potential energy. [2]

(b) A body of mass m moves vertically through a distance / near the Earth’s surface. Use the defining equation for work
done to derive an expression for the gravitational potential energy change of the body. [2]

(c) Water flows down a stream from a reservoir and then causes a water wheel to rotate, as shown in Figure 7.
TEservoir >

120m

water wheel

Figure 7

As the water falls through a vertical height of 120 m, gravitational potential energy is converted to different forms of energy,
including kinetic energy of the water. At the water wheel, the kinetic energy of the water is only 10% of its gravitational
potential energy at the reservoir.
(i) Show that the speed of the water as it reaches the wheel is 15ms™. [2]
(ii) The rotating water wheel is used to produce 110kW of electrical power. Calculate the mass of water flowing
per second through the wheel, in kgs™', assuming that the production of electric energy from the kinetic energy
of the water is 25% efficient. [3]
(Cambridge International AS and A Level Physics 9702
Paper 21 Question 4 October/November 2011)




Deformation

of Solids

Introduction

The application of a pair of squeezing or stretching
forces to a solid will cause a change in the shape

of a solid. This chapter will deal only with solids,
because for liquids and gases, changes in shape are
dependent on the container holding them.

lension and compression

When a solid rod has two forces applied to it in

the way shown in Figure 7.1(a), its length increases '

by a small amount and the rod is said to undergo
tensile deformation. If the forces are reversed and
the rod is squeezed, as shown in Figure 7.1(b), its
length decreases a little and it is said to undergo
compressive deformation.

-

Rod in tension

(a)

e .—
Rod in compression

(b)

Figure 7.1

The fact that the rod can be deformed in these
ways implies two things for the rod:

@ separation of molecules in the rod can be
affected by external forces applied to it, and

® percentage changes in the separation of
molecules are usually very small.

In everyday life, the changes in shapes of most
solids are not noticed. When you put your dinner
plate down on a table you do not notice that the table
has sagged a little under the weight; when you sit on

a swing you do not notice that the steel chain holding
the seat has stretched as a result. As you drive a car
over a suspension bridge you are not aware that the
chains supporting the bridge have become longer, or

that when you reach the other side of the bridge, the
chains go back to their original length.

Changes in the separation distance between
molecules in the examples quoted above are small
and reversible. Any change in the shape of a solid
as a result of forces being applied to it and which
returns to its original shape when the forces are
removed is said to be an elastic deformation. Elastic
deformation is very common with most objects we
use daily and is usually so small that it is not noticed.

Springs

The effects described in the previous section can
be exaggerated if the solid is not a straight rod
but is coiled into a spring. It then becomes easier
to measure any extension or compression that
takes place. Figure 7.2 shows on the left-hand
side a spring without any load on it attached to a
horizontal support. The right-hand side shows the
effect of attaching a load to the spring.

e
—_—
e
—
—
=
—— — e
—_—

" —
Extension =

Figure 7.2

As a result of placing the load on the spring, a pair
of forces causes the extension to occur. The first of
these forces is the downward force the load exerts
on the spring. This will be equal to the weight of the
load provided the load is at rest. The second force is
the upward force the support exerts on the spring.
Once the spring is at rest these two forces are equal.

When an experiment is carried out, a graph
of extension against load might be as shown in
Figure 7.3. Note that when a pair of forces, each of
magnitude F, stretches a spring, the tension in the
spring is said to be F and not 2F.
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Extension

%

Limit of
proportionality

0 Load

Figure 7.3

For tensions up to a certain value the graph
is a straight line. The final point on the straight
line is called the limit of proportionality, for the
obvious reason that the extension is proportional
to the tension up to that point. After this point the
extension increases at a greater rate.

Hooke's law

For the straight line portion of the graph Hooke’s
law applies. This states that for tensions up to a
certain value, the extension is proportional to the
tension. Within this range the value of the tension
per unit extension is called the spring constant.

When the experiment is carried out over the full
range of tension, it is found, on removing the load
so the tension falls to zero, that the spring has been
permanently stretched. This deformation starts at
values of tension close to the limit of proportionality.
The elastic limit is the point at which permanent
deformation starts. Beyond the elastic limit, the
spring is said to show plastic deformation.

Elastic and plastic deformation of a material

The terms elastic and plastic can be applied
generally to all deformations. An elastic deformation
of a material is one in which the material regains
its original shape once the deforming forces are
removed. A plastic deformation is one where a
permanent change in shape takes place.

In many respects the manufacturing of an
object, such as a frying pan, involves using large
forces to mould a piece of metal permanently
into a suitable shape. The manufacturer makes a
plastic deformation of the sheet of metal. In use,
the frying pan undergoes only elastic deformation.
Its permanent shape remains the same perhaps

for many years (unless it has been dented by being
knocked or dropped).

In terms of molecules, an elastic deformation
means that any change in the mean separation
of the molecules is zero once the deforming
forces are removed. For a plastic deformation,
the molecules are rearranged within the material.
Diagrammatically this is shown in Figure 7.4.

Elastic behaviour Plastic behaviour

Before distorting
force applied

After force
removed

Figure 7.4

Elastic deformation of an object is reversible.
Articles used in daily life undergo frequent, small
elastic deformations.

Plastic deformation is permanent. In
manufacture, basic materials are deliberately
shaped by plastic deformation. (If you make a
dent in something by dropping it accidentally
you have caused a plastic deformation.)

The Young modulus

This oddly named quantity is used for solids, often
as wires, to indicate how much the solid distorts
when subjected to tensile forces. Wires come in
many different lengths and diameters so the Young
modulus must involve the length and area of
cross-section of any wire. It does so by using two
additional terms. These are stress and strain.

Stress is the tensile force per unit area, and strain
is the extension per unit original length.

The Young modulus E is defined as the ratio of
stress to strain for an elastic deformation. This gives

tensile force

Stress _ area of cross-section
strain extension

original length

Young modulus =




The measurement of the Young modulus

Figure 7.5 shows one arrangement that can
conveniently be used to measure the Young modulus
of the metal of a copper wire.

Microscope @
1 ‘“-/ Marker

‘/\( ;;:,
=
l
u‘ Laboraory Wire L

G-Clamp bench

Figure 7.5

A long length of copper wire is clamped at one
end and the other end passes over a pulley and is
attached to a set of hanger weights. The wire needs
to be free of kinks so the hanger by itself needs
to pull the wire taut. A marker is placed on the
wire near the pulley and the edge of the marker
is viewed through a travelling microscope. This is
a standard microscope mounted on a moveable
arm which is attached to one side of a vernier
scale. The other side of the vernier is attached to
the framework of the microscope so that, as the
microscope moves, different vernier readings
enable the distance of movement of the microscope
to be calculated. Typical readings taken for such an
experiment are given in Table 7.1.
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A sketch graph of force against extension is shown
for these readings in Figure 7.6. (For a reason given
later, this graph is unusual in the sense that the
quantity the experimenter changes, the independent
variable, is on the y-axis and the quantity that
changes as a consequence, the dependent variable, is
on the x-axis.)

Tensile #

force/N

0 >
Extension/mm

Figure 7.6

As you can see from the table, after the tensile
force exceeds 7.85N, the wire stretches considerably.
This is because it becomes plastic. All the readings
for the Young modulus need to be taken from the
straight line part of the graph. The question marks
in the table are because at this stage values do not
stay constant. The wire shows creep: it stretches
under a constant tensile force.

The calculation requires two additional items of
data. They are:

radius 7 of wire =0.125mm/2 = 0.0625 mm
=6.25x10°m

length [ of wire = 3.324m

Note carefully from Figure 7.5 where this distance
is measured. It is not the total length of wire. It is
the distance from the clamp to the edge of the
marker.

Now the area A of cross-section can be calculated.

A=mr=nx(6.25%107)>=1.227 X 10 m?
So the Young modulus for copper is given by

3.324m

FI. F
=TS R Teoam———
1.227x107 m”

T Ae ¢

B . .
where — is the gradient of an accurately drawn

graph giving
_ 775N 3.324m
T 0.0180m  1.227x10°m’

=1.17x 10" Nm™
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The unit N m™is the unit of pressure, the pascal Pa.

Values of the Young modulus for other materials
are given in Table 7.2.

Table 7.2
Young modulus (Pa)

Aluminium 71 5¢10%
Glass 8.0x 10"
Iron 21 x 10*
Lead 1.8 x 10"
Tin 4.0x 10"
Polypropylene 0.12 x 10"

One final point on this calculation. Most mistakes
made in carrying out this calculation are not due to
lack of understanding of the principles of the topic
but due to

o using diameter rather than radius of the wire,
o getting the powers of 10 incorrect, e.g. by
using millimetres instead of metres. This
will show in getting a result that is not of the
order of 10'°, and
e assuming that all the wire is under test
rather than that between the clamp and the
marker.

Teacher's Tip_

Always double check powers of 10 when
making this type of calculation. Often a power
of 10 calculation error will result in a nonsense
answer. For example, you are unlikely to have a
wire with a diameter of 0.25 m, so always think
about the meaning of any answer you obtain
and start trying to find the mistake by looking
for a power of 10 mistake. Here the wire’s
diameter is probably 0.25 mm, so 0.000 25 m.

Categories of materials

So far in this chapter the emphasis has been

on metal wires behaving elastically, but many
different materials are used in a large variety of
manufacturing processes. One important quantity
for any material is called its ultimate tensile stress.
This is the maximum tensile stress that can be
applied to the material before it breaks.

Materials can be put into categories according
to their behaviour under stress. The following
shapes of force-extension graphs correspond to
different behaviour. Some materials can occur in
several categories depending on the method of

Force-extension graph } Type of material and comment
el Brittle Biscuits
Brsils (very little plastic behaviour) Cast iron
Ceramics
Glass
0 >
0 Extension
Horcel Ductile Copper wire
(after a short elastic extension a large Gold
Breaks extension takes place with little or no Silver
increase in tensile stress) Aluminium
0 >
0 Extension

(Continued )
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(Continued )
Force-extension graph | Type of material and comment
Force] Polymeric Rubber
(a very large extension is possible without
appreciable plastic change, but once molecules
are aligned with the stretching force, little
further extension is possible)
0 >
0 Extension
Force} Tough Kevlar
(a material that requires a large amount of Nylon
work to be done on it before it breaks)
Large area
0 >
0 Extension
. Strong High carbon steel
Force4 Esgh (a material that has a very high ultimate Titanium
maximum .
tensile stress)
0 >
0 Extension
manufacturing and the environment in which they Force 4
are used. For example, a material with fine cracks in
it will be less strong than one without cracks. #
Strain energy Area is |
work
Work needs to be done on a wire to stretch it. If dons !
the wire is behaving elastically, then the amount of 0 =5Fe | .
work done on it to stretch it will result in the wire 0 ¢ Extension
having elastic potential energy called the strain Figure 7.7

energy.

The amount of work done on a wire during an
elastic extension will be the average force multiplied
by the extension. Figure 7.7 shows that this is also
the area beneath the force-extension graph and

explains why these graphs are drawn with extension
on the x-axis.

Once plastic extension takes place, the work
done is still equal to the area beneath the graph,
but this results in the material warming up so
the energy stored as elastic potential energy
does not increase any further. Note that plastic
deformation graphs will usually only be able to be
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drawn when working in one direction. Figure 7.8 Force F 4
shows that the work done in stretching a material
and then reducing the tensile stress to zero .'
involves work being done equivalent to areas "

A + B. Only energy equivalent to area B can A 5
be used to do work when the tensile stress is i
returned to zero. ° € Extension
Figure 7.8
Chapter Summary
v/ Stress is force per unit area, F/A v~ The Young Modulus is stress/strain = FL/Ae
v/ Strain is extension per unit length, e/L /  Strain energy = % Fe
Progress Check
7.1 A spring has a spring constant of 180 Nm™". Making the support cables for a suspension bridge: a
A mass of 0.360kg is suspended by the spring. strong material such as steel with a high tensile stress
(a) Calculate the extension of the spring. (a) Holding together a bundle of letters
(b) The elastic limit and the limit of proportionality for (b) Making the sole of a shoe
the spring both occur at an extension of 12.5cm. (c) Forming the bodywork of a car
Calculate the mass that can be suspended from the (d) Asatow rope
spring before plastic distortion occurs. (e) Asbodyarmour
7.2 A steel wire has a Young modulus of 2.10 X 10"! Pa, an area (f) Asabuilding brick
of cross-section of 4.76 X 10°m? and a length of 3.27m. 7.4 A shock absorber in the suspension of a truck contains
A tension of 200N is applied to it. Calculate the stress in a spring of spring constant 60 kN m~'. Under normal
the wire, the strain in the wire and the extension produced. use conditions, it is compressed by a distance of
7.3 Suggest a suitable material for the following applications. ARG Hawmpeh sutrgy Will_ it a‘bsorb when the sk
Give your answer in a similar way to the following goes over a bump and the spring is compressed by a
example: further 11 cm?
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Examination Questions IV |

1. (a) Define electrical resistance. [1]

(b) A circuit is set up to measure the resistance R of a metal wire. The potential difference (p.d.) V across the wire and the
current I in the wire are to be measured.
(i) Draw a circuit diagram of the apparatus that could be used to make these measurements. [3]
(ii) Readings for p.d. V and the corresponding current I are obtained. These are shown in Figure 1.

0.30

0.25 o
A

< =1
2 o015 —
/D
0.10 was
/I
0.05
0
0 1.0 2.0 3.0 4.0 5.0
VIV
Figure 1
Explain how Figure 1 indicates that the readings are subject to
1. asystematic uncertainty, [1]
2. random uncertainties. [1]
(iii) Use data from Figure 1 to determine R. Explain your working. [3]

(c) Inanother experiment, a value of R is determined from the following data:
Current [=0.64£0.01A and p.d. V=6.8%0.1V.
Calculate the value of R, in €, together with its uncertainty. Give your answer to an appropriate number of significant figures.

(3]

(Cambridge International AS and A Level Physics 9702

Paper 21 Question 2 October/November 2012)

2. (a) Define pressure. [1]

(b) Explain, in terms of the air molecules, why the pressure at the top of a mountain is less than at sea level. [3]

(c) Figure 2 shows a liquid in a cylindrical container.

container

higuid =] 0.250m

Figure 2

The cross-sectional area of the container is 0.450m?’. The height of the column of liquid is 0.250m and the density of the
liquid is 13600kgm™.
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(i) Calculate the weight of the column of liquid, in N.
(ii) Calculate the pressure on the base of the container, in Pa, caused by the weight of the liquid.
(iii) Explain why the pressure exerted on the base of the container is different from the value calculated in (ii).

(3]
1]

(1]

(Cambridge International AS and A Level Physics 9702
Paper 21 Question 3 October/November 2012)

3. One end of a spring is fixed to a support. A mass is attached to the other end of the spring.

The arrangement is shown in Figure 3.

PG T4 P W

mass

Figure 3

(b) The mass is pulled down and then released at time ¢ = 0. The mass oscillates up and down. The variation with
t of the displacement of the mass d is shown in Figure 4.

6.0

4.0

Figure 4

Use Figure 4 to state a time, in s, one in each case, when
(i) the mass is at maximum speed,
(ii) the elastic potential energy stored in the spring is a maximum,
(iii) the mass is in equilibrium.
(c) The arrangement shown in Figure 5 is used to determine the length / of a spring when different masses M are
attached to the spring.

mass

(a) The mass is in equilibrium. Explain, by reference to the forces acting on the mass, what is meant by equilibrium.

(1]
(1]
(1]
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The variation with mass M of [ is shown in Figure 6.
35
7
30 ,/
25 -
/
/]
4 7
= 20
15
10
5
. msE
0 0.10 0.20 0.30 0.40 0.50
M/ kg
Figure 6
(i) State and explain whether the spring obeys Hooke’s law. [2]
(ii) Show that the force constant of the spring is 26 Nm™. [2]
(iii) A mass of 0.40kg is attached to the spring. Calculate the energy stored in the spring, in J. (3]
(Cambridge International AS and A Level Physics 9702
Paper 21 Question 3 May/June 2012)




Introduction

Everyone is familiar with waves, but the mental
image of waves inevitably centres on water

waves on a beach - and these waves are not at all
typical of the vast majority of waves. The reason
that waves break on a beach is because as they

get into shallow water, their speed decreases.

This also means that the crest of a water wave
moves faster than the trough and so eventually
the crest becomes unstable. This might be good
fun to play in, but other waves do not break in this
way. In this chapter the waves that we shall study
are waves that are essential for life or are useful

in other ways. Those that are essential for life are
light waves from the Sun that are used by plants

in photosynthesis and infra-red waves, also from
the Sun, that keep the Earth’s temperature at about
290 K. Then there are sound waves that enable
audio communication between people and waves,
such as radio waves and microwaves that have

become so important during the last century or so.

All waves have some features in common despite
their differences.

Wave motion

It is obvious that waves move. The direction

of movement and what is actually moving is

not so obvious. If a slinky spring is placed on
the floor with one end fixed and the other end
oscillated once sideways, a wave pattern moves
forward along the slinky although the individual
coils of the slinky are only moving from side to
side. Figure 8.1 shows this and also shows the
problem of illustrating a moving pattern on a
piece of paper.

A B
A B
AT B
B
A
A B
Figure 8.1

In order to understand wave movement it is
important to remember that, in the case of wave
movement along a slinky, each coil copies the
pattern of movement of the coil just before it, but
with a small time delay. Using Figure 8.1 again, coil
B moves with the same pattern of movement as coil
A but it is a fraction of a second behind A. The net
result is that the pulse moves forward. The same
principle applies with all wave movement.

Water waves in a ripple tank, and air particles in
a trumpet, see Fig. 8.2, all rely on adjacent particles
copying the movement of particles behind them and
hence propagating the wave. The particles oscillate,
the wave moves forward. It is, of course, energy that
is moving forward.



(b) A trumpet being played

Figure 8.2

Wave terminology

Figure 8.3 represents a snapshot of a standardised
wave at one instant of time. Figure 8.4 represents,
for the same wave, how the oscillation at point X on
Figure 8.3 varies with time.

Displacement

. A
Amplitude 7—\ ]
0 X 5
0 \/ / \/ Distance
Y
-~ ¥

A

Figure 8.3

Displacement
at X T

| Al
VAVAAVES

Figure 8.4
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Both of these graphs show the displacement of
a particle within the wave. The displacement of a
particle is its movement from the rest position. Its
value may be positive or negative. The amplitude of
a wave is the maximum value of the displacement. It
will always be positive.

The x-axis of Figure 8.3 is distance. The distance
between adjacent crests of this graph is the wavelength
(A). The wavelength is also the distance between any two
adjacent points having the same pattern of movement.

The x-axis of Figure 8.4 is time. The time taken for
one complete cycle of oscillation is called the period
(T) of the wave. The frequency ( f) is the number of
waves occurring per unit time. The unit of frequency
is the hertz, Hz. One hertz is 1 wave per second.

If T=0.10s then 10 waves per second are formed
and the frequency is 10 Hz.

The period is always the reciprocal of the
frequency, T = 1/f.

The standard multipliers of hertz are often used
with frequencies. Radio waves, for example, have a
large range of frequencies and may be measured in
kHz, MHz or GHz, that is in thousands, millions
or billions of cycles per second. Light has a much
higher frequency than this, but is restricted to quite
a small range of frequencies namely,

4.3 x 10" Hz for red to 7.5 x 10" Hz for violet.

Phase difference

Figure 8.5 shows in black how particles at X in
Figure 8.3 move with time.

Displacement

AAWAWA
VAVAVE

Figure 8.5

=]

It also shows in purple how particles at Y move
with time. The two graphs have the same amplitude,
period and frequency but are said to be out of phase
with one another. The movement at Y is a fixed time
after the corresponding movement at X. There is
no meaning to the expression “the phase of a wave”.
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Phase difference between two waves does make
sense. Phase difference can be measured as a
fraction of a complete cycle rather than as a time.
One complete cycle of a wave can be regarded as

an angle of 21 radians. (You will learn about the
reasoning behind this later in the course if you have
not studied radian measure for angles already.) The
black movement in Figure 8.5 is one-eighth of a
cycle in front of (not behind - it takes place earlier)
the purple movement, so we say that the black
movement is out of phase with the purple movement
and leading by an angle of n/4 radians. Note that it
could equally well be lagging by 7rt/4 radians.

Make sure you convert phase angles to radians
and fractions of a cycle correctly. This table
gives some of the values and shows the way the
different measures are related.

: 1 1
Fraction ofacycle | 0 ¥ |3

angle in degrees 0 (45 |90 [180 |270 |360

3
% 1

12| —

angle in radians 0 %ﬂ %

/
1
T (T 15]'{ 2%

One final point on phase difference is that when
two waves are as shown in Figure 8.6, they are said
to be in anti-phase with one another. They are
7 radians out of phase with one another.

Displacement
A

Figure 8.6

Wave speed

If the wavelength of a particular wave is 6.0 metres and
30 waves pass a point every second, then the speed of
travel of the waves must be 6.0m x 30s™ = 180ms™.

This is an example of the general equation for
wave speed and can be written as

Speed = kot frequency x wavelength

period
A
Or v= S fA

Be careful when using this equation to get the
powers of 10 correct, as frequency and wavelength are
often given with prefixes, micro, millj, kilo, ..., etc.

Example 1
Find the speed of a microwave that has a wavelength
of 6.0cm and a frequency of 5.0 GHz.

Answer f=5.0GHz=5.0x10"Hz
A=6.0cm=0.060m=6.0x107m
v=fA=50x10°Hzx6.0x107"m=30X10"ms"
=3.0x10°ms™
As you might have expected, microwaves, like light,

travel at the speed at which all electromagnetic
waves travel in a vacuum.

Energy transfer by a progressive wave

Waves are said to be progressive when they

transfer energy from the source of the wave. In the
introduction to this chapter, it was mentioned that
infra-red waves from the Sun spread out and some of
the total energy emitted by the Sun reaches the Earth.
The infra-red waves are progressive waves because
they transfer energy from the Sun to the Earth.

The same is true for a sound wave generated by a
loudspeaker. When you hear the sound, it is because
energy transference has taken place, by means of
the sound wave, from the loudspeaker to your ear.

Wave intensity

The intensity of a wave is the power supplied by the
wave per unit area of the receiver. The intensity of
some useful waves seems very small. For example,

a young person can hear a sound at a frequency of
1 kHz when the intensity at his or her ear is only
107*W m™. Since the area of sound collected by the
ear is roughly 10~ m?, this means that the power
received by the ear is only

1072 Wm2x1072m2=10""W.
A millionth of a billionth of a watt!

Example 2

The footprint of the transmitted TV signal from a
satellite can be as much as a circle of radius 2000 km
as shown in Figure 8.7. If the power transmitted in



the signal is 1.8 kW, what is the power received by a
dish aerial of area 0.10 m?*?

<2 ~ Satellite

Figure 8.7

Answer The area of the footprint =1 X (2.0 X 10°)?
=1.26x10"m?

Intensity at Earth’s surface = 1800 W/1.26 x 10" m?
=14x10"Wm™
Therefore, power received by the dish
=14x10"Wm™x0.10m*
=14x10"W =14pW (14 picowatts)

The relationship between the amplitude
and the intensity of a wave

Any wave involves oscillation and the average speed
in any oscillation depends on the frequency and the
amplitude of the oscillation. For a wave of any given
frequency, the average speed is directly proportional
to the amplitude. Since the kinetic energy of any
particle oscillating in a wave is proportional to v?,
the kinetic energy of all the particles in a wave and
hence the intensity of the wave is proportional to the
amplitude squared.

intensity == (amplitude)?

This is true for all waves and is the reason why so
much damage is caused by water waves in a storm.
If the waves have amplitude ten times their usual
value, the intensity of the waves is one hundred
times normal and this can be very destructive.

Transverse and longitudinal waves

The direction in which water particles move in a
water wave in a ripple tank is up and down, i.e. at
right-angles to the direction of motion of the wave.
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This type of wave is called a transverse wave. Other
examples of transverse waves are all the waves in the
electromagnetic spectrum, including waves such as
radio waves, microwaves, X-rays and light. In other
types of wave, the direction of vibration of the particles
is in the direction in which the wave is travelling. These
waves are called longitudinal waves.

A slinky spring is useful for illustrating the
differences between these two categories of waves as
shown in Figures 8.8(a) and 8.8(b).

Wavelength
— >

Pulses a
generated
by sideways
movement

Direction

I i
—_—s of wave
travel

Pulses
atalater
time
Transverse wave moving along a slinky
(a)

Wavelength
-——
OO0 B U 3 UG b0 susauaeaien
Pulses
generated by
pushing and
pulling
T D ises at
a later time
{(b)

Figure 8.8

The normal wave terminology can be used for
both categories of waves. Each has a frequency, a
wavelength, a velocity, an amplitude and a period.
The real problem with longitudinal waves is that they
are difficult to draw convincingly. Diagrams often
make them look like transverse waves, as in
Figure 8.9. Note that on this diagram the label on the
vertical axis is the horizontal displacement. Sound
waves are longitudinal waves and so are pressure
waves travelling through fluids.

A

NN NN
AVAVIVI N

Figure 8.9

Horizontal
displacement

o
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When an earthquake occurs on the far side of

the Earth from a seismic recording station, the only
waves following a direct route from the earthquake

to the station are longitudinal waves. This is because
transverse shock waves cannot travel through a liquid
and the greater part of the core of the Earth is liquid.
Observations of waves such as these enabled scientists
to determine the structure of the interior of the Earth.

Sound waves

As with the slinky shown in Figure 8.8(b), a

sound wave consists of a region where pressure is
increased, so that molecules are pushed closer
together (compression), followed by a region where
molecules are further apart (rarefaction). This is
shown in Figure 8.10. The effect of a sound wave
entering your ear is, therefore, a succession of high
and low pressure regions. With high pressure your
eardrum is pushed inwards a little and with low
pressure your eardrum moves out a little.

Horizontal 4
1 ) " i i \ :
particle i ' ¥ ; : '

displacement y ' i H | i
to right : : ! /_\: -
o \/ : PN\ Time

Particle positions in
absence of wave

Particle positions v * ¥ +

with wave passing ) A * ¢

Compression ~ Rarefaction

Figure 8.10

= serimen +al +tarhn
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To determine the frequency of a sound wave
using a calibrated oscilloscope

The calibration on an oscilloscope normally
gives ranges of values for the speed with which
the spot moves in the x-direction when forming
the trace. Set the speed to a value such as

1 millisecond per centimetre (1 ms per cm) of
grid on the screen.

Connect a microphone to the y-input and place
the microphone near the source of sound you are
using. The source needs to have a reliably constant
frequency. If it is not an electronically generated
sound, it needs to be generated for an appreciable

time. A percussion note is not suitable but a long
note played on a woodwind instrument, such

as an oboe, works well. Adjust the gain of the
oscilloscope so that, with the source you are using
the wave trace occupies at least half the height of
the screen.

Calculate the frequency of the source when the
screen appears as shown in Figure 8.11(a) and
calculate the two frequencies present when the
screen appears as shown in Figure 8.11(b).

1ms

(a)

|
W

1 ms (b)

Figure 8.11

|
0~

To determine the wavelength of a sound wave
using a stationary wave

In the next chapter more detail will be given
about stationary waves but, for this experiment,
to measure the wavelength of a sound wave you
need to know that when the air column inside a
pipe produces a sound, the note is determined by
a relationship between the length of the pipe and
the wavelength of the sound. This is why musical
instruments require fingering to adjust the lengths
of strings and tubes.

Nearly fill a long measuring cylinder with water
and place a tube, open at both ends into it as shown
in Figure 8.12.



Tuning fork ?

<«—— Tube
N |
L—>»
Clamp —>| : Tall measuring
cylinder
C 3 s - Y
Figure 8.12

Holding the tube loosely in the clamp, hita
tuning fork on a cork and place it over the tube as
you adjust the length L of the tube above the water.
There are positions of the tube where the sound of
the tuning fork is particularly clear. This takes a bit
of practice. The sound is not particularly loud but it
is definitely audible and you have to get the position
quite accurately: a few millimetres either way and the
sound cannot be heard. A stationary wave has been
set up in the air in the tube and this occurs when the

length of the air column in the tube is equal to %l
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or %A.. The distance between these two positions
is, therefore, é-)u and twice this value will give the

wavelength of the sound from the tuning fork.
The electromagnetic spectrum

All electromagnetic waves travel at the same speed in
a vacuum. The speed is approximately 3.00 X 10°ms™.

(The speed is now exactly, by definition,
2.99792458 X 10°ms™'. Giving the definition this
way actually defines the metre itself.)

During your course it is important that you learn
the order of magnitude of the wavelengths of the
principal radiations of the electromagnetic spectrum.
These are given in Table 8.1 together with some
extra information for reference. Note that there are
considerable overlaps of wavelength. For example,
short wavelength X-rays have a shorter wavelength
than long wavelength y-rays even though y-rays are
generally regarded as having shorter wavelength than
X-rays. It is the method of production or detection that
is used to categorise these waves. X-rays are produced
from electrons losing energy but y-rays are produced
from the nucleus of atoms.

‘Source Some of its uses

Gamma rays (y)

X-rays

Ultra-violet

Light
Infra-red

Microwaves

Radio waves

Wavelength (m)
107 — 10710

1007 > 107

108 — 4 x 107

4x107 - 7x107
7x107 = 107

10~ — 10

107 — 10"

Frequency (Hz)
10% — 10%
10® — 10

10'* —» 7 x 10

7% 10" — 4 x 10"
4x 10 — 10"

10" — 10°

10“] — 104

From nuclear reactions Cancer treatment

Stopping high speed Cancer treatment,

electrons X-ray images, CT scans,
checking items in packs at
the end of a production line

Sun, special lamps Sunburn/tanning,
fluorescence

Sun lamps Vision, photography

Hot bodies Radiators, hot plates,

night vision photos

Microwave cookers,
radar, mobile phones,
satellite navigation

A cavity with electrons
passing its opening
Accelerated electrons Radio and television
in an aerial
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When a source of waves moves relative to a stationary
observer, the pattern of wavefronts changes from the
series of concentric circles obtained when the source
is stationary. The new pattern is shown in Figure 8.13.

Figure 8.13 The pattern of wavefronts made by waves
spreading out from a source moving towards the right.

The source of these waves moves from position 1;
the wavefront emitted from this position is labelled
1 and is the largest circle of the diagram. The 11th
wavefront is just about to be formed at position 11.

An observer at A will notice that the wavelength
of the waves passing them is less than the actual
wavelength. This will resultin a change in the
frequency observed.

We can derive an equation to enable us to
calculate the apparent frequency, but you do not
need to remember this derivation. However, you do
need to be able to apply the equation. In this analysis
the source when not moving would have -

a wavelength A4,
5

a frequency f,
resulting in a time period T= ]1;

With the source moving the distance between
wavefronts, the observed wavelength A _is

(4, - distance the source moves in a time T)
A=(A-2
o ( s fs)

where v_is the velocity of the source of the waves.

The observed frequency j; is therefore

V v v
fff(,l A py
'/ Lk
Rearranging this equation gives
v v v
—==|=— 50 =
[f, i J R s
This equation applies when a source is approaching

the observer. When the source is moving away from
the observer the equation becomes

e

v+,

Example 3

An express train travelling at 30 ms-' sounds a horn
of frequency 500 Hz as it passes through a station.
What frequency does a person on the station
platform hear when (a) the train is approaching
and (b) when it is leaving the station? The speed of

sound is 330ms™.

Answer
(a) Observed frequency on approach =f..
Vv
fi=7,
330 =
1= 339=30 <900

£ =200 o s5oHy
o 300

(b) When leaving
330
330+30

j;:
L=MX47OHZ
360

X 500

Example 4

Light from a distant galaxy has a wavelength of

587 nm when measured on the Earth. From the
pattern of visible lines in the spectrum, this is known
to be part of the hydrogen spectrum, which has a
wavelength of 486 nm on the Earth. How fast is the
galaxy moving? Speed of light = 3.0 x 105ms~".



Answer

Since the wavelength has increased, the frequency
must have decreased and so the galaxy is moving
away from the Earth. Using

R

f. c+v, 4

o

i 3.00x10° 486
3.00%10°+v, 587

Cﬁ_apt’er Summary

7/

v
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3.00x10°+v, 587

—="—2=1.208
3.00x10 486
This gives 1 + ——=— = 1.208
3.00x10
and finally v_ = 3.00 x 10% x 0.208
=6.2%x10'ms™

The speed of a wave is given by its frequency X its
wavelength v=fx A.

The intensity of ¢ wave is proportional to its
amplitude squared.

Waves can be lorgitudinal - where the oscillation of
particles takes place in the direction of travel, e.g. a
sound wave OR transverse — where the oscillation
takes place at right angles to the direction of travel,
e.g. water waves.

All electromagnetic waves, from radio waves,
through light waves to gamma rays, travel at a speed
of 300000km s~ through space.

/" The Doppler effect equations calculate the observed
frequency of waves emitted by a moving source,
based on the speed of the source.

Source moving towards observer
v

fy S
'lJ' —_— ‘Js
Source moving away from observer
v
o = .fs
v+,

Progress Check

8.1

8.2

8.3

8.4

8.5

The speed of electromagnetic radiation is
3.00x 10°ms™.

How long does light take to reach the Earth from the
Sun? The distance of the Earth from the Sun is
1.50 %< 10" m.

The Great Nebula in Andromeda is 2.2 x 10° light years
from the Earth. Calculate its distance from the Earth in
metres.

A particular radio wave has a wavelength of 240 m.
Calculate its frequency.

A radio transmitter radiates a power of 2.8 kW
uniformly in all directions. Calculate the power
received by a dish aerial of area 0.23 m?, directly facing
the transmitter when at a distance of 83 km from the
transmitter. (Remember that: the surface area of a
sphere of radius r is equal to 47r*)

A ripple spreading on a pond has total energy of 0.42].

Calculate

(a) the energy per unit length of the ripple when the
radius of the ripple is (i) 0.30m and (ii) 1.20m.

(b) the ratio of the amplitudes of the ripple when the
radius is 0.30 m to that when the radius is 1.20m.

8.6 (a) Draw diagrams to show possible arrangements of
nodes and antinodes in sound waves in an open
pipe. When the frequency of the lowest note is
70 Hz, what other frequencies can be produced in
the pipe?

(b) Explain how your answer to (a) would change if
a pipe of the same length but closed at one end,
replaced the open pipe.

8.7 A car travelling with speed 130 km per hour passes
a camera that measures the speed of the car. The
camera transmits electromagnetic waves of frequency
8.0 x 10°Hz. The reflected waves from the car have a
different frequency from this as a result of the Doppler
effect.

Calculate the difference between the frequencies of the
transmitted waves and the reflected waves,

The camera effectively uses rays from the
electromagnetic image of the car. At what speed is the
image of the car moving with respect to the camera?




Superposition

Introduction

Interesting things happen when waves interact
with one another. Some people put water wave
interaction as the cause of mysterious happenings
in the Bermuda Triangle and for the strange loss
of shipping that, over the years, has taken place off
the eastern coast of South Africa.

In this chapter the study is of carefully
controlled wave behaviour and generally considers
the interaction of just two waves. For any number
of waves of the same type added together, the
resultant total displacement is always the sum of
the displacements of all the waves separately. If, for
example, six waves meet at a point at one instant
and, individually would cause displacements of 2,
4, -2, 4, 0 and —3 units of distance separately, then
the actual movement at that point will be
2+4—-2+4+0-3=>5units.

Stationary waves

The idea of a ‘stationary wave’ sounds like a
contradiction, but in fact stationary waves are
very common. The term does not mean that no
movement is taking place but rather that the
pattern of movement remains fixed. This is shown
in Figure 9.1 where a cellist can cause stationary
waves to be set up on the strings of a cello.

Figure 9.1 A cellist uses the bow to cause stationary waves to
be set up on the strings of a cello.

A stationary wave, sometimes called a standing wave,
may be set up when two waves of the same frequency
and amplitude travel in opposite directions through
one another. The formation of the wave is illustrated in
Figure 9.2 and the sequence of the diagram needs to be
studied carefully. Waves A and B are of the same type
and have the same frequency and amplitude. The only
difference between them is that A moves from left to
right and wave B moves from right to left.
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The resultant wave formed in this case has some
points on it where no movement ever takes place.



These points are called nodes. There are other points
where there is a maximum displacement. These
points are called antinodes. The distance between
two nodes or two antinodes is half a wavelength.
The distance between a node and an antinode is a
quarter of a wavelength. The strings on the cello
in Figure 9.1 can form stationary waves. The two
nodes are at either end of each string: the antinode
is in the middle of the string. This stationary wave is
set up because the waves set up in the string by the
bow travel along the string and are reflected at each
end. Within the string, therefore, are waves moving
upwards and downwards. This is just the condition
for the formation of a stationary wave.

When a vibrating string is illuminated by a
stroboscopic lamp, some fascinating images are seen
(Figure 9.3).

Figure 9.3 Photograph taken with a stroboscopic lamp
of a vibrating string

It is possible to have several antinodes on the
string and if the stroboscopic frequency is not quite
equal to the wave frequency the image moves in a
slow, bizarre manner.

The left-hand diagram in Fig. 9.4 shows one

moment in which a longitudinal stationary

wave is formed. The pressure at a node is high

as particles either side of the node squash in
| towards it. Half a cycle later it will be low, as the

particles near the node move in the opposite
 direction. This means that at nodes in a stationary
longitudinal wave the pressure varies by a large
amount. At the antinodes, where the particles
are moving quickly, but not squashing up on one
another, the pressure remains nearly constant.
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Examples of stationary waves

Virtually all musical instruments use stationary
waves to create sounds of definite frequency.

All the brass and woodwind instruments create
stationary sound waves in the air inside a tube.

An organ may have several thousand pipes within
which stationary waves of fixed frequency can be
formed. In a pipe closed at one end, an antinode
forms at the open end and a node at the closed end.
In between, one way the air particles can vibrate up
and down the pipe is as shown in Figure 9.4.
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This diagram shows one
moment in the vertical
movement ol'air ITIDIECUICS
in a stationary longitudinal wave.

But beware - it is often drawn
like this, which makes it seem as
if the molecules move

sideways - which they do not.

Figure 9.4

Stationary electromagnetic waves are set up in
microwave ovens and in lasers. A straightforward
demonstration of stationary microwaves also enables
the wavelength of electromagnetic microwaves to be
measured. The arrangement is shown in Figure 9.5.

Sheet of
Forward Backward aluminium
waves to reflect
— < — waves

waves ’

Microwave
generator

\
N

Microwave detector

Figure 9.5

The microwave transmitter sends the wave
towards a metal plate that reflects it back along
itself. A small adjustment to the separation of the
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transmitter and reflector allows the formation of
the stationary wave and nodes and antinodes can
be detected by the detector. The distance between
antinodes is half a wavelength.

Diffraction

When water waves meet a small obstacle the shadow
of the obstacle soon disappears, as can be seen in
Figure 9.6(a). If the waves meet an opening they
spread out. An example of this is shown in the
diagram of Figure 9.6(b) where sea waves are entering
a harbour.

/
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‘Waves moving around
a small obstacle

(a) (b)
Figure 9.6

Waves entering
a harbour

The ability of waves to bend around corners is
known as diffraction. The amount of diffraction
that occurs depends to a large extent on the relative
size of the obstacle to the wavelength of the waves.
The reason that you cannot see around corners but
you can hear around them is because the wavelength
of light is very small. The wavelength of sound is
about ten million times larger than the wavelength
of light. Figures 9.7(a) and (b) show ripples on the
surface of water meeting a small opening and a large
opening.
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Figure 9.7 Ripple tank waves meeting (a) small and
(b) large opening

Interference

As a result of diffraction it is possible to get waves
from a single source to be split into two or more
separate sections and then to combine these sections
back together again. It probably seems to be a rather
pointless exercise but actually some surprising
effects take place. These effects can be very useful,
especially with light. Light waves are extraordinarily
complex. They have many different wavelengths

and there is a large number of breaks in the wave
pattern itself. To demonstrate interference, we need
light waves that are monochromatic (they share a
single wavelength) and coherent (the wave patterns
would appear identical if we laid them on top of one
another). The important point with two coherent
waves is that they have a constant phase difference
between them. In diagrammatic form two coherent
waves would be as shown in Figure 9.8. This figure
would last for about 107" s.
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The two waves in Figure 9.9 are not coherent.
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Figure 9.9

Two coherent light waves can be made to
overlap one another using the arrangement shown
in Figure 9.10.

When the coherent and monochromatic waves
arrive at a screen, the wave from one of the double
slits has generally not travelled the same distance as
the wave from the other slit. If one wave had travelled
half a wavelength further than the other, then a peak
of one wave will meet a trough of the other wave and
they will cancel one another out to give a dark patch
on the screen. The path difference between the two
waves of light is shown in Figure 9.11 together with

the resulting pattern, a series of horizontal light and
dark lines called fringes.
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separation and the dotted line, tan 6 = x/D

Y For the triangle given by the central axis, the fringe
\ For the small triangle near the double slits we get

; A
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This experiment was carried out by Thomas Young
in 1801 and showed that light was a wave motion
« : 77 with wavelength around 5 X 107 m.
- 777 . .
Corresponding experiments can be performed

’ with water waves in a ripple tank and a photograph
Figure 9.10 of the result is given in Figure 9.13.
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Figure 9.11 When the experiment is carried out with
Theory for the separation of the fringes microwaves of wavelength 3.0 cm, the number of
Figure 9.12 just concentrates on the formation of the  fringes is much reduced but an arrangement as
first fringe after the one at the centre. shown in Figure 9.14 will produce a series of greater
) B and lesser intensity of the microwaves as the
e - g detector is moved round.
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The figure shows 6, the angle of deflection and it source (7
exaggerates it. For the small angles involved we can use
the small angle approximation that sin 8= tan 8= 8 &
in radians.

tan@ = % Figure 9.14
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The diffraction grating

To improve the accuracy of measurements of
wavelengths of light, it is necessary to have more
than two coherent beams of monochromatic light.
This can be achieved with a diffraction grating.
The grating is transparent and typically crossed by
as many as 500 straight, dark lines per millimetre.
Gratings are produced now using photographic
techniques. (A similar procedure is used in the
production of CDs and this is why CDs show
strong colouring when white light falls on them.)
A small part of a diffraction grating is shown in
Figure 9.15 with parallel waves of light from
a monochromatic source approaching the slits
from the left-hand side. Light on all the slits is
coherent since it all starts from the same source.

A&— Wave front
formed. It
can be focussed
byalenstoa
point

~f

6 slits of a diffraction
grating out of a total
of many hundreds

Figure 9.15

In the diagram the light being considered is
emerging from the slits at an angle 6. This angle is
chosen so that dsin 8 = A. This not only means that
the bottom ray travels a distance A further than the
bottom but one ray, but that it travels 2 further
than the next one up and 3A further than the next
one, ... and so on. Therefore, if all the rays are
brought to a focus by the lens, at this angle there
will be a very bright line on a screen at the focus of
the lens. At any other angle less than 6, there will
be no possibility of rays reinforcing one another
since, over, say 500 slits there will always be one
ray to cancel out any other. If, however, the angle
is increased so that the distance marked A can be
marked 24, then again reinforcement is possible.
Likewise 34 will give reinforcement. This can go on
as long as the slit separation d is smaller than nA,
where 7 is an integer.

Theory for the diffraction grating

For the first order, dsin@® = A.
For the second order, dsin 8" =2A.
For the third order, dsin 8” = 3A.

An equation coveringall the orders is, therefore, given by
dsin 6 = nA,
where d is the grating spacing,
6 is the angle of diffraction
n is the order, and
A is the wavelength.
With light consisting of two or more colours, each
colour will have its own pattern, as shown in
Figure 9.16.
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3rd order blue

No 3rd order green

Figure 9.16

‘Teacher's Tip

Note that when considering diffraction,
interference and the diffraction grating it is
important that the waves are uniform. That is
they have equally spaced wavefronts and are
the same wave shape. In all the examples drawn
here it is assumed that they are all sine waves of
identical shape and wavelength. In practice, this
will not always be possible but if the difference
between sets of waves gets too large the effect
described soon becomes impossible to see.
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v/ Stationary waves can be set up when waves of the v/ Diffraction occurs where waves spread out when passing
same type travel in opposite directions through one through an opening, when the dimensions of the opening
another. They will have: are comparable with the wavelength of the waves.

/" nodes, where the amplitude of the resultant / Interference patterns caused by waves travelling
wave is zero and, for sound, where the pressure through double slits enable the wavelength 4 to be
variation is large, and found using the equation A = ax/D where a is the slit

v/ antinodes, where the amplitude of the resulting width, x is the distance between maxima and D the
wave is large but, for sound the pressure variation distance to the screen.
is small. /' The corresponding equation for a diffraction grating

isnA=dsin6.
9.1 Give two practical situations in which stationary waves that travels to the same fringe but starts from the
are useful. Your examples should be with different types other slits.
sk 9.4 A diffraction grating has 400 lines per millimetre

9.2
9.3

Distinguish between interference and diffraction.

In a double-slit experiment, light of wavelength

5.3 % 107" m is passed through a pair of slits separated

by a distance of 0.20 mm. The resulting fringes are

viewed on a screen at a distance of 0.89 m from the slits.

(a) State the colour of the fringes.

(b) Calculate the separation of the fringes.

(c) Deduce the path difference between light that
travels from one of the slits to the fourth bright
fringe from the centre of the pattern and the light

9.5

and is illuminated by narrow beams of red light of

wavelength 7.2 x 107 m and blue light of wavelength

4.8x 107 m.

(a) Draw a diagram to show the whole pattern of the
light beams formed.

(b) What will be observed at a diffraction angle of 35°¢

Put the following radiations in order of increasing
frequency.

X-rays, ultra-violet, radio, y-rays, red light, microwaves,
infra-red, violet light
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Examination Questions V

1. Along rope is held under tension between two points A and B. Point A is made to vibrate vertically and a wave is sent down the
rope towards B as shown in Figure 1.

—> direction of travel of wave

Figure 1 (not to scale)

The time for one oscillation of point A on the rope is 0.20s. The point A moves a distance of 80 mm during one oscillation.
The wave on the rope has a wavelength of 1.5m.

(@) (i) Explain the term displacement for the wave on the rope. [1]
(ii) Calculate, for the wave on the rope,
1. the amplitude, in mm, (1]
2. thespeed,inms™. (3]
(b) On Figure 1, draw the wave pattern on the rope at a time 0.050s later than that shown. [2]
(c) State and explain whether the waves on the rope are
(i) progressive or stationary, [1]
(i) longitudinal or transverse. (1]

(Cambridge International AS and A Level Physics 9702 Paper 21 Question 5 October/November 2013)

2. (a) State what is meant by
(i) the frequency of a progressive wave, [2]
(ii) the speed of a progressive wave. (1]

(b) One end of a long string is attached to an oscillator. The string passes over a frictionless pulley and is kept taut by
means of a weight, as shown in Figure 2.

Pulley

Qscillator

Weight
Figure 2
The frequency of oscillztion is varied and, at one value of frequency, the wave formed on the string is as shown in Figure 2.
(i) Explain why the wave is said to be a stationary wave. [1]
(ii) State what is meant by an antinode. [1]
(iii) On Figure 3, label the antinodes with the letter A. [1]

(c) A weight of 400N is hung from the string in (b) and the frequency of oscillation is adjusted until a stationary wave is
formed on the string. The separation of the antinodes on the string is 17.8 cm for a frequency of 125Hz.
The speed v of waves on a string is given by the expression

i

= _—

m

3

where T is the tension in the string and 1 is its mass per unit length.
Determine the mass per unit length of the string in kgm™!. [5]
(Cambridge International AS and A Level Physics 9702 Paper 02 Question 5 May/June 2008)
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3. (a) Explain what is meant by the diffraction of a wave. [2]
(b) (i) Outline briefly an experiment that may be used to demonstrate diffraction of a transverse wave. [3]

(ii) Suggest how your experiment in (i) may be changed to demonstrate the diftraction of a
longitudinal wave. [3]

(Cambridge International AS and A Level Physics 9702 Paper 02 Question 6 October/November 2008)

4 (a) Alaserisused to produce an interference pattern on a screen, as shown in Figure 3.

=] 1P
l_ B (33
laser light I =
wavelength 630 nm I Oz
|
T——screen
doubleslit™ | 1.50m ™
< >

Figure 3 (not to scale)

The laser emits light of wavelength 630nm. The slit separation is 0.450 mm. The distance between the slits and the
screen is 1.50 m. A maximum is formed at P, and a minimum is formed at P,.
Interference fringes are observed only when the light from the slits is coherent.

(i) Explain what is meant by coherence. [2]
(ii) Explain how an interference maximum is formed at P,. [1]
(iii) Explain how an interference minimum is formed at P.. [

[

(iv) Calculate the fringe separation, in m. 3]
(b) State the effects, if any, on the fringes when the amplitude of the waves incident on the double slits is increased. (3]

(Cambridge International AS and A Level Physics 9702 Paper 21 Question 6 May/June 2012)




Electric Fields: Part A

Electric field definition

In physics, all fields - gravitational, magnetic and
electrical are vectors. They all indicate that there is

a force on something. In the case of electric fields, it
is a charge that the force is exerted on. Electric field
strength E is the force acting per unit positive charge
for a stationary point charge. Put into equation form
this becomes

Electric field strength = Force o E=F,
Charge Q

Electric field strength is a vector, so its direction
as well as its magnitude is important. The direction
of the electric field will be in the same direction as
the force provided the charge is positive. A negative
charge will result in a force in the opposite direction
to the electric field. Electric field strength has units
newtons per coulomb, NC.

Teacher’s Tip

Always keep in mind that it is the electrical
attraction between, and within, molecules that
holds matter together. Your body is held together
in one piece because of forces between billions of
billions of molecules. Gravitational forces are far,

far too weak to keep you whole.

Electric field diagrams

The electric field surrounding a point positive
charge is shown in Figure 10.1(a). A similar figure,
Figure 10.1(b) shows the same pattern of lines but
the opposite direction for a negative charge.

If a positive point charge is placed near a negative
point charge, then the combined field is as shown in
Figure 10.2.

Other field shapes are shown in Figures 10.3(a)
and (b).

Figure 10.2

Positively charged metal
sphere becomes unevenly
charged when placed near

metal plate

+ > 5

(@) Neutral metal plate becomes
negatively charged on top of the
plate and positively charged

on the bottom

Figure 10.3
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Figure 10.3

Field lines will be close together where the field is
strongest. Field lines to a conductor always meet the
surface at a right angle.

Potential difference

You must have heard the term ‘voltage’ many times
when considering different types of electrical problems.
The full name for voltage is potential difference (p.d.).
This will be formally defined in chapter 11. For this
chapter you need to know that the potential difference
between two points, V, is the work done in transferring
a unit positive charge between the two points. In
equation form this gives

Vv =% where Q is the charge and W is the work done.

Figure 10.3(b) shows that a nearly uniform
electric field exists between charged parallel plates.
Consider a pair of parallel charged plates and a point
charge +Q, placed in the centre of the —ve plate, as
shown in Figure 10.4.

Separation

I of plates d

Charge + Q
Figure 10.4

From the definition of electric field strength the
force on the charge is given by

E= so F=EQ

O |
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If work is done to move the charge at constant
speed from the bottom plate to the top plate then,

W = EQ % d [since, work = force X distance moved
in the direction of the force]

Since also from the potential difference V= W/Q
we get

E:V:Ed and hence E:E
Q d

This gives two statements that enable a uniform
electric field between a pair of plates to be found.

® From the definition of electric field
strength: E=F/Q

» From the definition of potential difference:
E=V/d.

There are many practical situations involving
uniform electric fields where both of these equations
are required - so it is worthwhile remembering both
of them.

The movement of charges in electric fields

The movement considered here is for the movement
of charge, often electrons, in a vacuum. This is
particularly important in practical situations such as
X-ray tubes and cathode-ray tubes in oscilloscopes
and in old televisions. The movement of charge in

a vacuum can be controlled by both electric and
magnetic fields. Betatrons, cyclotrons, microwave
cookers, photomultiplier tubes and other devices,
such as the CERN Large Hadron Collider, see Fig. 10.5,
all make use of electric field control systems.

Figures 10.5 CERN Large Hadron Collider
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In the absence of an electric or magnetic field,
electrons will travel with constant velocity. The
gravitational force on a moving electron is so
small it barely has any effect at all, especially since
electrons are likely to be moving very fast. The effect
of a magnetic force on a moving electron will be
considered in Chapter 24.

Three situations will be considered here for an
electron.

(i) An electron initially stationary in a uniform
electric field. The force on the electron will
cause a constant acceleration in the opposite
direction to the direction of the field, because
the electron has a negative charge. This is
shown in Figure 10.6.
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force on an electron is in
the opposite direction to
the field

Figure 10.6

(ii) An electron inside a closed metal container.
The electric field in such a container is zero.
The electron will have zero force acting on it,
so it will have a constant velocity.

(iii) An electron entering a region in which
there is a uniform electric field at right
angles to its initial velocity, as shown in
Figure 10.7. The force on the electron will
be in the opposite direction to the field so
the electron will accelerate downwards.
There is no force forwards or backwards
however, so the velocity of the electron in
the forwards direction is unchanged. The
situation is comparable to the gravitational
movement of a ball thrown horizontally. It
goes forward with constant velocity while
accelerating downwards. The paths of both
the electron and the ball are parabolic
(Figure 10.7).
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Purple arrows here show direction
of force on electron
Figure 10.7
Example 1

Electrons are accelerated from rest in a uniform field
of electric field strength 8.0 X 10*N C™! (or 8.0 x 10*
Vm™) for a distance of 3.0 cm in a vacuum. They
then enter a chamber of length 40 cm where there is
no electric field, as shown in Figure 10.8.

Calculate

(a) the potential difference between A and B,
(b) the speed of the electrons at B and,
(c) the time taken for the electrons to travel from
Bto C.
The electronic chargee=1.6 X 107°C:
mass of electron =9.1 X 107" kg

A—B on. LN C | All the apparatus
]Electron/| Path of electrons is in a vacuum
source
-«>
3.0em
Figure 10.8
Answer
(a) V,,=Exd=(8.0%x10*Vm™)x0.030 m
=2400V

(b) Energy of charge 1.6 x 107" C accelerated
through a p.d. of 2400V
=0xV
=3.84x 107" C x2400]/C=3.84x 107°].
This is the kinetic energy of the electron, so

3.84% 1075] =3 x 9.1 x 10 kg X v*

2%x34x%107" B
V= ———=92 X 10" ms™
9.11 x 107

(c) Time from B to C at constant speed

_ distance _ 0.40m

= - =43 % 107
speed 92 x10"ms™
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/" Electric field strength is force per unit charge.
E = F/Q. The unit is newtons per coulomb.

v/ Electric field strength has been shown in this chapter
to be equal to the potential gradient so, E = V/d. You
will often see its value quoted in volts per metre. Volts
per metre is identical to newtons per coulomb.

(See question 10.1 below.)

/" Electric fields can be represented by field lines that

point from positive charges to negative charges.

/" Electric fields between parallel, oppositely charged
metal plates are uniform and are shown by evenly
spaced, straight, parallel field lines.

/" Electric charges moving through external electric
fields experience a force and may accelerate and
change direction of travel.

~ Progress Check

10.1 Show that the unit volts per metre, Vm™ is identical to
the unit newtons per coulomb, N C~'. Both of these units
can be used for electric field strength.

10.2 Calculate the force on a charge of 5.3 mC when placed in
an electric field of field strength 22000V m™.

10.3 An electron is accelerated from rest in a uniform electric
field between two parallel plates in a vacuum. The
plates are a distance 5.0 cm apart and have a potential
difference between them of 800 V. Calculate,
(a) (i) the electric field strength between the plates,
(ii) the force on the electron, (of charge 1.6 x 1077 C)

(iii) the acceleration of the electron, (of mass
9.1 x 107*'kg)

(iv) the speed of the electron when it reaches the
positive plate, assuming it left the negative plate
with zero velocity,

(v) the kinetic energy of the electron on reaching
the positive plate.

(b) Explain how your answers to the five parts of (a)
would differ if the plates were separated by a distance
of 10cm but other details were to the same values.

(c) What is a much quicker way of finding answer (a)(v)?

10.4 (a) A charge of +45uC placed a distance of 2.3m from a
charge of +12 uC experiences a repulsive force of
0.92N. Calculate the force between the two charges
when their separation increases to 4.6 m. (The force
between isolated charges follows an inverse square
law in the same way that gravity does.)

(b) Use the information from (a) to determine the force
between a proton and an electron in a hydrogen atom.
The radius of a hydrogen atom can be taken to be
46 pm.




Current of Electricity

This chapter will introduce the basic quantities of
electricity. As usual, it is important that you can use
these quantities with accuracy and understanding.

Charge and current
Introduction

The terms ‘charge’ and ‘current’ are not usually
difficult to understand. Everyone is familiar with the
idea of electric charge, if only from rubbing a balloon
on clothing and using the charge it acquires to get it
to attach itself to the ceiling. The sense of excitement
from standing too close to a Van de Graaff machine
may also be a familiar way of feeling the presence of
electric charge.

The idea that all solids are solid because of
electric charges holding them together is less well
appreciated. Every single atom exists because it
has positively charged protons in the nucleus and
negatively charged electrons surrounding the
nucleus. When atoms combine chemically into
molecules, they do so because of electrical attraction
and repulsion between charges. The reason the
floor supports you is because of electrical repulsion
between the molecules in the soles of your feet and
those in the floor itself. All contact forces are due to
attraction or repulsion of electric charges.

Conductors and insulators

Any object with equal numbers of positively-charged
protons and negatively-charged electrons is said to

be uncharged, as the positive charge on a proton is
exactly equal and opposite to the negative charge on
an electron. However, different uncharged substances

behave difterently towards the movement of electrons
within them. In a material that conducts electricity,
electrons are able to drift easily, but surprisingly slowly,

through the material. In an insulator the electrons are
so firmly bound to the molecules of the insulator that
movement is almost impossible. This is illustrated in
Figures 11.1(a) and 11.1(b). Figure 11.1(a)

represents a conductor in which some of the electrons,
shown in purple, are not attached to any particular
atom. These electrons, called the conduction electrons,
are able to drift from atom to atom. The drift of
electrons is a current of charge, called an electric
current. Conductors used in electrical circuits are
usually metals such as copper. Figure 11.1(b) represents
an insulator in which all electrons are firmly attached
to a molecule or atom and are, therefore, not able to
drift through the material. Insulators are materials such

as plastics, glass, cotton and rubber.
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(a) A conductor in which some electrons
are free to drift through the material
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(b) An insulator with all electrons fixed
to molecules

Figure 11.1

Definitions

The unit of electric current, the ampere A, is one of
the base units of the SI system of units. As such it is
defined with great care from the magnetic effect it
causes. For A Level its definition is not required, but
it is essential that you realise that an electric current



is a rate of flow of charged carriers. The charge
carriers in metals are electrons but other charge
carriers can be protons or positive or negative ions.
Each of these carriers has a fixed charge. The charge
on a carrier is said to be quantised. A current of 10
A implies that the rate of flow of charged carriers

is ten times the rate of flow of charged carriers in a
current of 1 A. Note that this does not necessarily
mean that the carriers in a current of 10 A are
flowing ten times faster, it might mean that there are
ten times the number of carriers all travelling at the
same speed. It could also be five times the number
of carriers travelling at twice the speed.

Charge Q is defined by the equation Q = If, where
Iis the current and ¢ is the time.

The unit of charge is the coulomb (C). A coulomb
of charge is the charge provided by a current of one
ampere for one second. Note that it is NOT one
ampere per second. The current is multiplied by the
time, not divided by it.

Using these definitions (and some very skilled
experimental work) it is possible to measure the
charge on an electron to be —1.6022 x 107 C. One
ampere, therefore, will be a rate of flow of 6.2414 x 10"
electrons per second past any point in the circuit: over
six million million million electrons per second for just
one ampere. Just how large this number is, can perhaps
be appreciated by the fact that it is ten times larger
than the number of seconds between the Big Bang at
the formation of the Universe and the present.

Example 1

(a) What charge is provided by a current of 15A to a
cooker in one hour?

(b) How many electrons pass any point in the
cooker heater in this time, assuming the current
is constant?

Answer (a) Charge = current X time =
15A % 3600s=54000C

(b) Number of electrons = 54000 C/1.6 x 107 C
=34 % 10"

Current and charge carriers

Consider a wire of cross-sectional area A with a
current I passing through it. The mean speed of the
moving electrons is v (Figure 11.2).
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Figures 11.2 Wire of cross-sectional area A

Velocity v

In one second, an electron moves a distance v
along the wire. If the number of electrons per unit
volume of wire is n, then the number of electrons in
the shaded cylinder of Figure 11.2 is nAv. Therefore,
the total charge on this volume of electrons is nAve,
where e is the charge on one electron.

This charge is the total charge passing a single
point in the wire in 1 second, and so it is the same as
the current I. Therefore:

I=nAve

If charge carriers other than electrons are
considered, each having a charge g, then a more
general form of this equation is I = nAvq.

Potential difference

Potential difference (p.d.) is measured in

volts and is, therefore, often referred to as ‘the
voltage. The variety of terms used is perhaps
why the understanding of potential difference is
frequently poor. A formal definition of potential
difference is as follows.

The potential difference between two points
is the quantity of energy transformed from
electrical energy to other forms of energy in
moving a unit positive charge between these
two points.

In equation form this becomes:

potential difference (V) = i e L

charge

W
or V=—
Q

Note that, as always, a quantity is defined in terms
of other quantities, but once the quantity is defined
the definition of the unit for that quantity follows a
similar pattern.

The definition of the volt is: one volt is one joule
per coulomb.

Potential difference is, therefore, a measure of
energy transfer. A bulb in a torch may have 3 volts
between its positive and negative terminals. This says
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that for every coulomb of charge that passes through
the bulb, 3 joules of energy will be transformed from
electrical energy into heat and light energy. If the

current in the bulb is A amp, then a coulomb

of charge will pass in 4 seconds and the 3 joules of
energy will be supplied in 4 seconds. This enables

the power of the bulb to be found as % W.

A mains lamp may be working with a potential
difference of 240 V between its terminals. The
much greater 240] is being supplied with each
coulomb, so fewer coulombs of charge are required
for the same energy.

cxample £

=

A motor working from a mains supply of 240V
provides 900 W of power for 80s. It has a current
of 4.0 Ain it. What can be determined from this
information?
Answer Charge through motor=It=4.0A x 80s
=320C
Energy supplied to motor =240V x 320C =76800]
Power supplied to motor =76800 J/80s =960 W
Work done by motor =900 W x 80s=72000]
Efficiency of motor = work done/energy supplied
=72000]/76800] = 0.94 = 94%

This last value could equally well have been given
by power output divided by power input, namely
900 W/960 W = 94%.

Resistance

NG LQlILT

The formal definition of resistance is the statement:
resistance is the potential difference per unit
current, R=V/L

It is, therefore, measured in volts per ampere.
One volt per ampere is given the name ohm, symbol
Q. If a supply of 240V is providing a current of
5.0 A through a component, the resistance of the
component is 240 V/ 5.0 A =48 Q.

Equation summary

Symbols used

time t
energy, work w
power P
current I
charge Q
potential difference V
resistance R

Defining equations

p¥
t
Q=1It
p=l
Q
rR=L
I

These defining equations can be manipulated
into many different equations but until you

are thoroughly familiar with them you are
recommended to use just the defining equations.
Some of the more useful deduced equations are
given here.

P=VI=TR=Y
R

W= VIt=I’Rt = %c

If you get stuck with an electricity problem, try
using the following four changes.
Read 1 wattas 1 joule per second,

1 ampere as 1 coulomb per second,

1 volt as 1 joule per coulomb and

1 ohm as 1 volt per ampere.

These alterations often give more meaning to a
problem. An amount of 9 joules per coulomb to
a lamp bulb suggests more than just a potential
difference and immediately points in the

direction of energy supply.




Current-potential difference (I-V)
characteristics

Different materials respond differently to potential

difference. Three different situations will be considered.

1. A wire at a constant temperature

Figure 11.3 shows how the current increases as

the potential difference is increased. Under these
conditions the graph is a straight line and, therefore,
the resistance is constant.

IA

Figure 11.3

2. A filament lamp

Figure 11.4 shows that when the temperature of a
wire changes, as in a filament lamp, the current is

not directly proportional to the potential difference.

TA

Figure 11.4

The hotter the filament becomes the smaller is
the increase in the current for a given increase in
potential difference. Under these conditions the
resistance increases with temperature.

3. A semiconductor diode

You are already familiar with the terms
‘conductor’ and ‘insulator’ when referring to
the ability of a material to have a flow of charge
carriers through it. However there are some

materials, such as germanium and silicon,
which do conduct electricity but which have a
considerably higher resistance than metals. These
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materials are called semiconductors and they are
used extensively in electronic circuits.

One device, made of semiconductor material,
allows current in it in one direction only. It is called
a semiconductor diode. Figure 11.5 shows that there
will be no current in the device for a potential
difference applied in one direction, and even in
the other direction there will be no current in it
until the potential difference reaches a certain
value, after which the current increases rapidly.

A semiconductor diode, therefore, has infinite
resistance until there is a current, after which its
resistance falls rapidly.

1y

Figure 11.5

Temperature characteristics

The resistance of a filament lamp has been seen

to vary with temperature. A typical resistance -
temperature graph for a filament lamp is shown in
Figure 11.6. At room temperature the resistance is
not zero and it increases almost uniformly as the
temperature rises.

RIQA
/
0 : N
0 1000 T/°C
Figure 11.6
Ohm's law

For the particular case of a metallic conductor, this
law will apply. The law states that the current in a
metallic conductor is proportional to the potential
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difference between its ends, provided physical
conditions, such as temperature, remain constant.
The law formalises the fact, stated earlier, that

for a metal at a constant temperature, the graph of I

against V will be a straight line through the origin,
so the resistance of the metal will be constant.

Electrical resistivity

Other factors that affect the resistance R of any
material are the length of the material and its

Chapter Summary

cross-section area. The greater the length [ of a
piece of wire, the greater will be its resistance. R

is proportional to I. The greater its area of cross-
section A, the smaller will be its resistance. R is
inversely proportional to A. Combining these two
statements into one equation gives

!
Roc — andsoRzP—I
A A

where p is a constant for the material of the wire and
is called its resistivity.

Charge = current x time. 1 coulomb is the charge
that passes when there is a current of 1 ampere for

1 second

The potential difference between two points is the
quantity of energy transformed from electrical energy
to other forms of energy in moving a unit positive

charge between these two points. 1 volt is the potential

difference when 1 joule of energy is transformed from
the electrical energy of 1 coulomb of charge.

v Resistance is potential difference per unit current.

1 ohm is the resistance when a potential difference of
1 volt causes a current of 1 ampere.

/" Resistivity p is a property of a material indicating how
the shape of a material affects its resistance. It is defined
from the equation R = pl/A where R is the resistance of
a material of length I and of area of cross section A.

1.1

11.2

11.3

11.4

Progress Check

Deduce all the “useful equations” listed on page 78, from
the basic equations. These equations are:
P=VLP=IR,P=V*Rand W=VIt, W=IRt,

W= V?t/R. These equations link the six quantities:
current I, potential difference V, resistance R, energy W,
power Pand time &.

An electric kettle operates on a potential difference of
240 V. It is marked 3000 W. Deduce

(a) the current,

(b) the resistance of the element when it is working,
(c) the time it takes to supply 6.0 MJ of energy.

A refrigerator for use in a caravan requires an input
current of 8.0 A when working with a potential
difference across it of 12 V. It is working continuously
for 7 hours during a hot day. Deduce

(a) the power input to the refrigerator,

(b) the energy supplied to it during this time,

(c) the resistance of the refrigerator.

An X-ray tube works on an 80kV supply and 1.5 x 10
electrons pass through the tube every second for 3.0s,
when a photograph is being taken. The charge on one
electron is -1.6 X 107 C. Deduce

(a) the total charge passing through the tube in the 3.0's,
(b) the current in the tube,

(c) the power being provided to the electrons,

(d) the total energy of all the electrons,

(e) the resistance of the tube.

11.5 An electric motor in a train has a power input of 800kW.
It is supplied from a 25kV supply. Deduce
(a) the current in the motor,
(b) the energy supplied during a 20 minute period.

11.6 Figure 11.7 shows how the current through a
component varies with the potential difference across it.

What are the values of the resistance of the component
when the potential difference across it is

(a) 4.0V,

(b) 6.0V,

(c) 0?
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Figure 11.7




11.7 Figure 11.8 shows how the current through a different
component varies with the potential difference across it.
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Figure 11.8

(a) At what two values of potential difference is the
resistance 120 Q7

(b) Deduce the minimum value of the resistance of
the component.

(c) Sketch a graph to show how resistance varies with
potential difference.

11.8
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Show that the unit for resistivity is ohm metre, Q m.

11.9 The resistivity of copper at 20°Cis 1.7 X 10 Qm.

11.10

What is the length of a piece of copper wire of
diameter 1.2 mm that has a resistance of 2.0Q at this
temperature? (Many mistakes made with questions
like this are caused by confusing diameter and radius.
If this is done then the area of cross section of the wire
will be incorrect by a factor of four. Other common
mistakes are with the conversion of 1.2mm

into 0.0012m, or of forgetting to convert from
millimetres altogether. Note that 1 square millimetre
is 10°m? and not 107 m?.)

An electromagnet is constructed with 2500 turns of
copper wire of average length 45 mm. The wire used ‘
has a diameter of 0.122 mm. Calculate the resistance
of the wire. The resistivity of copper at 20°C is

1.70 x 107° © m. Suggest why the resistance of the
electromagnet in use will be larger than the value
you have calculated.




Direct Current
(D.C.) Circuits

Introduction and this must be considered. Circuit diagrams

become more complex and conventional symbols
are used for drawing them. Most of the ones used
are given in Figure 12.1. The laws of conservation

Practical electrical circuits require more analysis
than that given in Chapter 11. They are usually more
complex than a supply of electrical power and a of charge and conservation of energy need to be

piece of electrical equipment. applied to electrical circuits. These laws are called

Electrical power sources, for el:xample, are not Kirchhoff’s laws. (Yes, there is an ‘hh’ in the spelling
perfect. They always have some internal resistance of his name.)

—_————— C?nnecting ﬁ®— Ammeter *B"— Diode
wire

Voltmeter i  F Resistor

— g Switch
—‘ P Cell R O——— Power supply —%— Variable resistor
—1 k- -{ f—— Battery of cells Oscilloscope % Thermistor

Two wires

joined — NS . |
—{_}—— Light-dependent resistor

Three
wires
joined

Motor —5 Potentiometer

AC.
" supl:lr;'o " NN, Heater 9 Electric bell
Kﬁ Microphone :[U Loudspeaker Earth

Z

;‘E Transformer ——E'— {‘_;gzte-ennmng —{ ‘— Capacitor

:D}—— Operational amplifier

Figure 12.1 Conventional symbols used for drawing circuit diagrams




Electromotive force, e.m.f. and
potential difference, p.d.

So far in this book only p.d. has been measured in
volts. In fact, e.m.f. is another electrical quantity
measured using the volt. The difference between
these two terms is important. The energy transferred
by a source in driving a unit charge round a
complete circuit is referred to as its emf, The most
important word here is ‘source’ An e.m.f always
applies to a source of electrical energy. A battery
may have an e.m.f. of 9.0 V. The battery is supplying
energy to the circuit. This battery is supplying 9.0
joules with each coulomb of charge. It is changing
some of the chemical energy within the battery to
electrical energy in the circuit. Potential difference
(p.d.) arises when the supplied electrical energy is
converted into other forms of energy.

Internal resistance

Any material has some electrical resistance and

the chemicals in a battery are no exception.

This resistance is called the internal resistance

of the battery and is between the positive and
negative terminals of the battery. For diagrammatic
purposes however, the resistance is usually shown
at the side of the battery symbol as illustrated in
Figure 12.2.

R
—_—

Figure 12.2

Here a battery of e.m.f. E and internal resistance r
is connected to an external resistance R and the
battery is causing a current I throughout the circuit.
(Note that the symbol used for e.m.f. is E. This is
one reason for using W for energy or work, rather
than E.)

The total resistance in this circuit is (R + r), so the
current I will be given by E/(R + r). This equation
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can be manipulated algebraically into several
different forms:

I(R+r)=E E=IR+1Ir (E-Ir)=1IR

Example 1

A battery of em.f. 9.0V has an internal resistance of
1.2Q. It is connected to a resistor of resistance 3.8 Q.
Calculate

(a) the current in the circuit,

(b) the p.d. across the 3.8 Q resistor,

(c) the power supplied to the 3.8 Q resistor,

(d) the power wasted heating the battery, and

(e) the efficiency of the distribution of power from
the battery to the 3.8 Q2 resistor.

Answers
(a) 9.0V/(1.2Q2+3.8Q)=9.0V+5Q
=1.8A
(b) V=IR=18A%x3.8Q=6.8(4)V
(c) P=VI=6.84V x18A=123W
(d) Total power provided by battery=9.0V x 1.8 A

=16.2W
So power wasted heating the battery =162W — 12.3W
=39W

(e) Efficiency of the distribution of power

power suppliedtoR ~  12.3W

— = — = 0.76 or 76%
power provided by battery  16.2W

Teacher's Tip

With multistage questions such as this, it is bad
practice to keep rounding up numbers to a set
number of significant figures. Keep at least one
extra significant figure, beyond what is strictly
required to avoid a build up in uncertainty as you
progress through the question. Restrict rounding
up until the final stage.

Kirchhoff’s laws

Kirchhoft’s two laws of electricity are the basic
electrical laws. They are electrical statements of two

of the fundamental principles of physics namely,
the principle of conservation of charge and the

principle of conservation of energy.
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Kirchhoff’s first law

This law states that the current entering any junction
is equal to the current leaving the junction.

This implies, for the circuit shown in Figure 12.3,
if the currents in the left-hand branches are 6.3 A and
2.2 A, then the current I leaving the junction must be
8.5 A. Current cannot vanish or suddenly increase,
no matter how complex a circuit is.

22A

Figure 12.3

A battery supplying 2.46 A from one terminal
must be receiving 2.46 A from the other terminal.
Batteries do not make charge. Batteries pump charge
round a circuit. Current cannot be lost because
charge cannot be created or vanish.

Earth connections in circuits are often, mistakenly,
thought to allow current to ‘earth’ and be lost.

If there is a current in an earth connection then
somewhere else in the same circuit there will be an
exactly equal current from earth into the circuit.

Kirchhoff's second law

This law states that around any complete loop in a
circuit, the sum of the potential differences is equal
to the sum of the electromotive forces.

This is a rather more difficult concept, so it
is worthwhile thinking about a corresponding
mechanical situation. A man when hiking carries a
rucksack that has a constant weight of 100N. (He
did not put his lunch in his rucksack.) He walks for
10km going up and down many hills and ends up
where he started from. During the hike the rucksack
sometimes gains gravitational potential energy
(G.PE.) as he goes uphill and sometimes it loses
G.P.E. when he goes downhill. However, since he
has completed a loop around the countryside and is
back where he started all the gains in G.P.E. exactly
balance out all the losses in G.PE.

In electrical terms, any charge moving around a
complete circuit and returning to the point it started
from will have gained electrical energy in a battery
and lost electrical energy in resistors. It does not
matter how many resistors or how many batteries
are there. Conservation of energy will not allow a
difference between the gains and losses of energy
provided you start and finish at the same point. The
law is equally true when the components are more
sophisticated than just batteries and resistors.

Combination of resistors

REesIStors In series

The diagram of Figure 12.4 shows a part of a circuit
containing 3 resistors of resistances R , R, and R,
connected to one another in series.

R, R, R
r_t|[ L ] 'r___|
I ! I I
Figure 12.4

Using Kirchhoff’s first law, the current in each
resistor must be the same. No charge can be lost,
so the last resistor has just as much current in it as
the first.

Using the definition of resistance as V/I, we get
V'=1IR and so the potential difference across each
resistor is given by

Vi=IR, V,=IR,and V,= IR,

Now using Kirchhoft’s second law, we know that
the potential difference V across all three resistors is
given by

V=V, % V,+V,s IR + R +R)
The total resistance R of the three resistors is given by
V/I=R=R +R +R,
In other words, for resistors in series

@ the current in each resistor is the same,

o the potential differences across each resistor
are usually different, and

@ the total resistance is the arithmetic sum of
the individual resistances.



This means that the total resistance must be larger
than the resistance of the resistor with the largest
resistance.
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The diagram of Figure 12.5 shows a part of a circuit
containing three resistors of resistances R , R, and R,
connected to one another in parallel.

I, R

I

Figure 12.5

Using Kirchhoff’s first law the total current I
must split to cause currents I, I, and I, in the three
resistors with I=1 + I, + L. So,

LA AP A
R R R R

Now using Kirchhoft’s second law, we know that
the potential difference between points A and B has
a certain value, so whether the current is present
inR, R, or R, the potential difference must be the
same for each route since all currents start at A and
finish at B. In equation form this becomes
V=V =V,=V,.

This gives,

In other words, for resistors in parallel

o the current in each resistor is usually
different,
the potential differences across each resistor
are the same, and

o the total resistance is found using the
reciprocal equation above.
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This means that the total resistance must be
smaller than the resistance of the resistor with the
smallest resistance.

Electrical circuits

Y, . r HPT e
vwarning ot commaon mistakKes

The definitions, laws and principles described in
Chapter 11 and up to this point in Chapter 12 enable
the analysis of all standard D.C. circuits.

Some mistakes are very common in calculations |
involving electrical circuits. Any careless mistake
you might make will not be noticed unless you
look critically at the answers you obtain.

From a battery of AA cells expect currents in
the range from a few milliamps to just over an
ampere and potential differences up to 9 volts.

From a car battery you might get tens of
amperes for a few seconds and the potential
difference will be 12 V.

From a mains supply the current might be
up to 30 amperes but mostly currents are in the
range from a fraction of an ampere to 13 A. The
potential difference will be either about 240V or
about 110V depending on which country you
live in. Only a power station will give currents
of hundreds of amperes. Not only check that the
answers are reasonable but also that you have
| used such terms as k€ and mA correctly.

With resistors in series and in parallel make
the checks described earlier. In series, the total
resistance increases as more resistors are added; in
parallel, the resistance decreases as more resistors
are added. Also with resistors it is frequently
found that the final 1/R term is quoted as the total
resistance. If 1/R = 0.025, this cannot be a sensible
value for the resistance itself. R =1/0.025 = 40 Q.

One useful technique with parallel resistors, but
only when two resistors are used, is to make use of
the following equation.
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so B= R R, _ productof R, and R,

R +R, sum of R, and R,

For example, with a resistor of resistance 8 {2
in parallel with one of 2 Q, the total resistance is
(8x2)/(8+2)=16/10 = 1.6Q. By similar working,
or by common sense, the total resistance of two
equal resistors in parallel is equal to half the
resistance of one of them, i.e two 3000 2 resistors in
parallel have a total resistance of 1500 Q. This must
be the case since the second resistor takes as much
current as the first and doubling the current halves
the resistance.

Sample circuits

A circuit containing both series and parallel
connections is shown in Figure 12.6.

4.0kQ

0.70kQ
==

1.0kQ2

LT

Figure 12.6

The resistance of 4.0 kQ and 1.0k<Q in parallel
= (4.0 x 1.0)/(5.0) = 0.80 kQ

Total resistance of the circuit
=0.80kQ +0.70kQ = 1.5kQ

Total current from battery
= V/R=12V/1.5kQ =8.0mA

Potential difference (p.d.) across 0.70 kQ
=IR=0.0080A xX700Q2=5.6V

Therefore p.d. across both parallel resistors
=120V -56V =64V

giving the current in the £.0kQ resistor
=6.4V/4.0kQ=1.6mA

and the current in the 1.0kQ resistor
=64V/1.0k2=6.4mA

These two currents can be added to get a current
of 8.0mA in the 0.70kW resistor.
Powers in each can be found using, power = I*R
Power in the 0.70 kQ resistor = 45 mW,
in the 4.0kQ resistor = 10mW and
in the 1.0kQ resistor =41 mW.
The power from the battery
=VxI=12V x0.008 A =0.096W =96 mW

E @ e ok =F " il e o M s sl
The effect of a voltmeter being used

A voltmeter reading up to 6 V has a resistance

of 50kQ. Deduce the p.d. across the 20kQ

resistor in the circuit of Figure 12.7 (a) when the
voltmeter is not in place and (b) when the voltmeter
is in place.

@ When the voltmeter is not in place the
reading is two-thirds of the total =4.0 V.
(There is the same current in both resistors,
therefore the p.d. across the 20k resistor is
twice that across the 10 k€ resistor.)

6.0V
Ik
10k 20kQ
! EE— | |

Figure 12.7

® When the voltmeter is in place, the resistance
of it is in parallel with the 20kQ resistor. This
gives a resistance of
(20 x 50)/(20 + 50) = 1000/70 = 14.3kQ.
Therefore, reading on voltmeter

143
T 143+10

X6.0V=35V

To be accurate, voltmeters must have a
resistance that is high in comparison with
the other resistors in the circuit. Many
modern digital voltmeters have very high
resistance, of the order of megaohms.



An ammeter has a resistance of 0.50 Q. Deduce
the current in the circuit of Figure 12.8 (a) before
an ammeter is introduced and (b) after it is
introduced.

6.0\
==t
- 40Q
A }
Figure 12.8

Answers

(a) Before the ammeter is introduced the current is
6.0V/4.0Q=15A

(b) After the ammeter is put in position the current
=6.0V/(4.0+0.5)Q=1.33A.

The ammeter is correctly reading the current
but this is not what the current was before the
measurement is taken. For an ammeter to have little

effect on a current it must have a very low resistance.

The potential divider circuit

A potential divider is used when a variable
potential difference is required. The circuit uses a
variable resistance that has three connections to
it. One of these connections is to a sliding contact
on a resistor and the other two are to the ends of
the resistor. A photograph of one typical potential
divider is shown in Figure 12.9. The construction
of a smaller and different type of potential divider
is shown in Figure 12.10(a).

Figure 12.9 Photograph of a potential divider
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Rotating slider

Curved
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Figure 12.10 (a) Construction of a potential divider
(b) Symbol of a potential divider

A potential divider circuit can provide any required
potential difference between zero and the supply
potential difference. Essentially it splits its input into
two parts. If terminals A and C are connected across
a 12V battery, then the p.d. across the carbon strip
is 12 V. When the slider is turned anticlockwise to
be near to A, then the p.d. from A to B is small and
the p.d. from B to C is large. By rotating the slider
clockwise from that position, the p.d. from A to B will
increase from zero up to near 12V as the p.d. from
B to C decreases from near 12V down to near zero.
The full 12V always exists across the whole carbon
resistor but the slider enables any fraction of 12V to
be supplied to any part of a circuit.

There is a problem with potential dividers when
high power circuits are used. The problem is that
there is a large amount of wasted power in the
carbon strip so the overall efficiency is low. You
may have noticed that on an electric cooker, if you
have one at home, the hotplates come on and go off
frequently when less than full heating is required. It
is more efficient to have the hotplates on fully rather
than at half power. Cookers do not have potential
divider circuits. If half power is required it is done
by having alternately 20 seconds, say, of full power
followed by 20 seconds of zero power.

The potentiometer

The potentiometer is an instrument capable of
comparing potential differences (p.d.s) to a high
degree of accuracy. Making use of standard cells,

which can have their e.m.f.s known to six significant
figures, it can measure the e.m.f. of a supply to the

same high accuracy.
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The principle the potentiometer uses is that if two

cells of equal e.m.f. are connected to oppose one
another, then there will be zero current.

To start, all that is required is a well-charged
battery and a piece of uniform resistance wire held
firmly on top of a metre rule, as shown in
Figure 12.11.

==l

b ' ' ' | '
1 ; |
80 90 | 100

0 10 20 30 40 50 60 70

Resistance Metre
wire rule

Figure 12.11

With 5.00 V across the 100 cm of wire, there
will be a 1.00 V drop in potential across every
20 cm length from one end to the other. The values
this gives are printed on the diagram though
actual values are not important in practice. What
is important is that they stay constant while the
experiment proceeds.

A standard cell, of say 2.04 V is then connected
through a sensitive, centre reading ammeter, called
a galvanometer, between the zero of the ruler and a
point 40.8 cm along the ruler, as shown in
Figure 12.12.

Resistance wire 100cm long

0 40.8 / 100

Standard cell
of em.f. 2,04V

Figure 12.12

At this point only, the cell is trying to push
electrons one way through the galvanometer and
the p.d. across the wire is trying to push them in
the opposite direction. The result is zero current.
A method, such as this, is called a null method.
Zero current is the requirement for calibrating the
instrument.

This is the preliminary part of the experiment.
To measure any other e.m.f.,, you repeat the process.
If you find that with the new e.m.f. the point at
which there is zero current is at 31.8 cm then the
measured e.m.f. (x) of this cell is given by

2.04V
40.8cm

200V «x
40.0cm  31.7cm
_ 31.7cm x 2.00V

40em

= 1.59V

One real advantage of this comparison method
is that the e.m.f. of the cell is the p.d. across its
terminals when it is not supplying current, and
that is exactly what is happening here. The internal
resistance of the cell is not affecting the result at all.

Kirchhoft’s first law: the total current arriving at a
junction in any circuit is always equal to the total
current leaving the junction.

Kirchhoff’s second law: around any complete loop in
a circuit the sum of the potential differences is equal
to the sum of the electromotive forces.

Resistors in series. Total resistance

‘ R=R+R,+R +...

/" Resistors in parallel. Total resistance R given by

L 1.8 1.

R R R, R,

v/ All sources of electrical power have some resistance
r within them. When connected to an external
resistance R, the total circuit resistance is (R + r). The
relationship between the current I and the emf E of
the supply will be E= IR + Ir.




Progress Check

Direct Current (D.C.) Circuits 89

12.1 Calculate the total resistance of the following

arrangements.

(a) 480kQ, 680kQ and 1.20 MQ all in series.

(b) 602 in parallel with 120 Q.

(c) 4.0kQ, 12kQ and 16kQ all in parallel.

(d) 4.0kQ in series with 12kQ and one 16 kQ resistor
in parallel with both.

(e) 4.0kQ in series with a parallel arrangement of a
12kQ and a 6kQ in parallel.

(f) 401.0 MQ resistors all in parallel.

12.2 Deduce each of the unknown currents in the circuit of
Figure 12.13.

16mA ¢
—

— 3}
4 3mA

Figure 12.13

12.3 A network cube is constructed of 12 equal resistors as
shown in Figure 12.14.

6A

Figure 12.14

current /A

resistance /C2

(a) There is a current of 6 A entering the cube network
at one corner at one corner and divides equally as
shown. How does the current divide at point X?

(b) On a copy of the diagram show the current in the
various parts of the cube until 6 A emerges at the
bottom right corner.

(c) The p.d across the cube is 25 V. Deduce the
resistance of each resistor.

12.4 (a) Complete the following table for the circuit shown
in Figure 12.15. The circuit is switched on for 200s.

Figure 12.15

(b) What is the meaning of the symbol inside the
dotted line?

(c) Explain what ratio of e.m.f. to current would be
present in the box outlined with a solid rectangle.

charge/C  power /W energy /]

battery

12

480 |

internal resistance
T

| resistance
R

resistance
R1 1.6

12
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12,5 (a) Draw a circuit diagram for a potentiometer circuit Calculate the power being supplied to the bulb and
used for comparing em.fs. compare this power with the power the bulb would
(b) A potentiometer is calibrated using a standard cell have received when the battery was new and the
with em.f. 1.019 V. Tae balance point using this internal resistance was only 0.3 Q.
celis 7.7 e, Usingfa SOMIES With & un.known 12.7 Explain why long mains extension leads are always sold
e.m.f. V, a balance point of 94.6 was obtained. ith ;
with warnings
Calcu}ate v. ; (a) not to be used for power over 2kW when
(c) Explain the effect on the result if the current from coiled up

the driver cell decreases during the course of the

8 (b) the voltage supplied when using this lead may
experiment.

be lower than that required for certain pieces of
12.6 A torch battery that is almost ‘dead” has an e.m.f. of equipment.

4.5V and an internal resistance of 2.7, It is

connected to a bulb with a resistance of 1.3 Q2.

1. (a) Define potential difference (p.d.). [1]
(b) A power supply of e.m.f. 240V and zero internal resistance is connected to a heater as shown in Figure 1.

240

O <0

Figure 1

The wires used to connzct the heater to the power supply each have length 75m. The wires have a cross-sectional area
2.5mm* and resistivity 18 nQm. The heater has a constant resistance of 38 Q.

(i) Show that the resistance of each wire is 0.54 Q. [3]
(ii) Calculate the current in the wires, in A. [3]
(iii) Calculate the power loss in the wires, in W. [3]

(c) The wires to the heater are replaced by wires of the same length and material but having a cross-sectional area
of 0.50 mm?®. Without further calculation, state and explain the effect on the power loss in the wires. [2]

(Cambridge International AS and A Level Physics 9702 Paper 21 Question 6 October/November 2013)

2. An electric shower unit is to be fitted in a house. The shower is rated as 10.5kW, 230 V. The shower unit is connected to the
230V mains supply by a cable of length 16 m, as shown in Figure 2.

Copper wire Cable
Shower unit
230V supply 10.5kW
230V
— s'
Copper wire | 16m |

Figure 2
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(a) Show that, for normal operation of the shower unit, the current is approximately 46 A. [2]

(b) The resistance of the two wires in the cable causes the potential difference across the shower unit to be reduced.
The potential difference across the shower unit must not be less than 225 V.
The wires in the cable are made of copper of resistivity 1.8 x 10°Qm.
Assuming that the current in the wires is 46 A, calculate
(i) the maximum resistance of the cable in Q, [3]
(ii) the minimum area of cross-section of each wire in the cable, in m*. [3]

(c) Connecting the shower unit to the mains supply by means of a cable having wires with too small a cross-sectional
area would significantly reduce the power output of the shower unit.
(i) Assuming that the shower is operating at 210V, rather than 230V, and that its resistance is unchanged,
determine the ratio
power dissipated by shower unit at 210V
power dissipated by shower unit at 230V

(2]
(i) Suggest and explain one further disadvantage of using wires of small cross-sectional area in the cable. (2]
(Cambridge International AS and A Level Physics 9702 Paper 02 Question 6 October/November 2007)

(a) Alamp is ratedas 12V, 36W.
(i) Calculate the resistance of the lamp at its working temperature in Q. 2]

(ii) On the axes of Figure 3, sketch a graph to show the current-voltage (I-V) characteristic of the lamp. Mark an
appropriate scale for current on the y-axis.

IA |
0 T Ll é 1] T ll-j
VIV
Figure 3
(b) Some heaters are each labelled 230V, 1.0 kW. The heaters have constant resistance. [3]

Determine the total power dissipation for the heaters, in kW, connected as shown in each of the diagrams
shown below.

(i)

230V

(1]
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(i)
230V
T L Pt I | =
(1]
(iii)
230V
e PP T
R i
e I
(2]
(Cambridge International AS and A Level Physics 9702 Paper 21 Question 6 October/November 2010)
4, (a) (i) State Kirchhoff’s second law. [1]
(ii) Kirchhoff’s second law is linked to the conservation of a certain quantity. State this quantity. (1]
(b) The circuit shown in Figure 4 is used to compare potential differences.
______ o
:, 20V ,
.‘ | 0500 |
C ) | T J D
| | o
L S 3
Iy
R

0.90m

uniform resistance wire
1 ’ [ length 1.00m
! |

Figure 4
The uniform resistance wire XY has length 1.00m and resistance 4.0Q. Cell A has e.m.f. 2.0V and internal resistance
0.50€2. The current in cell A is I. Cell B has e.m.f. E and internal resistance r.

The current in cell B is made zero when the movable connection ] is adjusted so that the length of XJ is 0.90m. The variable
resistor R has resistance 2.5Q.

(i) Apply Kirchhoft’s second law to the circuit CXYDC to determine the current ], in A. [2]
(ii) Calculate the potential difference, in V, across the length of wire XJ. [2]
(iii) Use your answer in (ii) to state the value of E, in V. [1]
(iv) State why the value of the internal resistance of cell B is not required for the determination of E. [1]

(Cambridge International AS and A Level Physics 9702 Paper 21 Question 5 May/June 2012)




Nuclear Physics:

Part A

Introduction

Until 1897 the atom was regarded as the smallest
particle of any element. The hydrogen atom, as

the smallest atom, was hence the smallest possible
particle. Its mass was known reasonably accurately
as 1.67 X 10" kg and from electrolysis experiments
it was found that the H* ion had a charge to mass
ratio of 9.6 X 107 coulombs per kilogram.

In 1897, J.J. Thomson found from experiments with
high voltages on low-pressure gases that some particles
existed with a charge to mass ratio 1840 times greater
than that of the hydrogen ion. He soon showed that
this was a particle with a charge equal and opposite to
that on the hydrogen ion and so its mass needed to be
1/1840th of the hydrogen ion. He, thus, discovered the
electron. He also found that electrons were present in
all atoms. The search was then on for other particles
smaller than an atom. This search is still going on.

Structure of the atom
Discovery of the nucleus of atoms

During the 1890s some other important discoveries
were made. Roentgen discovered X-rays and Becquerel
discovered radioactivity. Madame Curie did many
experiments on radioactivity and had determined the
mass, charge and speed of alpha particles, although
she did not know their composition. Rutherford
suggested to two of his students, Geiger and Marsden,
that they should use alpha particles to bombard atoms
just to see what happens. To reduce the likely number
of multiple collisions, Geiger and Marsden used very
thin sheets of gold foil as the target for the alpha
particles. The experiment was carried out in a vacuum
with the apparatus shown in Figure 13.1.

As expected these high energy particles in large
numbers just passed straight through this very thin
gold layer. This was not surprising since they were

Rotatable microscope
to view fluorescent

screen

Fluorescent
screen that glows

Narrow beam

of alpha particles momentarily
when an alpha
/- [| ) particle hits it
Alpha P N | foil
particle”
SOUrCe
Lead screens with
small central hole
Vacuum

Figure 13.1

travelling with a speed about one tenth of the speed
of light, and the gold foil was only about a thousandth
of a millimetre thick. They did notice some stray
alpha particles emerging at strange angles but at
first thought that this was due to experimental error.
Further analysis, however, showed that it was not
an experimental error at all but a genuine deflection
caused by a gold atom as shown in Figure 13.2.
When the numerical size of the electrical force
necessary for these deflections was calculated it
was found to be so large that the distance between
the charge on the alpha particle and the charge on
the gold atom had to be about 1/100000 of the
diameter of the atom. In other words, an atom must
have all of its positive charge and most of its mass
concentrated at its centre, it must have a nucleus.
Experiments later confirmed that the ratio

diameter of atom

is of the order of 10°.

diameter of nucleus

This makes the density of the nucleus about 10'*
times the density of matter on a large scale.

This suggested a structure for atoms. For example,
a hydrogen atom has a single proton as its nucleus
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Beam of Possible paths of some
alpha alpha particles
particles

Millions of alpha
particles paths are

not shown. They would
just go straight
through with no
deflection

Atoms
in gold
foil

Figure 13.2

and an electron orbiting this nucleus. The proton
contains nearly all the mass and is positively
charged. The electron has a much smaller mass and
is negatively charged. For atoms of other elements,
the situation is more complicated. For example,
helium has two protons in its nucleus and two
electrons in orbit around the nucleus. The scientists
discovered a problem: helium atoms have four times
the mass of a hydrogen atom, not two times. Various
suggestions were put forward to explain this, but it
took another 20 years before Chadwick discovered
the neutron. Neutrons have approximately the same
mass as protons but they are uncharged. The helium
atom contains two protons and usually two neutrons
in its nucleus with two orbiting electrons.

The two positively charged protons are very close
to one another in the nucleus , which means there
is another problem. They repel one another with
enormous electrostatic force. So what holds them
together? It cannot be gravitational force because
that force is too weak by a factor of over 10*°. There
must be some force operating within the nucleus
that is not any of the usual forces. This force is called
the nuclear force and is in some way associated with
neutrons. No element other than hydrogen exists
without one or more neutrons in its nucleus, so
neutrons do provide some sort of nuclear glue.

The number of neutrons in the nucleus of most
elements is not fixed. For example, in an oxygen

atom, the number of both protons and electrons

is 8. The 8 protons determine the atom to be oxygen.
The number of neutrons in a stable oxygen atom, for
example, can be 8 or 9 or 10. This makes some oxygen
atoms more massive than other oxygen atoms. In
oxygen, the proportion of uncharged atoms

with 8 protons, 8 neutrons and 8 electrons is
99.759%,

with 8 protons, 9 neutrons and 8 electrons is
0.037%,

with 8 protons, 10 neutrons and 8 electrons
is 0.204%.

These three different forms of atoms are three
isotopes of oxygen.

Isotopes are atoms with the same number of
protons but with different numbers of neutrons in
their nucleus.

The number of protons in the nucleus of an atom
determines the atom. This number is called the proton
number. It used to be called the atomic number.

In an uncharged atom, the number of electrons is
equal to the proton number.

An ion is an atom (or group of atoms) where the
number of electrons is different from the proton
number. Some ions are negative when they have
more electrons than protons; some are positive
when they have fewer electrons than protons.

The number of protons plus the number of
neutrons in a nucleus is called the nucleon number.
Both protons and neutrons are called nucleons as
they are nuclear particles.

A nuclide is one particular atomic structure. This
term is sometimes useful in sentences such as ‘the
carbon-12 nuclide and the carbon-13 nuclide are
isotopes.

Be careful with the spelling of words beginning
with an N. (There really are too many of them in
nuclear physics.)

Anything that has no charge is neutral - like
a neutron. Anything to do with the centre of
an atom is nuclear — like nuclide, nucleus and
nuclear.



The full symbols used for nuclei are constructed
in the way shown in Figure 13.3.

15
- N

Figure 13.3

This symbol means that a nitrogen nucleus
contains 7 protons and 15 nucleons, i.e. 7 protons
and 8 neutrons.

Abbreviated table of data

It is useful to know some of the more obvious data

from the table so that you are able to give examples.

In Table 13.1, the mass of an atom is given in terms
of the unified mass unit u. You may notice that a
carbon-12 atom has a mass of 12 u exactly. This is
because the atomic mass unit is defined as

_Table 13.1

Element Symbol Proton Nucleon
number number

hydrogen 'H 1

1

I
deuterium D 1 2
tritium : T 1 3
helium JHe 2 3
iHe 2 4
lithium SLi 3 6
1Li 3 7
carbon G 6 12
BE 6 13
nitrogen UN 7 14
BN 7 15
oxygen 59O 8 16
70 8 17
2O 8 18
lead 33‘_3 Pb 82 204
25ph 82 206
Ph 82 207
& Pb 82 208
uranium 2;2 U 92 235

gy~ g W Dag

Nuclear Physics: Part A 95

one-twelfth of the mass of the carbon-12 atom. It is
much more convenient to use u as the unit of mass
for atoms because otherwise the masses in kilograms
would be very clumsy. For example, the mass of the

carbon-12 atom in kilograms is 1.9925 x 10*¢kg.

This makes the conversion factor from units of u to

units of kilograms as 1.000u = 1.6604 X 10*"kg.

Nuclear reactions

There is a wide range of different types of
nuclear reaction. Radioactivity is one of them.
Radioactivity was discovered by Becquerel
because certain elements, of which uranium

is the most common in the Earth’s crust, have
been undergoing decay ever since the Earth was
formed, and are still decaying today. This should
give you some idea of how very large is the

No. of

No. of

No. of

% of

protons neutrons electrons  isotope
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99.985
0.015
trace

1.4 x10™
100

7.42
92.58

98.89
155

99.63
0,37

99.759
0.037
0.204

1.5
23.6
22.6
52.3

0.72
99.28

Mass/u

1.00783
2.01410
3.01605

3.01603
4.00260

6.01513
7.01600

12 exact
13.00335

14.00307
15.00011

15.99492
16.99913
17.99916

203.973
205.974
206.976
207.977

235.044
238.051




Figure 13.4

The same principle is now used in bubble
chambers where high energy particles are passed
into liquid hydrogen. The energy provided by the
particle is sufficient to cause hydrogen along the path
of the particle to vaporise. This is shown in Figure
13.5. The complex nature of the photograph not
only shows how many particles can be produced in
a nuclear reaction but also that the particles must
have been travelling in a magnetic field in order to
be moved in circles of decreasing radius. In school
laboratories Geiger tubes or solid state detectors can
be used to detect radioactivity. These are connected
to counters that can record either the rate at which
nuclear reactions are taking place or the total number
of reactions. A typical set up is shown in Figure 13.6.
The counters usually have built in loudspeakers that
give a click when a count takes place.

The radioactive events which give rise to the
individual counts take place at random. It is
impossible to predict when a count will occur;
there may be pauses, there may be a sudden rush
of counts. No one knows when any particular atom
is going to decay. A nucleus of a uranium atom may
have existed on the Earth for almost five billion
years without changing at all - and then decay while
you are carrying out an experiment with it.

Figure 13.5
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Figure 13.6

Decay of a nucleus is not only random it is also
spontaneous. This means that there is nothing that
can be done to affect the rate of decay by a particular
radioactive source. Scientists have tried many different
things to get a source to decay at a different rate.

e Raising or lowering the temperature makes
no difference.

@ Raising or lowering the pressure makes no
difference.

e Chemical combination makes no difference.

o Electric or magnetic field strength makes no
difference.

This is not really surprising because all of these
processes affect atoms whereas what is needed is
something to affect a nucleus. The energy associated
with atoms is usually of the order of a few
electron-volts. (1 electron-volt = 1.60 X 1077].)

The energy associated with the nucleus is of the
order of a few million electron-volts.

Properties of alpha (o), beta (§7) and gamma
(y) radiations

These radiations have been mentioned several
times in this chapter. Table 13.2 summarises their
properties.

They were the first radioactive radiations to be
discovered and although since then hundreds of
different radiations have been discovered, most
of these are only seen in very high energy nuclear
reactions. The Large Hadron Collider at CERN is
revealing more nuclear particles.
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Antiparticles

In 1932 a particle with similar properties to an
electron was found to have a positive charge. It is
called a positron and has been given the symbol 3*
in contrast to B~ for an electron. This was the first
particle of antimatter to be discovered but since then
corresponding antimatter particles have been found
for all particles. When an electron combines with a
positron they can annihilate one another to produce
gamma radiation only.

One aspect of the decay given in Table 13.2 is that
when a beta particle is emitted, another particle is
also emitted. This particle is called a neutrino. A
neutrino has no charge and negligible mass. It barely
reacts with any other particle but there are vast
numbers of neutrinos passing through you every
second as a result of nuclear reactions on the Sun
and every other star. There are also antineutrinos.

In 3~ decay one of the neutrons (n) in the nucleus
of the decaying element changes to a proton (p),
an electron (e) and a particle called an electron-
antineutrino (V). The equation is

n=p+e + V,

Fundamental Particles

During the last 120 years many experiments
have been performed to establish the nature of
matter. The discovery of radioactivity in 1896 and

the electron in 1897 was followed by Geiger and
Marsden’s experiment in 1911 establishing the

presence of the nucleus, containing protons, in

all atoms. Neutrons were not discovered until the
1930s. Even at that time other subatomic particles
were being suggested.

The methods used in research on fundamental
particles are varied. The earliest experiments used
the fact that emissions of radioactivity caused
photographic film to darken. This was later
improved by using large cubes of emulsion floated
to great heights under balloons to investigate highly
energetic particles from the Sun. Mesons were
discovered this way. Energetic particles can cause
a vapour to condense to form a liquid, and this
effect is frequently used in modern particle detector
experiments. Bubble chambers use this method in
getting liquid hydrogen to vaporise along the path
of a particle. By carrying out an experiment in a
magnetic field, the charge on any particle can be
determined. A photograph showing the detail that
can be obtained is given in Figure 13.5.

All the recent experiments have established that
protons and neutrons are not fundamental particles.
They contain quarks.

The (relatively) massive particles: protons,
neutrons and mesons are collectively called hadrons.
Table 13.3 shows some of the physical properties
of three types of quark, the up, down and strange
quarks. The Baryon number is a property assigned
to quarks to assist in explaining how different
numbers of quarks ‘add up’ to make particles such as
protons and neutrons. Strangeness is another such
property, which helps to explain the existence of
other more unusual particles.



Symbol

u . d
2 1 1
Charge +—e —e ==p
3 3 3
Baryon number -1~ L &
‘ 3 3 3
pliRenie o0 g = 38

Each of these quarks has a corresponding antiparticle
u, d and s.

The quark arrangement of four hadrons is shown
in Figure 13.7.

u u
® e

d

@)

proton antiproton
u d

© O

d

O

neutron 77 meson

Figure 13.7

Nuclear Physics: Part A 99

.14
All protons have baryon number ek b 1

2 2 1
and charge-e+-e--e=e
3 3 3

Mesons have two quarks in their structure.

In all the physics you have studied so far the

forces between objects have been the (very weak)
gravitational force and the much stronger electric
and magnetic forces. Within the nucleus, these
forces cannot explain how protons are held tightly
together despite the electrical repulsion due to

their charge. Physicists discovered a force called the
‘strong nuclear force’ that overcomes the electrical
repulsion at very short range. However, this force
alone cannot account for beta decay. There is a weak
interaction between quarks that gives rise to both 3~
and B* decay. The following two equations show an
example of each decay.

BC— N+ e +V (B decay)
YO—="N + % +2v (B* decay)

The electrons and neutrinos in these equations are
fundamental particles with zero or very little mass.
These types of fundamental particles are called
leptons.
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1. (a) An electric field is set up between two parallel metal plates in a vacuum. The deflection of o-particles as they pass between
the plates is shown in Figure 1.

metal plate

AN

path of
(t-particles VY VY Y YYYYYYVYYY Y
>
T
electric field metal plate

Figure 1

The electric field strength between the plates is reduced. The o-particles are replaced by B-particles. The deflection
of B-particles is shown in Figure 2.

metal plate

N\
=

B —partEles N
-

electric field metal plate

Figure 2

(i) State one similarity of the electric fields shown in Flgure 1 and Figure 2. [1]

(ii) The electric field strength in Figure 2 is less than that in Figure 1. State two methods of reducing
this electric field strength. [2]

(ili) By reference to the properties of ci-particles and B-particles, suggest three reasons for the differences
in the deflections shown in Figure 1 and Figure 2. (3]

(b) A source of oi-particles is uranium-238. The nuclear reaction for the emission of o-particles is represented by

238 w Y
) =3 S0 0

State the values of W, X, Yand Z. [2]
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(c) A source of B-particles is phosphorus-32. The nuclear reaction for the emission of B-particles is represented by
32 A C
' 2P— JR+ ;P

State the values of A, 3, Cand D. [1]

(Cambridge International AS and A Level Physics 9702
Paper 21 Question 7 October/November 2013)

‘ 2. (a) Describe the structure of an atom of the nuclide %33 U. [2]

| (b) The deflection of o-perticles by a thin metal foil is investigated with the arrangement shown in Figure 3.
All the apparatus is enclosed in a vacuum.

| e,

detector of c-particles

€ SOurce path of deflected

c-particles

Figure 3
The detector of ¢i-particles, D, is moved around the path labelled WXY.
(i) Explain why the apparatus is enclosed in a vacuum. [1]
(ii) State and explain the readings detected by D when it is moved along WXY. [3]

(¢) A beam of ai-particles produces a current of 1.5 pA. Calculate the number of o-particles per second
passing a point in the beam. [3]
g (Cambridge International AS and A Level Physics 9702
Paper 21 Question 6 October/November 2012)




Physical Quantities,
Units and Measurement
Techniques

This chapter is short because it adds some extra
A-level detail to the work covered for AS-level in
Chapters 1 and 2.

Amount of substance

Those of you who are studying both chemistry

and physics will no doubt be very familiar with

this concept. In the early 19th century, Avogadro
investigated the chemical combination of gases.
Avogadro found that when gases combined with
one another they combined in small whole number
volumes. For example, under the same conditions of
temperature and pressure, two volumes of hydrogen
combined with one volume of oxygen to form two
volumes of steam. Avogadro deduced that on a small
scale it must mean that two molecules of hydrogen
were combining with one molecule of oxygen to
produce two molecules of steam. Avogadro had little
idea about the actual size of these molecules but
that did not alter his belief that molecules did exist.
We now know that in a particular reaction, perhaps
1.084 x 10* molecules of hydrogen would combine
with 0.542 x 10 molecules of oxygen to form

1.084 x 10* molecules of steam, but numbers such
as this are inconvenient to use and lose the simple
clarity of the two volumes, one volume, two volumes
relationship.

Avogadro was at an advantage using gases
because, as he also stated, equal volumes of gases
at the same temperature and pressure contain
the same number of molecules. This is not true
for liquids and solids. The reason why solids
and liquids behave differently from gases is that
whereas in solids and liquids the molecules are
tightly packed together, in a gas the volume
occupied is often a thousand times greater
than the volume of the molecules themselves.
More details will be given about this in
Chapter 17.

In order to avoid the problems of considering
large numbers of molecules it was decided to have a
standard amount of substance. This is now one of
the SI base units. Amount of substance is measured
in moles, for which the abbreviation is mol.

As usual with the base units the choice of
numerical size of the unit is based partly on
historical values and partly on practicalities. A large
number was required and the value now chosen is
called the Avogadro constant.

The Avogadro constant, symbol N, is the number
of atoms in 12 grams (0.012kg) of the nuclide
carbon-12. Its value can be measured very precisely
and is 6.022 141 8 x 10*. You will be unlikely to
need this number of significant figures and its value
to three significant figures usually will be stated in
questions you are given or on a data sheet.

Teacher's Tip_

12 grams of carbon-12 contain a mole of atoms
but be careful to get the mass you are considering
in the correct unit. 12 kilograms of carbon-12
atoms will obviously contain 1000 moles of
atoms. Errors of a factor of 1000 are common
Lwhen answering questions using moles.

One mole is the amount of any substance that
contains a number of particles equal to the
Avogadro constant.

This means that the Avogadro constant can be
written as 6.022 X 10* mol™.

It also means that the earlier awkward large
number equation for the formation of steam can be
replaced by the much simpler molar equation

1.80 mol of hydrogen + 0.90 mol oxygen

— 1.80 mol steam

Experimental techniques

See Chapter 24 for details of measuring magnetic
flux density using a Hall probe.




Motion in a Circle

Angular measure

The division of a right angle into 90° and a
revolution into 360° is a very old measurement
linked to the rotation of the Earth and time. It is

an arbitrary definition that in several situations is
not very convenient. You will find it necessary to
be able to use a different system of angular measure
in which the basic unit of angle is called the radian.
Figure 15.1 shows how a radian is defined.

Y

1 radian

(0] r 5

Figure 15.1

A point O is at the centre of a circle of radius r.
A compass drawing the circle moves from X to a
point Y after it has drawn an arc of length r. The
angle YOX is then defined as one radian and the
abbreviation is ‘rad’. An angle measured in radians
is the distance along the arc of a circle divided by the
radius of the circle.

arc length

radius of circle

angle 6 =

This means that if a complete circle is drawn, then
the length of the arc is 2nr and the angle for one
complete revolution will be 21t#/r = 21, as shown in
Figure 15.2.

Note that from the definition of an angle, the
equation of which gives a length divided by another
length, the angle measured in radians has no units.
It is convention, however, to always write ‘rad’ after
an angle measurement.

7
2r radians Q

Figure 15.2

Angular velocity

The Earth rotates about its axis and during one day
it completes one revolution, so it has an angular
displacement of 27 rad. It is logical from this
statement to define that angular velocity is the
angular displacement per unit time.

The symbol used for angular velocity is @, the
Greek lower case letter omega.

The angular velocity of the Earth on its axis is
therefore

2nrad

_ 2nrad o
(60 % 60 % 24)s 7.272x 107 rads

The relationship between angular velocity w
and speed v

An object travelling with a constant speed v around
the circumference of a circle of radius r, will travel a
distance x = vt in time .

The angle moved through in this time is
0 =x/r=vt/r

This gives the angular velocity

w=6/t=vl/rt=v/r or v=rw



Small angle approximations for angles

Radian measure is particularly useful when
considering small angles. Figure 15.3 shows a small
angle 6 and a line of length OA at which an arc of
arc length AC is drawn.

Figure 15.3

Two triangles are superimposed on the diagram,
AOAB with a right angle at B and AOAD with a
right angle at A. From ZOAB,

sin O = AB and from AOAD tan 6 = 12
OA OA

and 6 in radians =ic-.
OA

Notice that as 0 gets smaller and smaller, the three
lines AB, AC and AD get closer and closer together,
and as they do this they get nearer and nearer to
becoming the same length. This means that as 0 gets
smaller sin 6, tan 6 and @ itself approach equality, as
shown in the following table.

9““1 .. = | tan 6

0.5000 0.4794 0.5463 28.65
0.2000 0.1986 0.2027 11.46
0.1000 0.0998 0.1003 5.73
0.0800 0.0799 0.0802 4.58
0.0100 0.0100 0.0100 0.57

Circular motion

Circular motion is very common. There are the
obvious examples such as the movement of the
hands of a clock, a roundabout on a playground,

a CD or DVD in a CD player or computer, the
London Eye big wheel, etc. In most machines some
parts rotate; a drill, the gearwheels in the gear-box of
a car, the wheels of a car, the fan in a cooling system
and an electrical generator are some examples. Then
there are situations involving orbits; the movement
of planets and moons, the movement of electrons
around nuclei, the movement of protons in the
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Large Hadron Collider at CERN. In many cases, a
complete circle may not be achieved but for part of
a circle the same criterion is valid as for a complete
circle. Examples are an aircraft changing course, a
motorcyclist negotiating a bend and even an animal
moving to escape from a predator.

This topic will be different from the mechanics
you have done earlier. There you were considering
acceleration in a straight line as a result of change in
velocity, where the two velocities were in the same
direction. In this section, the velocities are not in
the same direction but Newton’s laws still hold in
exactly the same way as before. The problem arises
in deducing the direction of the acceleration.

Acceleration at constant speed

This heading may seem at first sight to be a
contradiction in terms. It is not. The following
example will show you why it is not. Once you have
understood the concept of acceleration at constant
speed, the rest of this chapter should be easier to
understand. The example will be followed with the
generalisation of the idea in algebraic terms.

Example 1

An aircraft has to be kept in a holding circle for a
time before there is a space available for landing. It
is travelling in a horizontal circle of radius 6000 m
with a constant speed of 120ms™. Calculate

(a) the time to complete one circle, this is a
rotation of 27 radians,

(b) the short time taken for the angular movement
to be 0.01 radians,

(c) the distance moved in this time,

(d) the change in velocity in the short time
calculated in (b),

(e) the magnitude of the acceleration,

(f) the direction of the acceleration.

Answer
(a) Circumference/speed for one orbit
= (21 x 6000)/120 = 314.16s

(b) Time for 1 radian = 314.16s/2n=50.0s
Therefore time for 1/100 radian = 50.0/100
=0.500s
(¢) 120ms*x0.500s=60.0m
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(d) This is an important question. Figure 15.4
shows the original velocity at 120ms™ and the
new velocity, also at 120ms™ in a direction
that is at an angle of 0.01 radians to the original
velocity. The speed is the same only the
direction is slightly different.

Original velocity = 120m s™

New velocity

0.01 rad — Original velocity

New velocity =120m s~
Figure 15.4

The change in velocity is required. Subtraction
of vectors was explained in Chapter 1 where

it was pointed out that it can be done by
establishing the vector that needs to be added
to the original vector in order to get the

final vector. In this case it is the small vector
labelled ‘new velocity — original velocity’. The
magnitude of this velocity, using the small
angle approximation explained earlier in this
chapter, equals v0.

v6 =120ms' x0.0lrad=1.2ms™
(e) magnitude of acceleration

change in velocity _ 1.2ms™
time 0.500s

=24ms™t

(f) The change in velocity is given by the small
arrow in Figure 15.4 and is effectively at right
angles to both velocity vectors. It is inwards
towards the centre of the circular path.

Acceleration in circular motion at

d

D

constant spe

Consider an object moving in a circle of radius r at a
constant speed v.

Figure 15.5(a) shows the object when its initial
velocity is v, and after it has travelled round in the
circle by a very small angle 6, its final velocity v

The distance the object has travelled = r8

This distance travelled is elso vt where t is
the time taken to get from the initial to the final
position.

i

Figure 15.5(b) shows the vector triangle to find
the change in the velocity of the object Av which is
Av =0 by use of the small angle approximation.

6 Vinitial

Vfinal

(a) (b)
Figure 15.5

Combining the above equations for distance
travelled, we get t = r6/v and

changeinvelocity ~ Av _ vf v

acceleration = _ = =
time t  r8lv r

Note that 6 cancels out in this analysis so it could
have been vanishingly small, making the small angle
approximation perfect.

By substituting the expression of angular velocity
® = v/r in the above equation, we can get another
expression for the acceleration of an object travelling
with constant speed in a circle as

2

3 1
acceleration = — = r@*
r

This acceleration is directed towards the centre
of the circular path and is called the centripetal
acceleration.

The force required for a centripetal

This part of the chapter is straightforward. Just apply
Newton’s second law of motion, F = ma. As the force
and the acceleration are vectors, they must be in

the same direction. The force will be the resultant
force on the object and it is called the centripetal
force. Note carefully that it is a resultant force. It

is the sum of all the forces acting on the body. For



example, consider the aircraft travelling horizontally
in its holding circle in the example given on the
previous page. Figure 15.6 shows a free-body force
diagram for the aircraft. The aircraft has a mass of
1.80 x 10°kg, so its weight is 1.76 x 10°N.

Plane of mass
" 1.80 x 10°kg
Centre of circle
around which the
plane is flying
Weight of plane
=1.76 x 105N

Figure 15.6

The aircraft is only touching one thing - the
air around it. Apart from the engine forces acting
forwards and equal drag forces acting backwards if
the aircraft has constant speed, the only two forces
acting on the aircraft are the gravitational force on the
aircraft (its weight) and the force that air exerts on the
aircraft. The wings of the aircraft cannot be horizontal
when the aircraft is turning. This means that the force
F the air exerts on the zircraft is at an angle ¢ to the
vertical, as shown.

For horizontal flight the resultant upward force
must be zero, so

Fcos® =1.76 X 10°N

For acceleration of 2.4m s, the horizontal
component of F is given by

Fsin¢g =ma=1.80x10°%2.4=432 000N
Equation II

Equation I

Chapter Summary
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Dividing Equation II by Equation I, we get
tan ¢ =432 000/1.76 x 10°=0.245
and ¢ is therefore 13.8°.
F is, therefore, 1,76 X 10%/c0s 13.8° = 1.81 x 10°N.

Note that in this case, the resultant force on the
aircraft is the horizontal component of the lift,
4.32 x 10°N, and this would be called the centripetal

force. This resultant centripetal force F is given by

mv:
F=mrw*or F= —.
r

Mistakes on circular motion are often caused
by people putting in a centripetal force as well
as the forces actually acting. Avoid this problem
by concentrating on actual forces. Weight is one
obvious force to go on a force diagram and so is
any contact force. For example, consider yourself |
sitting in the aircraft travelling in the horizontal .
circle described above. You have your weight
acting vertically downwards and the force your seat
exerts on you. This would be a force acting directly
towards the ceiling of the cabin. It would not be
vertical. If you look out of the windows you will

see on one side the ground and on the other side
the sky. NO OTHER FORCES ACT ON YOU so
do not put any other forces on your diagram. The
resultant of these two forces is what is causing you
to rotate in a horizontal circle with the aircraft itself.

v" Angular velocity ©= 2nt/time for one revolution,
@ =21/T.

v~ For an object travelling in a circle of radius r with
constant angular velocity  the speed v of the object
is given by v=ra.

v" The centripetal acceleration a of an object travelling
at constant speed v in a circle of radius r is given by

”

1
a=— = r®? where @is the angular velocity.
r

v/ 'The resultant centripetal force F is given by F = mr@?

2
my
or F=——,

r
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15.1

15.2

15.3

Convert

(a) aright angle into radians,
(b) 45° into radians,

(c) 0.001° into radians,

(d) 3 radians into degrees,
(e) mradians into degrees.

Calculate the angular velocity of

(a) an electric drill making 2750 revolutions per
minute,

(b) afood mixer making one revolution in 0.32s,

(c) the Moon making one revolution of the Earth
in 27 days and 8 hours,

(d) a roundabout making a revolution in 13.5s.

(a) Calculate the angular velocity of an object travelling
along a circular path of radius 6.4 m with a speed of
38ms™.

(b) Calculate the radius of the circular path of an
object that has an angular velocity of 4.5rad s
and a constant speed of 27m s7".

(c) Calculate the speed of the International Space
Station that has an angular velocity of
1.16 X 10~ rad s~ and is in a circular orbit of
radius 7200 km.

15.4

15.5

Calculate the magnitude of the acceleration of each of
the objects in question 15.3.

A ball of mass 2.0kg is rotating in a horizontal circle of
radius 0.24 m. This arrangement, known as a conical
pendulum, is shown in Figure 15.7.

Ball of mass 2.0kg

r=radius of circle
=0.24m w

Figure 15.7
The length of the string supporting the ball is 1.6 m.

Calculate the tension in the string, the magnitude of the
acceleration of the ball, and its angular velocity.




Gravitational Field

Introduction

We all live in a gravitational field. In fact we all can
observe the effects of three gravitational fields. There
is the gravitational field of the Earth itself, that is by
far the largest gravitational field at the surface of the
Earth but there are also the gravitational fields of the
Moon and the Sun.

Gravitational field strength

Although gravitational field acts on mass, the human
body has no gravitational sensor and so it cannot be
felt. What we certainly do notice is its effect on mass.
It causes acceleration of free fall. It was mentioned in
Chapter 4 that the alternative ways of defining g either
as the acceleration of free fall or the gravitational force
per unit mass gives g=9.81ms~ or g=9.81 Nkg™'
and that this is little more than using the equation
from Newton’s second law as either

F=mg OR g=L

Gravitational field strength, however, uses the
second equation.

Gravitational field strength is the force per unit
mass. It is a vector so its direction needs to be given.
For the Earth, the gravitational field strength has

the value 9.8 N kg™ to two significant figures. There
are small variations in its value on Earth because the
Earth is not quite a sphere and also its density is not
constant. In places where there are large deposits of
heavy metal compounds, the value of ‘¢’ is larger.
Also, the gravitational field strength of the Earth is
not usually identical to the acceleration of free fall.
This is because of the rotation of the Earth. Part of the
gravitational force on an object is used to cause the
object’s rotation once per day and the rest of the force
causes its free fall acceleration towards the ground.

Figure 16.1 is a two-dimensional diagram of the
Earth’s gravitational field.

The Earth

Figure 16.1 Earth's gravitational field

The field is greatest at the Earth’s surface and
gradually fades out until it becomes zero at the
centre of the Earth. One useful fact about this
field is that, at and beyond the Earth’s surface, the
gravitational field strength has the same value
as it would have if all the mass of the Earth were
concentrated at a point at its centre.

For any point outside a uniform sphere, the mass
of the sphere may be considered to be a point mass
at its centre.

Newton’s law of gravitation

After Newton had stated his three laws of motion,
he began to apply them to situations he was familiar
with. He deduced the following facts:
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o the value of the acceleration due to gravity, g

» the radius of the Earth, r

o the distance between the centre of the Earth
and the centre of the Moon, R

» the centripetal acceleration of the Moon, a.

When he compared distances and accelerations
he found, in round figures, that

R=60r and a=—>—
3600
He deduced that it could not be a coincidence
that 3600 is 60°. He realised that gravity, the force
causing objects to fall on the Earth, is the same
type of force that keeps the Moon in orbit round
the Earth. It is apparent that the gravitational field
decreases with the square of the distance. That
is, when 60 times further away the gravitational
field is smaller by a factor of 3600. Newton then
summarised his findings in a universal law
of gravitation now known as Newton's law of
gravitation. Expressed in equation form, this is

P Gl'rtl,m3
2

where F is the force of attraction between two point
masses m, and m, when placed at a distance r apart.
G is a constant known as the universal constant
of gravitation. Its value is 6.673 x 107" Nm?kg™.
Gravitational force is always an attractive force. No
gravitational force of repulsion has ever been detected,
even between matter and antimatter. (Antimatter
existed at the time of the Big Bang. When antimatter
meets matter both are annihilated to give energy.
Luckily there is very; very little antimatter about now!)

The relationship between g and G

The gravitational field strength g at a point is
defined as the gravitational force per unit mass at
that point. Figure 16.2 shows a point mass M at a
distance r from a mass of one kilogram.

1kg M
& ®

r

Figure 16.2

The force on the one kilogram mass is given by

Wes Gmm, _ GMx1 _ﬂ

=

2 2 2
r r 3

The gravitational force per unit mass is g, so the
equation relating g to G is

—\GM
g ==

¥

Gravitational potential

From time to time people worry about terrible
disasters. One particular disaster that affected the Earth
around 60 million years ago wiped out the dinosaurs.
This may have been caused by a collision between
the Earth and some large object from space. On
15 February 2013, an asteroid of mass 130000 tonnes
passed within 32 000km of the Earth travelling with
speed 29000kmh™. At this distance it was close
enough to hit a communications satellite. Certainly
some collisions between asteroids of masses of a few
thousand tonnes are well known because of the craters
they have left behind. The damage that could be caused
by such objects is considerable and depends on the
kinetic energy of the object. Gravitational potential is a
quantity that enables this to be calculated.

An object out in space that happens to be
on course for the Earth has only a small force
accelerating it towards the Earth, but as it gently falls
towards the Earth the force gets marginally larger.
This carries on with the force increasing the nearer it
gets. During the last few hours of its approach, when
it is still outside of any real atmosphere its speed will
increase very rapidly. Only in the last few seconds
will the atmosphere have much influence on it. It is
like a ball falling down a slope of the shape shown in
Figure 16.3(a). In three dimensions it is falling into a
gravitational well as shown in Figure 16.3(b).



(b)
Figure 16.3

For the sake of calculation, the zero baseline of
a quantity, called gravitational potential is taken to
be on the flat portion of the gravitational well. That
is when the distance from the mass, in this case the
Earth, is very large.

The gravitational potential at a point is the
work done in bringing a unit mass from infinity to
that point.

This does have the effect of making all the values
for gravitational potential negative. The equation for
gravitational potentizl ¢ is

GM
¢ - _T

You do not need to know how to prove this
equation and it usually would be given to you in
questions or on a data and formulae sheet. You do
need to know what it means and be able to use it.

Example 3

Calculate the potential energy (PE) lost by a
meteorite of mass 200 grams when it falls from a
height of 2000 km above the Earth’s surface to

200 km above the Earth’s surface. The radius of the
Earth is 6.4 X 10°m and its mass is 6.0 x 10*kg.

Answer Note that with these distances it is not
possible to use PE = mgh because g is varying.
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At 2000 km above the surface of the Earth the
distance r from the centre of the Earth is given by

r=(6.4+2.0) x10°m
=8.4X%X10°m

At 200 km above the surface of the Earth the new
value of the distance from the centre of the Earth 7

is given by
r’=(64+0.2)x10°m
=6.6 X 10°m
This gives the potential at 2000 km
=-6.7%x 107" x 6.0 X 10*/8.4 x 10°
=—4.8x10"Jkg™' and
the potential at 200 km

=—6.7 X 107" X 6.0 x 10%#/6.6 x 10°
=-6.1 x107Jkg™!
The change in potential = —1.3 X 10" J kg™

For the meteorite of mass 0.20 kg the loss in
potential energy is, therefore,

1.3x107Jkg™" x 0.20kg = 2.6 X 10°].

This will be the increase in the kinetic energy of the
meteorite, since the atmosphere is very thin at high
altitudes and air resistance will not affect the mete-

orite significantly.

cC s P |
:‘fJaCU travel

Problems like the one in the paragraph above are
rather artificial and do not have much practical
application. However, gravitational potential is

of considerable practical importance when used

in relation to space travel. For any distant space
travel, a rocket must be able to get out of the Earth’s
gravitational well, but there is not much point in
escaping if the velocity of the rocket is then so slow
that it would take centuries to get anywhere. To put

some values on this we need to calculate the gain in
gravitational potential from the bottom of the well
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to infinity. This is +GM/r — 0 where r is the radius

of the Earth and the zero because GM/es = zero.

Therefore the gain in potential

=6.7%x107"x 6.0 % 10%/6.4 X 105=6.3 x 10" kg™
If all this gain in potential comes from the initial

kinetic energy of the rocket then

Smv=63x 10" Jkg' xm

m cancels, so the result is true for any size of rocket.
This gives v="(2 X 6.3 x 107) =11 200ms™'

If a rocket is fired from the Earth’s surface and
in a matter of a few minutes reaches a speed of
11.2kms™ before its engines are switched off, it will
be able to use its kinetic energy to escape from the
Earth. This is called the escape velocity of the Earth.
Unfortunately it escapes with zero kinetic energy
eventually, so in practice it needs more energy to
start with or extra boosts later on its journey. This
large speed is one of the main reasons for the large
costs involved with space travel. There is another
problem with this high value of speed. A capsule
returning from the Moon, for example, would gain
the same amount of kinetic energy. Slowing it down
is difficult. First, friction with the atmosphere is
used to slow the capsule down, but this causes the
temperature of the capsule to rise. Lower down in the
atmosphere, the air is dense enough for parachutes
to slow the capsule even more. Question 16.6 asks
you to repeat this calculation but with a requirement
that the rocket should be travelling at 5.0kms™ after
leaving the Earth’s gravitational well. Much of this
escape velocity calculation can save a lot of time in
answering Question 16.6.

Circular orbits

Most moons and planets have orbits that are nearly
circular. Venus and Neptune have very nearly
exactly circular orbits. Only Mercury and Pluto

(a dwarf planet) have orbits that are considerably
elliptical. One of the early studies of planetary orbits
was carried out by Kepler in about the year 1600.
He found that the orbital period of a planet squared

was proportional to its distance from the Sun
cubed. Newton applied his laws of motion and his

universal law of gravitation to show why this was so.
This was his deduction.

Figure 16.4 shows a planet of mass m in a circular
orbit of radius r around the Sun of mass M. The
period of the planet is T.

. Sun,

mass M

Planet,
mass m

Figure 16.4

GmM

r

Gravitational force on planet =

For circular motion, the centripetal force
= mass of planet X acceleration of planet

v 2
=mx7=mrw‘

where for the planet @ = %

Equating the above two equations of force, we get

2

GmM [ 2n
= mr
r

?J and m cancels giving

GM _ 4rm’r :
= and by rearranging
¥ 2

4m”
=—r
GM

Geostationary satellites

A satellite travelling from west to east and directly
over the equator can, provided its distance from the



Earth is correct, rotate with the Earth once per day.
To an observer on the ground, with a good telescope
for viewing, this satellite remains at a fixed position
in the sky. It seems stationary.

The theory for a satellite moving around the Earth
is identical to that for a planet around the Sun.
This enables the radius of the orbit of a
geostationary satellite to be calculated.

T =24 hours =86400s
M = mass of Earth =5.98 x 10**kg
G=6.67 x 107" N m*kg™

e GMT® _ 6.67 x 107" x 5.98 x 10** x 86400’
41’ 4’
= 7.54 x 10%

r=423x10"m = 42300km

At this distance from the Earth, the value of the
Earth’s gravitational field strength is given by the
inverse square law as

9.81 x (ﬂ) =0.222Nkg™
42300

; 'Gﬁapte'r Summary
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Why do geostationary satellites have to be directly
above the equator when any satellite travelling at
the correct speed and the correct distance from the
Earth will go round the Earth in one day? Think
about an observer trying to track the satellite, for
example by using a dish aerial to receive television
signals. A satellite that was not directly above the
equator at all times would spend some time in the
northern hemisphere and some time in the southern
hemisphere. To the person tracking the satellite,
it would disappear from view over the horizon to
the north for a time, and later in its orbit it would
disappear from view over the horizon to the south.

However, the satellites that provide satellite
navigation signals need to cover the entire surface of
the Earth and be close to it. They travel on roughly
south-north orbital tracks. There are enough of
these satellites so that for an observer anywhere on
Earth, when one satellite disappears from view over a
horizon, another satellite will have appeared in view.

v/ Gravitational field strength g is force per unit mass

_Gm

y

On the surface of the Earth it has the value 9.8 Nkg™.
v/ Gravitational potential in the field of a point mass

_Gm

0=-=

v/ Newton’s universal law of gravitation can be
summarised by the equation

- Gmlm2

P)

r

where F is the gravitational force of attraction
between two bodies of masses m, and m, separated by
a distance r. G is the universal constant of gravitation
and has the value 6.67 x 10" N m?kg™.

v A planet orbiting at a radius r from a Sun of mass M
takes a time T to complete one orbit. The relationship
between these quantities is

2
7%= 4n E
GM




16.1

16.2

16.3

16.4

(a) Draw a diagram showing the gravitational
field between the pair of binary stars drawn in
Figure 16.5.

Figure 16.5

(b) How would your diagram change if the star on the
left was 20 times more massive than the star on the

right?

The radius of the Earth is 6370km and g at its surface

is 9.83 Nkg™. Calculate the value of the acceleration

due to gravity

(a) ata distance of 12 740km from the centre of the
Earth,

(b) at a height of 500km above the Earth’s surface.

The distance from the centre of the Earth to the centre
of the Moon is 3.844 x 10° m. The radius of the Earth
is 6.371 % 10°m. Assuming that Moon travels on a
circular path, calculate

(a) the centripetal acceleration of the Moon,

(b) the angular velocity of the Moon,

(c) the period of the Moon’s rotation around the Earth.

Calculate the gravitational field strength at the surface
of Jupiter. Jupiter has a radius of 7.14 x 10°m and a
mass of 1.90 x 10" kg.

16.5

16.6

16.7

16.8

16.9

Show that on a trip to the Moon, astronauts pass a point
where the gravitational field strength of the Earth-Moon
system is zero at a distance when the astronauts have
travelled 90% of the distance to the Moon.

Mass of Earth = 5.98 x 10* kg,
Mass of Moon = 7.35 X 10*kg.

Using data from the text on space travel, calculate the
speed required shortly after the launch of a rocket to be
travelling at 5.0kms™ when far out in space.

The distance of the Earth from the Sun is 1.50 X 10" m.
Use the value of G and the period of rotation of the Earth
around the Sun to calculate the mass of the Sun.

Explain why a geostationary satellite

(a) has to move from west to east,

(b) must be directly over the equator,

(c) can have its rocket motors switched off.

Explain also how a satellite with a period of one day
would appear to move to an observer on the ground if it
was travelling with the centre of its path at the centre of
the Earth but was not travelling along the Equator.

Calculate, from g=9.83Nkg™' and the radius of the Earth
=6.371 % 10°m, the period of a satellite in a circular orbit
around the Earth, and hence its speed, when it is at an
altitude of 500 km.

1.

Examination Questions VIII

(a) Define gravitational potential at a point.

(1]

(b) The gravitational potential ¢ at distance r from point mass M is given by the expression

Gm
=S
where G is the gravitational constant.
Explain the significance of the negative sign in this expression. [2]

(c) A spherical planet may be assumed to be an isolated point mass with its mass concentrated at its centre. A small mass m is
moving near to, and normal to, the surface of the planet. The mass moves away from the planet through a short distance h.

State and explain why the change in gravitational potential energy AE, of the mass is given by the expression

AE,=mgh

where g is the acceleration of free fall.

(d)

The planet in (c) has mass M and diameter 6.8 X 10°km. The product GM for this planet is 4.3 x 10°Nm?kg™.

A rock, initially at rest a long distance from the planet, accelerates towards the planet. Assuming that the planet has
negligible atmosphers, calculate the speed of the rock, in ms™! as it hits the surface of the planet. [3]

(Cambridge International AS and A Level Physics 9702

Paper 41 Question 1 May/June 2012)
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2. (a) (i) Define the radian. (2]
(ii) A small mass is attached to a string. The mass is rotating about a fixed point P at constant speed, as shown

in Figure 1.

Mass rotating

at constant speed

P
Figure 1

Explain what is meant by the angular speed about point P of the mass. (2]

(b) A horizontal flat plate is free to rotate about a vertical axis through its centre, as shown in Figure 2.

Plate

—

Figure 2

A small mass M is placed on the plate, a distance d from the axis of rotation. The speed of rotation of the plate is
gradually increased from zero until the mass is seen to slide off the plate.

The maximum frictional force F between the plate and the mass is given by the expression

F=072W,

where W is the weight of the mass M.
The distance d is 35 cm.
Determine the maximum number of revolutions of the plate per minute for the mass M to remain on the plate.
Explain your working. [5]
(c) The plate in (b) is covered, when stationary, with mud.
Suggest and explain whether mud near the edge of the plate or near the centre will first leave the plate as the
angular speed of the plate is slowly increased. [2]
(Cambridge International AS and A Level Physics 9702
Paper 04 Question 1 May/June 2008)
3. (a) State what is meant by a gravitational field. [2]

(b) In the Solar System, the planets may be assumed to be in circular orbits about the Sun. Data for the radii of the orbits
of the Earth and Jupiter about the Sun are given in Figure 3.

radius of orbit
/km
Earth 1.50 x 10%
i 7.78 x 10°
Figure 3

(i) State Newton’s law of gravitation. (3]
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(ii) Use Newton’s law to determine the ratio (3]

gravitational field strength due to the Sun at orbit of Earth
gravitational field strength due to the Sun at orbit of Jupiter

(c) The orbital period of the Earth about the Sun is T.
(i) Use ideas about circular motion to show that the mass M of the Sun is given by

‘ 2p3
ppetEl
| GT"

| where R is the radius of the Earth’s orbit about the Sun and G is the gravitational constant.

Explain your working. (3]
(ii) The orbital period T of the Earth about the Sun is 3.16 x 10s.
The radius of the Earth’s orbit is given in Figure 3.

Use the expression in (i) to determine the mass of the Sun, in kg. [2]
(Cambridge International AS and A Level Physics 9702 Paper 41 Question 1 May/June 2013)
4. (a) State Newton's law of gravitation. (2]

(b) The Earth may be considered to be a uniform sphere of radius R equal to

6.4 x 10° m. A satellite is in a geostationary orbit.
(i) Describe what is meant by a geostationary orbit. [3]
(ii) Show that the radius x of the geostationary orbit is given by the expression

gR = ¥ w?
where g is the acceleration of free fall at the Earth’s surface and o is the angular speed of the satellite about the
centre of the Earth. [3]

(iii) Determine the radius x, in m, of the geostationary orbit. [3]

(Cambridge International AS and A Level Physics 9702 Paper 41 Question 1 October/November 2009)

5. (a) A moon isin a circular orbit of radius  about a planet. The angular speed of the moon in its orbit is @. The planet and its
moon may be considered to be point masses that are isolated in space.

Show that »and @ are related by the expression
r*@’ = constant.
Explain your working. [3]

(b) Phobos and Deimos are moons that are in circular orbits about the planet Mars. Data for Phobos and Deimos are
shown in Figure 4.

sdivie oE sebit period of rotation
moon t about Mars
/hours
Phobos 9.39 x 10° 7.65
Deimos 1.99 x 107
Figure 4
(i) Use data from Figure 4 to determine

1. the mass of Mars, in kg, (3]
2. the period of Deimosin its orbit about Mars, in hours. [3]

(ii) The period of rotation of Mars about its axis is 24.6 hours.
Deimos is in an equatorial orbit, orbiting in the same direction as the spin of Mars about its axis.

Use your answer in (i) to comment on the orbit of Deimos. [1]
(Cambridge International AS and A Level Physics 9702 Paper 41 Question 1 October/November 2011)




Ideal Gases

It was mentioned in Chapter 14 that many different
gases have very similar properties. The reason for this is
that intermolecular attractions are far smaller for gases
than for either solids or liquids. The density of both
solids and liquids is almost completely independent of
the pressure. The molecules in solids and liquids are
packed tightly together, so any reduction in volume
due to pressure is mostly dependent on reducing
the size of the molecules themselves. In a gas, the
situation is completely different. Thinking about some
numerical values can explain why this is so.

The density of water at 0 °C and standard
atmospheric pressure is 999.87 kgm™.

The density of water vapour at 0 °C and standard
atmospheric pressure is 0.800 kgm™.

In other words, each molecule in the vapour has
1250 times more space (volume) to move about
in than a corresponding molecule in the liquid. It
is not therefore surprising that water vapour can
easily be compressed into a smaller volume. Note
that 1250 times more space does not mean that the
molecules are 1250 times further apart. The cube
root of 1250 is needed to work out the distance. The
molecules in water vapour are 10.8 times further
apart than molecules in the liquid.

e aciuation ot cbada ar an icas rac

The molecules in gases occupy a space far larger
than the volume of the molecules themselves. Also
the molecules in a gas are in a state of perpetual
motion with their kinetic energy dependent on

the temperature. This results in several common
features of different gases. One of these features was
mentioned when considering the mole in Chapter 14,
namely that equal volumes of all gases at the

same temperature and pressure contain the same
number of molecules. Gradually, during the 17th

and 18th centuries, as different people did different
experiments on gases, a whole series of gas laws
were introduced. These are now all incorporated
into the idea of an ideal gas whose behaviour is
expressed by the equation of state for an ideal gas.

The equation is pV =nRT,

where p is the pressure of the gas, V'its volume, »
the amount of gas, T the temperature of the gas and R
is the universal molar gas constant.

Experiments to determine the value of the
universal gas constant measure p in pascals, Vin m?,
n in moles and T in kelvin. The experiments are done
using gases at low pressure since gases approach
ideal behaviour as their pressure is reduced.

The value obtained for R is 8.314] K~! mol™.

Direct evidence for the movement of molecules
is provided by an experiment that demonstrates
Brownian motion. When smoke particles are viewed
through a microscope it can be seen that, besides
any large-scale movement they have, they also have a
small, jerky, irregular but continuous movement. This
can only be explained by the smoke particles being
bombarded unevenly on all sides by air molecules
that are too small to be visible. The just-visible smoke
particles could have a mass of a fraction of a picogram
(107*kg). This is around a hundred million times the
mass of an air molecule, but given that the air molecules
travel at around 500ms™', their momentum is sufficient
to cause the slight jerkiness of the smoke particle.

—— 1
Example 1

An oxygen cylinder for use in hospitals contains
oxygen at a pressure of 1.4 x 10’ Pa when full. The
internal volume of the cylinder is 0.038 m® and it is
at a temperature of 24 °C. Calculate

(a) the volume of oxygen that can be supplied to a
patient at 24 °C and normal air pressure of

1.1 X 10°Pa,
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(b) the length of time the cylinder can be used with
the patient who requires 0.85 litres of oxygen
every 10 seconds, and

(c) the number of oxygen molecules in the full
cylinder.

Answer (a) Using pV = nRT, we get
1.4 x 10" Pa x 0.038 m’ = nRT
Now the pressure and the volume change but #,
R and T do not change, so equating pV initially with
p’V’ when all the oxygen has been released gives,

14x10"Pax0.038m’=1.1 X 10°Pax V

This gives the required volume
=1.4Xx10"Pax 0.038 m?/1.1 X 10°Pa = 4.84 m*

(b) Now, 1 m?®= 1000 litres, so 4840 litres of
oxygen is available.
The patient requires 0.85 x 6 = 5.1 litres per minute,
so the cylinder will last for 4840/5.1 = 950 minutes
or just under 16 hours.

(c) Now putting all the values available for
completion of the ideal gas equation, we get

1.4 X 107Pa X 0.038 m* = 11 X 8.31 X (273 + 24)K

= 14X 10" x 0.038
8.31 x 297

=216 mol

Since 1 mole contains the Avogadro number of
molecules, 6.02 X 10** mol™', the number of oxygen
molecules in the full cylinder

1. Units can be a problem in this type of question,
so do not ignore them. It is always necessary to
take care with the units used but is particularly
important when there are two different units
being used for the same quantity. This frequently
happens with temperature when sometimes
Celsius and Kelvin temperatures may be used.
Here the problem is that litres and cubic metres
are being used together. Once you are aware of
the problem still be careful to get the conversion
factor the right way round. There are 1000 litres
in a cubic metre - NOT 1 litre in 1000 m?!
Looking to see whether an answer makes

sense should ensure you do not make that sort
of mistake. If an answer seems to be wrong

by a factor of a million, it is almost certainly
wrong. It helps to keep units in equations in
order to have a check. Working in numbers by

| themselves takes reality out of a problem.

2. The oxygen in this question is being treated as
an ideal gas even though the pressure is high
initially. This would mean that answers are
unlikely to be accurate to more than 2 sig. figs. |

Standard temperature and pressure, S.T.P.

You may encounter this term when answering
questions. The temperature will be 0°C and that
needs to be converted to 273.16 K; the pressure will
be 1 atmosphere. This was stated in Chapter 5 to be
the pressure of a 76 cm column of mercury and its
pressure is 1.014 X 10° Pa.

The kinetic theory of gases

This theory takes the concept of an ideal gas one stage
further. The basic assumptions of the ideal gas are:

® Any gas consists of a large number of
molecules in rapid, random motion.

o Collisions between molecules and between
molecules and the container are elastic.

o There are no intermolecular attractive forces.

o Intermolecular repulsive forces only act for a
short time during collisions between molecules.

® The volume of the molecules themselves is
negligible compared to the volume of the
container.

Consider a situation where there is one molecule
of mass m in a cubical container of side /, and the
molecule is travelling with a speed u parallel to one
of the sides, as shown in Figure 17.1.

|
|
|
S Tree=S) St
-
-
-
-
-
i
 —

Figure 17.1




The time to cross from one wall to the other = [/u

The time between collisions with the left-hand
wall = 2l/u

The number of collisions per unit time with this
wall = u/2l

The change in the momentum of the molecule
each time it hits the wall = 2mu

The rate of change of momentum at the wall =
2mu X u/ 2= mu?/l

If there were N molecules travelling in this way then
the rate of change of momentum of them all would be

»

m;;]: + m;;f + mlu_,: + m;;4 4 m:{_f IR m;t_\.l

where u_ is the speed of the first molecule, u, is the
speed of the second molecule, etc.

Since force is the rate of change of momentum,
the force F exerted on the wall is given by

F= ?{uf Ful+u+ud+ul+ .+ ud)

If the average value of all the u? terms is <u*>, this
expression becomes

F=i?x N<uy?*>

The pressure on the wall is given by

F F wm’
=—=—=— X N<u*>
P=3=F~T

Since F is the volume V of the gas, we get
pV=Nm<u*>

However, the molecules do not just travel in one
dimension.

1
I
Wk |
!
I

e ——————————

Figure 17.2

For one molecule moving with speed c, we can
use Pythagoras’ theorem in three dimensions as
shown in Figure 17.2 to get

w+v+wi=¢t
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and extending this to millions of molecules
<ur> + <v> + <> = <>

For the entire number of molecules the mean square
speed must be the same in all directions so
<u’>= <y*>= <w*> giving

] ) ? ]' ]
ISy or s 5<c->

This finally gives the relationship
pV= %N m<c*>

This equation can be written in terms of the gas

density p giving

1 >
=—p<c®>
Spc-

The Boltzmann constant, k

Boltzmann was particularly interested in the
behaviour of individual molecules rather than in
their behaviour as a group of molecules. He studied
molecules statistically, for example in terms of
the percentages of molecules that happened to be
travelling at ten times the average speed. To do this,
he was interested in the average increase in the kinetic
energy of a single molecule for each degree rise in
temperature. The universal gas constant is related to
the average increase in the kinetic energy of a mole of
molecules for each degree rise in temperature.

The Boltzmann constant is defined by the equation

__universal gas constant _ R

Avogadro constant N,

The numerical value of the Boltzmann constant is
1.38 x 1072 J K,

This now means that we have two equations for
the product of p and V; namely

1 ,
pV=nRT=nTXkN, and pV= 5Nm<c->

The number of moles (n) x the number of
molecules in one mole (N, ) = the total number of
molecules (N). Equating and simplifying the right-
hand sides of the above two equations gives

1,
kT'= §m<c->
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The average kinetic energy of a single molecule is
given by
1

3
E =- m<c> ==kT
2 2

_. _Ch_apier Summary

This equation tells you that the average kinetic
energy of a molecule is directly proportional to T,
the absolute temperature in kelvin.

/" The equation of state for an ideal gas is pV'=nRT,
where p is the pressure of the gas, V is its volume,
n is the amount of gas (the number of moles), T is the
temperature of the gas and R is the universal molar
gas constant having the value 8.31J K™ mol™".

v/ Standard temperature and pressure (STP) is 273K
and standard atmospheric pressure 1.014 x 10° Pa.

/" The kinetic theory of geses gives the product of the
pressure p and the volume V of an ideal gas in terms
of the number of molecules N of the gas, the mass m
of a molecule of the gas and the mean square speed
<c*> of all its molecules

pV= %Nm<c3>

v/ Boltzmann’s constant is used when considering gases at
amolecular level. The Boltzmann constant k is defined as

_ universal gas constant R
Avogadro constant N,

8.31] K mol™
~ 6.02 x 10¥ mol™

=138 10 TR

This gives the average kinetic energy E, of a single
molecule at temperature T as

3
Ek=5kT

17.1 Show that the unit of the universal gas constant
is JK-' mol™.

17.2 A scuba diver has a cylinder of compressed air of
internal volume 0.015m? It contains air at a pressure
of 8.3 X 107 Pa and a temperature of 290 K.
(a) Calculate the volume of air in use when at a
pressure of 2.0 X 10° Pa and temperature 300 K.
(b) The diver breathes a litre of air every 6.0s. Calculate
the time for which the cylinder can supply this
rate of use.

17.3 (a) Calculate the volume occupied by one mole of
helium at S.T.P.
(b) The volume of a helium atom is about
3 x 10 m®. What fraction of the volume in (a) is
actually occupied by the atoms?

17.4 (a) Calculate the average kinetic energy of an oxygen
molecule at a temperature of 20 °C. How does
this compare with the average kinetic energy of a
hydrogen molecule at the same temperature?

(b) What is the ratio of average speed of a hydrogen
molecule to average speed of an oxygen molecule
at the same temperature? [Given: The mass of
a hydrogen molecule is 2 u and the mass of an
oxygen molecule is 32 u.]

17.5 A hot air balloon has a volume of 2500 m* and the
fabric and the passengers have mass of 800kg. It is
taking-oft when the air around the balloon has a
temperature of 10 °C and a density of 1.29kgm™.
Calculate the minimum temperature of the air inside
the balloon for take off. Note that the pressure inside
and outside the balloon must be equal, since the
balloon is open at the bottom.




Temperature

Accurate measurement of temperature is still a
difficult exercise. While time and distance can

be measured to nine or ten significant figures,
temperature is often restricted to only six or seven
significant figures at best. Everyone has a feel for
what is meant by temperature but putting that feel
into a definition is difficult. In practice, your sense
of temperature is very unreliable for two reasons.
The first is that how hot (or cold) something seems
depends on what you have just been doing. If you
come into a house after being outside in the cold, the
house will seem warm. Another person may have
had a warm bath and then the same house feels cold.
The second problem is that two objects at the same
temperature can often feel as if they are at different
temperatures. In an oven, a hot tray made of metal,
a good conductor of heat, will seem very much
hotter than the air in the oven. Both are at the same
temperature but the flow of thermal energy from the
metal is far greater than the flow from the air.

One separate but important point for someone
studying physics is not to confuse the word heat
with the word temperature. Temperature is
measured in degrees Celsius but heat, now usually
referred to as thermal energy, is a form of energy
and will, therefore, be measured in joules.

\WWiLim

Assume that the temperature of an oven is kept at
exactly the required temperature when some food is
placed in it for cooking. The food starts to heat up
and provided the cooking time is long, the food
will reach the same temperature as the oven. The
oven and the food are then said to be in thermal

equilibrium with one another. The same thermal
equilibrium happens some time after a potato is
put in a saucepan of boiling water. At the time of
thermal equilibrium the temperatures of the two
objects are identical. Temperature is the property of
a body that determines which way the net energy
flow between two bodies will take place. Thermal
energy is transferred from a region of higher
temperature to a region of lower temperature.
For example, there is a net flow of thermal
energy from the Sun to the Earth. This is because
the temperature of the Sun is higher than the
temperature of the Earth.

RN i s ain i ey el el s et
Vieasurement ot ten \perature

In theory, any physical property that varies with
temperature may be used for the measurement of
temperature. The following properties are used in
practice, some of them you will be very familiar with
and others may surprise you.

The volume of a liquid.
The volume of a gas at constant pressure.
The pressure of a gas at constant volume.
The length of a piece of metal.
The resistance of a wire.
o The em.f. produced by a thermocouple.
o The colour of the light from an object.

The variety of different shapes and sizes of
thermometers is large. All thermometers need to be
calibrated, that is, have a scale put on them. To do
this accurately requires the use of a constant-volume
gas thermometer and is a very lengthy process. Once
it has been done, however, the values for the scale can
be transferred to other thermometers. Figure 18.1
shows a traditional mercury in glass thermometer.

CX ' - 1 T T 5 J
(1] #0 100 120 140 160 [

20 40 60

Figure 18.1 A traditional mercury in glass thermometer




122 Cambridge International AS and A Level Physics Revision Guide

Figure 18.2 shows a bimetallic strip thermometer.

\

Pointer
attached
to end of
spiral
Fixed point

Figure 18.2 A bimetallic strip thermometer

In this type of thermometer, strips of two metals
that expand at different rates are bonded to one
another. On heating, the bimetallic strip bends.

In the figure, the spiral has been formed at a low
temperature and as the temperature rises, the metal
shown coloured expands faster than the metal
shown black. This opens the spiral and the pointer
moves to the right.

Figure 18.3 shows the basic circuit of a
thermocouple thermometer.

(mv
Copper
lead Copper
lead
Tron lead
Hot Cold
junction junction

Figure 18.3 Basic circuit of a thermocouple
thermometer

In this thermometer, a small e.m.f. is generated
when two metal wires are joined and the junctions
between the metals are at different temperatures.
This enables thermocouple thermometers to be used
in electronic thermometers.

tential aiviaer in use

In the following circuits the division of potential
is not done manually by moving a slider along a
resistor, but by changing the ratio of resistances

themselves.

Temperatu re control

Temperature control can be provided by a potential
divider circuit containing a thermistor. This is shown
in Figure 18.4 and the output will be connected to an
electronic circuit that will switch a heater on or off.

1

J 1000Q

O
l Qutput to circuit

Thermistor operating heater
o)

Figure 18.4

The resistance of the thermistor at 0 °C is 2500 2
and at 50°C is 100 €.

At 50 °C, therefore, the total resistance is 1100 €,
the current is 6 V/1100 Q = 0.0055 A and the p.d.
across the thermistor is 0.0055 A x 100 Q = 0.55V.

This p.d. is insufficient to trigger the circuit
switching the heater on.

A very useful method for working with potential
divider circuits is to use proportion — with care. In
this case the thermistor has a resistance of 100 Q out
of a total of 1100 Q in the circuit. It will, therefore,
100/1100 of the supply p.d. since the current in both
is the same.

10w 6v=L2v=055V
1100 11

This means that there will be 5.45V across the
fixed resistor. Using the same method for the

thermistor at 0 °C gives

2500 Q
output =
P 3500 Q2

X 6.0V=0.71%X6V=43V

This must be arranged to be sufficient to trigger
the switch to operate the heater.

If a circuit is required to turn on air conditioning
when the temperature gets too high then the same
basic circuit can be used but with the two components
swapped over. The values may need altering and it is



usual to replace the fixed resistor with an adjustable
one so that there is some control over the temperature
at which the air conditioning is switched on.

Lighting control

The same method is used here as for temperature
control. The thermistor is replaced by a light-
dependent resistor (LDR) as shown in Figure 18.5.

Example 1

A circuit designer uses an operating switch

that requires 5V to turn on a light and has the
information given on Figure 18.5 and needs to
purchase a suitable LDR. What characteristics must
the LDR have?

Answer When it is getting dark and the light
needs to come on, there must be a p.d. of 1.0V
across the 4000 Q resistor so that there is 5.0V
across the LDR.

Output will
operate switch

T to turn lights on

Figure 18.5

With 1.0V across 4000 Q there will be 5.0V across
20000 €, since they have the same current in each.
This must be the resistance of the LDR when in dim
light. In daylight the resistance of the LDR will be
much less and the light will not come on.

The thermistor

A thermistor uses a small piece of a solid state
semiconductor material. As the temperature of
this material increases, its resistance decreases,

as shown in Figure 18.6(a). This is defined as a
negative temperature coefficient (NTC) thermistor.
Typical values for resistance are a few hundred

Temperature_ _1 23

ohms when cold and a few ohms when hot. The
symbol for a thermistor is shown in Figure 18.6(b).

Resistance/Q A

e, ~fies

Symbol of thermistor

0 Temperature/°C
(a) (b)

Figure 18.6

Most thermistors are NTC thermistors, but
positive temperature coefficient (PTC) thermistors
are available. Many thermometers use thermistors
with a small battery providing not only the current
through the thermistor but also powering a digital
temperature display.

Figure 18.7 is a photograph of part of the sky. Some
of the stars emit intense blue/white light. These are
very hot stars. Rigel, for example is at a temperature
of over 20000K. Betelgeuse is a red giant star. It is
much cooler, and therefore redder than Rigel. You
will be familiar with the change in colour of a piece
of metal from deep red, to red, to orange, to yellow,
to white as it is heated. The temperature of a filament
bulb is usually about 2500 K; the temperature of the
Sun’s surface is about 5800 K. Instruments called
pyrometers can deduce the temperature of a body
from the colour of the light it radiates.

Figure 18.7 Part of the sky
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Mercury in glass volume of a liquid 234-630
Constant volume gas pressure of a gas 3-1800
thermometer
Resistance resistance of a metal 10-2000
thermometer
Thermocouple e.m.f generated 20-1800
Thermistor resistance of 200-600
semiconductor
material

The calibration of thermometers can be a lengthy
process if high accuracy is required but for normal
laboratory use many thermometers are calibrated
by relying on certain well-known standard
temperatures, such as the melting point of ice at
standard pressure. For best accuracy, the pressure of
a gas at constant volume is used, with the gas itself at
low pressure.

Table 18.1 gives some of the advantages and
disadvantages of thermometers. The table should be
treated only as a guide, since there are thousands of
different thermometers manufactured by different
manufacturers and there are a lot of specialist
thermometers on the market, each with their own
advantages.

For a long time, temperature was defined in terms

of melting and boiling points of water in particular
and the centigrade unit of temperature became used
as a result of this definition. Problems arose when

a theoretical value of absolute temperature became
required with the development of the science of
thermodynamics. As a result of this, a new definition

direct reading,
easy to use

mercury is poisonous

awkward to use, very slow
response

very accurate

can be too slow for rapid
temperature changes

wide range

not very accurate, can be
misleading by having one
value of e.m.£. for two different
temperatures

wide range, quick
response, useful in
electronic measuring
instruments

wide range, quick need for an electrical circuit

response, used in
electrical control
circuits

of temperature was required. This absolute scale
does not depend on the properties of any particular
substance. It is a thermodynamic scale based on the
concept of absolute zero. In an ideal world everyone
would use the absolute scale of temperature and
people would make such comments as “Isn't it
cold today with the temperature down as low as
270 kelvin?” In practice it was agreed in 1947 that
it would be impossible to persuade people to use
such a scale and so a new scale of temperature was
introduced. It is the Celsius scale of temperature and
it is an absolute thermodynamic scale but adjusted
to make it look like the old centigrade scale. The
numerical values on the Celsius scale are the same
as the old centigrade scale as long as very high
accuracy is not required.

A temperature in Celsius is the absolute
temperature minus 273.15.

or 6/°C= T/K —273.15 exactly.

With absolute zero fixing the lowest temperature
for the thermodynamic scale there was a need
to have some other fixed point in order to set the
size of one degree. The temperature chosen was
the so-called triple point of water. This is the
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temperature at which ice, water and water vapour
co-exist (in the absence of air). By choosing this

temperature as 273.16K, the size of one degree is Be careful when subtracting temperatures.
almost identical to the size of the old centigrade A temperature change from 6 °C to 80°C is
degree. The discrepancy between 273.15 and 273.16 obviously 74 °C. This could have been written
is because the triple point temperature of water is 353K —-279K =74K. The temperature interval
one hundredth of a degree higher than the ice point. between two temperatures must be the same

whether the Celsius scale or the Kelvin scale are
used. You must not add on 273 when considering
temperature intervals.

Thermal energy is transferred from a region of higher ./ The Celsius scale of temperature is based on the

temperature to a region of lower temperature. thermodynamic scale. It is defined by the equation
The thermodynamic scale of temperature uses two 0/°C = T/K —273.15 exactly.
fixed points. One is 0 K at absolute zero and the other (This is not a mistake. It makes the temperature of
is 273.16 K at the triple point of water. the triple point of water just 0.01K higher than the
ice point.)

18.1 Convert the following Celsius temperatures to kelvin. 18.4 Make estimates of the following temperatures, using
(a) 0°C (b) 37.4°C (¢) 100°C the Celsius scale. The temperature of
(d) 440°C (e) -80°C (f) =273.15°C (a) dryice,
(g) 5600°C (b) body temperature,

18.2 Convert the following kelvin temperatures to Celsius. (c) hot water for a shower,
(a) OK (b) 220K (d) hot water in a room radiator
(c) 280K (d) 450K (e) hot water in a pressure cooker,

(f) ahot oven cooking a cake,
(g) ared hot ring on an electric stove,
(h) afilament in a lamp.

18.3 Temperatures at the centre of stars are very large.
Explain why it is unnecessary to know whether kelvin
or Celsius temperatures are used in these cases.
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The kinetic theory showed that the average kinetic
energy of a molecule is proportional to the absolute
temperature. This implies the well-appreciated fact
that to raise the temperature of any substance it is
necessary to supply some energy to it. Heating a
kettle of water for a hot drink involves supplying
energy to the water, and eventually paying for that
energy. The amount of energy required for any
substance can be found by using its specific heat
capacity. Specific heat capacity of a substance is
the energy required per unit mass per unit rise in
temperature. In equation form, this becomes
=

mAT
where c is the specific heat capacity, Q the energy
supplied, m the mass and AT the rise in temperature.
Using SI units, the unit for ¢ will be Jkg™ K.

Some numerical values for the specific heat
capacity of different substances are given in Table 19.1.
Note that a change in state of a substance, say from
ice to water, changes the specific heat capacity.

Water 4190

Ice 2100
Mercury 140
Aluminium 913
Copper 385
Iron 106
Concrete 3350

The following example shows how a rough estimate
of the specific heat capacity of water can be measured.
The same basic principles can be applied to a more
accurate determination of heat losses, for example by
insulating the container well.

A kettle contains 1450 g of water at a temperature of
15°C. The kettle has an electrical power of 3000 W.
After the kettle has been switched on for 160 s the
temperature of the water has reached 88 °C.

(a) Calculate a value for the specific heat capacity
of water.

(b) Explain why the answer given is likely to be
higher than the true value

(c) List ways in which the experiment could be
improved.

Answer

(a) Energy supplied to water
=3000]s'x 160s=480000]
Mass of water = 1.450kg
Temperature rise = (88 — 15)°C=73K

[Note that if you convert temperatures to kelvin you
get 361 — 288 = 73. This is the same as in Celsius
because a temperature difference in kelvin is exactly
the same as a temperature difference in Celsius.]

(b) Some of the 480000] supplied by the kettle does
not go into heating the water. The amount of
energy supplied to the water will be lower than
480000] making the actual value lower.

(c) The kettle needs to be well lagged to reduce heat
losses.

The kettle, the thermometer and the heater
itself need energy to be heated. These items
need to be taken into account in the calculation.
The kettle should be marked 3000 W when used
at a particular voltage. The mains voltage needs
to be known and adjustments made if the voltage
is not the stated value.



Figure 19.1
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Change ot state

Everyone is aware of the following:

[ ]

Water on a wet road evaporates to leave the

road surface dry.

»  Water evaporating on your hands makes
them feel cold.

o Ice cubes taken out of a fridge melt to form
water.

» A boiling kettle produces steam (Figure 19.1).

® Onavery cold morning, frost forms on the
ground from water vapour in the atmosphere
(Figure 19.2).

» Snow on high mountains will melt in warm

weather to form water for rivers (Figure 19.3).

All of these common experiences involve a
change of state, even if people would not use this
term.

The three common states of matter are solid,
liquid and gas. There is a fourth state of matter
that will not concern you at this stage. It is called
plasma and happens at very high temperatures
when atoms move so fast that the atoms lose most of
the electrons normally attached to them. The nuclei
of the atoms move in a sea of electrons.

All of the changes listed above concern the
three states of water, namely ice, water and steam
but change of state can take place with most
substances, although there is a real possibility with
many substances that a chemical reaction will take
place before a change of state occurs. For instance,
heating paper until it melts is impossible under

normal circumstances, but heating solder will
cause melting.

Figure 19.2
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Figure 19.3

Melting involves a change of state from a solid to
a liquid. The reverse process is called freezing (or
solidification). The melting point of ice is the same
as the freezing point of water and is 0 °C, Note that
at standard pressure, both ice and water can exist
at 0 °C. Melting normally results in only a small
change in the total volume of the substance. The
mean separation of molecules in a liquid is usually
very similar to the mean separation in a solid. The
change from ice to water is unusual in the sense that
molecules are more tightly packed in water than they
are in ice. This is why ice floats on water, as shown by
the photograph of a floating iceberg in Figure 19.4.
The iceberg looks huge. What you see though is
only a small fraction of its total volume. The volume
beneath the surface of the sea is over 11 times more
than the volume above the surface. This is why
captains of ships keep well clear of icebergs.

The kinetic theory shows that the kinetic energy
of molecules is directly proportional to the absolute

Figure 19.4
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temperature. The mean kinetic energy of molecules
in ice at 0°C is, therefore, equal to the mean Kinetic
energy of molecules in water at 0 °C. Melting does
not involve a rise in temperature, even though energy
needs to be supplied to ice to turn it into water. This
energy is called the latent heat of fusion and it is used
to alter the potential energy of the molecules not their
kinetic energy. Similarly, water molecules lose potential
energy when the arrangement of the molecules changes
from a random pattern to a rigid, crystalline pattern
as the water freezes. This is not gravitational potential
energy but elastic potential energy of the molecules.
The specific latent heat of fusion is the energy
required to change unit mass of a solid to a liquid at the
same temperature. The following example shows how
the latent heat of fusion of water can be measured.

480 g of water at a temperature of 43 °C is placed in
a well lagged can. Ice cubes at 0°C and of total mass
136 g are added to the water. By the time all the ice
has melted, the final temperature of water is 16 °C.
The specific heat capacity of water is 4200 kg™ K.
Calculate the specific latent heat of fusion of water.

Answer Heat lost by warm water
=0.480kg x 4200 kg K™ % (43 — 16) K=54400]
Heat gained by the ice = 0.136kg x L, where L is
the specific latent heat of fusion of water.
Heat gained by water formed when the ice melts
=0.136kg x 4200J kg~ K™ % 16K = 9140]
S0, 54400 =0.136 L + 9140

0.136 L=45260 and L =333000] kg™

S ——— 1y (p—
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A change of state from a liquid to a gas always
requires a greater input of energy than the change
from a solid to a liquid. This is because the molecules
in a vapour or a gas are separated by a much greater
distance than in a liquid and so the molecules need
to gain a large amount of potential energy. As was
the case with melting, boiling does not imply a rise in
temperature. In water at 100°C and steam at 100°C
the kinetic energy of the molecules is the same.

For evaporation to take place some of the molecules
on the surface of the liquid escape. This will be the
molecules that happen to be travelling upwards

considerably faster than the average molecular speed.
The net result of this is that the average speed of
the molecules remaining in the liquid is reduced.
Evaporation therefore leads to a cooling effect. It is the
large increase in the potential energy of the molecules
in steam that is responsible for the large value of the
specific latent heat of vaporisation.

Oddly, steam is invisible; and in steam turbines in
a power station, for example, the steam circulating
through them is dry. What you see coming out of the
spout of a kettle is water droplets formed when the
steam meets the relatively cold air. Water vapour too
is invisible. There is a lot of water vapour in the room
you are sitting in but you cannot see it. When water
vapour rises through the atmosphere it cools and
eventually cools sufficiently to turn back into water
droplets. The water droplets are clouds. Clouds are
wet because they are water and not water vapour. The
droplets may fall as rain when they are large enough
but most droplets are so small that their terminal
velocity is low and upward air currents are often
much faster than the droplets” terminal velocity.

To determine the latent heat of vaporisation of
water at 100 °C, a continuous flow method can be
used. The apparatus is shown in Figure 19.5.

Insulation

Boiling
water

Heating
coil

o 0 T _,. Cooling

’_ water out

Cooling

waterin  \ J

Container for

water from
condensed steam

Figure 19.5



It consists of a double-walled glass container with
a heater. The power P supplied to the heater is the
voltage V across it multiplied by the current I. A few
minutes after the water starts to boil, steam will
condense in the condenser and is collected in a flask.
The mass m of water collected in time f is measured.

This gives the total energy supplied to produce
steam = VIt

Since the mass of steam produced = m,

Ir

the specific latent heat of vaporisation L, = —
m

Be careful with calculations involving change of
state. If you have a numerical problem involving
ice being changed into steam you may have four
stages to consider.
1. Heating the ice from below 0°C up to 0°C.
Use mc, AT '
3 Meltmg the ice. Use mL, . |
3. Heating the water from 0°C to 100 °C. Use ‘
me_ X100

water

4. Changing the water into steam. Use mL

vaporisation

Internal energy

Often, when considering the energy of gases, it is the
total energy all the molecules possess rather than

the energy of individual molecules that is needed.

The total energy comprises all the random kinetic
energies of all the molecules and all their potential
energies. The total kinetic energy of all the molecules
is the sum of all the individual kinetic energies of each
molecule. The total potential energy of the molecules
is a consequence of the intermolecular forces. It will be
zero if the gas is ideal and this will also apply for a real
gas if the pressure is low. If the pressure is high in a
real gas, intermolecular forces will become important
and, for example, when the volume of the gas
decreases and the molecules are forced closer together,
work will need to be done on the gas molecules. This
will increase their potential energy. The sum of all
these random energies is called the internal energy of

the gas. Internal energy is dependent on factors such
as the pressure, the volume, the temperature, the mass
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and the type of gas. These factors determine the state
of the gas. Once the state of a gas is known, its internal
energy can be worked out. There are additional factors
that do not affect the state of a gas or its internal
energy. One is the previous history of the gas, that
is the sequence of events prior to the time when its
state is being determined. Another is the speed of
travel of the gas. For example, if the air in an aircraft
is at a pressure of 0.9 atmospheres, a temperature of
300K and has a volume of 350 m’, the internal energy
has exactly the same value whether the aircraft is
stationary on the runway or travelling at an altitude
of 10000 m at a speed of 250 ms™". The aircraft’s speed
over the ground does not affect its random kinetic
energy at all and its altitude does not affect its random
potential energy.

In Chapter 17, the average kinetic energy E, of a
single molecule in an ideal gas was found to be
given by

E <3kT
2

where k is the Boltzmann constant and T is the
kelvin temperature.

This enables the total internal kinetic energy of
a sample of an ideal gas to be found provided the
number of molecules can be determined. For #
moles of a gas, the number of molecules N will be
nN,, where N, is the Avogadro constant. This gives

E=3nN kT=3urT
27 A 2

This equation gives the internal energy for any
sample of an ideal gas, since an ideal gas has zero
potential energy.

Do be particularly careful with all the N terms
in equations such as this. The number of
moles 7, may well be a small number, typically
anything from 0.01 to 100. The number of
molecules N will always be large, about 10 to
the power of 24. N is something special, it is

a constant, the Avogadro constant, so it will
always be 6.02 x 10* mol .
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This law is one of the important laws of physics.

It relates any change in the internal energy of any
system to the amount of work done on the system
and the heating of the system. A formal statement of
the first law is as follows.

The increase in the internal energy of a system
is equal to the work done on the system plus the
heating of the system.

It is important to get the signs correct with this
law so an equation form is useful.

= the heating + the work done
of the system  on the system

-+ q

Increase in
internal energy
AU

I
=

You are strongly advised to keep this equation
in this form always. One reason for doing this
is that the internal energy of an ideal gas is
fixed by its temperature. The other two terms
are not so restricted. The other reason is that
mistakes can so easily be made with signs when
one term, say the work done, is rewritten ‘work
done by the system’ If 200] of work is done BY
the system, simply enter the work done ON the
system as —200 .

An indication of the importance of the first law
can be seen from the following example question that
you should work through. Much of the information
required has already been worked out for you.

Valves kept
closed
throughout

Petrol

air
mixture

In a petrol engine, a fixed mass of gas undergoes
four stages of a cycle called an Otto cycle. The
sequence of events is shown in Figure 19.6 and a
graph showing how the pressure varies with the
volume is shown in Figure 19.7.

A - B: The petrol vapour/air mixture is
compressed.

B > C: The mixture is ignited by a spark. The
pressure and temperature rise almost instantly.
C - D: The high pressure forces the piston
down. Temperature and pressure fall.

D - A: This is a complicated procedure in
which waste gases are ejected and some fresh
petrol/air mixture is introduced to get to the
starting point again.

Throughout this exercise, the gas in the engine is
considered to be ideal and so are several of the stages. A
real engine will be less efficient than this example gives.

Data:

Maximum volume for gas in the cylinder =450 cm’

=45%x10"*m’

Minimum volume for gas in the cylinder = 50 cm?

=0.5%x10"*m’

Starting temperature of petrol/air mixture = 300K

Starting volume of petrol/air mixture =4.5 X 10~*m’

Starting pressure of petrol/air mixture = 1.0 X 10°Pa

Task 1. Show that the amount of gas in the engine
at the start is 0.018 mol.

The following table summarises the pressure and
volume of the gas at points A, B, C and D. These
points are shown on the graph. The values for
the temperature at each point can be found from
knowing that pV/T is constant.

Exhaust
valve
now

% opened

Figure 19.6
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Pressure/107 Pa
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10

Volume/10~ m?

Figure 19.7

Pressure/  Volume/ Temperature/K
10°Pa 10 m’

A 1.00 4.50 300

B 21.7 0.50 722

c 41.0 0.50 1370

D 1.89 4.50 567

Task 2. Show that PV/T is constant for all these
points. What is the value of this constant? Watch out
for powers of 10.

From Chapter 6 you may remember that the area
beneath a graph of pressure against volume gives
the work done. In stage A — B, the area required is

Area 1 and is the work done on the petrol/air mixture,

Task 3. How much work is represented by one
small square on the graph?

Task 4. Deduce the work done on the petrol/air
mixture in stage A — B.

Task 5. Which two stages result in zero work
being done on the petrol/air mixture?

These last three tasks enable three values to be
inserted into a copy of the following table for work
done on the gas. The fourth value is the work done by

the gas in stage C — D. Its numerical value is 300].
This is entered as —300]. The minus sign indicates work
done by the gas as the heading is ‘work done on the gas.
Before the table can be completed details are
required of the heating that takes place. Stages
A — B and C — D are a pure compression and
pure expansion respectively, within which no
heating occurs. Stage B — C provides energy by
burning a quantity of petrol, so here heating does
take place and its numerical value depends on
the supply of petrol. The figure used for exercise
has enough fuel for the temperature to rise to
1370 °C. To do this, 240] must be supplied by the
burning petrol.
This gives all the values for completion of the table.

Stage Work done Heat supplied Internal
on gas/] to gas/] energy
increase/]
A—>B 160 0
B—>C 0 240
C—D =300 0
D—A 0
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Task 6. Complete the table. the efficiency increases. Unfortunately, too high
Although you now have enough information to a temperature might melt the engine, so cooling
complete the table, there is one important factor becomes necessary and this uses energy.
that you need to use. It is that the internal energy Task 8. What is the efficiency of this engine?
of a gas depends only on its state and not on its Answer this question by putting in the following
past history. Therefore, since the graph starts and values.
finishes at the same point, with the same values of Energy supplied in one cycle by burning
p, Vand T, any gain in internal energy is balanced petrol=...]
by a corresponding loss of internal energy, whatever Net work done by the gas in one cycle=...]
happens between D — A. Energy lost heating exhaust gases in one cycle=...]
Task 7. Show that the heating of the gas in stage (Some of this energy may used to heat the
D — A is actually a loss of 100], so must be entered ~ passengers in the car)
into the table as =100 J. The resulting figure should be 58%. Remember
The reason why analysis such as this is so though that the exercise has assumed the gas behaves
important commercially is that it places the as an ideal gas and also that ideal circumstances
efficiency of vehicle engines on a sound scientific have been met. However the exercise does show that
basis. This calculation not only provides numerical no engine working on this cycle between these two
values for efficiency but also points in directions temperatures can ever be more than 58% efficient. In
to improve efficiency. For example, when the practice, car petrol engines are around 40% efficient
temperature of the gas after ignition is raised, when working at optimum speed.

/" The energy Q required to raise the temperature of
m kilograms of a substance of specific heat ¢ by AT
degrees is given by Q = mcAT.

/' The energy Q required to change the state of m
kilograms of a substance of latent heat L (of either Increasein = the heating of + the work done
fusion or evaporation) is given by Q = mL. internal energy  the system on the system
v/ '_Ihe interrllal energy of a gas is the sum of all the AU = 7 + q
internal kinetic and potential energies of its molecules.

The first law of thermodynamics: The increase in the
internal energy of a system is equal to the sum of the
work done on the system and the heating of the system.

19.1 (a) Inorder to heat up 6.0kg of cold water at 10°C,
2.0 kilogram of water at 95°C is added to the
water. Calculate the final temperature of the water,
assuming no heat losszs.

(b) A 1500W electric heater is used to produce the
same temperature rise in the 6.0kg of water as in
(a). How long does this take?

[Given: Specific heat capacity of water = 4200] kg™ K™']
19.2 Ice cubes of total mass 150 gm are placed in a vacuum
flask holding 350 gm of water at a temperature of 80 °C.
Assuming the vacuum flask loses no heat and

has negligible heat capacity, what will be the final
temperature of the water after all the ice has melted?

[Given: Specific heat capacity of water =4200] kg™ K
and specific latent heat of ice=330] kg™']

19.3 Many thermometers are used for control in situations

where the response to temperatures being too high or

too low can be fed to a computer that is programmed

to take appropriate action. The following examples give

some idea of the range of uses. In each case state what is

required and suggest a suitable thermometer to use.

(a) An overheating car engine

(b) A thermostat to protect against frost on a central
heating system for a house

(c) A deep freeze

(d) A fire alarm in an office block

(e) An electric kettle

(f) A refrigerated lorry carrying perishable goods

(g) A meteorologist forecasting the weather

(h) Keeping plants in a greenhouse in-between an
upper and a lower temperature
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1. (a) The kinetic theory of gases is based on some simplifying assumptions. The molecules of the gas are assumed to
behave as hard elastic identical spheres. State the assumption about ideal gas molecules based on

(i) the nature of their movement,
(ii) their volume.

(b) A cube of volume V contains N molecules of an ideal gas. Each molecule has a component ¢, of velocity normal

to one side S of the cube, as shown in Figure 1.

Figure 1

side §

The pressure p of the gas due to the component ¢, of velocity is given by the expression

where m is the mass of a molecule.

Explain how the expression leads to the relation

pV= chx:

pV= %chcb

where <¢> is the mean square speed of the molecules.

(c) The molecules of an ideal gas have a root-mean-square (r.m.s.) speed of 520ms™ at a temperature of 27 °C.

Calculate the r.m.s. speed, in ms™ of the molecules at a temperature of 100 °C.
(Cambridge International AS and A Level Physics 9702 Paper 41 Question 2 May/June 2012)

2. (a) Define specific latent heat of fusion.

(b) Some crushed ice at 0°C is placed in a funnel together with an electric heater, as shown in Figure 2.

crushed ice

funnel

beaker

Figure 2

joule- t——————* Iv
meter ¢ « oo SUPPEY
heater

(1]
(2]

(3]

[3]

(2]
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The mass of water collected in the beaker in a measured interval of time is determined with the heater switched off.
The mass is then found with the heater switched on. The energy supplied to the heater is also measured.

For both measurements of the mass, water is not collected until melting occurs at a constant rate.

The data shown in Table 1 are obtained.

Table 1
mass of water/g energy supplied to heater/J time interval/min
heater switched off 16.6 0 10.0
heater switched on 64.7 18000 5.0
(i) State why the mass of water is determined with the heater switched off. [1]
(ii) Suggest how it can be determined that the ice is melting at a constant rate. [1]
(iii) Calculate a value for the specific latent heat of fusion of ice, in k] kg™'. [3]

(Cambridge International AS and A Level Physics 9702 Paper 04 Question 2 October/November 2008)
3. Astudent suggests that, when an ideal gas is heated from 100 °C to 200 °C, the internal energy of the gas is doubled.

(a) (i) State what is meant by internal energy. (2]
(ii) By reference to one of the assumptions of the kinetic theory of gases and your answer in (i), deduce what is

meant by the internal energy of an ideal gas. [3]

(b) State and explain whether the student’s suggestion is correct. [2]

(Cambridge International AS and A Level Physics 9702 Paper 42 Question 2 October/November 2012)
4. (a) State what is meant by an ideal gas. [3]
(b) Two cylinders A and B are connected by a tube of negligible volume, as shown in Figure 3.

ylinder A

c
|

v cylinder B
25x% 10°em? Q

0

3.4x10°Pa \ [ 1.6 x 10°cm?

300K 49x10°Pa

\_/ tube

Figure 3

(

Initially, tap T is closed. The cylinders contain an ideal gas at different pressures.
(i) Cylinder A hasa constant volume of 2.5 X 10°cm’ and contains gas at pressure 3.4 X 10° Pa and temperature 300K.
Show that cylinder A contains 0.34 mol of gas. [1]
(ii) Cylinder B has a constant volume of 1.6 x 10°cm® and contains 0.20 mol of gas. When tap T is opened,
the pressure of the gas in both cylinders is 3.9 x 10° Pa. No thermal energy enters or leaves the gas.
Determine the final temperature of the gas, in K. [2]

(c) By reference to work done and change in internal energy, suggest why the temperature of the gas in cylinder A
has changed. (3]

(Cambridge International AS and A Level Physics 9702 Paper 41 Question 2 May/June 2013)



Thermal Properties of Materials 135

5. The product of the pressure p and the volume V of an ideal gas is given by the expression

1
pV= ENHKC%
where m is the mass of one molecule of the gas.

(a) State the meaning of the symbol
(i) N, (1]
(ii) <c>. (1]

(b) The product pV is also given by the expression

pV = NkT.
Deduce an expression, in terms of the Boltzmann constant k and the thermodynamic temperature T, for the mean kinetic
energy of a molecule of the ideal gas. [2]
(c) A cylinder contains 1.0 mol of an ideal gas.
(i) The volume of the cylinder is constant.
Calculate the energy, in J, required to raise the temperature of the gas by 1.0 kelvin. (2]
(ii) The volume of the cylinder is now allowed to increase so that the gas remains at constant pressure when
it is heated.
Explain whether the energy required to raise the temperature of the gas by 1.0 kelvin is now different
from your answer in (i). [2]

(Cambridge International AS and A Level Physics 9702 Paper 42 Question 2 October/November 2013)
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(a) Pattern of sound produced by a horn while
(d) Electrons running a computer program playing a note

A
A

=

Time

Displacement
[=]

Time

Displacement

(b) Pattern of sound produced by a piano playing

(e) A slider moving to-and-fro on an air track
the same note

0 Figure 20.3
= The piano is a percussion instrument in which
55; - /\/\/—\/Wv\/: the strings are struck by a hammer. The volume
£ [0 Time of sound is suddenly loud and then decays away.
| A musician can tell the difference in sound from
different instruments even when they are playing

(f) A table tennis ball bouncing on a table notes of the same pltCh (frequency).

s s s s g

Figure 20.2 Wave terminology
Much of the terminology of oscillations is the same

as that for wave theory. You have already learnt
about the following terms.

Graphs such as these are usually obtained
electronically. Motion or position sensors connected
to a computer will be able to give graphical outputs

of position against time for comparatively slow The displacement (x) in an oscillation is
oscillations. For faster oscillations, an oscilloscope the distance from the mean position. It is
can be used. A microphone connected to the a vector quantity and may be positive or
input of an oscilloscope could be used to display negative.

the sound pattern from a clarinet, for example. » 'The amplitude (x,) of an oscillation is the
Some adjustment of the gain and the speed of the maximum value of the displacement.
time-base may be necessary. An interesting point o The period (T') of an oscillation is the time
about oscillation from musical instruments is that taken for one complete oscillation.

the while the pattern of the sound waves from » The frequency (f) of an oscillation is the
individual instruments affects the quality of the number of oscillations per unit time. It is the
note being played, so does the overall pattern of the reciprocal of the period. In SI units, frequency
shape of the sound level. Figure 20.3(a) shows the is measured in Hertz (Hz). 50 Hz means
pattern of sound from a horn, where the volume 50 oscillations per second. The period of this
of sound increases and decreases relatively slowly oscillation will be 1/50 second or 0.020s.

while Figure 20.3(b) shows the pattern produced by
a piano when playing the same note.
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Introduction examples in Figures 20.2(a) to (f) where graphs of
displacement against time are plotted. The time

In Chapter 8, considering wzves, it was pointe
P i 8 3 s pointed scales on the x-axes are not the same.

out that water waves are just one type of wave and
that there are many other waves of considerable
importance. The same comment can be made about

oscillations. A swinging pendulum oscillates in a clock
making a swing to the right in one second and a swing :
to the left in one second. This gives the complete g O >

=

Displacement

oscillation a period of two seconds, if the clock is Ve
accurate. This is rather slow and inaccurate when
compared with today’s atomic clocks. A photograph of
an atomic clock is shown in Figure 20.1.
(a) Someone on a skateboard ramp
A
E:._ 0 Time
5
Figure 20.1 Anatomic clock (b) The small displacements of a pendulum
Atomic clocks agree with one another to within a
billionth of a second in a day. That is an uncertainty &
of 1 part in 10", Satellite navigation systems depend
on atomic clocks to find your position on the Earth
to the nearest metre and the wobble of the Earth §
from day to day and year to year can be measured. 3% >
= Time
2
Patterns of oscillation

There is a multitude of different ways in which
objects can oscillate. Some of these are shown as (c) The reed in a clarinet



These equations give x, v and a in terms of time,
t and a in terms of displacement x. To find v in terms
of x we can use the fact that sin® @t + cos’* wt = 1.
This gives

5

(iJh - ( Y ) =1which can be rearranged to give
X, @

2 r o

v’ =x, 0 -x*®’ and hence

<
[
H-

o(x’ -x*)

) -'.'é-'._ 1D

Do note that /(10°=4%) is NOT V100 - /16 = 6.
Itis/(100—16) =+/84 = 9.165.

sle 1

=GN

A mass of 1.2kg suspended on the end of a spring,
undergoes SHM with a period of 0.36 s and
amplitude 0.28 m.

(a) Plot graphs to show how the velocity and the

kinetic energy of the mass vary with displacement.

(b) Comment on how the potential energy of the
system changes during a cycle.

Answer (a) The value of o is given by w =2n/T
=2m/0.36 = 17.45rad s™". The table is based on the
equations:

v=%0,/(x—x?) and E, =1imy

0
0.05 13.9
0.10 12.5
0.15 10.2
0.20 7.02
0.25 2.90
0.27 1.00
0.28 0 0 0
—0.05 0.0759 +4.81 13.9
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Figure 20.6

The two graphs are plotted in Figures 20.6(a) and (b).
You should notice from the table that both
positive and negative values of displacement give the
same value for v and that v can be either negative
or positive, obviously whether the mass is rising or
falling. The kinetic energy, however, can only be
positive, because it depends on v* and it is a scalar
quantity. The shape of the velocity-displacement
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graph is an ellipse; the kinetic energy-displacement
graph is a parabola.

(b) The total energy of the system will be constant
because this is assumed to be perfect SHM and,
therefore, there is no change in the amplitude of the
oscillation over time. The assumption is, therefore,
that resistive effects, due to air resistance for
example, are zero.

Any loss of kinetic energy must result in a gain of
potential energy. When the mass is rising, it gains
gravitational potential energy but the spring loses
elastic potential energy at the same time. When the
mass is falling the mass loses gravitational potential
energy and the spring gains elastic potential energy.
The total potential energy-displacement graph will
be a parabola upside down to the kinetic energy-
displacement graph. The two graphs are often drawn
in the way shown in Figure 20.7 but this depends
on arbitrarily making the zero of potential energy at
displacement zero.

Potential
energy

Kinetic
0 energy
0

Displacement

Figure 20.7

Simple harmonic motion makes the assumption
that the amplitude of the oscillation is constant.
While this is possible, with electrical oscillations
for example, in practice it can only be achieved by
drip feeding energy into the system. A clock or a
watch maintains a constant period and amplitude
by energy being fed into the oscillating system from
a falling weight or a spring, or a battery. Figure 20.8
shows an old clock with heavy weights that needed
to be lifted up every week. As they fell back down
they transferred energy to the clock to keep it going.
In the absence of this supply of energy the amplitude
of any oscillation will decrease. An oscillation with a
decreasing amplitude is said to be damped.

It helps to check details about SHM (simple harmonic motion) if you know what to expect. This table
outlines what to expect at the top, bottom and middle of the oscillation of a mass bouncing up and down

on the end of a spring. It can be applied to most SHM.

top positive Zero

middle Zero maximum Zero
bo@m negative zero positive

negative

Zero maximum gravitational

maximum reference zero
zero maximum elastic



Damping can be light or heavy. It can be so heavy
that oscillation does not take place at all. Figure 20.9
shows a series of oscillations with different degrees
of damping.

The damping becomes progressively heavier
through the series. The first example could be the
oscillation of a pendulum bob in air. This might
swing for a few hundred times before it stops. The
last one might be the same pendulum bob but
simply falling to the vertical when immersed in
thick oil. Note that these are free oscillations. The
object starts with displacement and will always
finish, given time, at zero displacement.

How much damping should be provided for
different practical problems is a real concern for
designers of cars, for example. When a car runs over
a sudden change in level of the road surface,

Light

(=1
1
Guiduweg

OU Ti’me

0 X_# Time

0 Time Heavy

Figure 20.9
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it would be very uncomfortable for the passengers

in the car were the car not to have any springing;

but if the springing causes the passengers to bounce
many times that will also be unpleasant. Designers
usually aim for a situation called critical damping
in which a complete oscillation does not occur and
the passengers are brought back to equilibrium
reasonably quickly. This is illustrated by the series of
graphs of Figure 20.10.

Shape of
road surface

Vertical
movement of

car A

0 J >

Uncomfortable

Vertical
movement of | Too bouncy/

car /\/\/\/\/\N— uncomfortable
0 -

Vertical
movement of

A
- 0 / _ Smooth ride

Figure 20.10

Situations often arise where unwanted oscillations
can be created. You have probably been in a

bus when it starts to shake as a result of the

engine speed matching the natural frequency of
oscillation of the frame of the bus. It would be
very frightening if the same thing happened when
travelling by aircraft. Almost everything will rattle
at some frequency if there is something else driving
it at just the right frequency. Opera singers might
sometimes cause a wine glass to break! Good
designers try to eliminate unwanted oscillations,
noises and rattles. Manufacturers of expensive cars
spend much time and money to obtain a quiet ride
for their customers.

Whenever forced oscillations are being considered
there must be a driving oscillation and a system
undergoing the forced oscillation. A simple but
effective illustration of forced oscillations is shown in
Figure 20.11(a). It is an arrangement of pendulums
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Amplitude of the oscillations of
each pendulum bob

(b)
Figure 20.11

of different lengths called Barton’s pendulums. One
of the pendulums is more massive than the rest of
the pendulums and this acts as the driver. The other
pendulums are caused to oscillate and the pendulum
of natural frequency closest to the frequency of the
driver frequency has the greatest amplitude. It is said
to resonate.

Figure 20.11(b) shows how the range of
displacements of oscillation varies with the length of
the pendulums.

When a freely supported single oscillator is
made to oscillate by a driver of varying frequency, a
graph can be drawn of the amplitude of the forced
oscillation against frequency of the driver. The result
is a graph of the shape shown in Figure 20.12.

Large resonant oscillations such as this can be
dangerous. If pilots are subjected to frequencies
around 35 Hz, physiological tests show that their
eyeballs vibrate alarmingly in their sockets causing
impaired vision. Oscillations such as this can
be avoided either by preventing the oscillations
altogether or by damping them. Even sitting on
a cushioned seat reduces the amplitude of the
oscillation. Figure 20.13 shows, in general, how

Amplitude i |
I
I
I
I
I
I
I
I
I
I
I
I
I
1
I
I
I

Amplitude —=="_____ _Jl ________________
of driver I
0 I

0 Resonant Frequency

frequency
Figure 20.12
A
Amplitude

Light damping

Amplitude
of driver

Frequency’

2 Resonant
/ frequency
Heavy
damping

Figure 20.13

damping has two main effects on the amplitude of
the driven oscillator. It reduces the amplitude of the
oscillation, especially the resonant oscillation, and it
reduces the frequency at which maximum amplitude
is produced. The diagram also shows that with heavy
damping high frequency oscillations become almost
impossible.

However, resonance is made use of in other
circumstances. Electrical circuits can be made
to resonate. The production of high frequency
radio signals at broadcasting stations enables
the transmission of signals at pre-determined
frequencies. When you want to listen to a radio,
or watch a television programme, the action of
tuning into a station is a process of altering a circuit
in your radio so that it resonates at the frequency
of the incoming radio waves. If you move along a



frequency band near the required frequency, and
plot a graph of the loudness of the signal you receive
will get a graph of the same shape as Figure 20.12,
only it will probably be much higher and sharper.

Figure 20.14
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One prime example of the use of resonance is an
MRI scan. A photograph of the head of a person is
shown in Figure 20.14. The detail in the image is
extraordinary.

MRI stands for Magnetic Resonance Imaging.
In these systems the objects undergoing resonant
oscillations are the nuclei of hydrogen atoms in
water. They are made to resonate by short pulses
of radio waves in very strong magnetic fields.

How quickly the oscillation dies away depends on
the nature of the tissue that oscillates, and provides
information that a computer uses to produce the
images.

v/~ Angular frequency @ corresponds with angular

velocity in circular motion. In circular motion the
angular velocity, @ = 2rt/T. In simple harmonic
motion one cycle of the motion is the period T and
the angular frequency is also defined by @ =2n/T

‘ / Simple harmonic motion occurs when the
acceleration is proportional to the displacement and
in the opposite direction to the displacement. The
defining equation is

‘ a=-0x

X =Xx,sin @t is a solution of the equation
a=-mx

|/ Several equations can be deduced from this defining
equation. Once the displacement has been found,
‘ equations for the velocity follow.

V=XO(BCDSCOI=VOCOS wmt

since the maximum value of v is x, @.
v=to,/(x’-x%)

Forced oscillations occur when a driving system
causes another system to oscillate. Resonance will
occur when the frequency of the driver system equals
the natural frequency of the driven system.

The effect of friction or air resistance on a mechanical
oscillating system results in a loss of energy in the
system. The effect is called damping and it reduces
the amplitude of the oscillation. In electrical systems,
it is electrical resistance in the circuit that causes the
same reduction in amplitude.
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(ii) The satellite has mass 620kg and is initially in a circular orbit of radius 7.34 X 10° m, as illustrated in Figure 1.

initial -

orbit A
\,’ 7.34x 10°m

!
!
I . \
[ 1
! : H
| !
\ 1 ]
/'-/. 7.30 x 10°m
N i
A = . ; /"I

i N 4
new orbit '\ . 4
~ s, a#%

Figure 1 (not to scale)

Resistive forces cause the satellite to move into a new orbit of radius 7.30 x 10° m.
Determine, for the satellite, the change in

1. kinetic energy, in J, [2]

2. gravitational potential energy, in J. [2]
(iii) Use your answers in (ii) to explain whether the linear speed of the satellite increases, decreases or remains

unchanged when the radius of the orbit decreases. [2]

(Cambridge International AS and A Level Physics 9702 Paper 42 Question 1 October/November 2012)
2. A ball is held between two fixed points A and B by means of two stretched springs, as shown in Figure 2.

Figure 2

The ball is free to oscillate along the straight line AB. The springs remain stretched and the motion of the ball is
simple harmonic.
The variation with time t of the displacement x of the ball from its equilibrium position is shown in Figure 3.
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Figure 3
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(a) (i) Use Figure 3 to determine, for the oscillations of the ball,

1. the amplitude, in cm, [1]
2. the frequency, in Hz. (2]
(ii) Show that the maximum acceleration of the ball is 5.2ms™. [2]
(b) Use your answers in (a) to plot, on the axes of Figure 4, the variation with displacement x of the acceleration
a of the ball. [2]
alms™
00 ! .:1 022m
Figure 4

(c) Calculate the displacement of the ball, in cm, at which its kinetic energy is equal to one half of the
maximum Kkinetic energy. (3]

(Cambridge International AS and A Level Physics 9702 Paper 41 Question 3 May/June 2013)

3. A metal ball is suspended from a fixed point by means of a string, as illustrated in Figure 5.

string —— | s

ball — -
.

1
1

Figure 5




Oscillations

The ball is given a small displacement and then released. The variation with time f of the displacement x of the
ball is shown in Figure 6.

/ \ /

xfem
T~
T~

Figure 6

(a) (i) State two times, in s, at which the speed of the ball is a maximum.
(if) Show that the maximum speed of the ball is approximately 0.08 ms™'.

(b) The variation with displacement x of the potential energy E, of the oscillations of the ball is shown in Figure 7.

25
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x/em
Figure 7

(1) On the axes of Figure 7, sketch a graph to show the variation with displacement x of the kinetic
energy of the ball.

(ii) The amplitude of the oscillations reduces over a long period of time.
After many oscillations, the amplitude of the oscillations is 0.60 cm.

Use Figure 7 to determine the total energy, in J, of the oscillations of the ball for oscillations of
amplitude 0.60 cm. Explain your working.

(Cambridge International AS and A Level Physics 9702 Paper 42 Question 3 October/November 2013)
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4. A bar magnet is suspended from the free end of a helical spring, as illustrated in Figure 8.

helical
| spring
| magnet
i l
coil — \
4——1-_‘_| J
Figure 8

The magnet is displaced vertically and then released. As the magnet passes through its rest position, a timer is started. The
variation with time ¢ of the vertical displacement y of the magnet from its rest position is shown in Figure 9.

2.0

ylem

1.0

Figure 9
At time t = 4.0s, the switch is closed.
(a) Use Figure 9 to

(i) state the evidence for the magnet to be undergoing free oscillations during the period t =0 to t =4.0s,
(ii) state, with a reason, whether the damping after time t = 4.0s is light, critical or heavy,
(iii) determine the natural frequency of vibration of the magnet on the spring, in Hz.

(b) (i) State Faraday’s law of electromagnetic induction.
(ii) Explain why, after time ¢ =4.0s, the amplitude of vibration of the magnet is seen to decrease.

One pole of the magnet is situated in a coil of wire. The coil is connected in series with a switch and a resistor. The switch is open.

(Cambridge International AS and A Level Physics 9702 Paper 41 Question 3 October/November 2011)

(1]
(2]
(2] |
(2]
(4]




Ultrasound

The piezo-electric transducer

Certain crystals (lead zirconate titanate, for
example) produce a small potential difference across
two of their faces when they are squeezed, as shown
in Figure 21.1.

Metal
plates
— Crystal f—
—_— |—
- Crystal -
squeezed
—— fe—

Figure 21.1 When the crystal is squeezed, a potential
difference is formed across it.

The voltage is very small but it does respond very
quickly to changes in the forces applied. So much so,
that crystals of this type can be used in microphones
where the passage of the sound wave past the crystal
acts to vary the force on the crystal. This causes a
small, varying potential difference across the crystal,
which can be amplified. The crystal used in this way
is called a piezo-electric transducer.

The process can be reversed. When a varying
potential difference is applied to the crystal it causes
the crystal to vibrate.

This process is used in producing very high
frequency sound waves that are inaudible to a
human ear. These waves are called ultrasound. The
frequency of the potential difference applied to the
crystal will be of the order of megahertz (MHz).

In practice, a single crystal can be used both to
produce and to receive ultrasound. The structure of
an ultrasound transducer that generates and receives
ultrasound is shown in Figure 21.2.

Backing
material
Faceplate
EAng
e —
Cable
Tuning X
device \ Piezo-electric

crystal

Figure 21.2 The structure of an ultrasound transducer. It acts
as both a transmitter and a receiver of ultrasound.

Electrical signals can be supplied from the cable
to the crystal or taken from the crystal through
the cable to an amplifier. Adjusting the value of the
resistor gives optimum sensitivity to the crystal.

Ultrasound scanning

A practical use of ultrasound is to obtain images of
a baby in the womb. One advantage of ultrasound
scanning is that no radiation dose is used. Other
advantages include its simplicity and that it is
possible to obtain moving images, of the blood flow
through a baby’s heart, for example.

The description of ultrasound scanning that follows
is for a so-called A-scan. This gives an elementary
view of the reflection of a pulse of ultrasound on an
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oscilloscope, as shown in Figure 21.3. To get a
two-dimensional picture, a B-scan, as shown

in Figure 21.4, it is necessary to use an array of
piezo-electric transducers sending out fan-shaped
ultrasound signals and to use a computer to decode
the reflected echoes.

4 ™\

1T

\ J

Figure 21.3 Reflected pulses of ultrasound using an
A-scan.

The principle of ultrasound scanning depends on
ultrasound being reflected at a boundary between
two different materials. Many reflections are
required from different boundaries so an important
factor for any boundary is the ratio between the
fraction of the ultrasound that is reflected and the
fraction transmitted. To determine this ratio a term
called the specific acoustic impedance is used.

Specific acoustic impedance = density of
material X speed of sound in the material

In symbol form thisis Z=pc

Figure 21.4 An ultrasound scan of a baby in the womb.

Table 21.1 lists values of these three quantities for
some different materials.

440

air 340

bone 3500 1600 5.6 x 10¢
muscle 1600 1000 1.6 x 10¢
soft tissue 1500 1000 1.5 % 10°
fat 1400 1000 1.4 x 10°
blood 1600 1000 1.6 x 10°

1.6 x 10°

skin 1600 1000

The equation relating the ratio of intensity
reflected I to incident intensity I for ultrasound
leaving a material of acoustic impedance Z,
and entering another material of acoustic

impedance Z, is
L_(z-z]
I |Z+Z

o

This ratio is called the intensity reflection
coefficient.

Example 1

Calculate the fraction of ultrasound reflected when
ultrasound passes from air into skin.

Answer

I (z-z Y (16x10°-—440) (1599566 )
L=t = g =|=2 =0.9989
I |\Z,+Z 1.6 X 10° + 440 1600 440

This means that any ultrasound in the air is almost
totally reflected by skin. It explains why a gel needs to
be used between any ultrasound source and the skin
in order to get the ultrasound into anyone’s body.

To see how the intensity of an image on the screen
of an A-type scan can be related to the thickness and
intensity reflection coefficient of the materials, work
through the following exercise.

A pulse of ultrasound of intensity I after entering
a fat layer 20 mm thick carries on through a 30 mm
thick layer of muscle and a 25 mm thick bone. At each



boundary some of the ultrasound is reflected and
some continues. The absorption of the ultrasound by
each layer is assumed to be zero here.

Three paths are considered:

through just the fat before being reflected
back through the fat,

» through fat and muscle before being reflected
back through fat, and
through fat, muscle and bone before being
reflected.

The reflection coefficients when calculated using
the data from the table above are:

fat to muscle = muscle to fat = 0.0044
muscle to bone = bone to muscle = 0.31
Times for passage of pulses
fat only: 2 X 0.020/1400 = 28.6 s
fat and muscle:
2 % 0.030/1600 + 28.6 s = 66.1 LLs
fat, muscle and bone:
2% 0.025/3500 + 66.1 us = 80.4 Us
Intensity is shown in Figure 21.5. Note that the
reflected intensity, for example at the far side of the
bone is 31% of the 69% arriving at that boundary.
The amount reflected at the fat-muscle boundary is
almost negligible.

I
|
R
0.00441
I 0.991
= =)
» = A
03117 0.31xC9961
=0.311
0.9961-0.31v]
{ 0.9961 =0.69] 0.691-0.211
—~] —=
- _A =048]
0.996 % 0.14] 0.31 %0217 0.31%0.691
=0.14] =0.14] =0.211
Fat Muscle Bone Muscle
20mm 30mm 25mm

Figure 21.5
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Figure 21.6 shows the appearance of an oscilloscope
screen that receives the three reflected pulses.

[ T T T T T T T T

I
.'—!UST

|
100 s Time

o
Echo from Echo from  Echofrom
fat-muscle muscle-bone  bone-muscle
boundary boundary boundary
Figure 21.6

Note that after a suitable time has elapsed for
all the reflected echoes to return, another pulse of
ultrasound will be transmitted. Note also that if
pulses are too long, echoes will be returning while
the next pulse is being sent. This will have the effect
of causing the scan to miss some detail.

Absorption coefficients

In the previous exercise it was convenient to assume
that the ultrasound intensity remained constant
within one type of material. In practice this is not
the case. Even with a parallel beam every material
does absorb energy and, therefore, the intensity falls
off with distance. This is called attenuation. For a
point source of ultrasound there will also be a fall off
of intensity that follows an inverse square law.

The equation relating I, the intensity for a
parallel-sided beam at a distance x from a point
where the intensity is I_ is

T Io e

U is called the linear absorption coefficient. As with
all exponential decreases it is possible to use half-
distance values. The intensity of gamma radiation
through lead reduces to half its value in about 0.7 cm.
For concrete the value will be higher, around 4 cm.
Exact figures cannot be given for gamma radiation
or for ultrasound because the wavelength of the
radiation also affects the attenuation.
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Example 2 Answer We know, =1 e where] =84W,
A parallel ultrasound beam travels through p=_86m™ and x=0.047 m.

flesh with a linear absorption coefficient of 100 m™. Take natural logs to get

(A parallel beam is sometimes called a collimated InI=In8.4— ux

beam.) The initial power of the beam is 84 W. This gives In I=2.128 — (86 x 0.047)

Calculate the power of the beam after it has travelled =2.128 - 4.042=-1.914

0.047 m through the flesh. Use the e* button to get the antilog of —1.914

and this gives I=0.15W

/" Ultrasound scanning technique does not involve the /A parallel beam of ultrasound is attenuated as it
use of radiation dose; instead it depends upon the passes through matter. The intensity I after passing
ultrasound being reflected at a boundary between two through a distance x is given by

different materials. It is possible to obtain the moving [=1 e
images of the blood or liquid inside patients. °
where [_is the initial intensity and u is the linear

absorption coefficient.

21.1 Using data from Table 21.1, calculate the fraction of 21.3 The power of a collimated beam of ultrasound is 75 W

ultrasound that is reflected when it meets a boundary before it enters a person’s body and its power after

between travelling through a thickness of flesh is 0.58 W. The

(a) muscle and blood, linear absorption coefficient of flesh in this case is

(b) fat to bone. 100m™'. Calculate the thickness of flesh through which
the ultrasound has passed.

21.2 A parallel ultrasound wave travelling through flesh is
reduced to half its intensity in a distance of 0.87cm. An
ultrasound wave of initial intensity 630 W m™ passes
through flesh a distance of 9.7 cm. What will be the final

. intensity of the ultrasound wave?




Communicating
Information

Long ago getting information from one place to
another used to be a very slow process. Now all
communication systems travel at the speed of light
but in various different ways. Radio waves are

one obvious method but electric currents in wires
and co-axial cables are still used to a considerable
extent. Ground-based and satellite-based microwave
links together with optic fibre links have become
increasingly important. Many of these systems are
combined with one another for transmission. The
information transmitted may be digital or analogue
and may be changed from one form to another
during transmission.

If you connect a microphone to an oscilloscope and
speak into the microphone, you will see the pattern
of the variation of air pressure caused by speaking.
A graph of this variation of pressure is shown in a
simplified pattern in Figure 22.1.

A
Pressure

Atmospheric

The microphone has converted the change in
pressure to an electrical signal. This particular signal
is called an audio signal. It will have frequencies
within it of anything from 20 to 20 000 Hz. Early
telephone systems used audio signals and amplified
them, often many times, before they reached their
destinations.

Now;, audio signals, whether produced using a
telephone or from a broadcasting station, are
used to modulate radio waves. The effect of
amplitude modulation (AM) on a radio wave is
shown in Figure 22.2. The frequency of the carrier
wave will normally be very much greater than that
shown in the diagram.

Another form of modulation is frequency
modulation (FM). In this case it is not the amplitude
of the carrier wave that changes but the frequency.
This is shown in Figure 22.3. The frequency of the
carrier wave is again much higher in practice than
can conveniently be shown in a diagram.

A radio carrier wave of frequency f that is amplitude
modulated by a single audio frequency f, can be

(=]

pressure

L

Pressure

h
.

Time

Figure 22.1 A typical pressure variation in a sound wave.
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Figure 22.2 An amplitude modulated (AM) wave.
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Figure 22.3 A frequency modulated (FM) wave.
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analysed into three separate frequencies. These amplitude of the f — f and f. + f, frequencies.

are f_, the carrier frequency,and f — f, and f + £, Figures 22.5(a) and (b) show the corresponding
which are called the sideband frequencies. This graphs for a small amount of modulation.

means that if waves of these three frequencies were To put some numbers on this, if a radio carrier
added together the resultant wave would be a wave wave of frequency 600 000 Hz is modulated by an
of the form shown in Figure 22.4(a). The amplitude audio wave of frequency 5000 Hz, the modulated
of these three waves is shown in Figure 22.4(b). radio wave has frequencies of 595000 Hz,

The depth of modulation is controlled by the 600000 Hz and 605 000 Hz. Any transmission
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Figure 22.4 A high degree of modulation (a) requires large sideband amplitudes (b).
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Figure 22.5 A low degree of modulation (a) requires small sideband amplitude (b).

or amplifying system must be able to cope with
all these frequencies. In practice, a radio wave
modulated by an audio wave will have to cope
with any frequencies in the audio range from 30 to
20000 Hz. This means that a band of frequencies
is required from 580 000 Hz up to 620 000 Hz. The
bandwidth will be 40000 Hz; a lower sideband of
20000 Hz and an upper sideband of 20 000 Hz.
Two radio stations broadcasting in the same

area must have their frequencies separated by

a frequency equal to the bandwidth. You must
have experienced a situation when the radio
station you want to listen to is picking up another
broadcast that you do not want. There is always
great pressure on the authorities when they

are allocating radio frequencies. Note that the
frequencies used here would normally be written
as 600kHz, 580kHz, and so on. MHz and GHz are
units used for 10° and 10° Hz respectively.

| A !h."."‘i .\' anaire

The main advantage of FM over AM is the absence
of interference. Most unwanted electromagnetic
radiation, called noise, affects the amplitude of any
transmission. An AM receiver picks up noise. An

FM transmission has a constant amplitude and since
the amplitude is not the feature carrying the audio
signal, noise is not detected.
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infra-low ILF 300 — 3000 Hz

very low VLF 3 — 30kHz
low LF 30 — 300kHz
medium MF 300 — 3000 kHz
high HF 3—30MHz
very high VHE 30 — 300 MHz
ultra-high UHF 300 — 3000 MHz
super-high SHF 3 —30GHz

Frequency modulation does require a larger
bandwidth than amplitude modulation but it does
usually have a considerably higher carrier frequency
than amplitude modulation. The reason for this is
largely historical. Amplitude modulation was the
only type of modulation used for public service
broadcasting in the early days of radio. With a
bandwidth of 40kHz, only 120 broadcasts are
possible using carrier frequencies between 200 kHz
and 5000 kHz. Using carrier frequencies between
2 MHz and 50 MHz there would be 1200 possible
transmitting frequencies with a 40 kHz bandwidth,
so even with their greater bandwidth more FM
stations are possible.

Another matter for consideration is the possible
range of any transmitter. Radio waves with
frequencies around 200 kHz are able to be picked
up at great distances from the transmitter. It is,
therefore, not possible for two radio transmitting
stations to use this frequency if they are only
1000 km apart because many receivers in between
them would pick up both transmissions. With its
higher transmitting frequency, however, FM has a
much more limited range. This makes it possible
for two transmitters to use the same frequency,
perhaps when only 400 km apart. Sometimes
broadcasters have to advise listeners or viewers
that the interference they are experiencing is due
to unusual weather conditions over which they have
no control, such as electrically charged clouds in
lightning storms.

1000 — 100km  telephone

100 — 10km navigation
10 = 1km AM radio broadcasting
1000 — 100 m AM radio broadcasting
100 — 10m amateur radio, ship communication
10— 1m FM radio broadcasting, TV broadcasting
100 = 10cm TV broadcasting, mobile phones
10 - lecm microwave links, satellite communication

Table 22.1 shows the ranges of frequencies used for
different types of communication. Gradually, over
the years the frequencies used have increased. Note
that for all radio waves and microwaves

frequency X wavelength =,

the speed of light = 3.00 x 10°ms™.

Sound and vision are essentially analogue
information, yet we now live in a world of rapidly
increasing digital information. The advent of the
ability of electronic circuits to process digital
information at very high speeds has led to this surge
in the use of digital equipment. It is also much easier
to store digital rather than analogue information.
Another crucial reason for the choice of digital
rather than analogue information is that any noise
on analogue is difficult to remove but with digital
information, noise removal is easy. This is illustrated
in Figure 22.6.

It is possible to preserve perfectly a digital
signal even if a large amount of noise has been
accumulated during transmission.

Transmitting speech or music digitally must be
preceded by converting an analogue signal into a



Analogue

Digital

A
VY.

.
N

Initial waveform

Waveform after
attenuation and
receipt of noise

Final waveform
after amplification

VY

LA

— Central area
only is amplified
to produce final
waveform

Figure 22.6 Noise is much more easily removed from a digital signal than

from an analogue wave.
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Figure 22.7 Digitising wave (a) using coarse sampling in (b) and in finer sampling in (c).
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digital signal. This is done using
an electronic circuit called an
analogue to digital converter
(ADC). On reception the signal
needs to be changed back into

an analogue signal for use with a
loudspeaker. The circuit for doing
this is called a digital to analogue
converter (DAC). In both of these
cases there will be some loss of
detail. It is important that the loss
of detail is minimal. This can be
achieved by adjusting the sampling
rate, as illustrated by the following
example.

A sound wave of period 1.0
millisecond has the shape shown

in Figure 22.7(a). The scale on the
y-axis is using binary notation
(100=4,1000=28, 1100 =12 and
10000 = 16). Show the pattern
produced when the wave is sampled

(a)
(b)

every 0.10 ms, ( a rate of
10kHz) and

every 0.04 ms, (a rate of
25kHz).

Answer The answer is shown

in Figures 22.7(b) and (c). The
faster sampling process keeps
more closely to the original pattern
than the slower, but there is still

an appreciable difference between
the original and the digital copy.
Once these digital signals are put
through a DAC the original pattern
will show some distortion from the
original. Clearly, if the sampling
rate is increased then the final
analogue signal will be closer to
the original analogue signal. This

does mean that more digital data
has to be transmitted. These graphs

have a digital low value of zero and
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a high value of 15. Each byte of information can be
transmitted with 4 bits. When converted into digital
values, 0 becomes 0000, 1 becomes 0001, 4 becomes
0100, 8 becomes 1000, and so on. The 10kHz
pattern is 3,12,13,13,11,4,5,4,2,1. It will be sent with
the 3 first, so you have to read it backwards, starting
from the right-hand side of the page, i.e.

last 1000 0100 0010 10100010 1101 1011 1011
0011 1100 first

Reading backwards 3, which in digital is 0011,
is transmitted as 1100. (If you want to see them as
digital numbers - turn the book upside down and
that will reverse them for you.)

(Y lan md ~miam e . -
viodes Oof communication

Whether communication is analogue or digital,
the aim of any communication system is to get
information from one place to another. Obviously
there are likely to be differences between a local
radio station communicating with its audience
on an island where the furthest distance is only a
few kilometres and the United States Government
communicating with the Government of France half
a world away.

The following ways by which communication
takes place are all in regular use. Some of the uses
are given in the list:

® copper wires, e.g. the telephone line into
your house,
radio waves, e.g. from a transmitter to an
aerial in a radio,

® co-axial cable, e.g. the TV signal from an
aerial on the roof toa TV set,

® microwaves, e.g. from transmitter to a
receiver with millions of emails,

o optic fibres, e.g. very pure, very thin
glass fibres under the sea connecting
continents and carrying vast amounts
of information,

» satellites, e.g. providing digital information
for sat-nav systems.

This list has been arranged in approximate
chronological order of invention. Early electrical
communication was by telephone using wire
connections: radio came shortly afterwards.

Now satellite communication is widespread for
television as well as for sat-navs, though many
television signals, telephone conversations and
business messages are carried by optic fibres. Optic
fibres are cheaper to install.

When watching an interview on television
between someone in a studio and a reporter in
a remote place, it is possible to tell whether a
satellite communications system is being used or
an optic fibre or landline. If there is a gap in time
between a question being asked and the response
by the reporter, then a satellite system is being
used. The gap is the time taken for the signal to be
beamed to the satellite and then beamed back to
Earth.

In general, as you move down this list, the
sophistication of each system results in greater
capacity and speed of information transfer, but
there are problems with any system and choice of
system depends on individual requirements and
the amount of investment from companies in the
telecommunications business.

One additional advantage of digital transmission
is security. Signals can be encrypted before
transmission so that anyone not intended to receive
the signal gets a meaningless mass of ones (1) and
zeroes (0). The intended receiver will have a decoder
that is able to change the coded message back into
readable information.

This system is used by pay TV companies. Once a
person has paid a subscription to the company their
television will need a decoder in it that enables them
to view the programmes they have paid for.

Attenuation

Before considering these systems in more detail it
is necessary to understand the term attenuation.
When a light ray passes along an optic fibre it is
totally internally reflected thousands of times.
During this time, it will pass through kilometres of
glass and the power of the light beam decreases. The
power falls off logarithmically so if P,_is the power
at the start and P___ is the power at the end then the
attenuation of the signal is log (P_ /P, ).

In practice, just to make the numbers larger,
a factor of 10 is included in this expression and



the value is then said to be measured in decibels.

This gives

. P
attenuation = 10log -};H

mn

Anything measured in decibels is a ratio, so it is
not meaningful to talk about “a signal of strength
50dB”. A comment such as this will only be sensible
provided a reference strength is being compared
with it. One way of doing this is by referring to
the power loss per unit distance. For example, a
cable can be quoted as having an attenuation of
5.0 dBkm™. This means that over a distance of 4km
the power loss will be 20 dB. The ratio of the power
at the beginning of the 4km will be 100 times the
power at the end. [-20dB = 10log (ratio of powers).
This gives a ratio of 10°.]

(Attenuation is basically exactly the same problem
as with the absorption of X-rays or ultrasound but
for historical reasons it is considered somewhat
differently in telecommunications.)

mple /

A signal is sent into an optic fibre with a power of
800 mW. It suffers an attenuation of 25 decibels
(-25dB) in passing along the fibre. Calculate the
power emerging from the fibre.

Answer Putting the figures into the equation
gives

-25= IOIOgB{];DﬁV'

P
so —-25=log—*—
800 mW

Now take antilogs to get

0.00316 =10log andP =2.5mW

P
800 mW
Be careful to get the signs correct when using this
equation. When the signal’s power is falling, its
decibel level goes down. In this example the power,
therefore, has a drop of 25dB and this is reflected in
the -25 term entered into the equation.

One other point is about the use of a calculator in
these expressions.

Note that 1000 = 10° and therefore log, 1000 = 3.
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This is taking logs of the equation. If you start
with the equation log 1000 = 3 and want to get
back to the first equation you have to reverse the
process, i.e. take antilogs. On a calculator this means
using the shift key before using the log key. It is

usually marked 10 on calculators.

The telephone system in many countries uses
almost exclusively copper wire pairs near domestic
telephones. In most cases the wires have been
installed for many years and the cost would be

very large if all of them were to be replaced with
optic fibres, but over the next few decades this will
probably happen. The reason that copper wires

still work well is that the signals are suitable for the
transmission of speech. Many computer internet
connections make use of the same wires. These
connections are comparatively slow by internet
standards due to the limitations of wire pairs,
where the attenuation is large and there is crosstalk
between one pair of wires and an adjacent pair. This
comes about because the magnetic field around one
pair of wires inevitably passes the adjacent wires and
can set up a small e.m.f. in the adjacent wires. Not
only does this increase the attenuation but it also
means that the system is less secure. Phone tapping
is a well-known method of getting information that
ought to be secret.

Some of these drawbacks can be overcome by the
use of co-axial (co-ax) cable, where the conductor is
surrounded by a braiding of copper, as shown
in Figure 22.8.

Outer plastic
protection

Copper
braiding

| Plastic
Copper insulation

wire

Figure 22.8 The structure of co-axial cable.
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Crosstalk is avoided with co-ax and the
attenuation is far less. With the higher frequencies
used for television signals, co-ax is generally
used for connection between the aerial and the
television. Co-ax is also normally used between
dish aerials receiving signals from satellites and
televisions.

Once lots of telephone signals are collected
together at an exchange, however there is now
less likelihood of the signals being sent nationally
or internationally using copper wires. The under
sea cables laid across the oceans in the twentieth
century are still used in some cases and while
some international telecommunication is done
by digitising phone calls and sending them by
satellite, most are now sent using very thin, very
pure under ocean optic fibres. Even the microwave
system set up in the 1960s and 1970s is rather
outdated compared with satellite and optic fibre
communication systems.

If a signal is to be sent a large distance by
cable or optic fibre it is necessary to ensure that
the signal itself is considerably larger than any
unwanted noise. The signal to noise ratio for
digital signals needs to be kept above 30 dB and
for analogue signals above 40 dB. The reason for
the difference is that noise on a digital signal can
be removed whereas noise on an analogue signal
cannot, as explained earlier. Noise tends to be
constant in an optic fibre but signal strength will
gradually decrease. Eventually a point is reached
where the signal strength is getting too low. There
will then be a need to regenerate the signal and
increase its power.

The glass from which optic fibres are
manufactured is so pure that signals sent along optic
fibres can travel up to 200 km without requiring
regeneration but clearly, a cable crossing the Pacific
Ocean will require regeneration and amplification of
the signal several times. This does involve the cost of
incorporating the equipment when the cable is laid
and providing power for it. The equipment needs to
be very reliable as lifting a cable from the bottom of
the Pacific Ocean to make a repair would be a very
expensive exercise.

Typical values of the distance between regeneration
stations for different channels of communication are
as follows,

telephone cables ~ 5km
co-axial cable 10km
microwave links ~ 40km
optic fibres 80 km

People are starting to get worried about the number
of telecommunications satellites in orbit around

the Earth and the danger that exists in any collision
between them. The reason that there are so many
satellites is, of course, because the demand for

them has increased significantly during the

last 30 years. Before satellites became available,
global telecommunications depended either on
telephone links or on the unreliable reflection of
radio waves by the ionosphere, a charged layer

in the high atmosphere. The reason for the rapid
increase in demand for satellites becomes apparent
when you walk along a street and see the number
of satellite dishes on houses, to gether with the
number of different television programmes available
at any one time. Then, additionally, you have the
large increase in internet use, with much of the
information available on the internet being used in
all countries of the world. Add to this the number
of international emails being sent and telephone
calls being made, the weather satellites, the financial
information, the global positioning system and you
may get some idea of the amount of international
information being transmitted. We live in a global
village, as far as communication is concerned.

Cakallls ikt L
2dlelllte Orpits

A geostationary satellite rotates with the same
angular velocity as the Earth. When such a satellite
is placed directly over the Equator and is rotating
with the Earth from west to east it appears to stay
in the same position. A transmitting or receiving
dish on the Earth, once set up correctly, will
always be pointing at the satellite. For this orbit
the satellite needs to be travelling in a circle at a




distance of 42 200 km from the centre of the Earth.
A telecommunications company using just a few
geostationary satellites is able to receive and send
signals from or to the entire surface of the Earth
from this position.

Geostationary satellites are expensive to launch
because of their distance from the Earth and their
transmitting power needs to be higher for the same
reason. For some purposes satellites are put into
low polar orbits. These will move across the surface
of the Earth so they need to be tracked but they get
greater resolution, when they are used for taking
photographs (for spying, for weather forecasting
and for mapping.) A network of such satellites is
used for global positioning systems, using which
it is now possible to know your position on the
Earth’s surface to better than the nearest metre. In
the past it was difficult to know whether sea levels
were rising due to global warming. Now, satellite
measurements on the surface of the sea, even with
waves, can determine the height of the sea to the
nearest centimetre.
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For all communications satellites there must be
an uplink from the ground as well as a downlink
back from the satellite to the Earth. As shown in
Figure 22.9 these signals may start and finish at
different places, making global microwave linking
possible. For television transmission the downlink
will spread its power over a large area.

The satellite receives a weak signal from a dish
transmitting aerial on the Earth, amplifies it and also
changes its frequency. This is necessary because if
the two frequencies were the same there would be a
danger of the receiver picking up positive feedback
from its own transmitted signal. Typical frequencies
and bandwidths available to a satellite are

Uplink frequency 15GHz
Downlink frequency 12GHz
Bandwidth 0.5GHz

A bandwidth of 0.5 GHz might look small, but
it is 500000000 Hz and so if a TV station needs a
bandwidth of 25 MHz it does mean that 20 stations

can be accommodated.

Downlink

Figure 22.9 The coverage of the Earth from a geostationary satellite.
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v/ Amplitude modulation {AM) and frequency computer information is sent using optic fibres.
modulation (FM) are the two forms of modulation, Television reporting can also be done this way if the
which uses high frequency signals. reporter is in an accessible place. Television signals to

/ Transferring of speech cor sound is done by converting dish aerials on houses are first sent out to a satellite |
an analogue signal into a digital signal by using an and then re-transmitted back to Earth. '
electronic circuit. /" The satellite receives a weak signal from a dish

v/ International telecommunication falls into two transmitting aerial on the Earth, amplifies it and also
main categories. Most international telephone and changes its frequency.

22.1 Give the range of frequencies that needs to be transmitted 22.4 A geostationary satellite transmits television signals with a

for each of the following modulated waves. power of 300 W to an area of the Earth of radius 1000km.
(a) A carrier wave of frequency 200 kHz modulated (a) Estimate the power received by a television dish
by an audio wave of frequency 8000 Hz. aerial of area 0.10 m?
(b) A carrier wave of frequency 1.6 MHz modulated (b) Calculate the ratio of the power received by a
by audio waves of all frequencies up to 20kHz. single dish to the total power transmitted in dB.
(c) A carrier wave of frequency 20 MHz frequency 22.5 A signal has a power of 4.2 W when it is sent along a
modulated and requiring a bandwidth of 40kHz. cable which has a length of 200km and an attenuation
22.2 What is the ratio of power of signal to power of noise for of 5.0dBkm™". The cable has a constant noise power of
asignal to noise ratio of 30dB? 3.5UW. The signal to noise ratio must not be allowed

to fall below 30 dB. Deduce

(a) the maximum distance between regenerator units
and, hence

(b) how many regeneration units will be necessary
along the whole length of the cable?

22.3 (a) An optic-fibre cable has an attenuation of 0.17 dB
per kilometre. A signal of power of 54 mW is
injected into the cable at the transmitting end and
at the receiving end the power must be at least
30uW. Calculate the maximum length of the cable.

(b) For clarity the so-called signal to noise ratio must
be at least 23 dB. What is the maximum acceptable
noise power in the optic-fibre cable being
considered?
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Examination Questions X1

1. (a) State what is meant by acoustic impedance. [1]

(b) Explain why acoustic impedance is important when considering reflection of ultrasound at the boundary |
between two media. [2]

(c) Explain the principles behind the use of ultrasound to obtain diagnostic information about structures within
the body. (5]
(Cambridge International AS and A Level Physics 9702 Paper 04 Question 9 October/November 2007)

2. (a) Optic fibre transmission has, in some instances, replaced transmission using co-axial cables and wire pairs.
Optic fibres have negligible cross-talk and are less noisy than co-axial cables. Explain what is meant by
(i) cross-talk, (2]
(ii) noise. 2]

(b) An optic fibre has a signal attenuation of 0.20dBkm™.

The input signal to the optic fibre has a power of 26 mW. The receiver at the output of the fibre has a noise power
of 6.5 UW.

Calculate the maximum uninterrupted length of optic fibre, in km, given that the signal-to-noise ratio at the receiver

must not be less than 30dB. (5]
(Cambridge International AS and A Level Physics 9702 Paper 04 Question 5 May/June 2008)

3. (a) Outline the principles of the use of a geostationary satellite for communication on Earth. (4]

(b) Polar-orbiting satellites are also used for communication on Earth.
State and explain one advantage and one disadvantage of polar-orbiting satellites as compared with geostationary satellites.
(4]
(Cambridge International AS and A Level Physics 9702 Paper 04 Question 12 October/November 2010)




Electric Fields: Part B

In Chapter 10, where electric fields were introduced,
any quantitative work was done assuming that the
electric field was uniform. This will not be the case for
many important situations. The electric field around
ions, for example, will be complex but will determine
the shape and structure of molecules and crystals.
On a large scale, the electric field of a charged sphere
will not be uniform; it must have spherical symmetry.
Although few people realise it, the Earth has an
electric field and that too cannot possibly be uniform.
In order to analyse fields of different shapes, first it
is necessary to examine the force acting between two
point charges. For any point outside a conducting
sphere, the charge on the sphere may be considered
to act as a point charge at the centre of the sphere.
Coulomb (1736-1806) was the first person to
carry out quantitative measurements of electrical
repulsion. He performed many very accurate and
sensitive experiments on an instrument called a
torsion balance that he designed himself. Instead
of a balance that usually measures vertical forces
Coulomb’s balance caused rotation when electric
charges were brought close to one another. A diagram
of Coulomb’s balance is shown in Figure 23.1.

Torsion wire

/ that twists

Charged ball
being repelled

Charged ball
on insulated
stand

Ball to balance
the horizontal rod

Figure 23.1 Coulomb’s balance

When two point charges Q, and Q, are separated by
a distance r in free space, the force F acting between
them is

proportional to Q, and Q, and
inversely proportional to 72,

Put into an equation this becomes

QQ,

rl

Force=k where k is a constant.

In ST units, the numerical value of k is 8.988 x 10°
Nm?C™. For largely historical reasons, the constant,
when using ST units, is not normally written as k
but as 1/4me,. It still has to have the same numerical
value so this makes 1/4me, = 8.988 X 10°N m2C2 and
therefore

1 1
°7 4nk 47 x 8988 x 10° N m2C-2
=8.854X10"2C> m2 N,

£

This is all rather artificial but the equation you
will need to be able to use is
QIQE = -12 -1
Force=——2- where £,=8.854 x 107 Fm
4me,r-
Fm™is identical to C*m=N"", F is the farad, a
unit of capacitance. It is charge per unit potential
difference, or CV~,

Electric field strength E at a point is defined as the
force per unit positive charge at the point. E will

be a vector. This situation is shown in Figure 23.2
where a point charge +q is shown with its electric
field around it. The field will be three-dimensional.



+4q

A
\j

Y

Figure 23.2

When the value of the field is required at A,
a point at a distance 7 from the point charge, we
imagine a positive charge of 1 coulomb to be placed
at A and calculate the value of the force on it using
Coulomb’s law. This gives

%1
. W — and hence
ane,r?  4Amg,rt
B=ot
4me,r?

Two singly charged ions, one positive and one
negative are separated by a distance of 0.50 nm.
Calculate the electric field at P a distance of 0.30nm
from one of the ions and 0.40 nm from the other, as
shown in Figure 23.3(a).

Answer
Field due to positive ion = 4
41‘r€0r3
1.6x 107"
=E = =
4me,(0.30 X 1077)°
=1.6x10° Vm™!
Field due to negative ion = 4
4me,r?
16w 10~
=EK

n

© 4mE, (040 X 107°)°
=-0.90 x 10" Vm™
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The signs here simply show that the field of the
negative ion is directed to it whereas the field of the
positive ion is directed away from it, as shown in
Figure 23.3(b). Using Pythagoras’ theorem for the
total field gives E, = 1.84 X 10"V m™ in the direction
shown.

0.30nm

0.50nm

+1.6x107°C -16x1077C
(a)
Field at P due to
positive ion
Resultant field

Field due to negative ion

(b)
Figure 23.3

The analysis of the electric field in a three-
dimensional crystal structure can be very complex
but gives understanding about the structure of
matter — and computers can be programmed to do
the complex mathematics.

Electrical potential

e B TR T T Ta—
'.._.LJ::!I\)_'JFJ:)UH petween elieclric :|C‘!ub andad

gravitational fields

Just like it is useful to have quantities associated with
force and with energy for gravitational fields, in the
same way it is also useful to have these quantities for
electrical fields.

In Chapter 6, gravitational field and potential

energy were introduced. In Chapter 16, the
relationship between gravitational field g and
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gravitational potential ¢ was established for

fields around spherical objects. From Chapter 10,
considering electric fields, the relationship between
electrical potential V and electric field strength

E was established for uniform fields. Table 23.1
shows the strong similarities between these terms as
applied to uniform gravitational and electrical fields.
For the electrical situation charge replaces mass but
apart from this the only changes are the different
symbols for fields, potentials and distances.

General - applied  Specific - applied

per unit for an actual
quantity
Gravitational Field=g¢ Force = mg
force per unit mass force on a mass m
Potential ¢ = gh Energy = mgh
energy gain per energy for moving
unit mass mass #1 a distance h
against the field
Electrical Field=E Force = EQ
force per unit force on a charge Q
charge

Potential V= Ex
energy gain per
unit charge

Energy = EQx
energy for moving
charge Q a distance
x against the field

lefinition of electrical potential

With such a close relationship between electrical
field theory and gravitational field theory; it
should not come as a surprise to you that electrical
potential at a distance r from a point charge Q is
defined in a similar way as gravitational potential
was defined in Chapter 16. This involves the zero of
electrical potential being taken when 7 is infinity. In
other words, the electrical potential is zero at a point
which is at a great distance from the charge.

Electrical potential V at a point is the work
done in bringing unit positive charge from
infinity to the point.

One difference between the gravitational
situation and the electrical situation is that, in the
gravitational system the potential is always negative.

For the electrical situation, since charge may be

positive or negative, the work done in bringing a

unit positive charge towards Q will be positive, but

negative in bringing a negative charge towards Q.
The equation for electrical potential is

Q

4dme,r

Vi=

If you want to know where this equation comes
from and if you are studying calculus, it is found by
integrating the force X the distance from infinity to r
as follows.

Ve[ Fdx=— 2

= 47, x>

In Chapter 10 it was shown that in a uniform
electric field the potential gradient equalled the
electrical field strength. The numerical values of
the potential gradient and the electric field strength
are indeed equal to one another, but the positive
direction of the electric field strength will be in
the direction of decreasing potential. It is therefore
useful to remind yourself of this fact by using the
equation for electric field strength in the form
E=AV/Ad.

E ¥ 7

xample 2
An electric field is used in the cathode ray tube of

an oscilloscope to focus a beam of electrons on a

spot on the screen. (This is also done in X-ray tubes,
photomultiplier tubes and large oscilloscopes, but in
these cases magnetic fields are used as well.) Two (or
more) cylinders are used, through which the electrons
pass. Figure 23.4 is a diagram of the arrangement in
which the first cylinder is kept at 0V and the second
cylinder is at 1000 V. The purple lines on the diagram
show the electric field inside the cylinders. The dotted
lines are equipotential lines every 100V from 100V

to 900 V. Note that equipotential lines always cut field
lines at right angles.

(a) Calculate the increase in the kinetic energy of an
electron in passing through the system.
(b) Explain why electrons travelling along the axis

of the cylinders are not deflected.
(c) Explain how electrons travelling off the axis can
be brought to a focus.
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+ 1000V

A 5 Paths of electrons
1600V ; ' being focussed

Electron
source

+ 1000V
Two cylinders kept
at 0V and 1000V
respectively
Figure 23.4
(d) Calculate how much work is done on an (c) An electron travelling off axis and downward,
electron in moving it from point A to point B. at C for example, will have a resultant force
in the opposite direction to the field. It has
Answer (a) The gain in potential of an electron is components in the direction of travel, which
1000V, that is 1000 joules per coulomb. The charge will speed it up, but also at right angles to this,
on an electron is 1.6 x 107 C so the gain in energy is upwards. This will give it acceleration upwards
1.6 X 107]. and adjustment of the field can control where
(b) An electron moving along the axis of the it, and similar electrons, will be brought to a

cylinders always crosses lines of equipotential
at right angles. This means that the force on the
electron will be forward with no component

up or down. It will accelerate in a horizontal
direction. (It is negative so it will accelerate in a
direction opposite to the field direction.)

focus. Note that these electrons will all gain the
same amount of kinetic energy as the ones that
pass along the axis, because they all have a gain
of 1000V potential difference.

(d) The potential at A is 200V and at B is 800 V.

The work done W is, therefore, given by
W=QV=16x10"YCx600V=9.6x10"].

| " The force F between two charges Q1 and Q, separated
| by a distance r is given by Coulomb’s law.

_QQ

‘ F _ where £, =8.854 x 10" Fm"™
4dme,re

/' The electric field strength at a distance r from a

charge Q:
__Q

4me,r’

/" The electric potential at a distance r from a charge Q:

v=_2

4dmer
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23.1 Show that the unit Fm™ is the same as Cm~ N (b) Alarge positively charged sphere near a small
charged sphere carrying an equal charge.

(c) Three small spheres placed at the corners of an
equilateral triangle. Two of the spheres have the
same positive charge and the third sphere has a
negative charge of equal magnitude to the other

One of the plates has a potential of zero and the other a

potential difference of +400 V.

(a) Calculate the value of the electric field between the
‘ plates, ignoring any edge effect.

|
|
‘ 23.2 Two parallel plates are separated by a distance of 0.005 m.

(b) Draw a diagram, using a large scale, showing twosphieres.
‘ the field near the centre of the plates and on the 23.4 (a) An electron circulates around a proton in a
diagram show, in a different colour, lines of equal hydrogen atom at a distance of 5.3 X 107''m from
I potential. (Lines of equal potential are always at the proton. Calculate the electrical potential of the
| right angles to field. The same is true with contour electron.
| lines on a map. Contour lines connect places of (b) Another electron rotates at a distance of
‘ equal gravitational potential: gravitational field 5.4 x 107" m from the proton. Calculate its
| causes water to flow at right angles to contour lines.) electrical potential and hence the potential energy

it loses when it moves in to the state of lower
potential as calculated in (a). (Regard both the
proton and the electron as being point charges.)

23.3 Draw electrical field diagrams for the following situations.
(a) A positively charged sphere placed near an
uncharged metal plate.
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There are many electrical circuits where it is essential
to store electrical energy. Note that batteries do

not store charge. They use chemical energy to push
electrons around a circuit. A capacitor is a device
that stores energy in an electric field.

A capacitor consists of a pair of parallel plates
with an insulator, called a dielectric, between them.
In use a capacitor might have a charge of + 2.7
millicoulombs (mC) on one plate and normally
therefore a charge of —2.7 mC on the other plate.
Under these circumstances the charge on the
capacitor is said to be 2.7 mC. Note that the total
charge is always zero but the use of the energy stored
by this arrangement can provide a current as the
capacitor discharges. Figure 24.1(a) shows a possible
arrangement and (b) gives the circuit symbol for a

capacitor.
(‘ Metal plates

\ Insulator

(a)
Figure 24.1

For a given potential difference between the plates,
the closer they are together, the greater the charge
on the capacitor. This is because the force between
positive and negative charges increases as they are
moved closer together. Some very good dielectrics
can be manufactured with thickness of only 0.01 mm
and these give capacitors with very high capacitance.

As might be expected from the introduction,
capacitance links charge with potential difference.
It is found experimentally that the charge on a
capacitor is proportional to the potential difference
across it so the ratio of charge to potential difference
is constant.

Capacitance C is defined as the charge Q per
unit potential difference V.

c=2
‘V’

The SI unit of capacitance is the farad (F). One
farad is one coulomb per volt.

Most capacitors have capacitance considerably
less than a farad.

1pF=10"*F
1pF=10"F

A 22 UF capacitor is connected across a 12V battery.
Calculate the charge on the capacitor.

Answer

SinceC=Q/V,Q=CV=22X%X10°FXx 12V
=2.64x 10~ C=264uC

The circuit shown in Figure 24.2 shows the 22 UF
capacitor from the example in a circuit with two
other capacitors connected in parallel with it. One

of these is a 150 UF capacitor and the other a 10uF
capacitor. These two capacitors will also charge from
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22uF

(50UF

10uF

Figure 24.2

the battery. The charge on the 150 UF capacitor will
be 150 uF x 12 V = 1800 uC and the charge on the
10 UF capacitor will be I0UF x 12 V =120 uC. The
total charge supplied by the battery will be

2641C + 1800 uC + 120 uC = 2184 uC.

The capacitance of the complete circuit is,
therefore, 2184 uC/12 V = 182 uE This is the sum
of 22uF + 150 uF + 10 uE In other words, for
capacitors in parallel the total capacitance is the sum
of the individual capacitances.

A formal proof of this would label the three
capacitors with capacitances of C,C,and C .

The charge on each capacitor would be Q , Q,
and Q, with

Q,=CV,Q,=C,Vand Q,=C,V.
This gives a total charge Q supplied as
Q=CV+CV+(CV=(C +C,+C)V.
So the total capacitance
C=Q/[C=(C,+C,+C)V/V=C +C,+C,
For capacitors in parallel C=C, + C, + C+...........

Capacitors in series are harder to understand than
capacitors in parallel. Look at the circuit in
Figure 24.3.

I
L

< G

Figure 24.3

Only the left-hand plate of C, and the right-hand
plate of C, are connected to the battery. C, has no
connections to the battery at all: it has insulators
between it and the battery. The right-hand plate
of C, and the left-hand plate of C, must have zero
total charge on them. This can be achieved by one
plate having positive charge and the other plate
having an equal and opposite charge. This is what
happens. As soon as the connection is made, some
electrons move to the right-hand plate of C,, making
it negative. Immediately electrons in atoms on the
left-hand plate of C, are repelled leaving it positively
charged and the right-hand plate of C, becomes
negatively charged. This continues through the three
capacitors and electrons will leave the left-hand
plate of C, to complete the circuit to the supply. The
situation once charged is as shown in Figure 24.4.

e, &, €
<V, > <« Vs> < Vi
O Vv O

Charge supplied = Q
Figure 24.4

For any number of capacitors in series, therefore,
we have the curious situation in which every
capacitor has the same charge and that is equal to
the charge the battery has supplied. This is a good
example of conservation of charge in action. It must
be that in a series string of eight capacitors, all eight

capacitors, whatever their capacitance, will have the
same charge.



Now we are in a position to calculate the total
capacitance of a number of capacitors in series. The
three capacitors of capacitance C, C, and C, are in
series with a supply of potential difference V.

Assuming the charge from the supply is Q then
the charge on each capacitor is also Q, as explained
above. This gives the potential differences across
each capacitor as
v=d vl =

& "% ¢

1

Do

The total potential difference across all three
capacitors

=V=V +V,+V,
2.2 9 ol
54 V_C!+C2+Ca_ (C1+C3+CJ

But Q/V = C, the total capacitance of the circuit,
so V/Q=1/C giving

L + L for capacitors in series.
Gy G

1. The pattern of these equations for capacitors
is the opposite way round from those for
resistors. For capacitors in parallel, the
addition of the capacitor values is used; for
capacitors in series the reciprocal equation
is used.

2. Putting capacitors in parallel increases the total
capacitance; putting them in series decreases
the total capacitance,

3. When using the reciprocal equation, many
mistakes are made through carelessness.
Working that is done correctly until the final
stage is spoilt if the final value is given as, say
0.01 UF when it should be given as 100 uF. The
sum of the reciprocals gives 1/C and not C.

4. Itis often useful with capacitor problems
to work in volts, microcoulombs and
microfarads. It avoids too many 10* terms.
These can be awkward if you have, for
example, capacitors of 5x 10° F 1 x 10~ F
and 2 X 107 E It is usually easier to write
50 uF, 100 uF and 2000 uE
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Figure 24.5(a) shows a combination of capacitors of
capacitances 2.0 uF, 5.0 uF and 3.0 UF connected to
a 240V supply. Calculate the charge and the p.d. for
each capacitor.

(a)

0 240V o
(b)
Figure 24.5

Answer
Start by drawing Figure 24.5(b). That is by
recognising that two capacitors of capacitances
5.0 uF and 3.0 UF in parallel are equivalent to a
single capacitor of capacitance 8.0 UF.

The reciprocal formula can now be used to find
the total circuit capacitance.
4+1 5

:l-l-l:———* SO C:§=16“F
2 8 8 8 5

Of=

The supply, therefore, provides a charge given by
Q=CV=1.6UF x 240 V =384 uC and this is the
charge on both the 2 UF and the 8 UF capacitors. The
p.d across the 2 UF capacitor is, therefore, given by
Q/C= 384 uC/2 uF = 192 V. With this p.d. across the
2 UF capacitor there must be (240 - 192)V =48V
across the 8 UF capacitor.

Going back to circuit in Figure 24.5(a) at this
stage gives a charge

on the 5UF capacitor of 5 UF x 48 V =240 uC and

on the 3 uF capacitor of 3 uF x 48 V = 144 uC.

A check now is to see that 144 uC + 240uC =
384 uC, which equals the charge on the 2 uF
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capacitor, as it must be. The final figures are
summarised in Table 24.1. The whole problem could
have been done within a table.

2.0 192 384
5.0 48 240
3.0 48 144
whole 1.6 240 384

circuit

The last column is deliberately left blank so that
after the next section of the chapter on energy stored
in a capacitor, the column can be filled.

When a capacitor is charged by gradually increasing
the potential difference across it, the charge is always
proportional to the potential difference, as shown in
Figure 24.6.

A
Charge
2 s 5 ]
0 . >
0 V' Potential difference

Figure 24.6

Capacitance C is defined as the charge Q per unit
potential difference V.

C=QV
Capacitors in parallel: C_ =C, + C,+ C, +....

It is not like resistors in parallel.

The energy stored by the capacitor will be the area
under the graph, namely% QV. In terms of C and
V this becomes % CV?and in terms of C and Q this
becomes % Q?/C. You might have expected the energy
stored to have been simply QV, because Q is measured
in coulombs and V'in joules per coulomb. The %
appears in much the same way as with the stretching
of a spring. The energy stored there is % Fx because

you can start stretching the spring with a much
smaller force than F, the final force. With a capacitor
the first charge put on the plates can be done with a
small potential difference and as the charge increases
so the potential difference needs to rise to its final
value V. If a capacitor is charged by suddenly applying
the full voltage, then a spark often occurs and this
wastes energy in the form of heat (and sound).

The energies can now be put in the earlier table.

2.0 192 384

36900

5.0 48 240 5760

3.0 48 144 3460

ol 1.6 240 384 46100
circuit

Capacitors in series are added in the way resistors

in parallel are added:
1 1 1 1
— =ttt ...
C € G G

The energy stored in a capacitor

] 1 2 1 =
= — V:—CV“:— ‘,(C
ZQ 2 ZQ



24.1 Calculate the resultant capacity of
(a) two 10uF capacitors in series,
(b) two 10 uF capacitors in parallel,
(c) alOUE 20uF and 50 uF capacitor all in series,
(d) a20uF capacitor in series with a 30 UF capacitor
and these two capacitors having a 40 UF capacitor
in parallel with them.

24.2 Complete the following statement with the words
parallel and series.
(i) To increase the total capacitance, capacitors must
be placed in
(ii) To decrease the total capacitance, capacitors must
be placed in
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24.3 Calculate the charge on a 5000 UF capacitor when there is
ap.d. of 200 V across it.

24.4 Having as many 1000 pF capacitors as you need, explain

how to make a capacitor of capacitance 0.0062 uF.

24.5 A 1000 UF capacitor is to be used to store 3.0] of energy.
Calculate the potential difference required across it and

the charge on it.

24.6 A capacitor used in a smoothing circuit has a potential
difference across it that falls from 20.50V t0 20.10V in
0.020s. Assuming that the current from the capacitor
during this time has a constant value of 0.56 mA, deduce

the value of the capacitor.




Sensing Devices

Any sensing device is a piece of equipment that
enables some physical phenomena to be monitored.
Long ago before the computer was invented,

there were devices such as rain gauges to measure
rainfall, thermometers to measure temperature,
seismometers to measure earthquake activity,
anemometers to measure wind speed, altimeters to
measure altitude and hundreds of other instruments.
All of these physical phenomena still need to be
monitored today, but the output from the sensor now
needs to be suitable to provide a computer input. The
output, therefore, needs to be an electrical potential
difference, a voltage. In this chapter, a sensing device
will be considered as something that, with a suitable
electronic circuit, can provide a voltage output for
connection to the input of a computer.

A light-dependent resistor, an LDR, is basically a
piece of semiconductor material, such as silicon.
When light falls on the silicon, electrons within it are
able to flow and hence its resistance decreases. The
graph, Figure 25.1 shows this effect.

A

Resistance of an LDR

[=]

Y

Level of illumination

Figure 25.1

The resistance might fall from hundreds of kilo
ohms in the dark to a hundred ohms in a strong
light.

In order to obtain an electrical output for a
computer input, a potential divider circuit such as
the one shown in Figure 25.2 is used. Using this
circuit, the output will be high when the LDR is
illuminated and low when it is in the dark.

LDR

]‘,//

1

T Output - high
for bright light,

low for dim
light

Y

Figure 25.2

An LDR has a resistance of 100k in the dark
and 2002 in the light. It is connected as shown in
Figure 25.3 in series with a resistor of resistance
7800 Q2.

e

Output - low
{/ for bright light,
LDR high for dim
light

Y

Figure 25.3
What will be the output in the light and in the dark?



Answer
In the light, the total resistance is 8000 €2 so the
current is v =0.0015 A.

8000

This gives a low output of 200 x 0.0015=0.30'V.
In the dark the total resistance is 107 800 Q, the
current is 1.11 X 10~* A and the output is 11.1 V. This
example shows that reversing the positions of the
resistor and the LDR reverses the behaviour of the
LDR, to give a high output when in the dark.

The negative temperature coefficient
thermistor

A negative temperature coefficient (NTC)
thermistor, is a thermistor that has a high resistance
when cold and a low resistance when hot. The graph,
Figure 25.4 shows this effect.

Resistance
of NTC

thermistor 1

0 "

Temperature/°C

Figure 25.4

The resistance might fall from hundreds of kilo
ohms when cold to a hundred ohms when hot.
In order to obtain an electrical output for a
computer input, a potential divider circuit, similar
to the one for an LDR, is used. It is shown in
Figure 25.5. Using this circuit, the output will be
high when the NTC is cold and low when it is hot.

It is possible to buy positive temperature
coefficient thermistors, but they are less commonly
used. What might the graph of resistance against
temperature look like for such a thermistor?
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—_———— —
i Qutput - high
for low temperatures,
NTC low for high
thermistor temperatures
Figure 25.5
The piezo-electric transducer

The piezo-electric transducer is a device that can

be used to measure pressure. Details of its use were
given in Chapter 21 on ultrasound, where it is
pointed out that crystals of lead zirconate titanate
can be used in microphones. The passage of a sound
wave past the crystal causes rapid variation in the
forces applied to the crystal, and the consequent
variation in voltage can be amplified and used to
provide an electrical input to an amplifier.

Strain gauges

A strain gauge is basically a metal wire. When a
force is applied to it its length increases by a small
amount. Apart from simply measuring forces it is

a useful device for monitoring small movements.
When a prototype aircraft is undergoing initial tests,
its wings and fuselage can be almost covered in
strain gauges.

Figure 25.6 A worker is installing a strain gauge on a
bridge to measure how much a part of the bridge is distorted
when a load is put on it.
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The strain gauges will be firmly attached to
the aircraft and when, under stress, a part of the
aircraft stretches, the strain gauge is stretched with
it. All the strain gauges will be connected to many
circuits that will measure the resistance of every
strain gauge.

The principle of the strain gauge is easy to
understand. A small length of wire has a particular
resistance. When it is stretched, its length
increases and its area of cross-section decreases.
Both of these effects cause an increase in the wire’s
resistance. Provided the wire does not go past its
elastic limit, the stretching can be repeated many
times. The structural metals used in aircraft in the
past have been known to suffer fatigue after many
journeys. This results in fracture of some metals at
below normal stresses. Fatigue has caused aircraft
to crash. Now, all aircraft are tested to determine
how many take-offs and landings they are allowed
before fatigue becomes a hazard.

Evamnla 2

A piece of nichrome wire of length 60 mm and
radius 0.076 mm has a resistance of 3.6 Q. What will
be its resistance when it is stretched by a distance of
2mm?

Answer The mass, density and the resistivity of
the wire do not change when it is stretched so its
volume is unchanged. This gives

volume = [ X tr* = 60 X 7t X (0.076)* = 62 X Tt X o
where r, is the new radius.

This gives r_=0.07476 mm so

e RA _ 3.6x mx 0076
resistivity = o= —T—
_ Rxmx 007476

62
giving R = 3.84 Q.

A change in resistance from 3.6(0) Q2 to 3.8(4) Q
is easily detected by an electrical measurement.
This example illustrates several important points.

With any problem it is vital to think about

the units being used in the calculation, yet
here millimetres have been used as the unit of
length rather than metres, that would be the SI
unit normally used for a resistivity problem.
This is a comparison problem. We are
comparing a new resistance with an original
resistance. In this type of problem it is not
necessary to use the basic unit because
essentially we simply want to know how
many times larger one resistance is compared
with the other. 6 metres is three times larger
than 2 metres, as 6000 mm is three times
larger than 2000 mm.

It is possible to take an even more radical
approach to this problem. It needs care but
can be very helpful and quick if you know
what you are doing. It is as follows.

A 3.3% (2mm in 60 mm) increase in the length
implies a 3.3% decrease in the area of cross section.

Since R = pl/A this means a 6.6% increase in
resistance from 3.6(0) Q to 3.8(4) Q. Note that a
3.3% decrease in A, on the bottom of the expression,
results in a 3.3% increase in R.

| ——

A light-dependent resistor (LDR) has high resistance
in the dark and low resistance in the light.

A negative temperature coefficient (NTC) thermistor
has high resistance when cold and low resistance
when hot.

A piezo-electric transducer produces a potential
difference across opposite faces when squeezed.

A strain gauge has increased resistance when |
stretched. |
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25.1 A piece of copper wire of diameter 0.315mm and
length 250 mm has resistance 0.0553 Q. It is then
subjected to a stretching force that increases its
length by 2.0 mm. Assuming that the volume of the
wire is unchanged, calculate the new resistance of
the wire.

25.2 A wire in a strain gauge has its length increased by

0.80%.

(a) Show that this means that the area of cross
section of the wire decreases by 0.80%,
assuming that the density of the metal of the
wire remains unaltered.

(b) Deduce the percentage increase in the resistance
of the strain gauge wire.

(Did you notice the connection between
questions 1 and 27)

25.3 A light-dependent resistor has a resistance of 220k
when it is in the dark and 2400 Q when illuminated
strongly. Draw a circuit diagram to show it correctly
connected to a 12.0V battery of internal resistance
of 16, and an output connected across a resistor of
resistance 10k€2.

Calculate the output voltage when the LDR is
(a) in the dark,
(b) illuminated strongly.

25.4 A positive temperature coefficient thermistor has a
resistance of 4.0k at 300K and a resistance of 25kQ
at 600 K. It is connected in a circuit like the one shown
in Figure 25.5 in which the supply e.m.f. is 12.0V and
the resistor has a value of 10k€.

What will be the output when the PTC thermistor is at
a temperature of

(a) 300K and

(b) 600K?
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The operational amplifier (op-amp)

The op-amp is the basic building block of many
control systems. The voltage output of circuits such as
those shown in Figures 25.2 and 25.5 are frequently
connected to, or incorporated into, the input of an
op-amp: the output from the op-amp controls the
switches required. In many control systems multiple
op-amps and switches are required. For example, a set
of traffic lights at a crossroads might have 40 lights to
be controlled from timers, vehicle sensors, pedestrian
switches and sequence patterns.

The op-amp is an amplifier with two inputs,
an inverting input and a non-inverting input.
The circuit symbol for an op-amp is shown in
Figure 26.1 together with the function of the five
connections to it.

+Power
supply

Non-inverting
input

—Power

supply
Figure 26.1

The two power supplies to an op-amp are usually
balanced + and —, e.g. + 15V and — 15 V. On circuit
diagrams the power supplies are often omitted.

The properties of an op-amp
An ideal op-amp has the following properties.

@ An infinite input resistance. This means
that when it is connected to any circuit, no

current will be drawn from the circuit.
® A zero output resistance. This means that
the current it supplies will be determined

by the resistance of the device to which its
output terminal is connected and the supply
voltage of the circuit.

® An infinite gain. The gain is the ratio of the
output voltage to the difference between the
two input voltages.

A real op-amp comes very close to an ideal op-
amp. While its input resistance is not infinite,
it does have a resistance of the order of megaohms
so currents to the input are very small. The gain is
not infinite in a real op-amp but can be as high as
200000. In practical circuits, this is usually far too
high and steps have to be taken to reduce its value,
as the following circuits illustrate.

The op-amp as a comparator

When an op-amp is used as a comparator it is said
to be in open-loop mode and the gain provided does
have the high value referred to above. This is called
the open-loop gain A . A comparator compares the
voltage on its two inputs. If the voltage is V on the
inverting input and the voltage is V, on the non-
inverting input then the output Vou;is given by

Vout:Aol( VZ - Vl)'

This means that if the voltage V| on the inverting
input is greater than the voltage V, on the non-
inverting input, then the output is negative and
nearly equal to the =15V of the supply. If V. is greater
than V, then the output is positive and nearly equal
to the +15V of the supply.

As a comparator, in this mode the gain is so large
that it is almost impossible to obtain any voltage in
between +15V and —15V.

A comparator circuit is shown in Figure 26.2.

This circuit will switch oft a light-emitting diode
(LED) when the temperature of a thermistor gets



high enough. Consider V., the non-inverting input,
to have a fixed value. At low temperatures the
resistance of the thermistor is high, and therefore

V , the inverting input, is low and lower than V..
Uncler these circumstances the output is high, there
will be a current in the light-emitting diode (LED)
and it will light up. When the temperature of the
thermistor rises so that V| is higher than V, there is
no current in the LED and it will go off. The value of
V, can be adjusted so that the temperature at which
the LED goes off can be changed.

Vv -
- t

Figure 26.2

\djusting the gain of an op-amp

Using an op-amp in a comparator circuit effectively
means that the output will either be approaching
+15V or =15 V. In order to get a gradual change
between these two values instead of a sudden jump
it is necessary to use feedback. This can be done by
making use of the circuit shown in Figure 26.3, in
which a feedback resistor R, is connected from the
output to the inverting input.

I Rin
o > =
P Y

ov
Figure 26.3

Electronics 179

Since in this circuit the non-inverting input is 0V,
it follows that the inverting input must also be
very close to zero. This is because, from the basic
equation at the top of the previous column
(V2 - Vl) =V_ /(avery large number) = 0. For this
reason point P on Figure 26.3 is said to be a virtual
earth. Not only is this point at zero potential but
virtually no current enters the op-amp past P because
one of the properties of an ideal op-amp is that it has
infinite input resistance and real op-amps get very near
to this ideal. So, any current from the input must go
from P and through the feedback resistor to the output.

I -— & — 1"‘::u.u
R, R
giving the gain on this closed loop, A, = = _R—R

This enables the gain in an inverting amplifier to
be calculated.

The minus sign here reminds you that the input is
to the inverting input, so the output will always have
the opposite sign to the input.

TL e SR PR ) o S ey ¥ 2
| Ne non-inverting ai |']‘§_'[L'.|':I

The same principles are used with this amplifier
circuit, shown in Figure 26.4.

o

4 oV
Figure 26.4

Since the inverting input has an almost infinite
resistance, no current is in the wire to this input from
point P. Therefore the current I is the same through
R.and R . As before V,— V| = 0 so the voltage at
the mvertmg input = V and this is the same as the
voltage at P. The gain, therefore, can be found as
before.
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giving the gain on this closed loop,

V. +R _
Al — out — R1 + Rm — I + ﬁ
N R R

in n in

A slightly different equation and no minus sign this
time because the input is to the non-inverting input.

The output from an op-amp circuit can simply

be monitored by a calibrated digital or analogue
voltmeter or milliammeter, but often a simple switch
will be used. Controls on such systems as a washing
machine monitor the time for the different stages of
the wash, the temperature and the speed control on
the drum. This will be done using a series of relays.
In Chapter 27, a relay is described as a device that
acts as an electromagnetic switch (see Figure 27.5).

6V
o2
o = X
Input
6V +
10kQ > K\
5V { 5
10kQ % N
4V E + I
10kQ > \\
-
3\ +
T
10kQ o LR
2V E +

Figure 26.5

It enables a small current to switch a large current
off or on. Such a device is often used on the output
of an op-amp circuit. Relays can be purchased with
multiple contacts. The lever that moves in the relay
could, for example, turn three circuits on and two
circuits off when actuated by a current of just

a few milliamps passing through its coil.

Another way the output from an op-amp can be
used is to operate a sequence of lights. One practical
use of this is familiar on many audio systems to
give an indication of volume. Figure 26.5 shows a
circuit for such a system, using six op-amp circuits
as comparators.

The same audio signal is applied to all six
inverting inputs of the op-amps. The non-inverting
inputs to the op-amps gradually increase from 1V
to 6 V using a chain of six 10kS2 resistors. When the
signal input reaches just over 1 volt the output from
the bottom op-amp switches its output from positive
to negative. A current is set up in the bottom LED
which therefore lights up. The other op-amps
remain with positive outputs and so will not be
illuminated. Only when the input reaches just over
6V will all LEDs light up.

Often when an output from an op-amp is provided
it is necessary to have some way of knowing how
the potential difference (voltage) across the output is
related to the input potential difference.

The output from an op-amp will always be a
voltage. That voltage may be representative of many
different physical quantities. Op-amp circuits may
be using a variety of information from digital or
analogue sources. For example, if the sensor being
used is a thermistor, then the electric output voltage
will depend on the resistance of the thermistor. It will
though, also depend on the values of the input resistor
and the feedback resistor. Knowing the output voltage
will be insufficient to determine the temperature
of the thermistor. At some stage a calibration
exercise needs to be carried out to relate output with
temperature. This can be done using the circuit drawn
in Figure 26.6 in which the thermistor is connected
in a series circuit with a standard resistor and the
6V supply. The junction between these components
is connected to the inverting input of the op-amp.



The non-inverting input is earthed. An accurate
voltmeter is connected on the output. When the
thermistor is placed in a beaker of water together with
an accurate thermometer, the water can be stirred to
ensure it is all at the same temperature and a series of

6.0V

Thermistor
in beaker

] O,

Figure 26.6
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readings can be taken of the thermistor temperature
and corresponding voltmeter readings, enabling a
calibration curve to be drawn, such as the one shown
in Figure 26.7.

Voltmeter reading

!

Temperature/°C

Figure 26.7

‘ /" 'The op-amp is an amplifier with two inputs and,

v* Gain provided by inverting amplifier =

therefore, serves as building block of many control ~V,. -R
out
systems. An op-amp used as a comparator is said to v —Rm
be in open-loop mode and the open-loop gain A, . ) _i" ) ‘ :
A relay is a device which acts as an electromagnetic 7 Gain provided by non-inverting amplifier =
‘ switch and enables a small current to switch a large Vi ik R
current off or on, V. R,
26.1 A comparator circuit, as shown in Figure 26.2, uses v
a value of V=12V with the op-amp having a gain of R + o
10000. Show that with V,=8.0 V' the output will switch e 8k
from positive to negative between 7.999V and 8.001 V. L6kO
| 26.2 Draw a circuit diagram to show an op-amp comparator - ov
circuit acting as a sensor to control a relay that can switch Figure 26.9

on the heating in a greenhouse when the temperature falls

‘ to a predetermined value.
26.3 Deduce the output voltage of the circuits shown in
Figures 26.8 and 26.9.
| 48kQ2
‘ 1.6kQ
o=—{ |
li"{)\.ﬂ
' Vip=25mV

‘ ov
Figure 26.8

26.4 Sketch a drawing of a relay where the contacts switch two
separate circuits on and one circuit off when sufficient
current passes through the coil of the relay to move a lever.




Introduction

You have been aware of magnets and magnetism
from a very early age. Magnets are used in lots of
toys and the fun of playing with them stems from
the fact that they can both attract and repel one
another. You might have noted that certain metals
are attracted to magnets and that most other
materials are non-magnetic, i.e. magnets do not
attract them. In fact, all materials are magnetic but
most materials are so weakly attracted that the force
of attraction is not noticed. Iron is very strongly
magnetic, whereas stainless steel is usually non-
magnetic. Cobalt and nickel are two other elements
that are strongly magnetic. Ceramic magnets are
now used in many devices as are magnetic sheets of
a rubber like material that can be cut with scissors.

Concept of a magnetic field

You have probably spread iron filings on a piece of
paper on top of a magnet and seen a pattern like the
one shown in Figure 27.1.

The pattern shows a region of influence of the
magnet that gets weaker as the distance from
the magnet increases. This region of influence is
called a magnetic field. You will be aware that the
Earth too has a magnetic field and that the field
can be used for navigation. A suspended magnet
will align itself with the Earth’s magnetic field.
The end pointing approximately north is called
the north pole. The angle between true north and
magnetic north varies from place to place on the
Earth’s surface and ships have charts that give
this information. Global Positioning Satellites,
GPS, give a ship’s position more accurately than a

compass, but most ships still have a compass on
the bridge in case of breakdown of GPS. A ship’s
compass is shown in Figure 27.2.

Figure 27.1 Photograph of iron
filings on top of a magnet

Figure 27.2 Photograph of a ship’s compass

It is clear from Figure 27.1 that the magnetic

field is strongest near the ends of the magnet. The
direction of the field is arbitrarily taken to be from

north to south. Figures 27.3(a) and (b) show the
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Figure 27.3

shape of the magnetic field around combinations of
magnets. Where the field is strongest, the lines are
closer together. The fact that the field has strength
and a direction tells you that magnetic field is a
vector. To obtain magnetic field diagrams such

as those in Figures 27.3(a) and (b), it is necessary
at each point to add the field from each magnet
vectorially.

Ma rf||1L. magnet

Many of the magnets discussed so far in this chapter
are permanent magnets. That means they always
have a magnetic field around them, and if they are
not abused by knocking them, they will retain their
magnetism for many years. To make a permanent
magnet, it is necessary to use a coil of wire wrapped
around a metallic core and then pass a large electric
current through the coil. This is shown in Figure 27.4.
Provided there are enough turns of wire in the
coil and the current is large enough, the metal inside

FaVaVaVaVaWa V.. aVa¥a¥al FaVaV¥al

VWUV UTTUT TV VVVVVVVI UV

Y
Current Current

Figure 27.4 Making a permanent magnet

the coil will be magnetised. Certain cobalt steel
materials will retain their magnetism even when the
current is switched off.

If the material in the core is just iron then the
magnetism will not be retained and the magnet is
then called an electromagnet. Electromagnets are
very useful, and not just for lifting scrap iron in a
scrapyard. Many pieces of electronic equipment
such as thermostats, televisions, CD and DVD
players and computers contain relays. These are
small electromagnetic switching devices that were
mentioned in the previous chapter. Figure 27.5 shows
the structure of a relay.

The relay consists of an iron core on which is
wound sometimes thousands of turns of very fine
insulated wire connected to terminals A and B.

A current, that can be as small as a few milliamps,
when passed through the coil will magnetise the core
and the core attracts a small piece of iron mounted
on a springy piece of steel. In doing this contact

is made between terminals C and D and this acts

as a switch to turn on a current that may be many
amperes. For example, in a thermostat circuit, a fall
in temperature may generate an output of 3 mA to
the relay. The relay may switch on a heater connected
to the mains and the current through the heater

may be 10 A. When the current through the coil is




184 Cambridge International AS and A Level Physics Revision Guide

switched off, the current between C and D will be
switched off.

The click you often hear when you switch on
electronic equipment is often the control relays
operating. These will control items such as the disc
eject motor on a DVD player or computer.

TC

o o W o MR Y W WY . ¥

iron

v VvV v U VvV

Springy
steel

inpul-

Figure 27.5
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Experimentally it is found that when a wire carrying
an electric current is placed in a magnetic field, a
force is exerted on the wire. It is this force that is
used to drive all electric motors. The magnitude of
the force increases as the current increases and is
also proportional to the length of the wire. It varies
with the angle between the direction of the current
and the direction of the field. The force has its
maximum value when the field is at right angles to
the current and falls to zero when the field and the
current are in the same direction. Putting all of this
information into mathematical terms gives

force F o< length of wire
o< current [
o< sine of angle between current and
field 6
o< strength of field B

and hence F = BIlsin 6.

Notice that the proportional sign has suddenly
changed to an equals sign. This is because an

experiment is not possible to show proportion
between F and B until we know how to define B.
The strength of the magnetic field is given the name
magnetic flux density and the above equation is
used in the definition. By definition, the force is
proportional to the magnetic flux density.

The formal definition of magnetic flux density is:
magnetic flux is the force acting per unit current in a

wire of unit length which is at right angles to the field.

_F _F
"~ Il sin90°

1

The unit of magnetic flux density is, therefore,

N A'm™ and this unit is called the tesla (T). One
tesla is the magnetic flux density in a region when a
wire of 1 metre length, carrying a current of

1 ampere experiences a force of 1 newton when
placed at right angles to the field.

There is a further consideration about magnetic flux
density and the force on a current carrying wire when
placed in the field. This concerns the direction of the
force. Figure 27.6 shows the direction in which a force
acts on a wire placed between the poles of a magnet.

The field, the current and the direction of the
force are all at right angles to one another. If you
hold your left hand so that the seCond finger
points in the direction of the Current and the First
finger in the direction of the Field, then the thuMb
will be pointing in the direction of the force, the
direction of Motion. This is known as Fleming’s
left-hand motor rule.

Motion

Figure 27.6



A current balance is an accurate scientific instrument
for measuring magnetic flux density. It depends
directly on the use of the defining equation for
magnetic flux density, namely B = F/Il. A diagram of
a simple current balance is shown in Figure 27.7 with
(a) a view from the top and (b) a view from the side.
The theory for calculating the magnetic flux density
starts by using the principle of moments, Wx = Fy.

Wx
vl

Then since B= —E we get B=
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All these quantities are measurable and so B can
be found.

The instrument consists of a U-shaped piece of wire
balanced on two knife-edges P and Q. A measured
current I passes into the U-shaped wire at Q, moves
around to P where it leaves the balance. The only place
where this current is in a direction at right-angles to
the magnetic field is over the RS part of the wire of
length I. The U-shaped wire is carefully balanced before
the current passes through RS and is re-balanced by a
weight W after switching on the current I.

Current [

weight W C)

(a) Top view of
current balance

- / Q
wire in
U-shape

-

R
A

>

f

weight W

=
——>— (b) Side view of
—

> current balance

magnetic field to
be measured

Figure 27.7

Since current is the rate of flow of charge, the
equation F = Bl can be rewritten as
Bl

t

F=

where q is the charge flowing for a time ¢.
However I/t is the speed v of the charge and so
F= Bqv. If the movement is not at right angles to the
field, then a sin 6 term is required giving the force
on a charge moving in a magnetic field to be

F=Bgvsin6.

The direction of the force is given in the same way as
for a current, by Flemings left-hand rule, but be careful,
if the particle is an electron, it has a negative charge
and so the direction of the current is in the opposite
direction to the direction of the electron’s velocity.

A beam of electrons generated with speed

1.44 X 10°ms™ in a magnetic field of flux density
0.0087T is travelling at right angles to the field, as
shown in Figure 27.8.
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0
Magnetic
field of
flux density 0.0087 T
down into page
Figure 27.8
(a) Deduce the radius of the path that the beam will

follow.

(b) Describe qualitatively the alteration to the path
if the angle of emission of the electrons is tilted
slightly downwards, that is into the paper a little
in the figure.

[Given: Charge on electron = 1.60 X 107 C; mass of
electron=9.11 x 10~ kg]

Answer (a) The force on an individual electron
will be given by
force = Bqvsin 6
=0.0087 X 1.6 X 1077 X 1.44 X 10*X sin 90°
=2.00 X 10™"*N to the right and at right
angles to the electron velocity
[FlemingSs left-hand rule has your first finger
pointing into the page, your second finger pointing
towards you (current is towards the bottom of the page
as the negative electrons are travelling towards the top
of the page) and your thumb pointing to the right.]

This is the situation for circular motion as, when
the direction of the electron changes, the direction
of the force will change so that it is still at right
angles to the motion.

The radius of the motion is given by using

F:m};.—_
my? 911107 x(1.44 x 10°)’
850 rr=—= =T
F 2,00 x 107"
=0.094m

(b) When the initial velocity has a component down
into the page the magnetic field will not cause
any force in the downward direction. So while the
path of the electrons will continue to be circular
they will all have a downward velocity into the
page. This will result in the electrons following a
helical path, as shown in Figure 27.9.

O

Figure 27.9 View of path of electrons from the side

As a footnote to this example, notice that the force
is never in the direction of travel and so the speed of
electrons remains constant as they go round in the
circle or the helix. This property of charges keeping a
constant speed when deflected in a magnetic field is
made use of in cyclotrons where charged particles can
be accelerated across a gap between two semicircular
enclosures but within the enclosures they travel at
constant speed. This is shown in Figure 27.10.

Particle
source

Emergent
high-energy

. «— Particles accelerated

beam

in the space between
the semicircles

Particles at constant
speed when travelling
in a semicircle

Figure 27.10



Particles coming into the Earth’s high atmosphere

near the Earth’s magnetic poles also follow a helical
or spiral path and lose energy in the process of
colliding with gas atoms. This results in the Aurora
Borealis or Northern Lights in the northern
hemisphere.

Figure 27.11 shows the pattern of the magnetic
field around a wire carrying a current upwards
out of the page. In Figure 27.11 the current is
represented by a dot within the wire. A current
downwards into the page is represented by a cross
within the wire.

Current up

®, A4 4 . out of page

Figure 27.11

The field is strongest near the wire, shown
by field lines close together, and getting weaker
further from the wire. If this wire is placed into the
uniform field between the poles of a permanent
magnet, then Figure 27.12(a) shows the two fields
superimposed and you will notice that the north
pole of the magnet is being pushed downwards
by the field of the wire as the direction of all the
arrows is the direction in which a north pole will
move. The south pole, therefore, is also being
pushed downwards. If the wire is pushing the
magnet downwards then the magnet is pushing
the wire upwards. If you check, this confirms
Flemings left-hand rule. The combined field of
the magnet and the current in the wire is shown in
Figure 27.12(b).
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Figure 27.12

With the concentration of lines below the wire
and the neutral point where there is zero field the
force is upwards from strong field to weak field.

This is always the case. It is as if field lines behave
like rubber. This is sometimes called a catapult field.
Figure 27.13 shows the field of equal currents in

two parallel wires in the same direction.

Figure 27.13

Here the field of the right-hand wire is
anticlockwise and would, therefore, be down
the page at the position of the left-hand wire.
Combining this direction with the current up out
of the page gives a force to the right when Fleming’s
left-hand rule is used. It again shows that wires tend
to move towards neutral points and away from any
region of strong magnetic field.

Figure 27.14 shows the field of equal currents in two
parallel wires in opposite directions. This is also the
cross-section of the pattern for a single loop of wire.

(

Figure 27.14
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Figure 27.15 shows the field of a helical coil of
wire, a solenoid.

620080000808

Figure 27.15

If an iron core is placed inside the solenoid the
strength of the field is increased considerably. The
core, known as a ferrous core, makes the solenoid an
electromagnet.

The fact that in a magnetic field there is a force on
an electric current is made use of in a device called
a Hall probe. It consists of a small (7mm x 3mm)
strip of semiconductor material through which a
current is passed and placed in a magnetic field

B as shown in Figure 27.16(a). When the current
is switched on the magnetic field causes a force

on the moving charges within the semiconductor.
This force moves them to the far side of the
semiconductor and this immediately sets up an
electric field across the strip, which then balances
the effect of the magnetic field.

An electric field implies a potential difference (p.d.)
across the strip. The value of this p.d. is called the
Hall potential difference V..
Consider a charge +q moving with velocity v from
left to right along the length of the Hall probe.
Magnetic force on the charge = Bqv

Electric force due to electric field
V,
E=qE= 9% \where w is the width as
w

shown on Figure 27.16(a).

s — 9% =
This gives qu_j so V= Bvw.

Magnetic field down

Semiconductor
material

Direction of
movement of
positive charge

"4/@:

Direction of distance moved
movement of ~s t by a positive charge
positive charge > in one second = v

(b)

Figure 27.16

When the current through the strip is I it can
be expressed in terms of the number of charged
particles passing any point in the strip per second
multiplied by the charge on each particle. This
is shown in Figure 27.16(b). On average, all the
charged particles move a distance v from WX to YZ
in one second.

The number of charged particles in this volume
is vwt x n, where n is the number of charged
particles per unit volume and ¢ is the thickness of
the strip.

The current I is therefore given by I = ngxvwt

and v= substituting into VH = Bvw
nqwt
gives V,, = e b
ngwt ntq

Remember that g will be negative when the
current is a flow of electrons.

A Hall probe can be used to measure magnetic
flux density once it has been calibrated in a magnetic
field of known flux density.
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An interesting situation arises if a beam of electrons
is passed into a region in which there is an electric
field, of field strength E and a magnetic field, of
field strength B, at right angles to one another, as
shown in Figure 27.17(a). Here the strengths of the
two fields have been adjusted so that the force on
an electron caused by the electric field is exactly

Force on an electron
due tc electric field E = Fe

A
[ 1
X
——— Electric field
X X X X X down page
_} -
Paths of ¥ X X X X
eI_ectrons ¥ ¥ ¥ ¥ Y ¥
with speed v X X X X X1 Magnetic field
I 1 into page
Y

Force on an electron
due to magnetic field B = Bev

(a)

Figure 27.17
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equal and opposite to the force on it caused by the
magnetic field.
This gives Bev = Ee

where e is the charge on an electron and v is its
velocity.

This enables the speed of the electrons to be
calculated as v = E/B.

If the electric field is then switched off, the
electrons will travel in a circular path, as shown in
Figure 27.17(b). For this situation the path will be a
circular arc of radius r.

X X X X X
X X X b4 X
Paths of X ¥ X
electrons
with same X X
speed v

Teacher's Tip

A comparison between the effect on charges in electric and magnetic fields

Electric field E Magnetic field of flux density B
Force on charge +Q EQ BQvsin @
Force on stationary charge EQ Zero
Direction of force In direction of field Given by Fleming's left-hand rule
Parabola Arc of a circle
+ +
y
.
- — Field down
Path followed by a Into page
moving charge
(a) (b)
Energy gain by charge EQx where x is the distance >
in passing across field moved in direction of field s
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Using force = mass x acceleration gives
force = Bev = mv?*/r.
¥ . . € ¥
Cancelling and rearranging gives —= =
m T

Using the value of v from the earlier calculation
gives the value of e¢/m. The numerical value of e/m
was historically important. When J.J. Thomson first
found this value of e/m he realised that it was over
1800 times larger than the value of the charge-to-
mass ratio for a hydrogen ion. This led directly to
him announcing that a negative particle of much
smaller mass than a hydrogen ion existed. This was
the discovery of the electron.

This technique can produce the most detailed
images of organs, such as the brain, as shown in the
photograph of Figure 27.18.

Figure 27.18 An image of the brain of a person,
using an MRI scanning machine.

The system does not involve any radiation dose
but it does take a longer time than a CT scan.
During the time the image is being created the
patient needs to keep still, so the technique is not
suitable for use with young children.

As the name implies the system depends on
resonance in a magnetic field. The object that does
the resonating is the proton in a hydrogen atom and
since all tissue in the body contains hydrogen atoms,
magnetic resonance can occur throughout the body.

All hydrogen protons spin. A spinning electrical
charge produces a magnetic field along the axis of its
spin. When an external magnetic field is applied to

a large number of protons, most protons will spin so
that their magnetic field axis is in the same direction
as the external magnetic field, because this is a lower
energy state. Only a small number of protons spin
in the opposite direction, because this is a higher
energy state.

The line up of the axes of the protons with the
external magnetic field is not perfect, and any
proton where the axis of rotation is different from
the direction of the external field will have a torque
on it. The effect of a torque on a spinning object is
to make it precess. This is illustrated in Figure 27.19.
(A toy gyroscope will precess in the same way and
for the same reason if its axis is not vertical.)

Circular path of
/ a point on the axis

; «——— Axis of rotation
of spinning proton

Direction of
magnetic field

f=+—— Proton

Figure 27.19 A precessing proton in a magnetic field is
at the heart of all MRI scanners.

In the diagram, the axis of spin of the proton is
at an angle to the vertical magnetic field. This angle
remains constant as precession takes place. Any
point on the axis rotates in a horizontal circle with
an angular velocity @. (See Page 104 for details of
angular velocity.) This anngular velocity, in this
situation, is usually called the angular frequesncy
and given the name is the Larmor frequency. It is
proportional to the magnetic flux density B. The
constant of proportionality for a proton is known
very accurately; to four significant figures it is
42.57 MHz T . By using very strong magnetic fields,
over 1 tesla, a Larmor frequency of the order of
40 MHz is possible. This is a radio frequency.
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Nuclear resonance

The effect of applying, for a short time, a magnetic
field that varies at the exact Larmor frequency
causes a resonance effect in which the energy
supplied to the protons causes them to flip into the
higher energy state mentioned previously. They do
not stay in the high-energy state however but relax
back to their original low-energy state. In doing

50, they emit radiation in the form of radio waves
that can be detected by a radio receiver. The ability
of this system to supply medical data depends on
an average relaxation time of protons that varies
with the chemical bonding between a proton and
neighbouring atoms. A hydrogen proton in water
has a relaxation time of about 2 seconds. In brain
tissue the time is about 0.2 second and in a tumour
the time might be 0.8 second. These differences can
be converted by a computer into an image of the
different materials in a body.

The MRI scanner

To make practical use of magnetic resonance
involves a large and expensive piece of equipment.
A scanner is shown in Figure 27.20.

The bulk of the scanner is necessary to provide a
very accurately calibrated large strength magnetic
field across the patient. To get the required field
requires very large currents in solenoids. The
currents are so large that a conventional system
would be almost impossible, but the development
of superconducting magnets has made it possible to
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get the magnitude and the accuracy necessary. The
coils of a superconducting electromagnet are kept

at a temperature near to absolute zero, using liquid
helium. At this temperature some materials have
zero resistance. (Note: not nearly zero, but precisely
zero.) When superconducting, currents of hundreds
of amperes are possible with no heating effect.

Figure 27.20 A patient undergoing an MRI scan.

Having provided this large, constant magnetic
field, additional magnets are added in order
to provide a magnetic field gradient. In the
three-dimensional space inside a patient, the value
of the magnetic flux density is known accurately
at every point. The arrangement of the magnets is
shown in Figure 27.21.

Figure 27.21 also shows the radio frequency coil
that surrounds the patient. This coil is connected

Large electromagnet

Radio frequency coil

/ acting as transmitter
and receiver

Secondary magnets
to give variation in
magnetic flux
density from top to
bottom and from
side to side

Large electromagnet

Figure 27.21 The arrangement of the magnets and transceiver coils for an MRI scanner.
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to a generator/receiver. The generator gives a short
pulse of radio waves at a particular Larmor frequency.
Protons at points in the patient which have the
magnetic field corresponding to this frequency
may flip to their higher energy state. During the
time before the next pulse of radio waves from the
generator, most of these protons will flip back to the
lower energy state, and emit radio waves as they do so.
In its receiver mode, the coil will act as an aerial and
send a radio frequency signal back to the receiver. All
the information received will be sent to the computer.
The process is then continued using a slightly
different Larmor frequency and other points will

Distinguish between permanent magnets that use,

so called, hard magnetic materials and
electromagnets, that use easily magnetised materials.
Magnets capable of creating very strong and
accurately calibrated magnetic fields are much in
demand in modern industry today. The magnets at
CERN, the European nuclear research centre near
Geneva, have a ring of large magnets stretching
30km. Some MRI (Magnetic resonance imagers)
scanners for diagnosing and treating cancers are
capable of producing magnetic fields of 4 tesla (over
10000 times the strength of many ordinary magnets).
These magnets cost huncreds of thousands of Euros.
The force F on a wire of length L carrying a current I
at an angle 6 to the magnetic field, of field strength B,
is given by F = BILsin 6.

Copy and complete the magnetic field pattern around
the arrangements of magnets shown in Figures 27.22(a),
(b) and (c).
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(a)

(b)

be examined. Gradually a photograph can be built
up, but it is a relatively long process and the patient
needs to stay still so that the pattern of the magnetic
field can be associated with points inside his or her
body. Fortunately, a doctor will usually have been
able to instruct the scanner’s technicians as to where
in the body an image is required. Full body scans are
seldom required. These would take hours.

The display provided by the computer is usually a
slice through the patient. Colours can be artificially
added so that, for example, short relaxation times
could be shown blue and longer relaxation times
could be shown red, and so on.

The force F on a charge q travelling with speed v at
an angle 6 to the magnetic field, of field strength, B is
given by F = Bgvsin 6.

Fleming’s left-hand motor rule:

Second Finger: Current, First Finger: Field, Thumb:
Motion.

This can be used with the motion of charged particles but
remember that if the particles are electrons, with a negative
charge, the direction of the current will be in the opposite
direction to the direction of movement of the particles.
Magnetic Resonance Imaging (MRI) depends on

resonance in a magnetic field. The resonating effectis |

produced by the proton in a hydrogen atom present
in tissues of a living body.

A magnet in |
the Earth’s
magnetic I

field |

Figure 27.22 ‘




27.2 Draw a plan view of the magnetic field pattern around
(a) parallel wires with equal currents in the same
direction,
(b) parallel wires with equal currents in opposite
directions.

27.3 Copy and draw diagrams showing, in plan view, the
magnetic field around the arrangement of wires shown
in Figures 27.23 (a) and (b).

(a)

(b)
Figure 27.23

27.4 Explain why there must be a south pole at the Earth’s
magnetic north.

27.5 Draw a field diagram around a pair of parallel wires
with equal currents in opposite directions placed
between the poles of a permanent magnet. (This is the
arrangement in electric motors; the parallel wires are
then two sides of a rectangular coil.)

27.6 Calculate the force on a 20 cm length of wire placed at
right-angles to a magnetic field of flux density 0.068 T
when the wire carries a current of 18 A,
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27.7 A square coil of 80 turns of wire and of side 35cm is
placed in a magnetic field of flux density 0.073 T at an
angle of 40° to the field as shown in Figure 27.24.

< Current 28 A

40°
Magnetic
flux e
density 3 z Coil of 80 turns
0.073T ) I5¢i
Figure 27.24

The current through the coil is 28 A. Calculate the
torque on the coil.

27.8 A beam of electrons is passed into a magnetic field so that
the direction of the beam is at right-angles to the direction
of the field. The flux density of the field is 7. 0 mT and
the speed of the electrons is 9.7 x 10°ms". Calculate the
radius of the circle in which the electrons travel.

27.9 (a) Calculate the Larmor frequency of precession in an
MRI scanner when the magnetic flux density at a
point in the field is 1.374T.

(b) By how much will this frequency change at a
slightly different point, in the field where the
magnetic flux density is 1.380 T?

(c) By considering the answer of (b), explain why

(i) the magnetic flux density must be known so
accurately at all points within the apparatus,

(ii) the patient must remain still while a scan is
being performed.




Electromagnetic
Induction

Introduction

In 1820, Hans Oersted discovered that an electric
current had a magnetic field associated with it. The
current was supplied by a battery, because at that
time it was the only way known for the production
of an electric current. It took another 11 years before
Faraday in 1831 not only used an electric current

to produce motion in an electric motor but also
found that an electric motor, when rotated manually
backwards, produced an electric current. He had
discovered electromagnetic induction. All the
electrical energy supplied by power stations is now
produced using electromagnetic induction.

Experiments on electromagnetic
induction

The simplest experiment on electromagnetic
induction is illustrated in Figure 28.1. It uses a
strong permanent magnet, a sensitive meter,
called a galvanometer, and a piece of wire
connected to it.

Figure 28.1

If the wire is moved downwards, so that it cuts
through the magnetic field of the magnet, the needle
of the galvanometer moves in one direction. When
the wire is moved upwards, the needle moves in
the opposite direction. If the wire is moved more
rapidly, then the needle moves further, but for
a shorter time. Figure 28.2 shows these results
graphically.

Fast movement
First way
4 [
Current |
in galvanometar / \
Y iR
0 A LY G 3 -
0 = v \ | Time
Slow Slow \ /
movement movement \ }
one way in opposite \
direction \/
Fast movement
second way

Figure 28.2



The current through the galvanometer will
depend on the total circuit resistance but the
electromotive force (e.m.f.) induced (or generated)
is directly proportional to the rate at which magnetic
flux is cut. Movement of the wire sideways produces
no e.m.f. at all. Moving the magnet instead of the
wire produces exactly the same effects, provided the
wire is cutting through magnetic flux.

A single wire produces a very small effect. To
increase the e.m.f. induced, the rate of change of flux
needs to be increased. This can be done by using
strong fields, rapid motion and thousands of wires.
A few microvolts may have been induced by the
above demonstration: in a power station, 6000V is a
common output e.m.f.

The term magnetic flux density B was introduced in
Chapter 27. For electromagnetic induction, the total
magnetic flux cut needs to be calculated.

Magnetic flux @ is defined as the magnetic flux
density multiplied by the area at right angles to
the flux density.

D =BA

If, in Figure 28.1, the magnetic flux density
between the poles of the magnet had a constant
value of 0.72 T and the area of the poles was
0.080m X% 0.050m (8 cm X 5cm), then the magnetic
flux between the poles is

0.72T X 0.080m X 0.050 m = 2.88 X 10~ weber.

The unit of magnetic flux is the weber (Wb).
One weber is the flux of one tesla across an area of
one square metre, 1 Tm?

Another term sometimes used in electrical
generators and transformers is flux linkage.

This is the magnetic flux multiplied by the
number of turns of wire. For example, in a wire coil
with # turns the flux linkage = @n.

This law is a formal statement of the results of the
experiment described above.
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The e.m.f. induced by electromagnetic
induction is proportional to the rate of change of
magnetic flux.

E=— Change in magnetic flux

time
or in calculus terms
po_do
dt

The reason for putting a minus sign in
front of this term will be explained later in the
chapter.

A racing car has a sheet of metal of width 120cm
and 40 cm from front to back just in front of the
front wheels, as shown in Figure 28.3. It is designed
to push down on the front wheels so that they grip
the track well. The car will reach speeds of 100ms™
at times and will be travelling in some places
through the Earth’s vertical magnetic field of 55uT.
Check to see whether the generated e.m.f. might be
capable of causing sparking.

Figure 28.3

Answer The horizontal area swept out by the plate
in one second will have a maximum possible value
of 100m % 1.20m = 120 m?2 (The front to back
distance is irrelevant.)

Flux cut per second =55 X 107 T X 120 m?
= e.m.f. generated = 6.6 mV,

There is no danger of sparking with such a
small e.m.f.

An alternating current (a.c.) generator is an excellent
example of the use of electromagnetic induction. A.c.
generators produce almost all of the electrical power
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used world wide. In their simplest form they consist
of a rectangular coil of many turns of wire rotating
between the poles of a magnet as shown in
Figure 28 4.

Each end of the coil is connected to slip rings
that are connected to the circuit where the electrical
power is required.

The coil is forced to rotate. For example, a car’s
alternator is driven by a belt directly from the engine.

Magnetic field lines

e '{fﬂ ‘.‘\
= A~ ~—— Rotating
A= rectangular coil of
é’ ) many turns of wire
“~——  Output

Figure 28.4

Look at the side of the coil connected to slip ring
A in Figure 28.4. It is moving upwards and cutting
magnetic flux so an e.m.f. is generated. The wire on
the opposite side of the coil is moving downwards
through the same field and it will generate an e.m.f.
in the opposite direction. The two e.m.f.s will add
to one another to provide a current through the
slip rings. Half a cycle later the wire connected to
slip ring A will be moving downwards so its e.m.f.
will change direction, as will that connected to slip
ring B. A graph of output current against time will
therefore alternate, as shown in Figure 28.5.

LTIHIL O 1avy

So far in this chapter nothing has been written about
the actual direction in which an e.m.f. is induced.
In the last paragraph it was simply stated that the
direction reversed when the wire moved downwards
rather than upwards. The direction of any induced
current is, in fact, determined by the law of
conservation of energy.

Consider the alternator in Figure 28 4. Its
structure is very similar to the structure of an

Qutput
current

ANANAY
VAAVARS

Figure 28.5

electric motor. If an alternating current had been
passed through the coil, with some control of its
frequency, it would rotate as a motor. Now, if the
current being generated by the alternator causes the
coil to move itself as a motor, then we shall have
perpetual motion and be able to withdraw power

at the same time. This is where the principle of
conservation of energy is being broken. It does not
happen. In fact, any current induced by the rotation
of the coil in an alternator must be in a direction

to oppose motion, not to help motion. Mechanical
power must be supplied to an alternator in order

to get electrical power out. The more current the
alternator is providing, the more mechanical power
must be supplied to it.

This is Lenz’s law. It states that the direction of
any induced current is such as to oppose the flux
change that causes it.

It is Lenz’s law that causes the introduction
of the minus sign in the Faraday law equation.
The sign indicates that the induced e.m.f. causes
opposition to any change in flux. For example,
if an electromagnet, as described in Chapter 27,
is being used and the current through its coil is
increasing then the induced e.m.f. will oppose
the current, slowing its rate of increase. When the
electromagnet is switched off, the induced e.m.f.
will change direction and will slow its rate of
decrease.

As a result of Lenz’s law, the law, governing
directions of current, field and motion when
considering induction become Fleming’s right-hand
law, in which the thumb, first finger and second
finger are all held at right-angles to one another as
was the case with the left-hand law. Fleming’s right-
hand law states:



If the direction of a magnetic field is
represented by the first finger of the right hand
and the direction of motion is represented by the
thumb, then the direction of any induced current
is represented by the second finger.

Example 2
A 12.0V motor is connected into the circuit shown
in Figure 28.6.

e

Total circuit resistance, R=2.00

Figure 28.6

®

The 2.0 Q resistor is the total resistance in
the circuit. At different speeds of rotation the
induced e.m.f. changes and this changes the
current supplied by the battery. Several rows in the
following table are completed showing how the
output mechanical power of the motor varies as the
current supplied changes. You are asked to work

Induced
e.m.f. N

Current/A
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through the values given and to follow the pattern
to complete the table.

Answer the following questions.

(a) Why would it be more sensible to run the motor
with 4.0V across the resistor R than with 8.0V
across this resistor?

(b) The induced e.m.f. is proportional to the
speed of the motor. The top speed of the
motor is 1150 revolutions per minute. What is
the motor’s speed when at its greatest output
power?

(c) What will the power of 2.875W be used for when
the motor is running at its maximum speed?

Teacher's Tip |
In the above exercise, the equation being used for
potential differences and e.m.f.s is

e.m.f. of battery = induced e.m.f. + p.d. across

resistor

The same equation could be written as

e.m.f. of battery — induced e.m.f. = p.d. across
resistor

In this form you can see the minus sign from
Lenz’s law - but it does depend on which side of
the equation you write it. You must be careful
with signs when considering induced e.m.f. The
principle of conservation of energy must be

- obeyed.

Stopped 12 0

Top speed 0.5 11.5
2.0
4.0

Max. output power 6.0 6.0
8.0

10.0 2.0

Power from Power lost in Power output |
battery/W resistor R/W of motor/W
72 72 0
3 0.125 2.875
36 18 18

60 50 10
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E=—

Magnetic flux @ is defined as the magnetic flux
density multiplied by the area at right angles to the
flux density.

@ =BA

Flux linkage = ®n, is a term used when a flux @
passes through a coil of # turns.

Faraday’s law. The e.m.f. induced by electromagnetic
induction is proportional to the rate of change of
magnetic flux.

ch in magneti g
angein magneticfux o+, caleulus terms E=———

time dt

Lenz’s law states that the direction of any induced
current is such as to oppose the flux change that
causes it.

Fleming’s right-hand law states that if the direction
of a magnetic field is represented by the first finger
of the right hand and the direction of motion is
represented by the thumb, then the direction of any
induced current is represented by the second finger.
So it is ‘use the left hand for motors and the right
hand for induction’

| 28.1

| 282

28.3

When the magnetic flux density has a constant value
of 0.0076 T across an area 3cm x 8 cm, what is the
magnetic flux through the area? The unit of magnetic
flux needs to be given.

An aircraft has a wingspan of 56 m and is travelling with

a constant speed of 200ms™ (720kph). The aircraft is

at a place where the vertical component of the Earth’s
magnetic flux density is 2.3 10~ T. Calculate the induced
potential difference between the wingtips.

A rectangular coil in an electrical generator ata power
station has an area of 15m?and is kept at a rate of rotation
of 50 revolutions per second. The magnetic flux density
can be assumed to have a constant value of 0.079 T.

(a) At what position, relative to the direction of the
magnetic field, is the coil when it is producing
maximum e.m.f.?

(b) How much flux is cut by the coil during a halfa
revolution within which the flux is maximum,
then zero, then maximum again but entering the
opposite side of the coil?

(c) Deduce the average e.m.f. produced during this
time.

(d) Deduce how many turns will be required for the
generator to produce, on average, an output of
around 11000 V.




Alternating

Currents

Introduction

Throughout the world the vast majority of electrical
supply from power stations to homes and factories

is alternating current. The reason for this is that
alternating current is essential for the operation of
transformers and transformers are necessary for
changing voltages upwards or downwards without
any moving parts. Transformers may work with well
over 90% efficiency for 30 or more years with little
requirement for maintenance. Alternating current can
easily be converted into direct current when required.

Teacher's Ti

Alternating current terminology

Terminology for ‘alternating current’ or a.c. can
be slightly confusing when you meet it at first.
The terms ‘a.c. current’ and ‘a.c. voltage’ are often
used, even though when expanded to ‘alternating
current current’ and ‘alternating current voltage’
the terms are incorrect. ‘A.C! is just being used to
alert you to the slightly different rules that apply

when considering alternating currents.

Figure 28.5 in the previous chapter was a graph
showing how the current varies in the simplest form
of a.c. It is repeated here in Figure 29.1(a) with some
extra detail added. It is a sinusoidal variation of the
current with time. This means that the graph has
the shape of a sine wave and follows an equation
of the form I =1 sin @t, where @is called the
angular frequency. Beneath the current graph, in
Figure 29.1(b) is the voltage graph, V=V sin wt. For a
resistive circuit the voltage is in phase with the current.

On both graphs the peak values are marked
together with the so-called root mean square (r.m.s.)
values. These will be explained shortly. The period

of the oscillation is T and the frequency f, as with
simple harmonic motion, is 1/7T. Also, as with
simple harmonic motion, @ = 2xf. Mains frequency
is often 50 Hz giving @ = 2w x 50 = 314.16 rad s
and a period of 0.020s.

Current A

(a)

Voltage A

V,

e e e S e S & S -
i ____f\_____/[\
0 3

(b)
Figure 29.1

Power in an a.c. circuit

A characteristic of all a.c. circuits is that the average
current is zero. The electrons in a wire carrying
a.c. current just oscillate backwards and forwards. Their
mean position does not change. This poses problems
for deciding what the effective current is. There is no
point in marking all electrical appliances used in the
home as having a current of zero. To overcome this
problem it is necessary to consider the power being
supplied. This is shown graphically in Figure 29.2.
The variation of current with time is shown in
black and the variation of power with time is shown
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Peak
A
power
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average power

is half peak
/ power

Current

Figure 29.2

in purple. Since power P is given for resistive circuits

at all times by P= I’R, the power curve can never be

negative. The power curve is also sinusoidal but with

a frequency of twice the frequency of the current. In

other words, maximum power is reached when the

current is maximum positive and maximum negative.

The average power is not zero. Because the power curve

is sinusoidal the average power is half the peak power.
We, therefore, have the following equations.

Vpcak X Ipeak = Ppeak and
XV XI =:XP =
2 peak peak 2 peak average

werage 1S the quantity we want to be able to use
readily from the voltage and the current but we must
still keep the ratio of voltage to current the same.

This can be achieved by splitting the factor of %
between the voltage and the current. This gives

y
iPmk ‘rpmk =

\[5 \/5 - Pavcmg.e

Vo
—= is known as the root mean square voltage, or V
2 rLm.s.

I, .
—= is known as the root mean square current, or i

2
Although this seems complicated when met for

the first time, it has the effect of making most a.c.
calculations exactly the same as calculations for d.c.

as is shown by the following example.

Example 1

An electric cooker is marked 200V, 50 Hz a.c.
maximum current 30.0 A. What are the average
power and the peak power required by the unit
when working with maximum current?

Answer The electrical information given with
the cooker makes the assumption that d.c. rules
will apply. No mention is made of r.m.s. values
because these are the values always used. So to find
the average power with maximum current we just
need

P=VxI=200V x30A =6000W.

In fact, during each cycle the power ranges from
zero to 12000 W, which is the peak power.

To sum up, for almost all the circuits you use the
calculations which will be almost identical to d.c.
calculations provided you use r.m.s. values. These
will usually be the figures you are given.

| W— - " ”
| he transtormet

Transformers were mentioned in the introduction as
a very efficient way of changing a.c. voltages up and
down. A basic transformer consists of two coils of
insulated wire wound on a laminated soft iron core.
(Soft in this case means a material that can be easily

magnetised and demagnetised.) The arrangement
of primary and secondary coils in a transformer is
shown in Figure 29.3.
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Laminated core

Primary
coil

e v A

Secondary
coil

atala)
OO

AN alal e

Figure 29.3

The electrical symbol for a transformer is shown
in Figure 29.4 and Figure 29.5 shows a variety of
different transformers. Transformers can be as small
as a centimetre across or as large as several metres in
power stations and electrical sub-stations.

Circuit symbol
of a transformer

Figure 29.4

One of the coils is connected to the supply of a.c.
power and is called the primary coil; the other coil
is called the secondary and is connected to the
electrical device in use. A transformer used to
increase the voltage is called a step-up transformer;
one that decreases the voltage is called a step-down
transformer. A typical distribution system across
a country could involve a power station generator
supplying an a.c. voltage of 6000V that can be
stepped up first to 120000V and then to 480000 V/
for long distance transmission. Then this voltage
may be stepped down in stages to 32000V, 11000V
and 230V for domestic use. In a house transformer,
such as those operating high intensity lights, the
voltage may be further reduced to 12 V.

The theory of a transformer

The current in the primary coil magnetises the core:
it produces magnetic flux in the core. Since the current

Figure 29.5 Different varieties of transformers
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in the primary is a.c., the magnetic flux changes rapidly
from one direction to the other and back again. This
changing flux is also linking with the secondary coil
and so, by Faraday’s law there will be an a.c. voltage

set up across each turn of the secondary coil. If a small
output voltage V. is required then the secondary coil
will have few turns n, but if a large output voltage is
required the secondary coil will have a large number
of turns. For a transformer working at maximum

efficiency, the turns ratio equals the ratio of the voltages.

supply at 1000 V. The two cables from the power
station to the town are thick copper with a small
total resistance of only 1.0€2.

In case B, it does use a transformer so it generates
power to provide the (ideal) transformer with10000V
and the transformer reduces this to 250V for the town.

The two circuits are drawn in Figures 29.6(a) and (b)
Compare the efficiency of the two systems.

Answer Given in table.

" ; g Ve Hop bl
Le. turns ratio= —= 7
n MW
R W : Power supplied 2 L\,:[“ " 2000000 W
It may seem as though the rise in voltage is =2000000W
breaking the principle of conservation of energy. rm.s voltage totown 1000V 250V
As you should expect, this is not the case. If the
voltage output is 100 times the voltage input, then r.m.s current totown 2000 A 8000 A
the output current will be, at maximum, only one
hundredth of the input current, since the power E‘:;‘;;;:IZ‘; O—foV not applicable 3510; 41(? 000
output V; I, can, at most, only be equal to the power ¥ S =
input V, I.. Overall, therefore, the equation above r.m.s. current from = 8000 = 40
PP ) ; 2000 A
can be extended for an ideal transformer to power station =200A
ng_Vs_ I Voltage drop along
n, V, I 1 Q cables 2000/ 2V
The following example makes use of the above Supply voltage needed 3000V 10200V
equations but it also shows the necessity of using at power station
transformers in electrical power distribution systems. o R 3000V X 2000 A 10200V % 200 A
output power =6.00MW =2.04MW
A power station supplies a small town with 2.0 MW System efficiency 2.00MW / 2.00MW / 2.04
of electrical power. = power to town/ 6.00 MW MW =0.98
" ver f 7 el =
In case A, it does not use transformers and the 5:232; PR =% 3% e
people in the town use a high (and dangerous) — =
10 2000A
] »
| S 23
total resistance T MW
of all cables supplied
1000V
Power station l
(a)
10
—
; |
l T ‘ T MW

Power station

1

10000V 250V D Wipplisd

l | ]

(b)

Figure 29.6



The large difference between the two efficiencies
indicates clearly that the current must be kept as low
as possible when transmitting electrical energy.

This necessitates the use of high voltage and
transformers.

As stated earlier the transformer is a very efficient
device. This is partly because there are no moving parts
and so no wind or friction losses occur. However, with
large transformers handling many megawatts of power,
even a 2% loss of power does cause a considerable
heating effect. For this reason cooling of large
transformers can be necessary. Many transformers
have external metal attachments to conduct heat away
to the atmosphere and others have their coils in oil that
can circulate and lose heat by convection.

The losses from a transformer are as follows.

1. Resistive losses (I°R) from the resistance of
the wires.

2. Flux losses when magnetic flux from the
primary coil does not completely link the
secondary. This is usually small as in most
transformers the secondary coil is wound on top
of the primary coil.

3. Hysteresis losses. These occur because the core
is magnetised and remagnetised in the opposite
direction 100 times per second. Each cycle does
involve some loss of energy. The coil will heat up,
but the loss is reduced by using special, so-called
‘soft’ iron.

4. Eddy current losses. Large swirling currents
will be generated in a solid core and these will
heat the resistance of the core. Eddy losses are
reduced by not having solid cores. Transformer
cores are sometimes made out of hundreds of
separate sheet iron laminations pressed together
with a thin insulation between them. This
reduces the eddy currents to a very small value.

When new power lines are planned across the
countryside, some people near the routes argue
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that the cables should be buried. This does
make any project more expensive. The very
large increase is for both obvious and hidden
costs. The following are some of the reasons.
Individual projects may have costs peculiar to
that project, crossing rivers, special viewpoints,
mountains, etc.

Obvious costs

Digging deep enough trenches for the
cables not to be disturbed is expensive.
Avoiding built up areas so that less
disruption is caused by digging.
Crossing streams and roads is more
difficult for underground cables.
Bypassing woods may be difficult; going
through them is more difficult.

More time will be taken and there will be
more disruption during construction.

Hidden costs - these are the main cause of the
large difference in price.

Insulation problems. When suspended in the
air, the air is the insulator, apart from at the pylon
where glass insulators are used. Underground
there has to be an insulator capable of insulating
to maybe 400000 V. This will have to be a thick
special plastic.

Cable protection. Tree roots, rats and
burrowing animals may cause damage to the
cable so the cable has to be armoured with steel
casing. It also has to be totally waterproof, with
no possibility of leaking as wet soil around the
cable would conduct well with high voltage. None
of this matters when suspended in air where
bare aluminium wire is used. Raindrops always
have air gaps between them so there is almost no
chance of a current sparking to the ground. In a
strong storm there is the occasional spark from
a cable to the towers of an overhead system but
this does not cause damage or danger for people
on the ground. Birds can land on it and no shock
is possible since there is no route any current can
pass through the bird.

Heating problems. Up in the air, the air
cools the cable so no cooling system is required.
Underground the heat generated by the current
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is considerable and could easily melt the cable at
times of high demand. This is the worst problem
of all. A cooling system must be provided which
necessitates oil being pumped through the cable
all the time. Pumping stations have to be built to
receive the heated oil, cool it and pump it back to the
cable. An underground cable may well have a total
area of cross section of 150cm’* compared with a
corresponding cable in an overhead system of 5cm’.
A.C. current problems. There are large
problems with putting a.c. cables in sea water.
Being a conductor means that the live and
neutral cables are effectively very close to one
another. Electrically they are separated just by
the insulation around the cables. This insulation
acts as the insulation in a capacitor and a.c. can
pass through a capacitor. A.C. that starts off on its
passage through the cables simply does not get to
its destination. The answer is to convert the a.c.
to d.c., transmit it as d.c. and then convert it back
to a.c. after passing through the sea. This is also a
very expensive and inefficient process.

Rectification is the process by which an alternating
current is changed to a direct current. Quite often
there is no need for the current to be a constant
direct current, it just needs to be a current in which
the average flow of electrons is one way only.

When a diode is included in a circuit with an a.c.
supply, it has the effect of allowing the current in the
circuit to be in one direction only. This is shown in

the graph of Figure 29.7.

A.C. supply
voltage

Current

1 wave

VAVES

Figure 29.7

The current is in one direction for half a cycle and
is zero for the other half. The circuit is said to be a
half-wave rectifier circuit.

In order to rectify both halves of the cycle it is
necessary to use four diodes in a circuit called a
bridge rectifier. The circuit is drawn in Figure 29.8.

-

A.C. supply
voltage
+ A\
B
A
Full-wave
—— % j. —<— ——
output

Figure 29.8

You need to follow the arrows on the figure.
When the a.c. supply is as shown in black the
current is through diodes A and B. When the a.c.
supply changes direction, the current path shown
in purple is through diodes C and D. In both cases,
the current from the output is in the same direction
on both halves of the cycle, giving a full-wave
rectification graph as shown in Figure 29.9.

A.C. supply
voltage

Current /
full-wave /'
rectified [

Time

Figure 29.9



Sometimes a smooth d.c. current is required from a
rectifier circuit. A capacitor in the circuit can perform
this function. It can be charged up when the supply
voltage is high and provide the current by discharging
when the current is too small (or zero). Figure 29.10
shows a half-wave rectifier circuit using a diode
connected between the supply and the load resistor R,
with a capacitor C placed in parallel with the resistor.

—>

C
a.c.input _— resistor

Figure 29.10

Figure 29.11 shows how both the p.d. of the supply
(the - curve that touches the ‘time’ axis) and
the p.d. across the load resistor (the black curve that
does not touch the ‘time’ axis) vary with time.

1
s-wave A
rectified
output from
diode

p.d. across 0 / ! —
capacitor
and load
resistor

Figure 29.11
The following example shows how to calculate
the value of the capacitor, once certain operational

To make many calculations with a.c. seem the same as
with d.c. the most frequently used terms for voltage
and current are the root mean square voltage and the
root mean square current.

peak

V2

I peak .
3‘ 15 ki'lOWTl as the root mean square current, or I”m

is known as the root mean square voltage, or V'
Lm.s
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details have been given. You need to be able to do
this for yourself, so it is important to work through
this example.

A half-wave rectified 50 Hz a.c. supply has a peak
value of just over 80 V. It is used to supply a 800 Q
resistor with a current of 50 mA and a p.d. that
needs to be kept between 76 V and 80 V. Calculate
the capacitance of a suitable capacitor that can be
placed in parallel with the resistor.

Answer The situation is similar to that shown in
Figure 29.10.

The time for one cycle of a 50 hertz supply is 0.020s.
(1Hzis 1 cycle per second.)

The capacitor needs to be able to supply a current of
0.050 A for this time.

The charge from the capacitor is given by

AQ=IxAt=0.050A x0.020s=0.0010C

Read ‘A’ as ‘the change in’
The fall in voltage across the capacitor is 4 V maximum.

AQ _ 0.0010C
AV~ 4V

SoC= =0.00025F = 250uF

Be careful always with the symbol C. Here the first
Cis italic and is the symbol used for capacitance.
The second C is roman and is, therefore, a unit.
The unit of charge is the coulomb.

The turns ratio in an ideal transformer is related
to the currents and voltages in the primary and
secondary coils by the following equations:
; n V. I
Turnsratio= -+ = = =%
n, V, I
Rectification of a.c. means having the current in one

direction only. This is done by incorporating diodes
into the circuit.
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20.2

29.3

29.4

An electric heater is supplied from a 230V r.m.s. mains
provider. The heater has a resistance of 26.4 Q when at its
working temperature.

Calculate

(a) the maximum voltage supplied to the heater,

(b) the maximum power supplied to the heater,

(c) the average power supplied to the heater,

(d) the energy supplied by the heater when switched
on for 2 hours.

(a) Alight bulb that uses a filament is marked 230V
60 W. These will be r.m.s. values. Draw three labelled
sketch graphs on the same time axis showing how the
current, the potential difference and the power vary
with time. Mark on the vertical axis the maximum
value for each of these quantities.

(b) Explain two reasons why the light bulb does
not appear to vary in brightness when run on
alternating current.

A transformer using a 50 Hz, 110 V r.m.s. mains is used
to provide a 15.0V d.c. supply for an op-amp circuit. This
p.d. must not fall below 12.9V.

(a) Draw a circuit diagram of the arrangement. Show
the transformer with the mains input terminals
together with, a single (ideal) diode, a capacitor
and the supply terminals for the op-amp all
connected correctly to the secondary windings.

(b) Calculate the turns ratio for the transformer,
assuming a 15V peak output is required.

(c) Explain why the capacitor can be used to keep the
input to the op-amp circuit almost constant.

(d) Deduce the value of the capacitor required if it has
to supply the op-amp with 0.50 UA of current for
the period of time between adjacent peaks of the
output from the transformer.

A 50m long extension lead has a resistance of 0.750 Q

in its live cable and another 0.750 € in its neutral cable.

It is used to supply power to an electric heater in a

greenhouse. The heater is marked “2000 W, 250 V",

(a) Calculate the resistance of the heater. Assume this
stays constant.

(b) What will be the current when the extension lead
from the 250V supply is used?

(c) Deduce the total power taken from the 250V supply,
when using the extension lead and the power being
supplied to the heater.

29.5 (a) A town requiring 100000W froma 250V supply is

connected to a power station by cables having a total
resistance of 0.40 Q.

Calculate:
(i) the current supplied to the town,
(ii) the potential difference across the cables,
(iii) the required output e.m.f. from the power station,
(iv) the efficiency of the system, that is the ratio
of the power station to the town to the power
from the power station.

(b) The efficiency of the system in (a) is far too low.
To correct this, transformers are used at the power
station and in the town so that the transmission is
done at high voltage and low current, as shown in
Figure 29.12.

The supply to the town is still 400 A at 250V but the
transformer at the town uses a supply at 10000'V.
400A

{ > >

0.20Q

e 3

station

V

10000\*1 5‘52520—’1'0@

s
S
Power 02082 Town
station transformer
transformer

Figure 29.12

Calculate:
(i) the current required as input to the town
transformer to give a power of 100000 W,
(i) the total potential difference across the two
cables,
(iii) the required output e.m.f. from the power
station’s transformer,
(iv) the efficiency of this system.

(c) All countries use the system with transformers
because transformers themselves are very efficient,
have no moving parts and so require minimal
maintenance. Suggest the only alternative to the
transformer system that would keep the resistance
of the cables low enough to be able to use low
voltage supply.
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1. (a) State one function of capacitors in simple circuits. (1]

(b) A capacitor is charged to a potential difference of 15V and then connected in series with a switch, a resistor of
resistance 12kQ) and a sensitive ammeter, as shown in Figure 1.

Figure 1
The switch is closed and the variation with time ¢ of the current I in the circuit is shown in Figure 2.

1.5

I'mA

1.0

0.05 e

0
Figure 2
(i) State the relation between the current in a circuit and the charge that passes a point in the circuit. [1]
(ii) The area below the graph line of Figure 2 represents charge.
Use Figure 2 to determine the initial charge stored in the capacitor in uC. (4]
(iii) Initially, the potential difference across the capacitor was 15V.
Calculate the capacitance of the capacitor in UFE [2]

(c) The capacitor in (b) discharges one half of its initial energy. Calculate the new potential difference, in V,

across the capacitor. [3]
(Cambridge International AS and A Level Physics 9702 Paper 04 Question 5 October/November 2007)

2. (a) Define electric potential at a point, [2]
(b) Two isolated point charges A and B are separated by a distance of 30.0 cm, as shown in Figure 3.
. 30.0cm X
) 1
AQ-—tmme R L 3
e
I X !
Figure 3

The charge at A is +3.6 x 10 C.
The variation with distance x from A along AB of the potential V is shown in Figure 4.
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Figure 4
(i) State the value of x, in cm, at which the potential is zero. [1]
(i) Use your answer in (i) to determine the charge at B, in C. [3]
(c) A small test charge is now moved along the line AB in (b) from x=5.0cm to x = 27 cm. State and explain the value of
x at which the force on the test charge will be maximum. [3]
(Cambridge International AS and A Level Physics 9702 Paper 04 Question 4 May/June 2008)
3. (a) (i) Define capacitance. [1]
(ii) A capacitor is made of two metal plates, insulated from one another, as shown in Figure 5.
insulation metal
plate
Figure 5
Explain why the capacitor is said to store energy but not charge. [4]

(b) Three uncharged capacitors X, Y and Z, each of capacitance 12 UF, are connected as shown in Figure 6.

Y
| |
. | |
12uF &
| |
| |
12uF
Figure 6

A potential difference of 9.0V is applied between points A and B.
(i) Calculate the combined capacitance of the capacitors X, Y and Z in uFE. [2]
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(ii) Explain why, when the potential difference of 9.0V is applied, the charge on one plate of capacitor X is 72uC. [2]
(iii) Determine

1. the potential difference across, in V, capacitor X, [1]

2. the charge on one plate of capacitor Y in pC. [2]

(Cambridge International AS and A Level Physics 9702 Paper 42 Question 5 October/November 2012)

4. A simple iron-cored transformer is illustrated in Figure 7.

laminated
soft-iron core

I
primary
coil 3
d secondary
b coil
Figure 7
(a) Suggest why the core is
(i) a continuous loop, [1]
(i) laminated. (2]
(b) (i) State Faraday’s law of electromagnetic induction. [2]
(ii) Use Faraday’s law to explain the operation of the transformer. [3]
(c) State two advantages of the use of alternating voltages for the transmission and use of electrical energy. [2]

(Cambridge International AS and A Level Physics 9702 Paper 04 Question 6 October/November 2008)
5. (a) Define electric potential at a point. (2]

(b) An o-particle is emitted from a radioactive source with kinetic energy of 4.8 MeV. The ¢t-particle travels
in a vacuum directly towards a gold (' Au) nucleus, as illustrated in Figure 8.

pathof gold
o.-particle o . nucleus
Figure 8

The o-particle and the gold nucleus may be considered to be point charges in an isolated system.

(i) Explain why, as the o.-particle approaches the gold nucleus, it comes to rest. [2]
(ii) For the closest approach of the a-particle to the gold nucleus determine

1. their separation, in m, (3]
2. the magnitude of the force, in N, on the a-particle. [2]
(Cambridge International AS and A Level Physics 9702 Paper 41 Question 5 October/November 2009)
6. (a) State Lenzslaw [2]

(b) A simple transformer with a soft-iron core is illustrated in Figure 9.
laminated

/ soft-iron core
-1

input : output
primary
coil secondary

coil

Figure 9
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(i) Explain why the core is
1. made of iron,
2. laminated.
(i) Anem.f. isinduced in the secondary coil of the transformer. Explain how a current in
the primary coil gives rise to this induced e.m.f.

[1]
2]

(4]

(Cambridge International AS and A Level Physics 9702 Paper 42 Question 7 October/November 2012)

7. A sinusoidal alternating voltage supply is connected to a bridge rectifier consisting of four ideal diodes. The output of the
rectifier is connected to a resistor R and a capacitor C as shown in Figure 10.

= HR

Figure 10

The function of C is to provide some smoothing to the potential difference across R. The variation with time ¢ of the potential

difference V across the resistor R is shown in Figure 11.

w\‘é P ERNEEEEEMNASamwEaAnEE
e
09 10 ;20- 30 40 30 60

t/ms
Figure 11

(a) Use Figure 11 to determine, for the alternating supply,
(i) the peak voltage,in V,
(ii) the root-mean-square (r.m.s.) voltage, in V,
(iii) the frequency, in Hz. Show your working.

(b) The capacitor C has capacitance 5.0 UF. For a single discharge of the capacitor through the
resistor R, use Figure 11 to
(i) determine the change in potential difference, in V,
(ii) determine the change in charge, in C, on each plate of the capacitor,
(iii) show that the average current in the resistor is 1.1 X 107 A.

(¢) Use Figure 11 and the value of the current given in (b)(iii) to estimate the resistance
of resistor R.

(1]
(1]
(2]

(1]
(2]
(2]

(2]

(Cambridge International AS and A Level Physics 9702 Paper 41 Question 6 May/June 2012)




Quantum

The development of quantum physics started with
the Greek philosophers around 400 Bc with the

first ideas of matter being quantised. Then it was
suggested that matter is a large number of individual
atoms that cannot be further divided. The word
‘atom’ comes from the Greek word ‘atomos. By

the end of the nineteenth century, it was clear that
charge also was quantised. It is not possible, on a
very small scale, to have any charge required; it must
be the charge of a whole number of elementary
charges.

At the beginning of the twentieth century,
scientists such as Einstein wondered about energy
being quantised. If that was the case then wave
energy, of light in particular, would be possible
only in small packets of energy. The photoelectric
effect was studied by Einstein and his researches
revealed these packets of light energy, now called
photons. Einstein received the Nobel Prize for his
researches on the photoelectric effect.

The energy of a photon E is proportional to the
frequency f of the wave, E = hf, where h is a constant
called the Planck constant. It has the numerical
value of 6.626 x 107] s.

UL

The photoelectric effect, as its name implies, is the
production of electricity from light. When light

falls on some metals, electrons are emitted. When
visible light is used then only metals such as sodium
and potassium cause the emission, but if ultra-
violet radiation is used then metals such as zinc and
copper will emit electrons. Figure 30.1 shows a piece

of apparatus that can be used to obtain quantitative
data about this phenomenon.

Physics

Ultraviolet
radiation

Electrode B

Vacuum

Electrode A

o]
d.c. supply

Figure 30.1

A glass tube is fitted with two electrodes
A and B and evacuated. The metal under test is
electrode A and it is illuminated with ultra-violet
radiation. A variable d.c. supply is connected
between electrodes A and B together with a very
sensitive galvanometer. Currents of the order of
nanoamperes, 10~ A, need to be measured. It is
found that, provided electrode B is kept positive, all
the electrons emitted from electrode A are collected
and the current is constant. When the p.d. across
the electrodes is reduced the current drops, but even
when the p.d. is zero there is still a photoelectric
effect causing a current. It requires electrode B to be
made negative with respect to electrode A, before
that all the electrons are prevented from arriving
at electrode B. This stopping potential difference is
called the stopping voltage. This is shown in the
sketch graph of Figure 30.2.

I
Bright u-v radiation

Dim u-v radiation
0
' 0
Stopping

voltage

>

v

Figure 30.2
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Figure 30.2 also shows the effect of reducing
the intensity of the ultra-violet. The pattern of the
graphs remains the same as the intensity is reduced
but with smaller currents. The photoelectric current
is proportional to the intensity. However, using the
wave theory, as the intensity falls the wave energy
falls so it would be expected, in dim radiation, that
the stopping potential would also fall. This does not
happen. Even in very dim ultra-violet, the electrons
are still emitted with as much energy as they were
with intense ultra-violet. The wave theory of light
cannot explain this. It was this experiment that led
Einstein to suggest that energy of light is quantised
in packets of light called photons. This experiment
implies that every individual photon of the ultra-
violet radiation that is absorbed is absorbed
completely by one electron. The radiation behaves
not as a wave but as a stream of particles, called
photons.

A separate experiment, using radiation of
different frequencies f, can measure how the
stopping voltage for a particular metal varies
with the frequency. The result of this experiment
is shown in Figure 30.3. It shows that there is a
frequency, called the threshold frequency f;, below
which photoelectrons will not be emitted from that
metal.

Stopping A
voltage

0 fa Frequen’cy

Figure 30.3

The minimum photon energy necessary to cause
photoelectrons is called the work function ¢. This is
given by hf..

At the level of an electron being emitted we
can apply the principle of conservation of energy
to get,

Energy of arriving photon = Work function +
maximum kinetic energy of emitted electron.

In symbols this becomes,

hf= ¢ + %m v?

e max

where m_ is the mass of an electron and v its
maximum velocity.

It is the electrons with maximum velocity that are
stopped by the stopping voltage V,

1
so —mv? =eV

2 € max

where e is the magnitude of the charge on an
electron.
The equation can be written in different ways, e.g.

hf=hj;+%m_v3 or hf=¢+eV

€ max

You are less likely to make a mistake with this if
you think of the energies involved.

One final point — the theory keeps stating the
maximum Kinetic energy of the photoelectrons. This
implies that some electrons are emitted with less
energy than this maximum. This is true because some
of the emitted electrons lose energy within the metal
of the electrode after they have been ejected from
atoms a few atomic diameters below the surface.

‘ Powers of 10 can be a problem when considering
. the photoelectric effect. You are less likely to

- make a mistake with this if you think of the
energies involved. If you use joules as the unit of
energy you will be considering all three terms in
one of the equations above with energies of the
order of 107°]. It is often useful to work in energy
units of electron-volts (1.6 x 107?]). In these
units the numbers will be a few electron volts so
powers of 10 are less of a problem. If you ever get
to the stage where you have a calculation to do
like (2.6 X 107"° + 2.3), you have made a mistake
with units.

The graph in Figure 30.3 has the stopping voltage V.
on the y-axis and frequency on the x-axis. Putting
the above equation hf= ¢ + eV_into the form of

Yy =mx + ¢, it becomes a graph of

_h 0
Vi=zifem

From the equation you will notice that the
gradient of the graph is h/e.

Figure 30.4 is drawn to scale and shows that
different metals have different threshold frequencies
but that all the graphs have the same gradient.
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Figure 30.4

Note that, of the metals on the graph, only
caesium and potassium will give any photoelectrons
in the visible range of the electromagnetic spectrum.

The above section on the photoelectric effect
emphasises the fact that photons behave like
particles. However, light definitely behaves as a wave
when experiments are done on diffraction. We are
faced with the necessity that all the range of the
electromagnetic spectrum has dual wave and particle
properties. The long wavelength end of the spectrum,
the radio waves, exhibit very little particle property.
The short wavelength end of the spectrum, the X-rays
and the gamma rays exhibit many more particle-like
properties, when a photon of gamma rays is emitted
from a radioactive material for example.

Louis de Broglie (pronounced de Broy) wondered
whether, since waves can exhibit particle like
properties, can particles exhibit wave like properties?
He carried out experiments on electrons that had been
accelerated in a vacuum and directed at a thin screen
of tiny graphite particles, as shown in Figure 30.5.

Electron
beam

Graphite film

Fluorescent
screen

Cathode
Anode

with a
hole at
its centre

Figure 30.5
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The graphite particles act like a diffraction
grating, but in two planes rather than the usual
one plane for an optical diffraction grating. The
effect of the graphite on the electrons is shown on a
fluorescent screen. Figure 30.5 clearly indicates that
some of the electrons cause a central bright patch
and that there is a first order diffraction pattern
surrounding this. A second order can be seen if the
speed of the electrons is increased, indicating that
moving electrons do have a wave nature and their
wavelength decreases as their speed increases. It is
found that the wavelength A of particles of mass m
travelling with speed v is given by the equation

h h

“mv " p
where h is the Planck constant and p represents the
momentum .

.......

What is the wavelength of (a) an electron travelling
at 6.3 x 10'ms™" and (b) a proton travelling at the
same speed?

Answer Using the equation above gives

(@) 1 6.63 x 107

= — - =12x10"m
91x107 x 6.3 x 10

This wavelength is comparable to the wavelength
of X-rays.

(b) A= 6.63 x 107

= - =65%10"m
162 x 107 x 6.3 x 10

This wavelength is comparable to the wavelength
of high energy gamma rays.

The wave like properties at such a high frequency
would be very difficult to detect.

Early in the twentieth century Bohr suggested that
the wave behaviour of electrons was responsible for
spectra. He imagined that the electron wave around
a proton in a hydrogen atom was a stationary wave
pattern of the electron. The circumference of the
orbit needed to be a whole number of waves. 'Lhis
was the start of a whole branch of science called
wave mechanics. Bohr’s theory works quite well for
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hydrogen but it fails to give results which agree with
experiments as soon as more electrons are present
in an atom. However, in all atoms, any electrons in
stable orbits must have certain exact energies. This is
one more example of quantisation. Atoms can move
from low energy to high energy by gaining exactly
the correct amount of energy, or can lose the right
amount of energy by the reverse process of emitting
a photon.

Figure 30.6 is a diagram of the energy levels
possible in a hydrogen atom.

Infinity -0
6 —0.37¢)
5 ~0.54eV
4 —0.84eV
3 -1.51eV
1.89 | 2.56 286 | 3.03
eV eV eV ev
2 Y Y . —3.40eV
1 -13.6eV

Ground state
level

Figure 30.6

The energy levels are given in electron-volts. The
energy of a free electron separated from the atom
is taken to have zero energy, so all the electrons
within the atom have negative energies, with those
nearest to the proton having least energy. At the
top of the diagram, the energy levels get closer
together. There are an infinite number of levels
in this part of the pattern. In a stable hydrogen
atom the single electron will occupy the ground
state at -13.6eV.

When some hydrogen gas is contained in a glass
tube at low pressure and a high voltage is placed
across it, it emits light. (The same process is used
in fluorescent tubes and sodium street lights.) The
light from the hydrogen gas can be analysed using
a diffraction grating mounted on an instrument
called a spectrometer and certain definite
wavelengths are found, as illustrated in Figure 30.7.
There are other lines in both the infra-red and the
ultra-violet ranges, but these are not visible to the
human eye. A spectrum like this is called a line
emission spectrum.

Infra-red  Red Blue Violet Ultra-violet

A 656nm

486 nm / \

434nm 410nm

Figure 30.7

The wavelengths can be compared with the
energy level values on the diagram by using the
relationship for the energy of a photon as given
earlier in the chapter when considering the
photoelectric effect, namely E = hf.

These values are tabulated below.

3035107 1.89

656 4.57 x 10"

486 6.17 x 10™ 4.09x 107" 2.56
434 6.91 % 10" 4,58 % 107" 2.86
410 7.32x 10" 4.85x 107 3.03

When the energies of the emitted photons are
compared with the energy level chart, you will
see that this series of wavelengths correspond to
electrons always falling from higher levels to level 2.
This series of wavelengths is called the Balmer series.
There are other series falling to the ground state, level
1, level 3 and level 4. An energy loss to the ground
state will produce short wavelength ultra-violet
radiation: drops to levels 3 and 4 produce infra-red
radiation. The loss of energy of an electron from high
state x to a lower state y is always equal to the energy
of the photon, Af. Put into an equation this becomes

E -E=hf

Spectra become rather more complicated when
considering solids rather than gases. In a molecule
of a gas, the energies of the electrons have quite
specific values. In a solid, ranges of energy are
possible and other ranges are not. The permitted
ranges of energy are called energy bands, and those
not permitted are called forbidden bands as shown

in Figure 30.8. The upper bands are normally filled
by the outer electrons of an atom. These are the



valence electrons and the highest band containing
electrons is called the valance band.

Energy band

Forbidden band

Energy
increasing

Figure 30.8

Quantum Physics 215

There is a difference between the upper
energy bands of a conductor, an insulator and a
semiconductor. This is shown in Figure 30.9.

In a conductor the valence band is only partially
full, so when an electron is placed in an electric
field, it can absorb small amounts of energy from
the field and move to a slightly higher level. This
happens when it is conducting. In an insulator the
valence band is full and is separated from the next
band, called the conduction band, by a large energy
gap. This makes conduction virtually impossible.

In a pure semiconductor (called an intrinsic
semiconductor) the valence band is full, but the
energy gap between the valence band and the
conduction band is small. It is possible for electrons
near the top of the valence band to acquire energy
and move to the conduction band.

Energy
increasing

Conductor: Insulator:
valence band valence band
sartially full full, conduction

band empty

Semiconductor:
valence band
full, conduction
band empty, but
close to valence
band.

Figure 30.9

Variation of resistance with temperature

The resistance of metals increases slightly with
temperature. This is because of an increase in the rate
of collision between conduction electrons and the
atoms of the crystal lattice (metals are crystalline).
However, intrinsic conductors show a large fall in
resistance when the temperature is increased. This is
because, with a rise in temperature, more electrons
acquire sufficient energy to move from the valence
band to the conduction band. This effect is much
greater than the rate of collision effect. Thermistors
are made of intrinsic semiconductor material and
their resistance might fall from several hundreds

of ohms to a few tens of ohms over a temperature
range from 200 °C to 20 °C, for example.

Variation of resistance with intensity of light

A light-dependent resistor (LDR) functions in

a similar way. When an LDR is illuminated, the
energy of the photons can enable electrons to
move from the valence band to the conduction
band. As the intensity of illumination increases, so
more electrons reach the conduction band and the
resistance of this intrinsic semiconductor device
might decrease from a few kilo ohms in the dark to
less than a hundred ohms in sunlight.
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Absorption sp

Lia

The reverse situation from that just described for
emission spectra can be seen in the spectrum of

the Sun. As the Sun is a hot body with a mixture of
many different hot gases, liquids and solids, it emits
all frequencies and therefore a continuous spectrum
stretching across the whole range from infra-red to
ultra violet and visible to the naked eye from deep
red to deep violet. When this spectrum is observed,
it is found to be crossed by hundreds of lines that
are darker than the background. These dark lines are
called an absorption spectrum. They are the reverse
process to an emission spectrum. Light from the
Sun has to pass through its own atmosphere, which
is much cooler than its surface. Some gas atoms in
the atmosphere absorb photons that happen to fit
their energy pattern, so less of that particular energy
arrives at the Earth.

One particularly interesting absorption spectral
pattern in the Sun’s spectrum is that which
corresponds to the emission spectrum of helium. It
is interesting because that was the way helium was
discovered. ‘Helium’ means ‘Sun’ element. It was
discovered on the Sun first and then a scientist found
it, as a small percentage of the Earth’s atmosphere and
since, it has been found in some deep underground
caves in greater concentrations.

'he production and use of X-rays

ntroduction

When Rontgen discovered X-rays in 1895 he
immediately realised their importance in medical
diagnosis. The X-ray of his wife’s hand clearly
showing the bones was the first medical X-ray ever
taken. It has been followed by untold millions of
X-rays since that time. Until X-rays were available
to surgeons they often had impossible tasks,
particularly in war time. They might have been
able to see a wound where a bullet had entered
someone’s body, but that was not necessarily where
the bullet was lodged. A surgeon cannot dig around
inside someone hoping to come across a bullet.

They simply had to guess where it was, and often
they were wrong. X-rays made this sort of diagnosis
straightforward because it is a form of remote
sensing. It was non-invasive.

The production of X-rays

X-rays are high energy electromagnetic waves.
Their frequency is higher than that of ultra-violet
radiation and has the same frequency as that of
some gamma () rays. The difference between
X-rays and gamma rays is that X-rays are generated
when electrons lose energy whereas gamma rays
are generated from the nucleus of an atom when it
undergoes radioactive decay.

In order to produce X-rays it is necessary to use
a stream of high energy electrons and allow them
to strike a metal target. A modern X-ray tube is
illustrated in Figure 30.10.

It uses a glass envelope with a very high vacuum
inside it. The electrons are emitted from a heated
cathode, in just the same way that electrons are
emitted from a cathode in the cathode ray tube of
an oscilloscope. These electrons are then accelerated
by a very high voltage. An oscilloscope might use
a potential difference of 1500 V to accelerate its
electrons. X-ray tubes will often use 100 times this
potential difference. A dentist’s X-ray tube typically
will use a p.d. of 85kV. A tube producing hard (that
is energetic) X-rays might have a p.d. of a million or
more volts.

The electrons are focussed by the shape of the
cathode on to the metal anode to give nearly a
point source of X-rays. The power of the emitted
X-rays is often only about 1% of the power of the
accelerated electrons, so the anode would melt with
the power supplied by the electrons were it not
cooled with a coolant passing through a tube inside
the anode.

The intensity of an X-ray beam is the total power
per unit area. This is determined by the power
supplied to the electrons. The hardness of the beam
is controlled by the p.d. between the anode and the
cathode.
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Figure 30.10 A modern X-ray tube

The use of X-rays

The advantage of using a point source of X-rays is that
a sharp shadow is produced. In the same way that
light from a fluorescent tube produces a very fuzzy
shadow, but light from a lamp with a small filament
produces a sharp shadow. This is illustrated for X-rays
in Figure 30.11 in which (a) shows the shadow from a
point source and (b) from an extended source.

If an extended source were used then small
detail on the photographic film can easily be lost
altogether. An X-ray image of this type is not really a
photograph at all. It is just a shadow.

Another problem with X-rays used this way
is contrast. When an X-ray passes through any
material its intensity decreases as a result of
absorption. The beam is said to be attenuated. The
intensity I of an X-ray beam is the power per unit
area and is given by the equation

I=I e

where I_is the initial intensity, e indicates an
exponential function, y is called the attenuation
coefficient and x is the thickness of the material.
An example in the use of this equation is given
in Chapter 21. The value of 4 does depend on the

voltage used in generating the X-rays. A typical
value for bone is 600 m™!.

Unfortunately the corresponding values of y for
different organs of the body, such as kidneys, liver,
heart are all about 100m™ so there is no way that
a shadow image can distinguish between different
soft tissue unless some contrast medium is used. A
barium meal can be used to cause the intestines to
absorb X-rays and hence make them appear white
on the black X-ray photograph. Injections of iodine
compounds into an artery can be used to enhance
the image of other organs, such as the brain.

Point source of
X-rays

Bone in
patient’s
leg
Sharp edge
to shadow
J<— Film

ER

Film blackened Film Film blackened
clear
Figure 30.11 (a) A point source of X-rays produces a

sharp X-ray image on film.
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Extended

/ X-ray source

Blurred shadow
on film

Figure 30.11 (b) An extenced source of X-rays would
give a blurred image.

X-rays, like all high energy radiation, are
dangerous to living tissue. Carefully controlled doses
of intense, hard X-rays are used for cancer treatment,
and routine X-rays are carefully monitored to reduce
radiation hazard. One way that this problem is
minimised is by having more sensitive X-ray sensors.

Photographic film that is more sensitive means that
the X-ray dose can be reduced. In hospital X-ray
departments, there is now increasing use of a very
sensitive fluorescent plate instead of film. This can
be connected to a digital display. Another way of
reducing exposure is by using various filters. A thin
metal plate for the X-rays to travel through before
entering the patient can, for example, absorb the low
energy X-rays that would not have contributed to
forming the image in any case because they would
have been absorbed by the body.

Until the advent of linking up X-ray images with
computers these shadow images were all that was
available. Now there are a whole range of different
approaches capable of producing images that are
sharp, are in false colour, are of specific organs, and
are able to compare two images and highlight any
differences. One of these techniques is described in
the next section.

Computed tomography (CT) scan

CT scans use X-rays to give outstanding images
of any section through the body, as shown in
Figure 30.12.

Figure 30.12 CT scans of the head of a patient.




To obtain such images a patient is placed in the
centre of a stationary ring of 720 X-ray detectors, as
shown in Figures 30.13 (a) and (b).

The X-rays themselves come from a point
source in the X-ray tube and screening is used
to give a thin fan-shaped beam. The X-ray tube
rotates around the patient and after one complete
revolution it moves approximately one centimetre
along the patient. It will continue to rotate until
the whole of the organ being examined has had
X-rays passed through it. A complete scan of a
head, for example, would take about 25 revolutions
of the X-ray tube. As the X-rays are received by the
detectors, data from them is passed to a computer
for processing and then to give an image of a
slice through the patient on a monitor. The image
is a digital image and the doctor can adjust the
magnification of the image produced. When too
much magnification is asked for, the image will be
seen to be digital.

The computer creates a three-dimensional image
of any part of the body, involving a system using

_ moving around
the patient

computed tomography or CT scanning. As the
X-ray tube moves around the patient, the narrow
beam of X-rays passes through the part of the
patient being examined from different directions.
Consider a patient with a brain injury. The affected
part of the brain is a three-dimensional object

and the doctor needs to know exactly the extent
and type of damage to the brain. A CT scan uses

a process in which the brain is divided into small
imaginary cubes called voxels. A few of these voxels
are illustrated in Fig. 30.13(c). As the narrow beam
of X-rays goes round the patient it will meet, from
different directions, every group of 8 voxels in a
cube. Programs within the computer add all the
X-rays transmitted through any one of the eight
voxels, so that the screen image is built up using the
density of each voxel. The doctor is able to choose
to see any slice through the three-dimensional
image held as data on the computer. Any colour

required on the screen, to improve the image, has to
be added artificially.

A stationary
ring of
720 detectors
X-ray
tube

Figure 30.13 (a) A patient being given a CT scan (b) Top view of patient in a CT scanner (c) Representation of voxels in a cube
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|/ Energy is quantised. The smallest packet of light
energy is called a photon.

/A photon of frequency f has energy E given by E = hf
where } is called the Planck constant and has the
value 6.626 x 10*]s.

A photon of sufficient energy may liberate an electron
from a metal. This energy, which is different for different
metals, is called the work function of the metal.

The threshold frequency, f, is the lowest frequency

to cause an electron to de emitted. The energy ¢

of a photon of this frequency is hf. Putting all this
together gives

1 2
hf=¢+ 5™

/ The de Broglie equation for the wavelength 4 of a
particle of mass m travelling with speed v is A = h/mv.

v/ The quantisation of energy results in electrons in an
atom having certain exact energies. This causes line
spectra.

/" Band theory can be used to explain how thermistors
and light-dependent resistors work.

/ X-rays are highly energetic electromagnetic waves
with frequency higher than that of ultra-violet
radiation and possess the same frequency as
possessed by gamma rays.

v/~ The digital image obtained by CT scan is an image of
slice through the patient on a monitor.

30.1 (a) Determine the energy of a photon of visible light with
a wavelength of 550 nanometres. Quote your answer
in both joules and electron volts.

(b) Approximately how many photons are emitted per
second by a lamp emitting 10 W of power at this
wavelength?

30.2 (a) State what is meant by the term threshold frequency
with respect to the photoelectric effect.

(b) The threshold frequency for zinc is 1.01 x 10"*Hz.
Explain why photoelectric emission is not possible for
zinc illuminated, however brightly, with visible light.

(c) The photoelectric effect is possible for zinc
provided ultra-violet light is used. Explain why this
is 50, even if the light source is very dim.

(d) Calculate the maximum possible speed of
photoelectrons from a zinc surface when illuminated
with ultra-violet light of frequency 1.83 x 10**Hz.

30.3 Use Figure 30.4 to find
(a) Planck constant h,
(b) the stopping potential for magnesium at two
different frequencies of UV radiation,
(c) The work function of silver in eV and in J.

30.4 Calculate:
(a) the speed of an electron after it has been accelerated
in a vacuum by a potential difference of 50.0kV,
(b) the momentum of the electron after its
acceleration,
(c) the wavelength of this electron using the de Broglie
' relation.

30.5 Explain why a photograph of the spectrum of the Sun is
crossed by many dark lines.

30.6 The energy levels for electrons in the hydrogen atom
are given by the empirical equation
13.6
E,=——5 €&V
e
where 1 is a number of the energy level.
For example, the lowest energy state, the ground state
is level 7 = 1. In this state an electron has energy
~13.6 electron volts compared with a free electron.

Tabulate the energy levels for n =2, 3,4 and 5 and then

calculate

(a) the energy released by an electron falling from
level 5 to level 3,

(b) the frequency of the light emitted by an electron
falling from level 4 to level 2.

(c) In what region of the electromagnetic spectrum
would radiation be emitted by any electron falling
to the ground state?

30.7 The following electrical supplies are available for
production of X-rays from different X-ray tubes.

A Apd. of 160kV between the cathode and the
anode and a beam current of 4.3 mA.

B A p.d. of 80kV between the cathode and the anode
and a beam current of 7.2 mA.

C A p.d. of 120kV between the cathode and the
anode and a beam current of 6.8 mA.

D A p.d. of 260kV between the cathode and the
anode and a beam current of 3.2 mA.

Explain which X-ray tube,

(a) produces the hardest X-rays?

(b) produces X-rays of the highest intensity?
(c) might well be used in a dental surgery?
(d) has a beam power of 688 W?
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Energy and mass

It was established at the end of the 19th century that
the speed of light is constant. If you move away from
a beam of light it approaches you at the same speed
as it would if you were moving towards it. The speed
of light does not depend on the speed of the light
source or the speed of the observer. This means that
nothing can ever overtake light.

This has important consequences. If a particle
in an accelerator is travelling at near the speed of
light and it is given some energy it goes faster, but
the faster it goes the more difficult it is to make it
go even faster, because it cannot ever go as fast as
the speed of light. The fact that it is more and more
difficult to accelerate as it nears the speed of light
implies that its mass is increasing. The relationship
between the extra mass and the extra energy has
probably led to the best known and least understood
equation of all time.

E=mc

where E is the energy equivalent of mass m and ¢
is the velocity of light. This well-known equation
is better written as AE = ¢ Am where Am is the
increase in mass when an amount of energy AE is
supplied.

Nuclear binding energy

Mass and energy considerations are essential when
the mass of any nucleus is measured because the

mass of a nucleus is not the sum of the masses of the
protons and neutrons of which it is made. Take, for
example a single nucleus of sulfur-32. This nucleus
has an atomic number of 16 and, therefore, consists of

16 protons each of mass

1.00783 u, so total mass =16.12528u,

16 neutrons each of

mass 1.00867 u, so total mass =16.13872u
Mass of the individual particles

making up the nucleus =32.26400u
Mass of the whole nucleus =31.96329u

The difference between these two figures is called the
nuclear mass defect. The mass of a whole nucleus
is invariably less than the mass of the individual
particles. For a single nucleus of sulfur-32
the mass defect is 0.30071 u.

Using the relationship between energy and mass,
we can calculate the energy equivalent of this mass
defect.

E=mc*=0.30071u x 1.66043 x 10* kgu™!
X (2.9979 X 10°ms™")?
=4.48748 X 107'1],

This can be converted into electron volts by dividing
it by 1.60219 x 107" to get

2.80084 x 10°eV =280.084 MeV.

This energy equivalent for any nucleus is called the
nuclear binding energy.

The binding energy for the sulfur-32 nucleus is,
therefore, 280 MeV to 3 significant figures. This is 1ot
the energy of the nucleus. It is the energy required to
separate the nucleus into its constituent particles.

Teacher's Tip

This kind of calculation is full of opportunity

for making careless mistakes. There are many
different units involved and great care is needed
to get things correct. There is usually no need to
use as many significant figures as has been used
here, but you do need to work with 5 significant
figures when calculating mass defect, because the
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| calculation involves subtracting two nearly equal
numbers. Once you have the mass defect,
3 significant figures is usually enough. ‘

In order to check the answers you get with
these problems, it is worthwhile remembering the
following fact.

1.0000u = 1.66043 x 10" kg so the mass of any
atom will be very small.

1.66043 X 10~ kg has an energy equivalence of

E=mc*=1.66043 x 107 x (2.9979 x 10%)*

=1.4923 x107"?]
=1.4923x 107"+ 1.6022% 107°=9.3140 X 10°eV

So 1.00 u is equivalent to 931 MeV to 3
significant figures. ‘

To sum up, you should expect masses in unified
mass constant u, to be between 0.00055u for an
electron and 250u for massive atoms, binding
energies measured in MeV, to be between a few
MeV up to several hundred MeV.

If you look critically at your own answers,
including the units, you should spot your
own mistakes. If you ignore answers such as
mass of nucleus = 235 kg you will make significant
mistakes!

Variation of binding energy with
nucleon number

In general, as the nucleon number of a nucleus
increases, the binding energy also increases. In order
to obtain some idea of the stability of a nucleus,

it is more useful to know the binding energy per
nucleon.

binding energy of nucleus

Binding energy per nucleon =
nucleon number

For the sulfur nucleus described above, the
binding energy per nucleon is

280 MeV + 32 nucleons = 8.75 MeV.

When a graph of energy per nucleon is plotted for
all the different isotopes for all the elements it has
the shape shown in Figure 31.1.
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Figure 31.1

A few sample nucleons are named on the graph
which shows that nuclei close to the iron nucleus
Fe-56 are the most stable. That is, an iron-56
nucleus requires most energy to separate it into
individual protons and neutrons. The graph also
indicates that if a high nucleon number nucleus
could be split into two smaller nuclei then energy
would be released. This is nuclear fission and is
the process used in all nuclear power stations.
Energy would also be released if two small nuclei
could be combined into a larger nucleus. This
is the process of nuclear fusion. Nuclear fusion
is the source of the Sun’s almost inexhaustible
supply of energy. It is the hope for the future in
power stations on the Earth as no radioactive
by-products are produced by it and the heavy
hydrogen atoms, hydrogen-2, are in abundance
even though they only make up 0.015% of all
the hydrogen atoms in sea water. Unfortunately
fusion only occurs at very high temperatures and
at present only experimental fusion reactors exist.
A new, large scale, fusion prototype plant is being
built in France at a cost estimated to be $10 billion
with cooperation from Europe, the USA, Russia,
China, Japan and other countries. It should run
for 35 years and will maintain a sustained fusion
reaction by containing the hydrogen-2 nuclei at
temperatures as high as 100000 000 °C and held
in strong magnetic fields since no solid substance
could exist at that temperature.




Nuclear fission

Nuclear fission has been used in nuclear power
stations since the 1950s. All of the commercial
nuclear reactors depend on the use of uranium.
Uranium has two relatively stable isotopes,
uranium-235 and uranium-238. Uranium-235 will
undergo fission if bombarded with slow neutrons.
The nuclear reaction is as follows.

U + In— 28U PSr + BXe+3In+ E
The energy E released in this reaction is about
200 MeV. This compares with just a few electron-
volts from burning a single carbon atom in a
coal-fired power station. The energy is released
in a nuclear power station as gamma radiation
and in the kinetic energy of the fission products,
particularly the neutrons. The gamma radiation
is absorbed by the materials of the reactor and its
very thick concrete walls. In one type of reactor,
the neutrons escape into a carbon moderator
where their kinetic energy is lost. The Moderator’s
temperature would rise but circulating carbon
dioxide gas extracts thermal energy and provides
the power for the generating turbines. Some of
these slow neutrons later re-enter the uranium fuel
to maintain the chain reaction. Boron is an element
that absorbs neutrons, so boron rods are placed in
special channels in a reactor. By raising or lowering
the rods, the energy output rate of the reactor can
be controlled. In an emergency, all the boron rods
will drop down in the channels and this will shut
down the reactor.

Activity and half-life

As was explained in Chapter 14, radioactivity is
spontaneous and random. Nothing associated
with the atom affects it as it is essentially a nuclear
phenomenon. If you place a piece of uranium

in front of a Geiger counter, the uranium nuclei
may have spent more than four billion years on
the Earth totally unchanged, and then suddenly
several of them will emit alpha particles. No one
knows why or what causes the emission. The

only way of understanding the mathematics of
radioactivity is to use a statistical method. The one
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thing that is known is that the more uranium there
is, the greater will be the number of emissions per
unit time.
The number of decays per unit time is called
the activity A. Activity is measured in becquerels,
symbol Bq. One becquerel is one count per second.
For a radioactive substance containing N atoms,
the activity A is proportional to N.

ie. AN so A=AN

where A is called the decay constant.

The decay constant is a probability. If it has a
value of 1.0 X 107, that is a millionth, it tells you that
during the next second, one in every million nuclei
will probably decay.

Using this definition enables a theoretical graph
to be drawn plotting N against time as shown in
Figure 31.2. As N decreases the gradient of the graph
will also decrease; e.g. when N has fallen to half its
original value, the gradient will be half its original
value also.
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Figure 31.2

This graph is an exponential graph. The equation
of the graph is of the form
x=x,.e™
where x may be N or A or any fraction of A that
is being detected by a measuring instrument. It,
therefore, gives you three possible equations:

N=Ng¥
0
A=A
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C= Cﬂe"'-’ where C is a count rate on an
instrument.

The equation x = x,e™ may be given in the data
on any exam paper so you need to be able to use a
calculator correctly with the e* button.

Example 1

A radioactive source has a decay constant of

3.87 x 10"*s™' and an activity of 480 Bq. Determine
the length of time it will take for the count to fall
to 240 Bq.

Answer Use A= Aue":" and start by taking natural
logarithms of the equation.

This givesIn A =In A - Atand hence

In 240 =1n 480 - 3.87 x 107> x ¢
So,5.4806=6.1738 -3.87 X 107> x t

Simplifying gives 0.6932=3.87x 10" xt
and t=0.6932 + 3.87 X 102=1.79 X 10''s

This works out to be 5670 years. It gives a good
idea of just how many atoms there are in even a
small amount of anything. This is a source providing
between 480 and 240 decays per second and it can
do this for 5670 years.

Half-life

The example just given has found the time it takes for
a decay rate to fall from 480Bq to 240Bq. Thisis a
reduction in activity by a factor of two. The calculation,
in fact, has worked out the half-life of the substance.
Half-life (¢, ) is the time taken for activity to fall
to half its original value.

Working in half-lives the decay rate will fall in the

following way:

Number of
half-lives 0 1 2
A

Activity 4,
2

3 4 5 6
4 A A A
16 32 64

4 8
For calculations involving anything other than
whole numbers of half-lives the basic equation need

to be used.
Since A = A e and for one half-life A =

b | —

AL"I
o % = e * and by taking natural logs ]n~12~ =-At

Since In %: -0.693 this gives the relationship
between decay constant and half-life as

0,693

r.‘.

This is another equation that you may need to use
when answering questions.

Example 2

A radioactive source of cobalt-60 is used in a
hospital for radiation treatment. It has a half-life of
5.3 years. The source, when first used at the hospital,
requires that a patient is treated for 11 minutes. For
how long can the source be used if the maximum
time for treatment is not to exceed 20 minutes?

Answer For a half-life of 5.3 years the value of the
decay constant A

=0.693/5.3 =0.1308 year™

(Note that this has not been converted to seconds.
This is fine as long as all times are kept in years. If
you have any doubt about this, conversion of every
time into seconds is easy to do, it will give the same
answer.)

If the same total dose is supplied in 11 minutes at
the start and takes 20 minutes at the end of its use,
then the activity must have fallen at the end to
11/20 of its initial value.

So if A is the activity at the start then the activity
Aattheendis 0.55 A,.

Substituting into the equation A = A e™
gives

0.55 = e* and hence
In 0.55=-0.1308 x t =- 0.5978
and hence t=0.5978 + 0.1308 = 4.57 years.

In order to get as many patients treated in a day,
hospitals that used this system often used to obtain
new sources more quickly than this. The problem
indicates one difficulty with radiation from a
radioactive source. It is common now to use very
high energy X-rays (at the same frequency as the
previously used gamma rays) so that there is a
constant, and more controllable, rate of
irradiation.
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Chapter Summary

v The difference in mass between the mass of an atom and
is called the mass defect of the atom. The energy

v* The activity of a radioactive source is the number of
decays per unit time.

v The decay constant A is the ratio of the activity A to
the number N of atoms present.

A=A/N

the larger, total mass of its proton, neutrons and electrons

equivalent of the mass defect is called the binding energy.

/" The decay equation can be written in terms of
number N of atoms remaining undecayed or in terms
of the activity A

N=Nge™
/" The relationship between decay constant and half-life is

A = Aue—f.r

0.693
A=‘t—

Progress Check
31.1 The energy radiated by the Sun every second is

3.9 % 10*° ], Calculate the loss of mass of the Sun in
one second.

31.2 Two deuterons, of mass 2.0141 u combine to form

Calculate

(a) the loss of mass in unified mass units,
(b) the loss of mass in kilograms,

(c) the energy released in the fusion process.

31.3 Radioactive nuclei very often decay into other
radioactive nuclei, called daughter products. Consider
radioactive element A decaying into radioactive
daughter product B that decays into a stable nucleus
C. Starting with N radioactive nuclei of element A and
zero nuclei of elements B and C, sketch using the same
axes for all three graphs, the shape of number of nuclei
against time graphs for elements A, B and C.

one helium atom of mass 4.0066 u in a fusion process.

Now answer these supplementary questions, and then

check your sketches.

(a) What is the total number of nuclei A, B and C at all
times?

(b) How do the graphs of the numbers of nuclei of A,
B and C finish, after an infinitely long time?

31.4 Calculate the activity of a kilogram of uranium-238.
The decay constant of uranium-238 is 4.88 x 10755,

31.5 A radioactive nuclide of cadmium, nucleon number
115 and proton number 48, decays by beta emission
with a half life of 43 days.

(a) Write a nuclear equation for this decay.

(b) Calculate the decay constant A of this nuclide.

(c) Use the equation N=N exp(-4t) to determine the
time it takes for the number of radioactive nuclei
to fall to 1/2000 of its initial value.

Examination Questions XIl|

1. Some data for the work function energy @ and the threshold frequency £, of some metal surfaces are given in Figure 1.

to the emission of electrons.

metal D /1077] £,/ 10" Hz
sodium 3.8 5.8
zinc 5.8 8.8
platinum 9.0
Figure 1

(a) (i) State what is meant by the threshold frequency.
(i) Calculate the threshold frequency, in Hz, for platinum.

(b) Electromagnetic radiation having a continuous spectrum of wavelengths between 300 nm and 600 nm
is incident, in turn, on each of the metals listed in Figure 1. Determine which metals, if any, will give rise

[2]
(2]

2]
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(c) When light of a particular intensity and frequency is incident on a metal surface, electrons are emitted.
State and explain the effect, if any, on the rate of emission of electrons from this surface for light of the
same intensity and higher frequency. (3]

(Cambridge International AS and A Level Physics 9702 Paper 41 Question 7 May/June 2013)

2. (a) (i) State what is meant by the decay constant of a radioactive isotope. [2]
(ii) Show that the decay constant 4 and the half-life ¢, of an isotope are related by the expression
Aty =0.693. (3]

(b) In order to determine the half-life of a sample of a radioactive isotope, a student measures the count rate
near to the sample, as illustrated in Figure 2.

"

to
counter

detector
\“-

shielding

sample of
radioactive
material

Figure 2

Initially, the measured count rate is 538 per minute. After a time of 8.0 hours, the measured count

rate is 228 per minute.

Use these data to estimate the half-life of the isotope, in hours. [3]

(c) The accepted value of the half-life of the isotope in (b) is 5.8 hours.

The difference between this value for the half-life and that calculated in (b) cannot be explained by reference

to faulty equipment.

Suggest two possible reasons for this difference. [2]
(Cambridge International AS and A Level Physics 9702 Paper 41 Question 9 May/June 2012)

3. Two deuterium (; H) nuclei are travelling directly towards one another. When their separation is large compared
with their diameters, they each have speed v as illustrated in Figure 3.

v V

S A el
deuteriumO O deuterium
nucleus nucleus
Figure 3

The diameter of a deuterium nucleus is 1.1 X 10" m.
(a) Use energy considerations to show that the initial speed v of the deuterium nuclei must be approximately
2.5x10°ms™ in order that they may come into contact. Explain your working. [3]

(b) For a fusion reaction to occur, the deuterium nuclei must come into contact.
Assuming that deuterium behaves as an ideal gas, deduce a value for the temperature of the deuterium, in K,
such that the nuclei have an r.m.s. speed equal to the speed calculated in (a). (4]

(c) Comment on your answer to (b). [1]
(Cambridge International AS and A Level Physics 9702 Paper 04 Question 5 October/November 2008)
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4. (a) State what is meant by nuclear binding energy. [2]

(b) The variation with nucleon number A of the binding energy per nucleon B, is shown in Figure 4.

A
Bl‘.

Figure 4
When uranium-235 (%3 U) absorbs a slow-moving neutron, one possible nuclear reaction is

235 5 3 1 0 >
32U+ In— 3Mo + '¥la + 2)n + 7 (P + energy.

(i) State the name of this type of nuclear reaction. [1]
(ii) On Figure 4, mark the position of
1. the uranium-235 nucleus (label this position U), [1]
2. the molybdenum-95 (3 Mo) nucleus (label this position Mo), [1]
3. the lanthanum-139 (‘¥ La) nucleus (label this position La). [1]
(iii) The masses of some particles and nuclei are given in Figure 5.
mass/ u
B-particle 55%107
neutron 1.009
proton 1.007
uranium-235 235.123
molybdenum-95 94.945
lanthanum-139 138.955
Figure 5
Calculate, for this reaction,
1. the change, in u, of the rest mass, [2]
2. the energy released, in MeV, to three significant figures. [3]

(Cambridge International AS and A Level Physics 9702 Paper 42 Question 8 October/November 2013)

5. (a) State what is meant by a photon. [2]

(b) It has been observed that, where photoelectric emission of electrons takes place, there is negligible time delay between
illumination of the surface and emission of an electron.
State three other pieces of evidence provided by the photoelectric effect for the particulate nature of

electromagnetic radiation. [3]
(c) The work function of a metal surface is 3.5eV. Light of wavelength 450 nm is incident on the surface.
Determine whether electrons will be emitted, by the photoelectric effect, from the surface. [3]

(Cambridge International AS and A Level Physics 9702 Paper 42 Question 8 October/November 2012)




Appendix

Aim: Appendix A provides you quick tips on how to prepare for an examination.

Basic Knowledge Time second ()
There are some details that are the building blocks Length metre (m)

of any physics course. These facts must not just be Mass kilogram (kg)
remembered, they must be almost instinctive. So Electric current ampere (A)
much so that the chance of you getting them wrong Temperature kelvin (K)

is almost inconceivable, however they are required. Amoiit ofsubstatice mole (mol)

The following list is given in a definite order as later
terms in the list depend on earlier ones. All of these
quantities have a corresponding SI unit.

The six base units you will need are:

All the other quantities and units you will require
are derived from these. The following lists provide a
quick check.

Quantities Corresponding unit
area = length x breadth m*

volume = length X breadth x depth m?

density = mass per unit volume kgm™
frequency = oscillations per unit time hertz Hz
velocity = distance per unit time with direction stated ms™
acceleration = increase in velocity per unit time ms™
momentum = mass X velocity kgms™ (=Ns)
force = mass x acceleration = rate of change of momentum newton N
work and energy = force x displacement joule] (= Nm)
power = work done per unit time watt W
pressure = force per unit area pascal Pa
charge = current X time coulomb C
potential difference = energy per unit charge volt V
resistance = potential difference per unit current ohm Q
capacitance = charge per unit potential difference farad F

electric field strength = force per unit charge NC™

magnetic flux density = force per unit current in wire of unit length tesla T
magnetic flux = magnetic flux density x area weber Wb

activity = radioactive decays per unit time

becquerel Bq




Fowers oT ten

Far too many marks are lost by students in tests and
examinations as a result of using incorrect prefixes for
powers of ten. The following list states the value of these
prefixes. Note that capital letters usually apply to values
greater than 1 and small letters for values less than 1.
The k as in kg is an exception to this rule

centi c 0.01

deci d 0.1
kilo k 1000 milli m  0.001
mega M 1000000 10° micro u 10¢
giga G 10° nano n 107
tera iy 10" pico P 107

Data and Formulae you are given

In tests and examinations, you might be given a list
of numerical values which you will need to use in
answering questions. You should use this data to the
number of significant figures quoted. Note that g,
the acceleration of free fall is usually given as

9.81 ms™. In Appendix B you will find a list of useful
equations. Make sure that you know what all the
symbols stand for.

Examination Revision

This book covers the whole Cambridge International
AS and A Level Physics Syllabus. Chapters 1 to 13
cover AS level topics and Chapters 14 to 31 cover
the rest of the full A level. Since each chapter usually
covers all the work in one section of the syllabus

it makes sense to revise a chapter at a time. At the
end of each chapter there are some straightforward
questions. You should be able to read the chapter
and answer the questions within an hour. There

is usually no point in spending more time than

this in one sitting as concentration will fall after

this length of time. No doubt some of the chapters
contain more familiar work to you than others. In
that case you may well be able to cover two chapters
of familiar material within an hour. In all periods

of study the aim should be understanding and not
memorising. Do not just read chapters. Have pen
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and paper to hand and work through theoretical
parts and the questions.

In Tests and Examinations

Accuracy is crucially important here. The
elimination of careless mistakes is essential. Powers
of ten, calculator mistakes, algebra mistakes and
sloppy writing often result in loss of marks. Many
mistakes can be eliminated by three changes to your
habits. These are -

1. Use more words in answering numerical
questions. Words give more meaning to a
problem; it becomes less mechanical.

2. Use one line for one idea. Do not string lots of
different ideas altogether. Many students use the
equals (=) sign as if it were “ Now I know this I
can go on to find something else”. In this case it
does not mean equals at all. The following shows
an example of what NOT to do.

“F=15%98=147=P=147/3=49
area =49 % 0.0004 = 0.0196"

This would be much more meaningful and give
less opportunity of making a mistake written as

force=mx g=15x9.8=147N
pressure = force/area = 147/3 =49 Nm™

This pressure on an area of 4cm? causes a force of
49 Nm™ x 0.0004 m* = 0.0196 N

Keep one idea on one line and it is always
worthwhile starting on the extreme left-hand
edge of the space provided for the answer. If you
do spot a mistake you will have space available
for corrections.

3. Look critically at every answer you write. In
the above example you might still suspect that
something has gone wrong. A force of 147N on
a large area of 3 square metres seems unlikely,
perhaps it said 3 square centimetres. Atmospheric
pressure is 100000 Pa!
If an answer you have is not realistic then you
must have made a mistake somewhere. Many

powers of ten errors can be quickly eliminated
if they are noticed. At one stage in writing
this book I wrote in Question 17.3 that the




volume of a helium atom was 3 x 10 m’. It
was when I was working out the answer that
the omission of a minus sign had resulted

in a mistake of enormous magnitude. It was
incorrect by a factor of 109! I quickly inserted
the required minus sign but if I had not
thought about the meaning behind the figures
[ might have left the mistake in the book. I
hope there are not too many mistakes that I
have not noticed. Everyone taking or teaching
a physics course makes mistakes. The sensible
people look out for mistakes and do not work
through problems without thinking about the
size of the numbers they are given by their
calculators.

4. Too many students answer numerical problems
by “proportion” Proportion has its place in
answering but it has many pitfalls. For example
If a car doubles its speed from 20ms™ to
40ms™, its kinetic energy is NOT doubled.
Because the speed has to be squared, the kinetic
energy becomes four times its original value.
The momentum is doubled, but only if the
direction has not changed, because momentum
is a vector. Proportion cannot be used directly
when considering square roots, exponentials
and logarithms.
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Conclusion

You must keep checking the remaining time when
sitting any test or examination paper. If you get stuck
just ignore the question - but do make certain you
leave a blank space on the answer grid or paper too.
If there is spare time at the end go back to any missing
answers then. At this stage, if you are still stuck, just
guess. However, do adjust your answer to the number
of marks available. Do not answer a 6 mark question
with one line of writing and do not answer a 1 mark
question with 10 lines of writing.

You are not writing in an examination as you
might in your own notebook. You must therefore
write clearly. Sketch diagrams will always enhance
your work. They do not need to be drawn with a
ruler but they can show many details that are difficult
to put into words. Understanding of the subject
always shows through in your answers so that should
always be your aim when revising. If you have a
good understanding of the basics of the subject you
can be sure of a good result if you eliminate careless
mistakes and explain what you mean clearly.



Appendix

Aim: Appendix B provides you the list of physical quantities, their symbols, definitions, and equations to find

them.

Quantity Definition Equation

Mass Morm

Length lord These three quantities are base quantities
on which the SI system is built.

Time t

Area A For a rectangle, the length multiplied A=Ixb
by the breadth

Volume Vv For a regular shape the length multiplied V=Ixbxh
by the breadth multiplied by the height

Density p The mass per unit volume p=m/V

Speed v The distance travelled per unit time v=d/t

Velocity v The distance travelled per unit time in a v=d/t
stated direction

Acceleration a The rate of change of velocity a=Av/t

Momentum P Mass multiplied by velocity p=mxv

Force F The rate of change of momentum, this F=Amvit
equates in most cases to the mass Fe
multiplied by the acceleration i

Work w The force multiplied by the distance W=Fd
moved in the direction of the force

Energy WorE The stored ability to do work W=Fd

Power P The rate of doing work P=w

Pressure P The force per unit area p=F/A
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Quantity Symbol Definition Equation
Terms required for AS level

Current I This is another base quantity

Charge gorQ For a constant current I the charge is the product Q=1It
of current and time

Potential Vv The energy transformed from electrical energy V=Ww/Q

difference, p.d. into other forms of energy per unit charge

Electromotive E The energy transformed from other forms of E=W/Q

force, e.m.f. energy into electrical energy per unit charge

Resistance R The potential difference across a component R=V/I
per unit current

Resistivity p For a material the product of the resistance of the p=RA/
material and its area of cross section, divided by its length

Electric field strength E The force acting per unit positive charge placed E=F/Q
at the point in the field

Additional terms required for A level

Potential at a point v The work done in bringing unit positive charge V=Q/4ner
from infinity to the point

Potential gradient E The rate of change of potential with distance; E=—dV/dx
it is equal numerically to the electric field

Capacitance e The charge on a capacitor per unit potential difference C=QQVv

Magnetic flux B The force acting per unit current in a wire of B=F/Il sin 6

density unit length when at right angles to the field

Magnetic flux 2] The product of the magnetic flux density and the @ =BA
area at right angles to the magnetic flux density

Magnetic flux The product of the magnetic flux and the number n@

linkage of turns of a coil through which the flux is passing

R.M.S. current I The d.c. current that has the same heating effect I = IPMNZ

as an a.c. current

Transformer The number of turns in the secondary divided by the number
turns ratio of turns in the primary = V/V for an ideal transformer




Appendix

Aim: Appendix C provides you the list of SI units, their symbols, and definitions.

Unit

kilogram
metre

second

metre squared

metre cubed

kilogram per cubic metre
metre per second

metre per second
each second

newton second
newton
joule

watt

pascal

Symbol

kg

m3
kgm™

ms™

ms>

Pa

Definition

These quantities (kg, m and s) are the quantities on
which the system is based. You do not need to know
their definitions.

Force required to give a mass of one kilogram an
acceleration of one metre per second each second

Work done when a force of one newton moves an
object one metre in the direction of the force

One joule per second

One newton per square metre

In base units

kg

m

kg ms™
kgms™
kgm?s

kgm?s?
kgm™s=
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Unit

Ampere

Coulomb

Volt

Electromotive force
Ohm

Ohm metre

Newton per coulomb

Volt per metre
Farad
Tesla

Weber

Symbol

Qm
NC?!

Vm!

Definition
Units required for AS level

The base definition depends on the force on a
wire carrying the current in a magnetic field

One coulomb is the charge delivered when a
current of one ampere exists for one second

One volt is one joule per coulomb

One ohm is one volt per ampere

Additional units required for A level
Equivalent to newton per coulomb
One farad is one coulomb per volt

One tesla is the flux density if the force on a
wire carrying a current of one ampere is one
newton

One weber is the flux when a flux density of
one tesla exists over an area of one square
metre

In base units

A
As

kgm* A”'s™?
kgm?® A-'s™?
kgm? As?
kgm?® A-'s™?
kgms® A

kgm A™'s™?
kg—l m—2 Als—-i
kg A-lg?

kg A~ s?m?




Appendix

Answers to Progress Check questions

Chapter 1

1.1 (a) 2860g (b) 543¢g (c) 0.048kg
(d) 13680s (e) 75.2 days

1.2 (a) 10000cm* (b) 7.38x 10°cm®  (c¢) 6.58 X 10°m?
(d) 3450kgm™ (e) 30.6ms™

1.3 (a) kgm?s™ (b) kgms (c) kgm’s™

1.4 All of these are possible, but not necessarily correct;
dimensionless quantities cannot be taken into account.
1.5 (a) between 1000] and 2000]

(b) around 8ms™!

(c) between 1W and 10 W depending on the size of the bird

(d) around 5ms™

(e) between 5and 10ms™

(f) close to 1000kgm™

(g) 10"Pa

1.6 (a) This is far too low. It is meant to be 2k'W.

(b) This is faster than the speed of light, so is impossible.

(c) At this temperature, the water would be tepid. To be hot, the
temperature is more likely to be about 60 °C.

(d) Atmospheric presstre is about 100000 Pa, so the pressure in
a balloon must be higher than that.

(e) This figure can be used to determine the weight of a racing
car, but not to determine the force the driving wheels exert
to accelerate the car. For an emergency stop in an ordinary
car, the deceleration needs to be greater than (-) g.

1.7 5.0 units at an angle of 39° to vector A
1.8 36ms™ at 33.7°
1.9 (a) 2.36x 10¢s (b) 1.53x 107
1.10 weight = 640N, horizontal force = 447N
1.11 (a) horizontal 2.9N, vertical 5.6 N
(b) lift=10.4N, wind force=2.9N

(¢) 2.7x 107 ms™

Chapter 2

2.1 Graph of R against 1/d* gives gradient of
(2.21 £0.04) x 10°Qm>
p =nRd*/4l = gradient x /4] = (2.21 X 10 X 7)/(4 X 1 m)
=174 Qm
uncertainty of 2% gives p=(1.74 £0.04) x 10* Qm

22 (a) (1.93£04)x 10 m’
(b) (2.44%£0.06) x 10°kgm™

2.3 The uncertainty should be given for the final figure. For (a), (b)
and (c) this should be quoted as g=9.8 + 0.3 and for (d) and
(e)g=9.8+04.

Chapter 3

3.1 606km and south 38° west
3.2 20 006 km at 4.3° south of east

3.3 0.44ms™

3.4 45x107s

3.5 2.8s

3.6 (a) 11.7ms™ (b) 8.8m

3.7 (a) 39.2ms™ (b) 78.4m

3.8 (a) 30s (b) 50s
(c) 900m, 1500m (d) 160s

3.9 (a) 21s (b) 615m

310 (a) () 0.530=(ux0.197 46) + %— x g (0.197 46)?

(ii) 1.060 = ( x 0.321 80) +§ x g% (0.321 80)°

(b) numerical value is 9.809 90 ms™, but with distances only
accurate to 3 significant figures (sig figs) the value should be
rounded down to 9.81 ms™

Chapter 4

4.1 (a) 36.5N (b) mass = 698kg, weight on Earth = 6840N
4.2 (a) Mass: it is the quantity of bread that matters.
(b) Weight: lifting is providing a force in the opposite direction
to the weight.
(c) Mass: determines how difficult it is to accelerate the car.
(d) Mass: prices are based on the value shown on a
mass balance.
(e) Mass: because the deceleration depends on the force applied
and the car’s mass.
(f) Weight: the force towards the Earth is the important factor.
(g) Weight: the rock climber is raising his/her centre of gravity

against gravity.

4.3 10°
M

4.4 (a)
Support force
from floor

Support force
from man’s

hand

Weight of man

Force case exerts

on hand of man
Weight
of case
(b) Force seat
exerts on
woman

Weight
of woman
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(c) Force of road (b) 141N
on driving (c) the upthrust must be greater than the weight
s Support force of
A road on front Chaptei’ 6
ek 6.1 work = 1650, power = 350 W
Force of < 6.2 (a) 80m (b) 11.0ms™*
caravan 6.3 (a) 165000] (b) 165N
en-cat 6.4 the force has to be applied over a distance 4.5 times greater
Weight of car 6.5 (a) 580N
v (b) seat, seat belt, floor of car i.e. any fixed object the person is
touching
Force of 6.6 3.24 x 10°]
road on 6.7 (a) 33.7kW
. ‘*.\ (b) the elevator is always balanced with a mass, equal to the
C' D Boiwuiss mass of the elevator, that falls as the elevator rises
' }b}\ TR~ 6.8 34] (this is the difference between its k.e. when thrown and its
© faravan p.e. at height)
6.9
v
Weight of caravan Energy wanted
4.5 59ms™’

4.6 uranium nucleus: 0.0398 x 10°ms~ (forwards),

. — tial
neutron: 4.66 X 10ms-! (backwards) car chemical kinetic/potentia thermal
- television electrical light/sound thermal
Chapter 5
electric y sic i
51 (a) 1.6X10°C (b) 0.24A i electrical kinetic thermal
5.2 (a) Nm™sorkgs™ (b) 1.6ms!
53 M+ T=Wand Mx=Ty loudspeaker  electrical sound thermal
12.6N Force of wall
= — onﬂfgdir‘f;\r microphone  sound electrical thermal
\ ] —
\ | v lift/elevator  electrical potential thermal
\
o || I; ‘:;ienzf \'1 | Weight of candle chemical light thermal
== | | ladder
\ | 500N on ladder | J N dynam o/ thormal
¢ = \ 802 <3 0% :
‘.l | 81N .| generator kinetic electrical deend
I‘)l “ nuclear
power nuclear electrical thermal
station
i 3 Support force y
|%\ 217N d;]s];ll ;et PP potential kinetic thermal
Weightof | \\ 9
Fluggu;f / (plus two further examples of devices you have chosen)
i 6 =
i i /Support force
217N Chapter 7
5.5 (a) 31.7cm (b) 139N
5.6 408N 7.1 (a) 1.96cm (b) 2.30kg
5.7 324N 7.2 stress=4.20x 100N m™>, strain = 2.00 x 10~ (no unit)
5.8 (a) 100kN (b) 140kN extension = 0.654 mm
5.9 3000kg 7.3 (a) Holding together a bundle of letters: a polymeric material
5.10 10.1g such as rubber which gives a large extension with almost no
511 257x 107" m plastic change
5.12 (a) 50kg (b) 720kg (c) 610kg (b) Making the sole of a shoe: a tough material that will not

5.13 17.3kPa/ 11.5kPa

5.14 7.7km. Atmospheric density is not constant; at 11 km altitude

the density is about one-fifth of that at sea level.
5.15 (a) (i) 6170Pa (ii) 9700Pa (iii) 247 N
(iv) 388 N (v) 141N

break even after a large amount of usage

(c) Forming the bodvwork of a car: a strong material such as
high carbon steel, which will not break, but which can be
moulded to shape during manufacture



(d) Asa tow rope: a tough material that will not break easily
even if a sudden very large force is applied to it (for
example, nylon)

(e) Asbodyarmour: a tough material such as Kevlar".

(f) Asabuilding brick: fired clay, which has almost zero plastic
behaviour but which is capable of remaining whole even
when large forces are applied to it.

7.4 17007 (to 2sig figs)

Chapter 8

8.1 500s

8.2 2.1x10°m
8.3 1.25MHz
8.4 74x107°W

8.5 (a) (i) 0.22Tm™ (ii) 0.056] m™
(b) 2:1
86 (a) A N A
Length of pipe = —JL A
Frequency = 70 Hz
A N A N A

For next arrangement, length
of pipe=A
Frequency now = 140Hz
Other frequencies are 210 Hz, 280 Hz, etc.
(b) 35Hz is lowest, 105Hz, 175Hz ...
8.7 193Hz

Chapter 9

9.1 Two suitable situations in which stationary waves are useful, for
example:
(a) virtually all musical instruments set up stationary sound
waves within the instrument
(b) in alaser, electromagnetic waves are reflected backwards
and forwards, setting up a stationary electromagnetic wave;
a small fraction of this wave is allowed to escape, producing
the laser light beam
9.2 Interference occurs when two coherent light waves combine
to give bright and dim regions. Diffraction occurs when waves
spread out after travelling through a small opening, into what
might be expected to be a region of shadow.
9.3 (a) green (b) 0.24mm (c) 44=2.12x10"m
9.4 (a) redat 16.7° 35.2°, 59.8% blue at 11.1°, 22.6°, 35.2°,
50.2°,73.8°
(b) red and blue overlap giving a magenta colour
9.5 radio, microwaves, infra-red, red light, violet light, ultra-violet,
X-rays, y-rays

Chapter 10

10.1 From the definition of a volt
1 volt=1 joule per coulomb.
This gives

newton X metre
VGll =
coulomb

so the unit volts per metre is identical to newtons per coulomb.
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10.2 117N
10.3 (a) (i) 16000N C, (i) 2.56x 107N, (iii) 2.8 x 10" ms~,
(iv) 1.68 x 107 ms™, (v) 1.28x 107¢]
(b) (i), (ii) and (iii) are halved but (iv) and (v) remain unaltered
(c) use energy =p.d x charge=800V x1.6x107"C
10.4 (a) 0.23N repulsion (b) 1.1 % 107N attraction

Chapter 11

11.1 Starting from the defining equations: P= W/t, Q=1It, V=WwW/Q,
R=V{I
(i) P=W/tbut W=QV=11V
so P=1tV/t=VI
(ii) V=IRso P=VI=FR
(iii) I= V/Rso P=VI= V*R/R*=V?/R
(iv) Then W= Ptso W= VIt=FRt=V*t/R

11.2 (a) 125A (b) 19.2Q (c) 2000s

11.3 (a) 96 W (b) 2.4M] (c) 1.5Q

11.4 (a) 7.2mC (b) 24mA (c) 192W
(d) 576] (e) 3.3x10°Q

11.5 (a) 32A (b) 960M]

11.6 (a) 440Q (b) 380Q2

(c) 560% this is not zero. 0/0 is indeterminate but a value can
be obtained for very small currents as a result of using the
gradient at 0,0.

11.7 (a) 30V and 11.5V (put a ruler across from the origin to point
30Vand 0.2A)

(b) 1002 (your ruler will show maximum gradient, least
resistance, on the knee of the graph, other values can be
found the same way to obtain the sketch graph)

() RETIIITTITI] ! ERENEENNEAEESH

300

200 ST TTTY

100

0 5 10 15 20 25 30
p.d/V

11.8 Resistivity (p) is given by the equation
R=pl/A so p=RA/l
Unit of resistivity=Qm’/m=Qm
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11.9133m (b) This shows the e.m.f. of the cell together with its internal
11.10 164 Q. The wire in the electromagnet has this resistance but resistance.
additionally energy is required to generate the magnetic field. The symbol

This will make the current lowsr than that which the resistance + B
suggests. —

Is never used, even though it shows the internal resistance

Chapter 12 of the cell between the positive and the negative terminals.
12.1 (a) 2360kQ (b) 40Q (c) 2.53kQ (c) Itisthe total resistance of the whole circuit, 12V/2.4A =5.0Q
(d) 8.0kQ (e) 10.9kQ () 25kQ 125 (a) I||=
122 (a) 24mA (b) 40mA |
(c) 37mA (d) 40mA
12.3 (a) equally, so all similar resistors have a current of 1 A

(b) X 1A

» | Cell X
2A

2A
. I 1A
2A
1A ﬂ . CellY |
14 r] (b) 136V
1A 6A (c) This will increase the length required for balance, making it
2 é 5 \\ seem as though the e.m.f. being measured is larger. However
o if the reading for the standard cell and the required e.m.f
1A

are taken almost simultaneously, a correct e.m.f. will be

(c) 25V=2R+1R+2R,s0 R=5Q obtained.
124 (a) 12.6 1.65W when old, 10.3W when new (assuming the resistance of
bulb is unchanged)
current /A resistance /Q charge /C power (W energy /J
battery ‘ ® .. 1224 12 X 480
12 200 480 =28.8 =5760
int i -9, 24
internal resistance ‘ 12-9.6 24 g 480 5.76 1152
R ‘ =24 24
resistance 12x 0.8 24-16
Ri | ~9.6 =08 12 160 7.68 1536
‘ resistance
R, .‘ 9.6 1.6 6 320 15.36 3072
12.7 (a) cable overheats and melts plastic insulation 15.4 (a) 2.26ms™ (b) 122ms™ (c) 9.68ms™
(b) voltage drop across the resistance of the leads 15.5 tension = 19.8 N, acceleration = 1.49m s>,
angular velocity = 2.49 rads™
Chapter 13
5 i Chapter 16
13.2 2,159 x 10*kg 16.1 (a) . \ | [
o ! | |
13.3 8% 10% L N (A \ | 7
134 (a) JH+ H— 'n+ lHe “\ﬂ l J | ‘\ 4 )‘/
ki ) / \ j
(b) iHe+ N0+ H T oome NS *'\ AT

B e R~
/ 1\ ) - -
Chapter 15 % T ) \

|
/ o 4" *" I II '{
15.1 (a) (n/2) rad (b) (m/4) rad (c) (m/180000) rad - "| ‘ \l I.' \
(d) (540/m)° (e) 180° | | \ Xisa neutral point
15.2 (a) 91.7 rads™ (b) 19.6 rads™! (b) If the mass of the left-hand star is greater, the field lines
(c) 2.66x10°° rads™ (d) 0.465 rads™ around it will be closer together indicating a stronger field,

15.3 (a) 0.59 rads™ (b) 6.0m (c) 8350ms! and the neutral point X will move closer to the right-hand star.




16.2 (a) 2.46ms™ (b) 8.46ms™
16.3 (a) 2.7x107°ms> (b) 2.650x 10 rads™
(c) 2.37%10%s
16.4 249Nkg"
16.5 Let x be the distance between the Earth and the Moon and m
the mass of the satellite.
Force of Moon on satellite = GmM _/ (0.1x)?
Force of Earth on satellite = GmM, / (0.9x)’
Equating and cancelling gives
7.35 % 10%/ 0.1>=5.98 » 10* /0.9°
and 7.35 % 10% = 7.38 x 10
16.6 12.3kms™
16.7 2.00 x 10°kg
16.8 (a) so that it moves in the direction of the Earth's rotation
(b) so that the centre o7 its orbit is the centre of the Earth
(c) its kinetic energy and its gravitational potential are not
changing
16.9 period = 5670s and speed = 7.6kms™
Chapter 17
17.1 Using pV = nRT gives R=PV/nT
P has unit of force / area= N m™
V has unit m*
N has unit mol
T has unit kelvin, K
The unit for R is therefore
Nm?/m? mol K or Nm/mol K. Since 1 Nm =1 joule, J, the unit
of R can be written as ] K-! mol™
17.2 (a) 6.44m° (b) 640 min
17.3 (a) 0.0224m’ (b) 1/12000
17.4 (a) both have the same value, 6.07 x 107'] (b) 4:1
17.5 380K =107°C
Chapter 18
18.1 (a) 273K (b) 310.6K (c) 373K (d) 713K
(e) 193K (f) OK (g) 5900K
18.2 (a) —273.15°C (b) —53°C
(c) 7°C (d) 177°C
18.3 The percentage difference between 1000000 °C and
1000273 K is so small that it is unimportant. Even if accuracy is
required, the variation in temperature across any star’s surface
will be much greater than 273 K.
18.4 You ought not to be outside of these limits
(a) —60°C — —100°C (Actually -78°C)
(b) 35°C — 38°C
(c) 35°C —45°C
(d) 50°C — 70°C
(e) 110°C — 130°C
(f) 170°C — 220°C
(g) 700°C — 1200°C
(h) 1500°C — 3000°C
Chapter 19
19.1 (a) 31°C (b) 360s
19.2 32°C

(b) Potential
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19.3 Many thermometers used in automatic systems must give an

electrical output. These thermometers are either thermocouple

thermometers that produce an e.m.f or resistance thermometers,

called thermistors, where an e.m.f. must be supplied.

(a) The water temperature must not get too high. A thermistor
thermometer is suitable.

(b) The water temperature must be kept above 0 °C.A
thermistor thermometer is often used.

(c) Even on the hottest day, the temperature must not rise above
about -12°C. A thermocouple thermometer can check this.

(d) A thermistor can be used, so that it triggers an alarm at a
temperature just above the hottest day imaginable.

(e) It must switch off at 100°C. A thermocouple thermometer
could trigger the switch to turn off.

(f) As with a deep freeze.

(g) A mercury-in-glass thermometer.

(h) Too low a temperature, 12°C, causes a heater to come on.

Too high a temperature causes windows to open. A thermistor

can be used to control this.

Chapter 20
20.1 (a) m/2rad

(b) (i) 1.91 rads™ (i) 8.6ms™’

(c) 84.6rads™

20.2 426 Hz
20.3 (a) (i) 0.59s
20.4 (a) See black lines in graph.

(i) 92ms™

(b) The total energy is constant/conserved so there must be
a third type of energy. This is the potential energy of the
spring, and is shown as the purple line on the graph.

Energy/]
1.24
1.0 4

0.8+

energy in spring

Kinetic energy ? Gl’a\«'ita‘ltiona]
VWW potential energy
0 , Displacement/m
-02  -01 0 §) 0.2
0.2+

=0.6 4

=0.8 1
-1.04

-1.24

20.5 Destructive examples: Variable wind forces on the Tacoma

Narrows bridge caused its collapse.

Soldiers break step on small bridges to ensure that no resonance
is set up.

Constructive examples: Electromagnetic waves in a microwave
oven.

Sound waves in a trumpet.

(Many other examples are possible.)
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Chapter 21

21.1 (a) zero
21.2 0.277Wm™
21.3 49cm

(b) 0.36

Chapter 22
221 (a) 192kHz — 208kHz

(c) 19.96 MHz — 20.04 MHz

22.2 1000

22.3 (a) 191km
22.4 (a) 9.6x10°2W
225 (a) 6.15km

(b) 1580kHz — 1620kHz

(b) 0.15uW
(b) =135dB
(b) 33

Chapter 23

23.1 One way is to put each stated unit into base units:
SoF=C/V=A*¢/]=A?s*/Nn=A’s'/kgm?
This gives Fm™ = A? si/kgm?
And C'm= N = A’ ¢m/ kgm s = A?s'/kgm’
23.2 (a) 80000V m™ which is the same as 80 000N C!
(b)
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234 (a) 271V (b) 2.7V
Chapter 24
24.1 (a) 5.0uF (b) 20uF (c) 5.9uF (d) 52uF

24.2 parallel, series

24.3 1.0C

24.4 5 in series and all in parallel with six others
245 77V, 77mC

24.6 28uF

Chapter 25

25.1 0.0562Q
25.2 (a) If the density is unchanged then the volume must be

unchanged also.

The volume of the wire at the start is its

length (1) x area of cross section (A).

After stretching the volume is

1.0081x A /1.008=1x A

(b) 1.6%, that is the difference between 0.0553 and 0.0562 in

question 31.1
25.3 (a) 0.52V
25.4 (a) 34V

Chapter 26

26.1 V,isata potential of 8.000 V. The output V, using a comparator
circuit with an open loop gain is given by V. = A_ (V, - V).
When V| is at 7.999 V this gives
V,=10000 x (8.000 — 7.999) =10V
As soon as V| becomes 8.001V the equation becomes
V_ =10000 x (8.000 — 8.001) =—10V

(b) 9.7V
(b) 8.6V



26.2

:

1 p— |

Thermistor

Q

Op-amp circuit containing
variable resistor, used to control

temperature at which output of
op-amp is positive

0 <
Low voltage
d.c. supply

26.3 (a) 75mV (b) 77.5mV
26.4

Contact broken

when lever
Xis pulled

Contact made
when lever X is
pulled
— P P x
mal [ ] )] [BF=H
( i ;ﬂ AT Soft iron i
pulled towards
coil when there
isa current in Contact made

the coil

Chapter 27
27.1 (a)

when lever X is
pulled

X neutral points
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]

Mains supply

Heater

Mains supply to
heater switched
on by relay

(D

. ]
A n

N
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(b)

27.3 (a)

(b)

€e)e

27.4 so that it attracts all the north poles of compasses

X

P

27.6 0.24N

27.7 0.19Nm

27.8 7.9mm

27.9 (a) 58.5MHz (b) 0.255MHz

(c) (i) Large actual changes in magnetic flux density arise from
very small percentage changes in magnetic flux density.
(ii) A small movement by the patient only causes a small

percentage change in magnetic flux density, but this
results in a large actual change in output.

Chapter 28

28.1 1.8 x 107 weber

28.2 0.26V

28.3 (a) parallel to the magnetic field  (b) 1.19Wb
(c) 119V (d) 90 turns

Chapter 29

29.1 (a) 325V (b) 4000W (c) 2000W  (d) 144M]
29.2 (a) voltage: sine wave pattern with maximum of 325 V and
period 0.020s
current: sine wave pattern with maximum of 0.369 A and
period 0.020s
power: sine wave pattern but always positive, with
maximum of 120 W and period 0.010s
(b) changes are too fast for the eye to detect variation variations
are small in any case since the temperature of the filament
does not change very much in 0.01 s
29.3 (a) transformer, diode connected to one end of the secondary
windings, capacitor in parallel with the output
(b) 10.4:1
(c) By using alarge value capacitor, the change in the quantity
of charge on the capacitor will be very small during the time
it is charging or discharging. This implies that the input to
the op-amp circuit will be almost constant.
(d) 0.10uF
294 (a) 31.3Q (b)7.62A
(c) 1910 W supplied, of which 1820 W goes to the heater
295 (a) (i) 400A (ii) 160V (iii) 410V (iv) 0.61 or 61%
(b) (i) 10A (ii) 4V (iii) 10004V (iv) 99.96%
(c) use very thick cables, but this would be too ugly and too
expensive

Chapter 30

30.1 (a) 3.62x107"]=2.26eV (b) 3x10"g
30.2 (a) The threshold frequency is that frequency for which
the photons of radiation have enough energy to liberate
electrons from the material of the illuminated electrode.
(b) this frequency is higher than that for any visible light
(c) The photon energy of ultra-violet radiation is higher than
the photon energy of visible light.
(d) 1.09x10°ms™
30.3 (a) 6.6x10%]s
(b) e.g. Atf=16x 10", stopping potential = 3.0 V
At f=12x 10, stopping potential =1.3 V
(c) 6.4%10"°]=4.0eV
30.4 (a) 1.33x10°ms™! (b) 1.21 x 1002 Ns (c)549x 102 m



30.5 Light from the Sun’s surface has to pass through the Sun’s
atmosphere before it reaches the Earth. The atmosphere of
the Sun is not as hot as its surface, so some of the radiation
from the surface is absorbed by the atmosphere. For example,
helium in the atmosphere of the Sun will absorb specific

wavelengths of light, leaving a region on the Sun’s spectrum
less bright at certain wavelengths. (In fact, this was how helium

was discovered. It is named after the Greek word for the Sun,

“hieliost) .
306 n=4 —3.40 V

n=>3: —1.51eV

n=4: —-0.85 eV

n=>5: —0.54 eV

(a) 0.97eV (b) 6.15x 10" Hz (c) X-rays
30.7 (a) D (b)y C (c) B (d) A
Chapter 31

31.1 4.3 million tonnes per second!

31.2 (a) 0.0216u (b) 3.59%10%kg () 3.23x107]
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31.3 (a) constant

Number

0 Time
0
(b) the number of C nuclei is the same as the number of the
original A nuclei; the numbers of A and B will be zero

31.4 124X 1075 ‘ ‘
315 (a) '.Cd— e+ 'gIn +an anti-electron neutrino

(b) 0.0161 day™ (c) 472 day
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A

absorption coefficients, 151
acceleration, 15
centripetal, 106-107
in circular motion, 106
at constant speed, 105-106
free fall, measurement of,

17-18, 17f

activity A, 223

aimple harmonic motion (SHM),
138-139, 138f

air resistance, 18, 18f, 29

alpha (o) radiations, properties
of, 97, 98t

alternating current (a.c.),

199-205
circuit, power in,

199-200, 200f
generator, 195-196, 196f
rectification, 204-205,

204f, 205f
terminology, 199
transformers, 200-203,

201f, 202f
amount of substance, 103
ampere (A), 76-77
amplitude, 57, 137
intensity of wave and, 59
amplitude modulation (AM),

153, 154f
frequency modulation vs.,

155-156

analogue to digital converter
(ADC), 157

angular momentum, 22

angular velocity, 104, 138, 138f

antinodes, 65

antiparticles, 98
A-scan, 149-150, 150f
atmospheric pressure, 29, 32
atomic clocks, 136, 136f
atomic mass unit, 95
atoms

hydrogen, 93

mass of, 95, 95t

nucleus of, 93-94, 93f, 94f

structure of, 93-95
attenuation, 151, 158-159
Avogadro constant, 103

B

Balmer series, 214

band theory, 214-215

bandwidth, 153, 154-155, 154f

beta decay, 99

beta (B) radiations, properties of,
97, 98t

bimetallic strip thermometer,
122, 122f

binding energy, 221

variation of, 222

boiling, and evaporation,
128-129, 128f

Boltzmann constant, 40, 119-120

B-scan, 150, 150f

C

calibration curve, 10
capacitance, defined, 169
capacitors, 169, 169f
charged, energy stored in,
172, 172f
in parallel, 169-170, 170f

in series, 170-171, 170f
centre of gravity, 29-30, 29-30f
centripetal acceleration, 106
force required for, 106-107
centripetal force, 106
charge, 76
defined, 77
unit of, 77
chemical energy, 40
circuit diagrams, symbols used
for, 82f
circular motion, 104-107
circular orbits, 112-113, 112f
co-axial (co-ax) cable,
159-160, 159f
coherent waves, 66
communications
channels, comparison of,
159-160
frequencies/wavelengths in,
156, 156t
modes of, 158-160
satellite, 160-161
compression, 47, 60
computed tomography (CT)
scan, 218-219, 218f, 219f
conduction electrons, 76
conductors, 76, 76f, 215
coulomb (C), 77
Coulomb’s balance. see torsion
balance
couple, 30
critical damping, 141
current. see electric current
current balance, 185
current-potential difference (I-V)
characteristics, 79



D

damped oscillations, 140-141
decay constant, 223
deformation, of solids, 47-52
elastic, 47, 48, 48f
plastic, 48, 48f
springs, 47-48, 47f
strain energy, 51-52, 51f, 52f
tension/compression, 47
Young modulus, 48-50
density, 32, 32t
diffraction, 66, 66f
diffraction grating, 68, 68f
digital information, 156, 157f
sampling rates, 156-157, 157f
digital to analogue converter
(DAC), 157
direct current (D.C.) circuits,
82-88
common mistakes, 85-86
electromotive force, 83
internal resistance, 83, 83f
sample, 86
displacement, 14, 57, 137
distance, 14
distance-time graph, 15, 15f
Doppler effect, 62, 62f
drag, 29

E

efficiency
defined, 40-41
elastic collision, 25-26
elastic deformation, 47, 48, 48f
elastic limit, 48
elastic potential energy,
39, 39f
electrical potential, 165-167
electrical potential energy, 38
electric current, 76-77
defined, 76
electric field, 164
Coulomb’s law, 164-165
defined, 72
diagrams, 72-73, 72f, 73f

gravitational field vs.,
165-166, 166t
movement of charges in, 73-74
potential difference between
points, 73
electric field strength,
164-165, 165f
electricity
charge/current, 76-78
Kirchhoff’s laws, 83-84
Ohm’s law, 79-80
resistance, 78
resistivity, 80
electromagnetic induction,
194-195, 194f
alternating current generator,
195-196, 196f
Faraday’s law of, 195
Lenz’s law, 196-197
terminology, 195
electromagnetic spectrum,
61, 61t
electromagnets, 183, 184f
electromotive force
and potential difference, 83
energy, 221
chemical, 40
conservation of, 38, 38t
defined, 37
elastic potential, 39, 39f
electrical potential, 38
gravitational potential, 38
internal, 40
kinetic, 39
mechanical, 40
nuclear binding, 221
strain, 51-52, 51f, 52f
transfer by progressive
wave, 58
equation of state for an ideal gas,
117-118
equations, scientific, 3
equilibrium, 30-31
error, experimental, 8
escape velocity, 112
evaporation, 128-129, 128f

Index 245

experimental uncertainty. see
uncertainty
experiments, measurement
techniques
analogue scales and digital
displays, 7-8
graphs, 7, 7f
record taking, 6-7, 6t

=

Faraday’s law, of electromagnetic
induction, 195
first law of thermodynamics,
130-132
fission reaction, 96
Fleming’s left-hand motor
rule, 184
fluid friction, 29
fluids
defined, 29
force in, 28-29
flux linkage, 195
forbidden bands, 214, 215f
forced oscillations, 141-143
forces
centripetal, 106
defined, 28
in fluids, 28-29
moment of, 30, 30f
nuclear, 94
required for centripetal
acceleration, 106-107
resistive, 29
resultant, 106
strong nuclear, 99
triangle of, 31, 31f
types of, 28
viscous, 29
frequency, 57
of oscillation, 137
of sound waves, 60, 60f
in telecommunications,
156, 156t
threshold, 212, 212f
frequency modulation (FM),
153, 154f
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amplitude modulation vs.,
155-156
friction, 29
fringes, 66, 67f
separation of, 67, 67f
fundamental particles, 98-99

G

gamma () radiations, properties
of, 97, 98t
gases
elastic potential energy in,
39, 39f
internal energy, 129
state of, 129
geostationary satellites, 112-113,
160-161, 161f
Global Positioning Satellites
(GPS), 182
graphs, 7, 7f
distance-time, 15, 15f
for motion, 15-17
velocity-time, 15-16, 15f
gravitational field
electric fields vs., 165-166, 166t
strength, 109, 110
gravitational field strength, 22
gravitational potential, 110-112
gravitational potential energy, 38
gravity, objects moving under,
18-19,18f

H

hadrons, 98-99, 99f
half-life, of substance, 224
Hall potential difference, 188
Hall probe, 188, 188f
hardness, of beam, 216
Hooke’s law, 48

hydrogen atom, 93

ideal gas
equation of state for, 117-118
kinetic theory of, 118-119

inelastic collision, 25
infinite gain, 178

infinite input resistance, 178
insulator, 76, 76f, 215
intensity, 58-59, 151, 216
internal energy, 40, 129
internal resistance, 83, 83f
ion, 94

isotopes, 94. see also atoms

J

joule, 37
Joule, James Prescott, 38

K

kinematics, 14-19
acceleration, 15
displacement, 14
speed, 14
velocity, 14
weight, 17

kinetic energy, 39

Kirchhoft’s laws, 82, 83-84

L

Larmor frequency, 190

latent heat of fusion, 128

Lenz’s law, 196-197

leptons, 99

light-dependent resistor (LDR),

123, 1231, 174, 1741, 215

limit of proportionality, 48

linear momentum, 22-23
principle of conservation of, 25

line emission spectrum, 214

longitudinal waves, 59-60, 59f

M

magnetic fields, 182-192
concept of, 182-183, 182f, 183f
defined, 182
Hall probe, 188
pattern of, 187-188, 187-188f

velocity selection, 189-190
magnetic flux density, 184,
184f, 195
calculation of, 185
magnetic resonance imaging
(MRI), 190, 190f
nuclear resonance, 191
precession of nuclei, 190, 190f
scanner, 191-192, 191f
magnets, making of, 183-184,
183f, 184f
magnitude
of physical quantity, 1
of viscous force, 29
mass, 21-22, 221
mass defect, 221
materials
categories of, 50-51, 50-51t
change of state, 127-129, 127f
thermal properties, 126-132
measurement techniques. see
experiments, measurement
techniques
mechanical energy, 40
melting, 127-128, 127f
micrometer, 9, 9f
modulation
amplitude, 153, 154f
frequency, 153, 154f
signal, 153, 153f
moles (mol), 103
moment of forces, 30, 30f
momentum, 22-23
conservation of, 24-26
monochromatic waves, 66
motion
in circle, 104-107
equations of, 16
graphs for, 15-17
Newton’s laws, 21
waves, 56, 56f, 57f

N

negative temperature coefficient
(NTC) thermistor, 123, 123f,
175, 175f



newton (N)

as unit of force, 2
Newton, Isaac, 21
Newton’s first law, 21
Newton’s law of gravitation,

109-110

Newton’s second law, 21
Newton’s third law, 21, 23-25
nodes, 65
nuclear binding energy, 221
nuclear fission, 222, 223
nuclear force, 94
nuclear fusion, 222
nuclear reactions, 95-96
nucleon number, 94
nucleons, 94
nucleus, of atom, 93-94, 93f, 94f
nuclide, 94
null method, 88

(@)

Qersted, Hans, 194

Ohm’s law, 79-80

operational amplifier (op-amp),

178-181, 178-181f

calibration of, 180-181
as comparator, 178-179
gain of, 179
non-inverting, 179-180
output from, 180
properties of, 178

oscillations, 136-143
angular velocity, 138, 138f
damped, 140-141
forced, 141-143
patterns of, 136-137, 136-137f
terminology, 137

out of phase, 57

overhead supply cables, 203-204

"

pascal (pa), 50

period, 57, 137

phase difference, waves,
57-58, 57f

photoelectric effect, 211-212,
211f, 212f
photons, 211, 212
physical quantities, 1-2
estimation of, 2-3
scalars, 3-4, 3t
scientific equations, 3
vectors, 3-4, 3t
piezo-electric transducer, 149,
149f, 175
Planck constant, 211, 212-213
plasma, 127
plastic deformation, 48, 48f
potential difference, 73, 77-78
electromotive force and, 83
potential divider circuit, 87, 87f
potentiometer, 87-88
power
in a.c. circuit, 199-200, 200f
defined, 40
in terms of velocity, 40
pressure
atmospheric, 29, 32
defined, 32
of liquid of constant density,
33, 35
measurement of, 29
standard, 33
principle of conservation of
linear momentum, 25
proton number, 94

Q

quantised charge, 77
quantum physics, 211-219
photoelectric effect, 211-212,
211f, 212f
spectra, 213-216
wave-particle duality, 213, 213f
quarks, 98, 99t

R

radian, 104, 104f
radioactivity, 95, 98
random uncertainty, 8

Index 247

rarefaction, 60
rectification
circuit, 205, 205f
tull-wave, 204, 204f
half-wave, 204, 204f
reflection coefficients, 151
resistance, 78
infinite input, 178
internal, 83, 83f
resistors of, 84-85
variation with
temperature, 215
zero output, 178
resistive forces, 29
resistivity, 80
resistors
in parallel, 85, 85f
in series, 84-85, 84f
resolution, of vectors, 4, 4f
resonance, 141-143
resultant force, 106
root mean square current, 200
root mean square vo]tage, 200

S

Sankey diagram, 41f
satellite communications,
160-161
scalars, 3-4, 3t
scales, temperature, 124-125
scientific equations, 3
semiconductors, 79, 215
sensing devices, 174
light-dependent resistor,
174, 174f
negative temperature
coefficient thermistor, 175,
175f
piezo-electric transducer, 175
strain gauge, 175-176
signal modulation, 153, 153f
significant figures, 6
SI units, 2
solids
deformation of, 47-52



sound waves, 60, 60f
frequency of, 60, 60f
pressure variation in, 153f
wavelength of, 60-61, 61f
specific acoustic impedance, 150
specific heat capacity, 126, 126t
specific latent heat of fusion, 128
spectra, 213-216
speed
angular velocity and, 104
defined, 14
waves, 58
spring constant, 48
springs, 47-48, 47f
standard pressure, 33
state of gas, 129
stationary waves, 64-66, 64f, 65f
stopping voltage, 211, 211f
strain energy, 51-52, 51f, 52f
strain gauge, 175-176
strong nuclear force, 99
symbols, circuit diagrams, 82f
systematic uncertainty, 8

T

temperature, 121-125
control, 122-124
measurement of, 121-122
scales, 124-125
thermal equilibrium, 121
variation of resistance with,
215
tension, 47
terminal velocity, 18
thermal equilibrium, 121
thermal properties, materials,
126-132
change of state, 127-129, 127f
specific heat capacity, 126, 126t
thermistor, 122, 123, 123f
thermocouple thermometer,
122, 122f
thermometers, 121-122, 121f,
122f. see also specific
thermometers
Thomson, J.J., 93
threshold frequency, 212, 212f
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torsion balance, 164, 164f

transformers, 200-203, 201f, 202f

transverse waves, 59-60, 59f

U

ultimate tensile stress, 50
ultrasound, 149-152
defined, 149
piezo-electric transducer,
149, 149f
scanning, 149-151, 150f
uncertainty, 8
estimation of, 10
measurement instrument, 9, 9f
precision and accuracy, 8
random, 8
systematic, 8
underground supply cables,
203-204
universal constant of
gravitation, 110
upthrust, 28-29

\"

valance band, 215

vectors, 3, 3t
combining, 3-4, 4f
resolution of; 4, 4f

velocity, 14
angular, 104, 104f, 138, 138f
escape, 112
power in terms of, 40
terminal, 18

velocity-time graphs, 15-16, 15f

Vernier calliper, 9, 9f

virtual earth, 179

viscous force, 29

volt, defined, 77

voltage, 77

voltmeter, 86

W

water

density of, 117
water waves, 56, 57f
wavelength, 57

of sound waves, 60-61, 61f
in telecommunications,
156, 156t
wave-particle duality, 213, 213f
waves, 56-63
amplitude of, 57
diffraction, 66, 66f
Doppler effect, 62, 62f
electromagnetic spectrum,
61, 61t
intensity of, 58-59
interference, 66-67
longitudinal, 59-60, 59f
motion, 56, 56f, 57f
phase difference, 57-58, 57
progressive, energy transfer
by, 58
sound, 60, 60f
speed, 58
stationary, 64-66, 64f, 65f
terminology, 57-58
transverse, 59-60, 59f
water, 56, 57f
weber (Wb), 195
weight, 17
work
defined, 37
unit of, 37
work function, 212

X

X-rays, 216
production of, 216, 217f
use of, 217-218, 217-218f

: 4

Young modulus
defined, 48
measurement of, 49-50, 491,
49t, 50t

Z

zero current, 88
zero output resistance, 178
zero resultant force, 21
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