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To the student

TO THE STUDENT

The aim of this book is to help make your study of advanced physics interesting and successful. It includes examples of
modern applications, of new developments, and of how our scientific understanding has evolved.

Physics is our attempt to understand how the Universe works. Fortunately, there are some deep, underlying laws that
simplify this ambitious task. but the concepts involved are often abstract and will be unfamiliar at first. Getting to grips
with these ideas and applying them to solving problems can be daunting. There is no need to worry if you do not ‘get
it’ straight away. Discuss ideas with other students, and of course check with your teacher or tutor. Most important of
all, keep asking questions,

There are a number of features in the book to help you learn:

= Each chapter starts with a short outline of what you should have learned previously and what you will learn through
the chapter. This is followed by a brief example of how the physics you will learn has been applied somewhere in
the world.

¢ |mportant words and phrases are given in bold when used for the first time, with their meaning explained. There is
also a glossary at the back of the book. If you are still uncertain, ask your teacher or tutor because it is important
that you understand these words before proceeding,

e Throughout each chapter there are many questions, which enable you to quickly check your understanding.
The answers are at the back of the book. If you get really stuck with a question, check the answer before you
carry on.

e Similarly, throughout each chapter there are checklists of Key Ideas that summarise the main points you need to
learn from what you have just read.

» Where appropriate, Worked examples are included to show how important calculations are done.

e There are many Assignments throughout the book. These tasks are designed to consolidate or extend your
understanding of a topic. They give you a chance to apply the physics you have learned to new situations and to
solve problems that require a mathematical approach. Some refer to practical work and will encourage you to
think about scientific methods, The relevant Maths Skills (MS) and Practical Skills (PS) from the AQA AS Physics
specification are indicated.

+ Some chapters have information about the ‘Required practical’ activities that you need to carry out during your
course. These sections (printed on a beige background) provide the necessary information about the apparatus,
equipment and technigues that you need to carry out the required practical work. There are questions about the
use of equipment, technigues, improving accuracy in practical work, and data analysis.

This book covers the requirements of AQA AS Physics and the first year of AQA A-level Physics. There are a number of
sections, questions, Assignments and Practice Questions that have been labelled 'Stretch and challenge’, which you
should try to tackle if you are studying for A-level. In places these go beyond what is required for your exams but they
will help you to expand your knowledge and understanding of physics.

Good luck and enjoy your studies. We hope this book will encourage you to study physics further after you have
completed your course.



Practical work is a vital part of physics. Physicists

apply their practical skills in a wide variety of contexts:

from nuclear medicine in hospitals to satellite design;
from testing new materials to making astronomical
observations. In your AS or A-level physics course you
need to learn, practise and demonstrate that you have
acquired these skills.

Your practical skills will be assessed in the written
examinations at the end of the course, Questions

on practical skills will account for about 15% of

your marks at AS and 15% of your marks at A-level,
The practical skills that will be assessed in the written
examinations are listed below. Throughout this book
there are questions and longer assignments that will
give you the opportunity to develop and practise these
skills. The contexts of some of the exam questions will
be based on the ‘required practical activities' (see the
final section of this chapter).

Independent thinking
¥ Solve problems set in practical contexts
} Apply scientific knowledge to practical contexts

Use and application of scientific methods
and practices

» Comment on experimental design and evaluate
scientific methods

] -

Physiclsts need to solve problems, such as design problems. Thes
migchine weaves supercandicting wire fnto cobie to produce powerful
superconduching efectromagnets for aocelerators,

Physicisis need to apply heir knowledge wihen using proctical
equipment. This &5 G laser deposition charmber, in which a laser bearn
evaporates material in order o coat another surgce



» Present data in appropriate ways

» Evaluate results and draw conclusions with
reference to measurement uncertainties and errors

¥ |dentify variables, including those that must
be controlled

Numeracy and the application of mathematical
concepts in a practical context

¥ Plot and interpret graphs

¥ Process and analyse data using appropriate
mathematical skills

¥ Consider margins of error, accuracy and precision
of data

40 000
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This graph of velooty against distonce for supermova events, simifar
i that ariginally produced by Edvan Hulibhe, plots e distances with
error bars because of the uncertaimty in the values

Instruments and equipment

¥ Know and understand how to use a wide range of
experimental and practical instruments, equipment
and techniques appropriate to the knowledge and
understanding included in the specification

Yo will meed fo Lse a varety of equipmet comechy and salely
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600 700
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Some practical skills, such as handling materials
and equipment and making measurements, can only
be practised when you are doing experiments. For
A-level, the following practical competencies will

be assessed by your teacher when you carry out
practical activities:

» Follow written procedures

3 Apply investigative approaches and methods when
using instruments and equipment

» Safely use a range of practical equipment
and materials

» Make and record observations
» Research, reference and report findings

You must show your teacher that yvou consistently and
routinely demonstrate the competencies listed above
during your course. The assessment will not contribute
to your A-level grade, but will appear as a ‘pass’
alongside your grade on the A-level certificate,

These practical competencies must be demonstrated
by using a specific range of apparatus and techniques.
These are as follows:

} Use appropriate analogue apparatus to record a
range of measurements [to include length/distance,
temperature, pressure, force, angles and volume)
and to interpolate between scale markings

} Use appropriate digital instruments, including
electrical multimeters, to obtain a range of
measurements (to include time, current, voltage,
resistance and mass)

} Use methods to increase accuracy of measurements,
such as timing over multiple oscillations, or use of a
fiduciary marker, set square or plumb-line

} Use a stopwalch or light gates for timing

} LUse calipers and micrometers for small distances,
using digital or vernier scales

¥ Correctly construct circuits from circuit diagrams
using dc power supplies, cells and a range of
circuit components, including those where polarity
is important

¥ Design, construct and check circuits using dc power
supplies, cells and a range of circuit components

¥ Use signal generator and oscilloscope, including
volts/division and time-base



¥ Geperate and measure waves, using microphone
and loudspeaker, or ripple tank, or vibration
transducer, or microwave/radio wave source

* Use laser or light source to investigate
characteristics of light, including interference
and diffraction

¥ Use ICT such as computer modelling or data logger
with a variety of sensors to collect data, or use
software to process data

¥ Use ionising radiation, including detectors

For AS, the practical competencies will not be
assessed, but you will be expected to use these
skills and these types of apparatus to develop your
manipulative skills and your understanding of the
processes of scientific investigation,

During the A-level course you will need to carry out
12 required practical activities. These are the main
sources of evidence that your teacher will use to

A mation expenment using a fight gate

A

award you a ‘pass for your competency skills. If you
are studying the AS course, you will need to carry out
the first six in this list,

1 Investigation into the variation of the frequency
of stationary waves on a string with length,
tension and mass per unit length of the string

2 Investigation of interference effects to include
the Young's slit experiment and interference by
a diffraction grating

Determination of g by a free-fall method

4  Determination of the Young modulus by a
simple method

5 Determination of resistivity of a wire using a
micrometer, ammeter and voltmeter

6 Investigation of the emf and internal resistance
of electric cells and batteries by measuring
the variation of the terminal pd of the cell with
current in it

7 Investigation into simple harmonic motion
using a mass—spring system and a
simple pendulum

8 Investigation of Boyle's [constant-temperature)
law and Charles’s [constant-pressure) law for
a gas

9 Investigation of the charge and discharge of
capacitors; analysis techniques should include
log-linear plotting, leading to a determination
of the time constant RC

10 Investigate the relationship between magnetic
flux density, current and length of wire using a
top-pan balance

11 Investigate the effect on magnetic flux density
of varying the angle using a search coil
and oscilloscope

12 Investigation of the inverse-square law for
gamma radiation

Information about the apparatus, techniques and
analysis of required practicals 1 to 6 are found in the
relevant chapters of this book, and information on
required practicals 7 to 12 will be given in Book 2.

You will be asked some questions in your written
examinations about these required practicals.

Practical skills are really important. Take time and
care to learn, practise and use them.
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MEASURING THE B

| UNIVERSE

PRIOR KNOWLEDGE

You will have carried out experiments and made
measurements in your previous studies of science, so
B vou will know something about the scientific method

LEARNING OBJECTIVES

In this chapter you will find out how to get a rough
idea of atomic size by a simple experiment. You will
learn about physics experiments and measurements in
general: what units to use and how they are defined;
how errors can occur; and how to estimate the
uncertainty in vour experimental results.

(Specification 3.1.1, 3.1.2, 3.1.3, 3.2.1.1 part)

One of the big guestions in physics is: "What is the
Universe made of 7" Until 1998, most physicists would
have said "matter and energy” and been reasconably
confident what that meant, "How much matter

and energy?” seemed the more pertinent question
(Figure 1). Albert Einstein had shown that mass and
energy are interchangeable. Their combined amount
determines the ‘energy density’ of our Universe, a
quantity that will decide its ultimate fate

In 1929 Edwin Hubble published measurements that
showed that the Universe was expanding. Physicists
knew that gravity would act to slow the rate of
expansion. If the energy density was low, then the
Universe would keep expanding, but at a slower and
slower rate. A high value of energy density would

eventually stop the expansion, and the Universe would
begin to contract, eventually ending in a ‘Big Crunch’

In 1998 cbservations of distant supernovae showed
that the expansion was not slowing at all, but
speeding up. The measurements were reproduced
by independent research teams, some using different .
methods. These results suggested that something
unknown must be pushing the Universe apart. This
is now called "dark energy’ and it seems to make up
almost 70% of the Universe. Much of the remaining
30% is also mysterious. Work by Vera Rubin in the
1970s on the rotation of galaxies had shown that
there must be a significant amount of mass in the
Universe that we cannot observe — now known as
‘dark matter. Current thinking is that the Universe
contains a mere 4.9% ‘ordinary’ matter and energy,
and researchers are aiming to discover what the
mysterious ‘dark’ guantities might be.

Physicists are often labelled either theoretical or
practical. Einstein was firmly in the theoretical camp.
Saul Perimutter shared the 2011 Nobel Prize in Physics
for practical measurements of the expansion rate

of the Universe. Both aspects of physics are equally
important. As Robert Millikan (Nobel Prize winner in
1923 for his work on the elementary charge) put it:

"Physics walks forward on two feet, namely theory
and experiment, ... Sometimes it is one foot first:
sometimes the other, but continuous progress is anly
made by the use of both."

Figure T [Dockground] How o
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| MEASURING THE UNIVERSE

1.1 MEASUREMENT IN PHYSICS

Towards the end of the 20th century, just before the
discoveries of dark matter and dark energy, it was
suggested that the 'big questions’ in physics had been
answered. In a remarkably similar way 100 years
earlier, some eminent physicists felt that physics was
almost complete, Newton's laws described forces and
motion, Faraday had linked electricity and magnetism,
and Maxwell's equations described electromagnetic
waves. Michelson, famous for measurements of the
speed of light, went as far as to say:

“The more important fundamental laws and facts
of physical science have all been discovered, the
possibility of their ever being supplanted (by) new
discoveries is exceedingly remote.”

But then, as now, physics was turned upside down

by experimental discoveries. Radioactive decay, for
example, proved hard to explain for 19th-century
scientists, who were still arguing about whether atoms
really existed. Observations, measurements and

the analysis of recorded data provide the basis for
discoveries and advancement in physics.

1.2 THE SCALE OF THINGS

Scientific notation

Physicists investigate matter and energy in the
Universe on every scale, from infinitesimally small
measurements of subatomic particles to inordinately
large ones, like galaxies. These measurements
generate very large and very small numbers. We need
a concise way of writing the numbers, to avoid strings
of zeros across the page. Large numbers are written as

a number from 1 to 10, multiplied by a power of 10.
For example, the speed of light, ¢ = 300000000ms~',
can be written as 3.0 x 10¥ ms~'. In a similar way,
small numbers are written as a number between 1

and 10, multiplied by a negative power of 10. In this
way the wavelength of red light, 1=0.000000650m,
would be written as 4 =6.50 x 10~"m. This method of
writing large or small numbers is known as scientific
notation, often referred to as standard form in

the UK.

It is usual to use powers of 10 that go up in steps

of 1000, or 103, so the wavelength of the red light
would probably be written as 650 x 10~m, When
using Sl units (Systéme International d'Unités) (see
the next subsection), the powers of 10%, 109, 10 and
50 on are given names, such as kilo or mega. These
have abbreviations used as prefixes, so a distance of
1000 m (102 m) is known as a kilometre and is written
1 km. The names and prefixes that you may come
across at AS and A-level are shown in Table 1.

QUESTIONS

1. Satellite TV signals are transmitted on a
frequency of 27 000000 Hz. Rewrite this
number using scientific notation.

2. The mean distance from the Earth to the Sun
is about 149600000 km. Rewrite this in
scientific notation. (Careful! The distance is
given in km in the question.)

3. How long does it take light to travel across the
room you are in? [Distance = speed = time,
speed of light=3.0 x 108ms™')

Multiplication factor Prefix Symbol Example length

1000 000 000 000 10" tera T Radius of Pluto's orbit (5.9 Tm)

1000 000 000 109 giga G Mean Earth—Meoon distance [0.4 Gm)

1000 000 108 mega M Mean radius of Eart;a [?5.5? Mm)

1000 103 kila K Distance from Manchester to London (320 km)
0.001 1075 milli m Microwave wavelength [ ~mm|

0.000 0M 10°%  micro T Wavelength of visible light [ ~pm)

0.000 000 001 10°%  pano n Approximate atomic diameter { ~nm)

0.000 000 000 001 10-'2  pico p Wavelength of a gamma ray [~pm)

0.000 000 000 000 001 1015 femto f Appr;;mate diameter of an atomic nucleus {~fm)

0.000 000 000 000 000 001 10-'®  atto

1]

Range of weak nuclear force {~am)

Table 1 5! prefixes and symbols




The scale of things m

Choosing the units

Physics describes the world in terms of the values of
physical quantities. A physical quantity is something
that can be measured, such as speed, energy or mass.
Each measurement needs a unit, a standard value that
is well defined. Giving your height as '1.65" means
nothing, but giving it as 1.65 metres makes it clear.
The numerical value of a measurement depends on
the unit that is used (Figure 2).

Figure 3 In 13539, the Mars Climate Orbiter probe was destroyed
Because one of the controf systems wsed imperial units ffeet ond
inches), but the navigation software used rnetric (S1) units

Base guantity Name Symbol
length metre m
mass kKilogram kg
Figure 2 Your mass might be 56, 8.8, 123 ar |, ], depending time second y
o wihether o measired (L KIOGITTs, SIones, Dounds o i _—
hundredweight. British school sclence fessons have not used impernicl electric current ampere A
units {feet, stones. pounds and so onl since the earty 18705, but most thermodynamic temperature kelvin K
students stilf give their helght fn feet and inches
amount of substance mole maol
luminous intensity candela cd

Units were often chosen in the past to be a convenient
size for the measurement, like the ‘grain’ {64.8 mg) Table 2 5 base units
traditionally used for the mass of medicines and
gunpowder, or the carat (200 mg) used for precious
stones. But it is awkward to have many different units
for each physical quantity. Every unit has to be defined
in terms of a standard, so that the entire world can

The base units are now almost all defined in terms of
physical constants. For example, a length of one metre
is defined in terms of the speed of light:

agree on its magnitude. It is not feasible to maintain One metre is the length of the path travelled by light in
s_everal standard definitions Iiar each physical guantity vacuum during a time interval urm
like length or mass, and therg is the problem of - —

converting between units, which has been known to

have disastrous results (Figure 3). This rather arbitrary time is chosgn to match the

The Systeme International d'Unités [SI) for defining older definition of the metre. This modern definition
units of measurement was established in 1960 and of length depends on specialised equipment, but in

is now almost universally accepted — by the scientific principle every country can have the same standard
world at least. S| units are defined in terms of seven metre. However, we also need an independent

base units. These are shown in Table 2. All ather definition of the second.

units, known as derived units, can be defined in One second is the time taken for 9192 631 770
terms of these base units, complete oscillations of the radiation corresponding

to the transition between the two hyperfine levels of
the ground state of the caesium-133 atom.

The atomic clocks on the satellites that make up the
Global Positioning System (GPS) (Figure 4) are stable

7



| MEASURING THE UNIVERSE

ta 1 partin 10'2; in other words, they are accurate to
within 1 second in 32 000 years.

The only base unit not yet defined in terms of a
universal constant is the kilogram. This is still defined
as the mass of a particular cylinder of platinum—
iridium alloy, the International Prototype Kilogram
(IPK), which is kept in a vault in Paris.

Figure 4 T use the GPS system, the recelver must be able (o see g
miinimum of four satefiites,

The kilogram is also the only base unit with kilo in its
name. Logically, the base unit of mass should be the
gram, but a historical quirk meant that the kilogram
was chosen. This is important for calculations. If you
need to put a value of mass into an equation, you
must use kilograms, so a mass of one kilogram = 1 kg,
whereas a mass of one gram = 1 = 107% kg.

QUESTIONS

4, The IPK is kept in a controlled atmosphere,
and is only rarely taken from its vault. Why?

5. The IPK is a right-circular cylinder [height =
diameter] of 39.17 mm. Why is it this shape?
Why is the choice of metal important?

6. Use the formula density = — 12>
volume

the density of the standard (IPK] kilogram.
The S derived unit for density is kg m—>.
Remember that Tmm =1 x 10~*m, so
Imm3=1x10%ms

7. The earliest units for length were based on the
human body, for example the cubit in ancient
Egypt was defined as the distance from the
tip of the forefinger to the elbow. Give an
advantage, and a disadvantage, of this system.

8. The speed of light is now exactly
299792458m s Why 'now' and why
‘exactly’?

to find

Units for all the other physical quantities, such as
velocity, acceleration, force and energy, are derived
from these base units. For example, the unit for
velocity is metre per second [m s~'). Derived units
are sometimes given names, like newton (N) for force,
and joule (J) for energy. As a rule the named unit

is written in full with a lowercase initial letter, but

the abbreviation begins with an uppercase letter.

For example, the Sl unit for frequency is the hertz,
abbreviated to Hz.

All named derived units can be expressed in terms
of the base units. For example, one newton is
defined as the force that will accelerate a mass

of one kilogram by one metre per second, every
second, This definition can be represented by the
equation F = ma.,

As the units have to be the same on both sides of
this, or any other, equation (you could not have
metres = kilograms, for example}, then, in terms of
units, F = ma becomes

mzlhgx_“‘_m:mgms-?

sx 15}

QUESTIONS

9. One pascal (1 Pa) is the Sl derived unit of
pressure. Since pressure = f:rce , write
1 Pain terms of 51 base units.

10. Express the joule in terms of base units. Hint:
What eguation links energy or work to other
quantities?

Physicists do not always quite stick to the rules for
using SI units. Sometimes it is just too clumsy to use
the S| base unit. For example, the kilogram is rather
large when it comes to the mass of an atom, so the
atomic mass unit is used. The metre is too small for
interstellar or intergalactic distances, so astronomers
use light years or megaparsecs. You might have

used kilowatt hours, rather than joules, to measure
the electrical energy used in a house. It is of course
possible to convert all these to the relevant S1 unit.

In the assignment you can find a value for the size of
an atom in metres,
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| MEASURING THE UNIVERSE

KEY IDEAS

2 We use S| units. There are seven base units. All

other units are derived from these.

» Large and small numbers are expressed in
standard form, for example 3.0 = 10%,

» Multiples of units in powers of 10 increasing in
threes, for example, 10%, 105, and so on, are
given standard prefixes, for example, kilo (],
mega (M).

1.3 EXPERIMENTS IN PHYSICS

Experimental error

It is surprising that we can get an estimate for the
size of an atom using such simple apparatus as that
used in Assignment 1. After all, we have managed to
measure something that is far too small to see. How
do we know that our answer is right? What errors
might we have made? Can we correct them, reduce
them or at least account for them?

The term ‘experimental errors’ does not generally refer
to the sort of blunders we all make from time to time,
such as forgetting to connect the battery, misreading a
scale or failing to take a reading at the right time. These
are annoying, but repeating the experiment with more
care usually solves the problem. Experimental errors
fall into two types: random errors and systematic errors,

Random errors can cause readings to be too high
or too low. Just as the name suggests, the readings
fluctuate about the mean. Random errors may arise
due to a number of different causes.

» Observation or reading errors: perhaps when timing
the oscillations of a pendulum, or when trying to read
the flickering needle on the dial of an analogue meter.

» Environmental: perhaps the temperature of
the room is fluctuating, or the supply voltage
keeps changing.

The crucial thing about a random error is that it is
equally likely to give you a result that is too high

as one that is too low. Repeating the readings and
calculating a mean value is useful because the more
readings you have, the more the random fluctuations
will be averaged out.

Systematic errors on the other hand lead to results
that are consistently wrong. Repeating these readings
is pointless, since the error occurs in the same way
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each time. Systematic errors may also occur due to a
number of reasons.

¥ Instrument error: a poorly calibrated thermometer,
for example, or a top-pan balance that has not
been zeroed correctly.

¥ Reading error: perhaps due to parallax error
(Figure 5) when reading the scale.

¥ Poor experimental design: for example, ignoring
the effect of an external factor like magnetic field,
temperature or pressure.

FRgure 5 Ty o position your eye dose 1o the soale and 1oos in the
comect direction tor avend paraliax errors

Ernest Rutherford (Figure 6], who discovered the
atomic nucleus, believed that experiments should have
a clear outcome:;

“If your experiment needs statistics, you ought to have
done a better experiment.”

Fgure 6 Crmest Rutherford
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QUESTIONS

11. a. You intend to use a top-pan balance to
find the mass of a particular ball bearing.
Is it worth repeating the measurement
several times and taking an average?

b. Suppose you need to find the mass of a
typical ball bearing. How would you make
your result as accurate as possible?

12. When you are measuring the diameter of a
wire, it is good practice to take readings at
several points along the length of the wire.
The readings should also be taken in different
orientations, Explain why.

Accuracy, precision and uncertainty

How sure of our measurements can we be? This

can be a difficult question to answer, especially

if you happen to be one of the first to make the
measurement. In practice, the experiment is repeated
by the experimenter to check that it gives consistent
results. If so, then the measurement is said to be
repeatable. If other experimenters get similar
results, preferably in different laboratories using
different technigues, then the measurement is said to
be reproducible.

A result is said to be accurate if it is close to the
true value, that is, the standard or accepted value,
In exceptional cases, of course, the new
measurement may not agree with the accepted
value, because the accepted value is wrong.
However, you need to be very sure before making
a claim like that. The standard ‘textbook’ answer
will have been repeated many times, probably in
different laboratories and using different methods.
If the new results prove to be repeatable and
reproducible, it may mean that an established
theory could be wrong (Figure 7).

‘Precision’ does not mean that the measurements
are right; it merely tells you whether the results
are numerically close together. For example,
suppose that a measurement was made five times
and the results were 3.223, 3,222, 3,223, 3,221
and 3.223. These results vary through a range

Experimenls in physics ﬂ

Fgure 7 in 2011 physicists at the Cran Sasso laboratony in ltaly
measured the speed of neutrings emitted by the accelerator at CERN
and found they were travelling faster than the speed of light Specal
relativity says it 5 impossible for a particle (o reach the speed of light,
as this would give it an infinite mass, Faster-than-fight trovel also
raises the possibifity of time trenvel. Phiysics Professor Jim AKhalif
promised o eat his boxer shorts on five TV if the measurements were
Shown to be nght. In fact, the measurements were wrong ... they
were caused bl a loose fibre-oplic cable!

of 0.002, from the lowest to the highest value
recorded. The mean of the five readings is 3.222
(correct to four significant figures), so we can say
that the uncertainty in this mean value due to

the scatter of results is + 0.001. This seems a

small uncertainty but it depends on the size of the
measurement. We need to compare this uncertainty
in the readings with the overall result by expressing
it as a percentage. The percentage uncertainty is
(0.001/3.222) x 100% = 0.031%. This is a very
small percentage uncertainty, so the results could
be said to be very precise. That does not mean
that the results are correct or even accurate. They
could all be wrong in the same way. Figure 8 gives
a visual summary of the meanings of precision

and accuracy.

When recording your results, you should be

careful not to overstate the precision by writing an
excessive number of digits in your answer. Suppose
that three teachers have timed the school 100 m
sprint race and have recorded times of 12.3, 12.5
and 12.6 s for the winner. The average time was
12.466 66 s. But each teacher's reading had an
uncertainty of 0.1 s at least, and the range of

their readings was 0.3 s, or £0.15s5, so the result
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Figure 8 Precsion and aocurocy: o) prease but ot aocurate; (B precise and accurmte; (of aocurote it not precse:
il retther aocurate Nor precise

should be quoted to a similar level of precision:
(12.5 + 0.15] s is more reasonable but, since we
usually err on the side of caution, (125 +0.2)s1s
probably appropriate.

On a similar theme, it would be a mistake to
record this set of readings, all taken with the
same equipment:

TimeT/s | 1.214 | 1.20 | 0.800 | 0.5

If the readings are all made with the same precision,
they should all be quoted to the same number of
significant figures. The trailing zeros are important!

N e bt SRR P L TR A By
QUESTIONS

13. a. Describe a real situation where
measurements could be precise, but
not accurate.

b. Describe a real situation where
measurements could be accurate, but not
precise.

Some readings do not vary widely but are still not
precise, simply because they are measured with

a device with low resolution. The resclution of a
measuring device is the smallest increment in the
measured quantity that can be shown on the device,
For example, you could find the mass of an object
using a digital balance with a resolution of (that

is, gives readings in) grams, tenths of grams, or
hundredths of grams. Suppose you were using the
balance that measured to the nearest gram to find the
mass of a mango: your readings could be out by 0.5 g.
In fact, it is worse than this because when you zeroed

12

the balance, it could also have been out by 0.5 g. 5o
your reading is said to have an uncertainty of +1g.
As a rule of thumb you can estimate the uncertainty
associated with taking a reading to be + the smallest
scale division,

Measurements should always be written with a value,
the associated uncertainty and an appropriate unit,
for example, mass of a mango =(142.3 £ 0.1)g. This
is not too much of a problem, with less than 0.1%
uncertainty. But if you were finding the mass of a
blackcurrant, you would probably want a balance with
a higher resolution.

You can improve the precision of measurement

of repeatable events by just doing a lot of them.
Galileo is said to have timed the oscillations of a
pendulum (candelabras hung from the ceiling of a
church] using his pulse as a time keeper. This is not
a very high-resolution instrument. But by timing 10
oscillations he could share the uncertainty among all
10 oscillations, and arrive at a more precise answer.

Whether you are measuring the speed of neutrinos,

or the area of an oil film, it is important to know how
precise your result is. Every experimental result should
be accompanied by an estimate of its uncertainty, For
example, the currently accepted value for the mass of
an alpha particle is given as

(6.64465675 + 0.00000029) x 1077 kg

sometimes written as
6.64465675(29) x 10727 kg

The numbers in brackets indicate the uncertainty

in the |last two digits. That is a high-precision
measurement, an uncertainty of 29/664 465675, or
less than 5 = 10~%%. That is equivalent to knowing
the distance from London to New York to within

25 cm.
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QUESTIONS
14. Estimate the resolution of Galileo's time

15.

keeper. Suppose the candelabra took

2 s to complete one oscillation. What
would Galileo's result be if he timed one
oscillation? What would the uncertainty be?
What would the percentage uncertainty be?
How would these answers be changed if he
now timed 10 oscillations and used that to
calculate the time for one oscillation?

If you did not have a high-resolution balance,
how could you find the mass of a blackcurrant
more precisely? (Assume that you have a
large number of blackcurrants to hand!)

16. Suppose you took three oranges and found

their mean mass, using a balance with a
resolution of 0.1 g. Why would it be wrong
(and certainly misleading) to write your answer
as 121.333 333 g? How would you write it?

17. a. What is the uncertainty associated

with measuring the width of this book?
[Suppose that you used a 30 cm ruler
with mm divisions.) Write your answer
as result + uncertainty, followed by the
correct unit.

b. Why is the uncertainty more of a problem
if | asked you to use the same ruler to
measure the thickness of the book?

¢. How would you find the thickness of one
page of this book? How precise do you think
you could be?

Combining uncertainties n

1.5 COMBINING UNCERTAINTIES

The final result of an experiment is often a
combination of several measurements. That means
that the overall uncertainty will depend on a
combination of the precision of each measurement,

What if you are adding or subtracting two quantities?
The general rule is:

If you are adding or subtracting quantities, you need
to add their absolute uncertainties.

An absolute uncertainty is the possible deviation from
the mean value in the unit of measurement. Finding
the difference of two measurements can lead to large
percentage uncertainties.

Worked example 1

In a situation like that in Figure 9, we might have
these readings:

Reading A : Mass of bowl =(200 £ 1)g, which is a
percentage uncertainty of 0.5%.

Reading B: Mass of bowl and flour=(220 + 1)g, a
percentage uncertainty of =0.5%.

Mass of flour = reading B — reading A= (20 + 2)g

The uncertainty in this difference between two
measured values is 2 g since reading B might be
higher by 1 g and reading A might be lower by 1 g,
and vice versa. The percentage uncertainty is now
10% (compared with 0.5% in the measured values).

Figure 9 Finding a differentce fn two quantities, for exarmple
fineling the meass of sugar in a bowl, can lead [o large percentage
uncertainties.

13
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What if you are dividing or multiplying two quantities?
Suppose you have been given a small metal cube,
which you suspect is made of lead. You might decide
to measure the density of the cube to see if it could
indeed be lead. The density of a material is defined as
the mass of a given volume. In Sl units this should be
measured in kilograms per cubic metre, but grams per
cubic centimetre is also commonly used. Lead has a
density of 11.34gcm™3 .

As density equals mass divided by volume,
mass
volume
you might begin by using a top-pan balance to
measure the mass, and a ruler marked in millimetres
to measure the dimensions of the cube,

density =

Mass of metalcube = (89 % 1)g

Length of metal cube = (2.1 £ 0.1)em
Width of metal cube = (1.9 4 0.1)cm
Depth of metal cube = (2.1 +£0.1)em

The volume of the cube=2.1 « 1.9 x 2.1 =8.379 cm?

But how precise is this measurement? It is possible
that all the dimensions have been underestimated

by 0.1 ¢m, so the volume could be as large as

2.2 = 2.0 x 2.2=9.68 am?. Similarly, the volume could
be as small as 2.0 x 1.8 x 2.0=7.20 cm®, Possible
values for the volume of the cube are from 7.20 to
9.68 ¢cm?, a range of 2.48 cm?, so the uncertainty is
approximately + 1.24 cm®, The volume of the cube
is therefore (8.38 + 1.24) cm?, an uncertainty

of almost 5%.

It is possible to find the uncertainties in calculated
values by inserting the largest and smallest values of
your data into the relevant formulae. But this can be
time-consuming and there is a better way. You saw in
Worked example | that to find the uncertainty in the
difference of two masses you simply add the individual
uncertainties together. But if you are multiplying or
dividing two quantities, the general rule is;

If vou are multiplying or dividing guantities, then you
add the percentage uncertainties together,

14

Worked example 2

Using the data given above for the metal cube, the
percentage uncertainties in each measurement of
length are 0.1/2.0=5%. So the uncertainty in volume
isb+5+5=15%.

To find the density, we need to divide the mass

by the volume, The percentage uncertainty in

the measurement of mass= 1/89=1.1%. The
overall uncertainty in the density value is therefore
15+ 1.1=16%.

Density of the cube=8%837=10.6+ 16% or
(10.6+1.7) gem=,

Since the accepted value for the density of lead,

11.34 g em~2, falls within the range of uncertainty, the
metal could be lead. The measured value for density is
not precise enough, however, to rule out other metals.
We could improve the precision by using instruments
with better resolution to measure length and mass.
Two instruments commonly used in the laboratory

to measure length precisely are shown in Figures 10
and 11. They both use a vernier scale — a movable
scale that allows a fractional part on the main scale to
be determined.

I\ ﬂ main icale
0 N\

T
50 60

mim L |||||'||||-|I|I

sliding
vernier scale

The reading in mm is taken from the position of
the zero on the sliding scale. Here this is between
24 and 25. The next significant figure (to 0.1 mm)
is found by judging which scale mark on the
sliding scale is perfectly aligned with a mark on
the main scale. Here this is 5.

The reading 524 + 0.5 =245 mm.

Fgure 10 \ermier collipers can theasdre length to ane-tenth of o
milfirmetre



Combining uncertaintias

mm 0.0 mm R N R TREE WV % T - =1 i
anvil spindie lock scale  vernier scale :
QUESTIONS

18. Suppose you could improve the precision
of either the measurement of length or the
measurement of mass, for the small metal

rotating ratchet cube considered in the text. Which would

thimble most improve your final answer?

19. The cube may not be perfect, so that the
dimensions may differ at different points.

; ’ e e I 3 How would you allow for this?

Turning the ratchet moves the spindle until it just touches - :

the object. The ratchet then slips to avoid deforming the object. 20. You have been md t':" _ﬁnd the m of a
The reading to the nearest 0.5 mm is taken where the thimble liquid, which you suspect is ethanol, which has a
meets the sleeve, Here this is 12.5 mm. The final significant density of around 80% that of water. Suppose
figures are given by judging which mark on the rotating scale that you measure the volume using a measuring
coincides with the horizontal line on the sleeve. Here this is 16 gylinder and its mass on a top-pan balance. B’j
The reading is 12.5 + 0.16 = 12.66 mm., estimating the values of the mass and volume of
Figure 11 A micrometer screw gauge can measure length to ethanol you would use, and the resolution of the
one-fundredth of G millimetre measuring instrument, calculate an approximate

value for the uncertainty in your answer.

15
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1.5 USING GRAPHS

A commaon way of reducing the uncertainty ina
measured quantity is to repeat the reading, using a
set of different values of the independent variable, and
then plot a graph. Suppose you were asked to find the
mass of a raindrop. You have an electronic top-pan
balance with resolution of 0.01 g. Assume that you
can count the raindrops! You could use any one of the
following methods:
A Catch one raindrop and find its mass.
B Repeat the above method lots of times and
find the mean mass.
C Collect 100 drops, find the mass and divide
by 100.
D Collect 100 drops, recording the mass after every
10 drops. Then plot a graph of your answers.
Which method will give the most precise, and the most
useful, results?
Method A will give a very large percentage
uncertainty. The average mass of a raindrop depends
on the type of rain (it varies from mist to downpourl)
but is unlikely to be much more than 100 mg. The
reading would have a percentage uncertainty of
[9&‘111] x 100 = 10%

Method B is better, but tedious! Theoretically, the

precision is equivalent to that of method C, which
would give a percentage uncertainty of

(ﬁ'f—g‘] % 100 = 0.1%
In practice, drying the container between each

drop would be ridiculous. Method D gives the same
uncertainty as method C, but allows you to spot any
results that do not fit the pattern and ignore them if
they are genuinely anomalous results. The results of
such an experiment are shown in Table 3 and the graph
abtained is shown in Figure 12,

Number of raindrops Accumulated mass /g

10 5.60
20 3,70
20 5.80
40 3.90
50 4.01
60 4.11
70 4.20
20 4.30
50 4,40
100 4.49

Table 3 Muass of every 10 raindrops
16

tass of rain versus number of raindrops collected

5.00 -
4,804
4,60 -
4,404

o 4,201

E

2 4.00

m

- G
3.60 4
3.404

3.20+

y=0.01x+3.50

3.00 : - - - .

0 20 40 &0 &0 100
Number of raindrops

Figure 12 The equation of a strafaht fine is afiways af the &

i = mx + c, wheney s the wanobie plofted vertically, X & the varoble

Platted harizontally, m s the gradient and € 15 the intercept on the

s, i the equalion /s o be a stroight ine, rr must be a constant

ffinedd number)., In this cose the equation says mass coliected |y =

mermge mass of g roindrop (m) = member of raindrops (X + any

other mass [perhans the confelner ar & 2ero ermor on the balance).

The gradient of the line is found by calculating
difference in y ikl

difference in x

in this case is

mass ;
= mass of one raindrop

number of drops
The intercept of the line on the y-axis gives a mass
reading before any raindrops are collected. This value,
3.50 g in this case, is a zero error, which might not be
noticed without the graph,

QUESTIONS

21. Look at the graph in Figure 13. It shows
another set of results from the raindrop
experiment. What do you think happened?
Could you still use the results?

Mass of rain versus number of raindrops collected

5.00-
5.50 »
T ke
5.00 1 X
-
@ 4:50
3 4.00
A o b 4
b4 x %
3s0{ *
3.00 - - : v : ;
D 20 40 Bl BD 100 120
Mumber of ralndrops
Figure 13 Phot of another set of results

120




Plotting graphs of experimental results
Graph-plotting in physics is not quite the same as in
mathematics, where you are often plotting a function

with perfectly accurate points that lie on an ideal curve,

Physics data is often taken from real-life experiments
and has some uncertainty associated with it. The data
points will be scattered rather than being a perfect

fit to a function. We often do not know whether the
results are following a mathematical law or not.
Indeed, that is often what we are trying to find out. In
practice, it is difficult to draw quantitative conclusions
from a curve, so we try to draw straight-line graphs to
test relationships between quantities. This may mean
that we plot a function of the vanables, for example, x2
or 1/x, instead of the raw data.

Suppose that you were studying a falling object
(Figure 14) and took a series of measurements

Figure 14 Time-lagse image of a folfing obrect

showing how far the object had fallen after certain
periods of time, say after 1, 2, 3, ... seconds. You
would get a graph like the one shown in Figure
15(a). It may look as if distance depends on time
squared but we cannot be sure from a curved graph.
The distance fallen, s, and the time taken, t, could
be related by a quadratic [squared) equation like

s = A’ + B, where A and B are constants (just a
fixed number). This needs to be compared with the
equation of a straight line, y = mx + ¢:

s=At"+8B
£ 4 4
Y=mx+c

Plotting 5 on the y-axis and t on the x-axis gives

a curve (Figure 15a), but if we plot s on the y-axis

and t* on the x-axis, we should get a straight line
(Figure 15b). If the points are a good fit to the straight
line, we can deduce that the experimental data follows
the relationship. The gradient will equal the constant
A and the y-intercept will equal the constant B,

lable 4 shows a few examples of what to plot in order
to confirm a relationship.

Good practice in graph drawing

Accuracy in graph work is important, not least
because it often accounts for a significant number of
exam marks. So here are a few tips on good practice:

¥ Choose your scales on each axis so that your data
spreads over at least half of the axis. Use a false
origin if necessary, You do not need to start the
graph at (0, 0}, unless you have a measured data
point to plot there,

» Use a sharp pencil and a ruler to draw the axes.

» Label each axis with the quantity and unit
separated by a solidus (slash) /, for example
TZis2 FIN, A/ m, and soon

Variables Constanl(s) Possible Rearrangeto y X Gradient (constant  y-intercept
relationship for a straight line)
m, T K =% I'l_" | 2 (1 (£ m 4n

T =2x7 T2=d4n?(% - 0
A £ c=Fa fu F f 1 c 0

A A
V. i E.r V=E-ir V=E—ir v [ —f E
Fr G M m F = GIII'JFHI F = l:'"n'ﬂﬂ F _l GMm 0

re re e

Table & Fxaompies of what r"'_l'-'lf."' G connrm ar I i
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(a)

500 - Distance fallen versus time
400 4
300 4 ¥

200 1 »

Distance fallen / m

100 - _ ¥

]

0 2 4 & 8 10 12 14
Time {5

Distance fallen versus time squared

Distance fallen /

ﬂ T T T T T T T L]
0 20 40 €0 B0 100 120 140 160

Time squared / 52

Figure 15 Finding the refationship between distance fallen and
time taken

» Plot points (using a sharp pencil) with a small cross.

¥ Give the graph a meaningful title.

Drawing a best-fit straight line and calculating
the gradient

If the points look as if they may fall close to a
straight line, you may opt to draw a 'best-fit’ straight
line. When a computer does this mathematically, it
chooses the straight line that minimises the total
distance of the points from the line. You should

aim to do the same, You have two advantages over
the computer:

» You can use your discretion and ignore any
outliers, especially if you have practical reasons
to suspect their accuracy. An outlier may pull
a computer’s best-fit line way off course. Try to
identify these anomalous results, repeat them
or at least try to explain why they are going to
be ignored.

} You may know that the line must go through a
given point, (0, 0) for example, and you can pivot
your ruler about that point. (Make sure you have a
30 cm clear plastic ruler so that you can see the
points through it.)

18

The gradient of a graph in physics often represents
an important physical quantity. For example, if
you plot velocity [y-axis) against time (x-axis), the
gradient at a particular point gives the value of the
acceleration at that time, You will often need to find
the gradient of a best-fit line. Choose a large section
of the graph, covering at least two-thirds of each
axis [Figure 16). This will reduce the effect of any
uncertainties in reading the points. Choose your two
points, say (x,, ;) and (x,, y,): then

[y _!i"1:|

gradient = ———

'[Xg_xrl

It is useful to include the unit when quaoting the value
of a gradient. The unit will be that of the quantity on
the y-axis divided by that of the quantity on the x-axis.
So for a velocity against time graph, the gradient will
have a unit of (ms~)/is = ms™2.

Uncertainties in graph plotting
Uncertainties on graphs may arise in two ways:

¥ There may be a large uncertainty in
each measurement.

} It might be difficult to choose the best-fit line to
find the gradient.

The first problem can be dealt with using ‘error bars.
Plot the reading with a small cross as before. Then
use bars through the point to show the horizontal and
vertical extent of the uncertainty [see Figure 17).

Velocity versus time

130

130 Enum p

110
X /':71/0,1113}

100 1

E
= 50 -
A X
80 =
b 4
70 —pe——
(50 700
a0
40 &0 B0 100 120 140
xls

gradient = (y; — ;s = x;) = (110 = 7000110 = 50) = 40/60

=066 ms?

Figure 16 Calcuating the qradient of the best-ft line



The second problem can be dealt with by drawing a
best-fit line and then a ‘worst-case’ best-fit line (see
Figure 17). Find the gradient and intercept of both
lines. Your answer can be quoted as best-fit gradient
+ [difference between the values).

Using graphs

e worst-case line

o

best intercept value

10
xfs

Flgure 17 Best and worse fits thraugh points with error bars
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1.6 MAKING AN ESTIMATE

Finding a rough value for the diameter of an atom, and
the uncertainty in this value, is an example of estimation,
helped by a practical measurement or two. Estimation is
a very useful skill in physics, and indeed in life!

It is possible to estimate the answers to questions
such as: How much water is there in the reservoir?
How many people could it supply? How many cars are
there on the M25 at a given time? How many wind
turbines would be needed to provide all the electricity
for a small town? You do not always need an exact
answer — sometimes an order of magnitude will do. It
is good enough to know whether the answer is tens,
hundreds, thousands or millions. An estimate is also
useful for checking your answer in an exam question,
for example, “Could the radius of Earth really be
6000 m or have | made an error?"

Enrico Fermi, a physicist who built the world's first
nuclear reactor in a squash court, used to ask his
students guestions like these, which could be solved,
very approximately, on the back of an envelope.

» How many grains of sand are there on
Earth's beaches?

» How many piano tuners are there in Chicago?
» How many atoms are in your body?

(This sort of question has also become popular
in some university interviews — popular with the
interviewers rather than with candidates!)

If you are faced with one of these, such as, “How many
cows could you fit in a barn?":

? Do not panic!

» Think of something you know, or can reasonably
guess or find out about the situation.

¥ Break the problem down into smaller, hopefully
easier, questions.

¥ Make simplifying assumptions, for example treat
the cow as a cube!

Fermi gave this example. When asked, "What is the
diameter of the Earth?", he reasoned like this:

1. | pass through three time zones when | fly from
New York to Los Angeles,

2. | know that it is about 3000 miles from New York
to Los Angeles.

3. That is 1000 miles per time zone, on average.

4. There are 24 hours in a day, so there must be
24 time zones around the world.

5. 24 time zones = 1000 miles per time zone =
24 000 miles.

So that is a circumference of about 24 000 miles.
Circumference = r x diameter. Take n as approximately
equal to 3, which gives the diameter of the Earth as
about 8000 miles. An accurate value is 7926 miles,
50 8000 is not a bad estimate!

20
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Moving on: the start of the atomic age
In the first few years of the 20th century, the

arguments over atomic reality were quickly forgotten.

In 1897 the scientific debate was shifted by two
discoveries: that of the electron (by J. J. Thomson in
Cambridge) and radioactivity (by Henri Becquerel in

1.6

Practice questions
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Paris). These showed not only that the atom was real,
but also that it had a structure and could be taken
apart. The search to understand the composition of
the atom had begun. But it was not until the 1950s
that we could actually see images of atoms — search
for ‘field ion microscope.
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Practice questions
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INSIDE THE

PRIOR KNOWLEDGE

You will be familiar with the nuclear atom and you
probably know something about radioactivity. You
should be aware of the forces between electric
charges and know what the term ‘potential difference’
means.

LEARNING OBJECTIVES

In this chapter you will learn more detail about the
model of the atom and how this model evolved. You
will learn more about nuclear decay and the four
fundamental interactions will be introduced.

(Specification 3.2.1.1, 3.2.1.2 part, 3.2.1.4 part)

Meodern physics is built on two outstandingly
successiul theories: quantum theory and general
relativity. Quantum theory describes phenomena on
the atomic and subatomic scale. It has been tested to
extraordinary levels of precision. For example, electrons
have a magnetic property due to their spin, called the
magnetic moment. Quantum theary predicts its value
tobe 1,001 159652181 13 [ +8) (in certain units).
Recent experimental measurements put this figure

at 1.001 159652 18075 [+ 28]. The uncertainty in
brackets after these figures is in the least significant
digit{s]. The precision of agreement is better than

1 partin a trillion (10", like knowing the distance to
the Moon to within the thickness of a human hair,

General relativity is used to explain behaviour on an
astronomical scale. It also has been tested thoroughly
and has come through unscathed (Figure 1). The
theory, which pradicts that clocks will run slower in a
stronger gravitational field, is essential to the accuracy
of navigation using the GPS system

actual

Figure 1 Generai relthvity

M0 F i

Attempts to unite the two theories mathematically _—
have so far failed. The most likely candidate for .___‘,_i_!
a unified ‘Theory of Everything' is string theory

(Figure 2}. This has succeeded in explaining many

of the phenomena observed by particle physicists.

However, |t dogs not make any unique new

predictions that can be tested by experiment. This

has led some Lo suggest that string theory is not

science at all, Richard Feynman, the Nobel physicist

whose work on quantum theory described the

interaction between electrons and light, said,

"It doesn't matter how beautiful your theory is, it
doesn’'t matter how smart you are. I it doesn't agree
with experiment, it's wrong.”

Fgure 2 (background) String thecr traats Rndtmenin) partich




2.1 ATOMIC STRUCTURE

Before 1900, scientists considered the atom a
fundamental particle — a particle without structure or
constituent parts. A few suggested that there could
be something inside the atom, which would help to
explain atomic spectra (see Chapter 5), but nobody
suspected that the atom itself could be taken apart.
J. J. Thomson's discovery of the electron changed
that — he realised that the electron was a part of the
atom that had somehow broken free.

The electron

Physicists in the 19th century had two wonderful
new pieces of technology: the vacuum pump and
the induction coil. The vacuum pump could create a

Fgure 3 Thomson at wiork in the Covendish Laboratory, Combridge

very low pressure in a glass tube, The induction coil
could generate a large potential difference [voltage)
across electrodes placed in the tube. This technology
led to the demonstration of radio waves by Hertz,
the transmission of wireless telegraph signals by
Marconi, the discovery of X-rays by Rontgen and

the discovery of the first subatomic particle, the
electron, by Thomson at the Cavendish Laboratory in
Cambridge (Figure 3).

In Thomson's 'discharge tube’ (Figure 4], a large
potential difference was applied across two metal
plates inside a partially evacuated glass tube. This
caused a fluorescent glow from the tube.

Thomson was working on the hypothesis that
cathode rays (Figure 5) were in fact a stream of
electrically charged particles. He thought that these
were emitted from the negatively charged plate [the
cathode). A large potential difference accelerated

particles; they travelled at high speed across the tube

until they struck the coated glass, causing the glow.

Thomson showed that he could deflect the beam with

a magnet (Figure 6). He could also deflect the beam
towards a positively charged plate. This proved that
the cathode rays carried a negative electric charge.

Thomson's balancing act

Thomson knew that the cathode rays were associated
with negative charge, but to prove that they were a
stream of identical particles he needed to show that
they had a unique mass and charge. Initially, Thomsan
could not find either of these quantities separately
but he was able to measure the charge-to-mass ratio
for the cathode rays. This ratio is called the specific
charge. For the electron written e/m, where e is the
charge carried by the electron and m is its mass.
Specific charge is measured in coulombs per kilogram,
C kg~'. A constant value of e/m would prove

that cathode rays were in fact a stream of

identical particles.

Figure 4 Tharnson discovered the electron using this discharge
fube at the Cavendish Laboratory, in 1857, In the following year,
there was a farmal foast of the lnboratory s annual dinner: "The

electron: may it never be of use to anybody.”

Frgure 5 Dischorge tubes, or Crookes tubes, were the particle

acoelenmtors of their deay. The fivorescence frst seen in the gloss,
became brighter with fuorescent coatings. This modem tube shows
a meto) object, a Mealtese anoss, casting o shodow by biocking the

crathode | TS
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2 INSIDE THE ATOM

cathode (source of
“ electrons)

pathway of
undeflected

stream of
cathode rays

magnets to deflect
the stream of
cathode rays.

phosphorescent
coating

to electrometer \\\L\‘_ [ )

L 3

Figure 6 Orne of Thamson's experimentol sef-ups

Thomson was able to find the specific charge of the
electron using electric and magnetic fields at right
angles to one another, His apparatus (Figure &) had
electric and magnetic fields arranged so that the
forces from each field exactly cancelled out and so the
cathode rays carried on In a straight line [Figure 7). By
equating the forces from the two fields, Thomson was
able to calculate a value for e/m (see Assignment 2).

Thomson then applied his method to the particles
emitted by the photoelectric effect (see Chapter 8) and
found that they had the same value for e/m as cathode
rays. In 1899, Thomsen concluded that cathode rays
were “a splitting up of the atom, a part of the mass of
the atom getting free and becoming detached from the
original atom”. Thomson had discovered the electron,

Later, Thomson measured the electron’s charge, by
finding the velocity of falling charged water droplets,
to be of the order of 10-'9 C. He then arrived at a
value for the mass of the electron of 3 x 10-2% kg. This
is respectably close to the modern measurement of
9.109 = 10 kg.

Further experiments by Robert Millikan found a
more accurate result for the charge on an
electron. The currently accepted value is

e=-1.60217657=x10"'9C
The value of the specific charge of the electron is
e/m=-1.758820088(+39) x 10" Ckg'

There is no evidence to suggest that the electron has
any internal structure, or has any other constituents. It
is still considered to be a fundamental particle.

R T e eI S S S Sl i
QUESTIONS

1. a. Thomson repeated the experiment using
different metals for the cathode. Why?

b. Changing the metal made no difference to
the path of the cathode rays. What does
this suggest?

{a) Electrons are attracted to the upper plate. They follow
a parabolic path while they are in the electric field.

+11
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| |
force ' __'__..-t-f
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| electric
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(b} In @ magnetic field electrons are made to travel in a circular path.

electron @ s ® ®
e Magnetic field lines
force ® P, go into the plane
EN;E of the page.
&
&
® ’fDrCEm §
® e ‘_*-1

{c) Thomson balanced the effects of the magnetic and electric fields
50 that the electrons travelled in a straight line.

electron
1= 2

Figure 7 Flectic deffection fal and magnetic deflection {bl of
cathade rays could be batanced [l
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CATHODE RAYS

BY J. J. THOMSON, M.A., FR.S.,
Cavendish Professor of Experimental Physics, Cambridge.

THE experimenTS discussed in this paper were undertaken in the hope of gaining some information as to the
nature of cathode rays . . . According to the almost unanimous opinion of German physicists they are
due to some process in the aether' . . . another view of these rays is that . . . they are in fact wholly material,
and that they mark the paths of particles of matter charged with negative electricity . . . The following
experiments were carried out to test some of the consequences of the electrified-particle theory.

Electrmeterqu_

Two coaxial cylinders with slits in them are placed in a bulb connected with a discharge tube; the cathode rays . . .
do not fall upon the cylinders unless they are deflected by a magnet. The outer cylinder is connected with the
Earth, the inner with the electrometer. When the cathode rays (whose path was traced by the phosphorescence
on the glass) did not fall on the slit, the electrical charge sent to the electrometer . . . was small and irregular;
when, however, the rays were bent by a magnet so as to fall on the slit there was a large charge of negative
electricity sent to the electrometer. | was surprised at the magnitude of the charge . . . Thus this experiment
shows that however we twist and deflect the cathode rays by magnetic forces, the negative electrification follows
the same path as the rays, and that this negative electrification is indissolubly connected with the cathode rays.

[Thomson goes on to discuss the effect of an electric field on cathode rays . . .|
Deflexion of the Cathode Rays by an Electrostatic Field

! -+
- :)

* AT

-
At high exhaustions (a strong vacuum or low pressure) the rays were deflected when the two aluminium
plates were connected with the terminals of a battery of small storage-cells; the rays were depressed when
the upper plate was connected with the negative pole of the battery, the lower with the positive, and raised
when the upper plate was connected with the positive, the lower with the negative pole. The deflexion
was proportional to the difference of potential between the plates, and | could detect the deflexion when

the potential difference was as small as two volts. It was only when the vacuum was a good one that the
deflexion took place.

Figure 8 Article in The London, Edinburgh and Dublin Philosophical Magazine and Journal of Science, Cetober 1897
"The aether was thought to be an invisible substance that filled the vacuum,
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2 INSIDE THE ATOM

ASSIGNMENT 1: UNDERSTANDING THOMSON'S EXPERIMENTS

(PS1.2,PS2.1) A2 How did Thomson's view of cathode rays
differ from that of the ‘German physicists’ that

J. J. Thamson was awarded the 1906 Nobel Prize Ko mentions?

for Physics “for his theoretical and experimental

investigations on the conduction of electricity by A3 In the second experiment described by
gases’. Read the extract from J, J, Thomson's paper Thomson he says that a good vacuum [low
Cathode Rays in Figure 8. You may need to do some pressure] is needed to see the cathode rays.
brief Internet searches to help you to answer the What does this suggest about cathode rays?

SREStioRs DRIoW, A4 Thomson says that the deflection is

Questions proportional to the difference in the potential
of the [horizontal) plates. What does this

Al In Thomson's first experiment (detail shown suggest about cathode rays?

in Figure &), how were the cathode rays

deflected? How could Thomson see what path A5 The Crookes tube apparatus had been around

they took? What did he use to detect the for at least 40 years before J. J. Thomson used

cathode rays? a version of it to identify the electron. Why did
it take so long?

ASSICNMENT 2: MEASURING THE SPECIFIC CHARGE (e/m) OF THE ELECTRON
(MS2.3,PS1.2,PS2.4 PS32, PS33 PS4.1) You should be able to vary three independent factors:

It is possible to carry out or observe a modern » The accelerating voltage, V,. Increasing this
version of Thomson's experiment using the makes the electrons travel faster [see Figure A2).
apparatus in Figure A1l. If you are not able to see
this first-hand, there are simulations on the Internet.
Your aim in this assignment is to understand how
the apparatus works and to get a value for e/m,
known as the specific charge. ¥} The current in the magnetic field coils, /.
Increasing this makes the magnetic field stronger
and so increases the force on the electron.

} The deflecting voltage, V. Increasing this
increases the force on the electron as it passes
between the plates.

Start with /=0 and V,, = 0. The beam should
be straight.

Keeping V, constant:

i |

1 Vary V, while /=0
2 Vary I, while V,, =0

3 Find a pair of non-zero values for V, and / so that
the beam is straight.

When the beam is straight, the electric force due to
the deflection plates balances the force due to the
magnetic field. By equating these forces, you can
find the ratio e/m. It is given by:

Vs
Figure Al A school deflection lute E-’m'—*m
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electron gun

electron path

low voltage heater

Atemic slruclture “

accelerating voltage = V,
BEWARE EHT |
deflecting plates, LIl
tential differen i
guaiibinit Helmholtz magnetic field coi PN ineoneric S I
Figure A2 Details of the defiection tube
You should have values for V, and V. Questions

d is the distance [m] between the deflection plates.
B is the magnetic flux density between the coils.
For Helmholtz coils the magnetic flux density is:

B8
SRS

where

R is the average radius of the coils = separation
between the coils

N is the number of turns in each coil
[ is the current through the coils
Ho =411 10"7N A2 = permeability of free space

A1 What shape is the path of the cathode rays
when there is a potential difference across
the horizontal plates? What shape is the path
when there is only a magnetic field?

A2 What factors did Thomson need to control in
his experiment?

A3 Use the formula for e/m on the previous page
to calculate a value for e/m. Compare this with
the accepted value.

Af How might the precision and accuracy of the
school experiment be improved?

The plum pudding atom

Physicists construct models that describe some
aspect of the real world, such as the kinetic theory
of gases, or the Big Bang model for the beginning of
the Universe, Maturally, physicists began to suggest
models for the atom.

A first thought (Thomson's) was that atoms were made
entirely of electrons. He suggested that a hydrogen
atom might consist of around 1000 electrons.
However, there had to be some positive charge to
cancel out the negative charge carried by all those
electrons. This was necessary or else electrostatic
repulsion would push apart the whole atom. How much
mass did this positive charge have and where was it?
Thomson's plum pudding model (Figure 9) pictured the
atom as a uniform, positively charged cloud with tiny
electrons embedded in it, like plums in a pudding.

The plum pudding model did not stand the test
of time, though. Its fate was finally decided by
experiments carried out at Manchester University
in 1908.

+ = o

diffuse positive
4+ -~ charge

Figure 9 The plum pudding model, The term pudding s rather
miskeading: the low density of the pasitive part of the ot rmakes i
are ke a chowked an a pualng.



2 INSIDE THE ATOM

KEY IDEAS
» mm&mmmm

3 The electron has a mass of 9.1 x 10! kgand
carries a negative charge of 1.6 10-'° C.

» The charge-to-mass ratio, or specific charge, is
mrﬁghbrﬂmelem'm
=-1.8x10"Ckg"!

l'ﬂmpm pud:lingmudel‘mn‘mmdatumsas
ﬂwmmbﬁmmamﬁmm
‘background of uniform density.

2.2 THE DISCOVERY OF THE NUCLEUS

The first steps in nuclear physics were taken early in
1909, Hans Geiger and his research student Ernest
Marsden were conducting an experiment to investigate
the scattering of alpha particles as they collided with
gold atoms (Figure 10]. The experiment was overseen
by Ernest Rutherford. He had shown (see section 2.4)
that an alpha particle is a tightly bound group of two
neutrons and two protons — a helium nucleus — that is
emitted at high velocity from some radioactive isotopes.

Geiger and Marsden used radium as the source of the
alpha particles, which were beamed towards a thin
gold foil. The alpha particles, after passing through
the foil, hit a zinc sulfide screen. When each particle
hit the screen there was a flash of light [scintillation).
In hours of painstaking observations, they recorded
the number of scintillations, and hence alpha particles
deflected at each angle. Rutherford suggested that
they should look for alpha particles reflected from the
metal surface. To their great surprise, a small fraction
of the alpha particles, about 1 in 8000, bounced back
from the gold foil.

evacuated
kel Foe source of
alpha particles

gald foil

fine

sulfide

SCrEen

h to vacuum
MICTOSL FH?' purnp

Figure 10 Cefger and Marsden’s expenimental set-ug
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Alpha particles have a positive charge, known to be
twice the magnitude of the charge on the electron.
They are also relatively heavy, about 8000times as
massive as an electron. An alpha particle travelling
at 10000 kms~! should not have been bounced

back by a gold atom that consisted of a few tiny
electrons stuck into a positive ‘pudding’ Rutherford
was amazed. He said later, "It was quite the most
incredible event that has ever happened to me. It was
almost as incredible as if you fired a 15 inch shell at a
piece of tissue paper and it came back and hit you.”

The plum pudding model of the atom had to go.
Rutherford deduced from the scattering results that
all the positive charge, and almost all the mass, of an
atom must be concentrated in the centre of the atom.
He called this the nucleus.

Rutherford suggested that the electrons carried all
the negative charge and that they orbited the nucleus
through empty space, a relatively long way from the
nucleus. Most of the alpha particles passed through
the gold foil with small or zero deflections; the
particles were simply too far away from the nucleus of
a gold atom to be affected by it. Very occasionally, an
alpha particle passed so close to a gold nucleus that it
would be repelled by the positive charge and suffer a
large deflection (Figure 11).

Rutherford used the results of these scattering
experiments to calculate the size of the nuclear atom.
The nucleus has a radius of the order of 10-"°m,
compared with the radius of the atom, which is of

the order of 107" m. Rutherford’s model of the atom
is often pictured as a miniature solar system: the
electrons orbit the nucleus rather like planets orbiting
the Sun. This image does not really reflect the true
scale of the atom. Picture the atom scaled up, so that
the nucleus is the size of the Sun; the electrons would
orbit ten times further from the nucleus than Pluto is
from the Sun. The atom is almost all empty space with
an extremely small, dense nucleus.

///

gold foil, hundreds
of atoms thick ‘“--,ﬁ

paths of alpha particles

— nuclﬁus
0/ of gold
/ e
D

Figure 11 Rutheriord scottering



Inside the nucleus ﬂ

QUESTIONS

2. In the film The Men Who Stare at Goats,
General Hopwood tries to run through a wall.
Scientists had told him that the atoms in his
body and those in the wall are almost all empty
space. This is true. Explain to the General why
he still cannot run through a wall.

3. If the atomic nucleus were the size of a football
placed on the centre circle at Wembley stadium,
where might you find the electron’s orbit?

2.3 INSIDE THE NUCLEUS

Rutherford's model of the nuclear atom has a positively
charged nucleus orbited by negatively charged
electrons. The particles that carry the positive charge

in the nucleus are protons. The number of protons is
the proton number, or the atomic number, and its
symbol is Z. In a neutral atom — an atom that carries no
overall charge — the number of protons in the nucleus is
equal to the number of electrons orbiting the nucleus,
since these have equal but opposite charge. The atomic
number of an atom is therefore also the number of
electrons in the neutral atom. The atomic number for
each element indicates its place in the Periodic Table,
Hydrogen, with Z= 1, has one proton in its nucleus

and one electron in orbit. Helium, with Z=2, has two
protons and two electrons, and so on through the
Periodic Table, to the heaviest naturally occurring atom,
uranium, which has 92 protons and 92 electrons.

The strong nuclear force

A nucleus composed entirely of positive charges would
not hold together. Positive charges repel one another.
At the very small separations inside the nucleus, the
electrostatic forces pushing the protons apart are very
large. There must be another force, acting inside the
nucleus, that holds the nucleus together. This force is
the strong nuclear force or strong interaction.

The strong nuclear force has a very short range; it

has little effect at separations greater than about

fm (3 x 10" m). When two protons are 3 fm

apart or closer, the strong interaction acts as an
attractive force, pulling the protons closer together.
This happens until the separation is about 0.5 fm.
Closer than this, the strong interaction becomes highly
repulsive [Figure 12]. The overall effect of the force is
to pull the nucleus together, but the repulsive action
prevents it from collapsing to a point.

repulsive
E A
8
s
ﬂ 1 1 1 1 'h'_
1 2 3 4 5
Separation / fm
strong nuclear force
(strang interaction)
attractive

Fgure 12 The sirong nuckeor fovse Wersus distonos Delvesi 1o ions

repulsive
L)
G004
b Il
E 400
200 -
0 : - : - —= electrastatic
0 1 2 3 4 force

Separation / fm
Figure 13 The elecirostalic fore versus disfance befwean Hwo protons

repulsive
Zz A
o

Force

equilibriurm separation

Lo

ﬂ 1 T L 1 o

3 4 &
Separation / fm

Electrostatic force
dominates st

farge separalions.
Strong nuclear farce
dominates at small
separations.

attractive

Figure 14 The combined effect of the elecirostatic and the strong
miciear force versus distance between thwo Grolons

At distances of less than about 2 fm, the strong nuclear
attraction between two protons is larger than the
electrostatic repulsion (Figure 13) so the nucleus is held
together (Figure 14),
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2 INSIDE THE ATOM

The neutron

For larger nuclei, there is still a problem. The strong
nuclear force acts over a much shorter range than
electrostatic repulsion, It is just not possible to get all
of the protons close enough together for the strong
nuclear force to overcome the electrostatic repulsion.
There must be some cther particle, or particles, in the
nucleus that help to glue it together. The particle is the
neutron; it adds extra strong nuclear force, without
any electrostatic repulsion, The strong nuclear force
between two neutrons, or between a neutron and a
proton, acts in the same way as it does between two
protons (see Figure 12).

The neutron is a particle with a mass of similar value
to that of the proton (Figure 15), but the neutron
carries no electric charge (Table 1). It does exert a
strong nuclear attraction on protons and on other
neutrons. The number of neutrons in a nucleus is
known as the neutron number, V.

Protons and neutrons are the only particles in

the nucleus. They are referred to as nucleons.

The strong nuclear force acts between any pair of
nucleons, whether that is two protons, two neutrons
or a proton and a neutron, Electrostatic repulsion
acts only between two protons, because of their
positive charge.

polonium source Geiger counter

= 1000 Vv

paraffin
Figure 15 Chadwick discovered the meutron fn 1932 Neulrons
are-hard to detect, so fis fngenious experiment alfowed neutrons to
coffide with protons, wiich were defected. He was also able to show
that nevtrons and protons have a verly similar mass.

QUESTIONS

4. Work out the spedific charge (charge-to-mass
ratio) of the proton. Use the data in Table 1.

An atom of helium has
two protons and two
neutrons in its nucleus,
and two electrons in
arbit around it.

Figure 16 Hycirogen and helium afoms

An atom of hydrogen
has one proton in its
nucleus and one electron
in orbit around it.

Building nuclei

The simplest atom of all is hydrogen. It has one
proton in its nucleus and no neutrons. It has only one
electron orbiting the nucleus. The most common form
of helium has two protens and two neutrons in its
nucleus and, therefore, there are two electrons in orbit
around it (Figure 16).

The total number of nucleons in the nudeus of an atom
is referred to as its nucleon number, or mass number,
A, This is the number of protons plus the number of
neutrons, so A=+ M.

The nuclear composition of an atom can be described
using symbols. The most common form of carbon has six
protons and six neutrons in its nucleus. It can be written
as '2C. The upper number is the nucleon {mass) number,
A; the lower number is the proton [atomic) number, £.

In general, an element X with an atomic number Z

and nucleon number A is written as EK. Using this
system, hydrogen is represented as |H, and helium

is represented as ;He_ The nucleon number is also

the atomic mass number. The atomic mass number is
always an exact integer, since it counts the number of
nucleons in the nucleus. The relative atomic mass of
an element is slightly different. It is found by comparing
the mass of the atom to that of the most common form
of carbon atom, 'EC, whose mass is 19.93 = 10727 kg,
This atom is defined as having a mass of exactly

12 ‘units’ This ‘unit’ is known as the unified atomic
mass unit, u, and has the value 1.661 = 10777 kg.

Proton Neutron Electron
Symbol Y gn Se
" Charge / C +1.602 x 10-? 0 ~1.602 x 109
Mass [ kg 1.6726 = 10737 1.6749 = 10777 91094 = 103"

Table 1 FProton, neatron and electron data
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Element Symbol Proton Neutron Nucleon Atomic
number, 2 number, N number, A mass / u

Hydrogen H 1 0 1 1.0078
Helium He 2 2 4 4 0026
Lithium Li 3 4 Fi 7.016
Beryilium Be & 5 9 9.012
Boron B 5 (5] 11 11.009
Table 2 The first five elements In the Periodic Table

The mass of an atom, in atomic mass units, is not Isotopes

exactly equal to the nucleon number. This difference,
and its implications, is for discussion in Book 2.
However, the relative atomic mass of hydrogen

is 1,0078 u, which is almost the same as its
nucleon number, 1. Similarly, helium, with nucleon
number &, has a relative atomic mass of 4.0026 u.
Indeed all nuclei have relative atomic masses

that are very close to their nucleon numbers (see
Table 2]. To an accuracy of three significant figures
the mass of the proton, the mass of a hydrogen
atom and the mass of a neutron are all equivalent
to 1 atomic mass unit.

All nuclei carry a net positive charge equal to their
proton number multiplied by the proton charge.
We can calculate the specific charge of a nucleus, in
C kg™, as follows:

1.602 x 108
nuclear mass

specific charge = proton number x

where the nuclear mass is approximately equal to
nucleon number x 1,66 x 10727 kg,

For example, to a first approximation the specific

charge of an uranium-238 nucleus, 733U, is:

92 x 1.602 x 1019
238 x 1.61 x 10777

(Using a more precise value for the nuclear mass of
uranium-238, 238.05076 u, would make only a very
small difference to this result.)

=3.728 x 107 C kg™

Elements can exist in more than one atomic form.
Though the simplest atom, hydrogen usually has only
one proton as its nucleus, some hydrogen atoms have
one or two neutrons in their nucleus. These different
forms of hydrogen are isotopes (Figure 17).

hydrogen atom
/ electron
( 0

tritium atom

deuterium atom
m

esi
proton
electran

The extra neutrons do not affect hydrogen's
chemical behaviour; for example, all three isotopes
can combine with ooygen to make water.

Figure | 7 Hudrogen isofopes

proten

The different isotopes of an element are chemically
identical, This is because their atoms have the same
number of electrons. Isotopes also have the same
number of protons in their nucleus. The differance
between the isotopes of an element is simply the
number of neutrons that they have. This makes some
isotopes heavier than others. The most common
form of carbon has six protons and six neutrons in
its nucleus; this isotope is carbon-12. Carbon-13 has
six protons and seven neutrons; carbon-14 has six
protons and eight neutrons [see Table 3).

Isotope Proton Number of  Neutron Nucleon % abundance
number, Z electrons number, N number. A
Carbon-12 6 3] 6 12 98.89
Carbon-13 <] & i 13 1.1
Carbon-14 6 5 5 14 < 0.001

Table 3 [zoiopes of carbon
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2 INSIDE THE ATOM

QUESTIONS

5. An isotope of uranium, atomic number 92,
has 235 nucleons in its nucleus. How many
protons, neutrons and electrons are there in a
neutral atom of uranium-2357

6. Uranium-238, “35U, is another isotope
of uranium. Huw dues it differ from
uranium-2357

7. Calculate the specific charge of each of the
nuclei in Table 2

8. The lighter elements, like carbon and oxygen,
tend to have equal numbers of protons and
neutrons in their nuclei. In heavier elements,
there are always more neutrons. Explain why
this is so.

9. List the properties of the strong nuclear force.

KEY IDEAS

» The diameter of a nucleus is of the order
of iﬂ*‘ﬁm*ma w'ﬁfﬂ‘l atom is
100000 times larger.

] ﬂmmmmmﬂmmﬂdﬂd
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2. RADIOACTIVITY

The discovery of radioactivity owed something to
chance. In 1896, Henri Becquerel was researching
the action of light on fluorescent materials. He was
investigating the possibility that light might cause
these fluorescent materials to emit X-rays and so
darken photographic plates. Becquerel’s technique
was to wrap the unexposed film in black paper and
place a thin copper cross between the film and the
fluorescent material that he was investigating. He
would then expose the fluorescent material, one of
which was uranium salts, to sunlight. For some weeks
his experiments had produced only negative results
and, when the skies turned overcast, he put all the
apparatus, uranium salts, screen and film, into a dark
cupboard to await sunnier weather. After four days

of continuous cloud cover, Becquerel grew tired of
waiting and decided to develop the film anyway. To his
astonishment, the photographic plate had darkened
strongly, with the image of the copper cross standing
out white against a dark background.

Becquerel reported that he had discovered a natural
radiation that could penetrate paper, He also found
that these rays could cause a gas, like air, to conduct
electricity. Later, scientists found that this process,
known as lonisation, occurs because the rays can
knock an electron completely cut of its atom. This
turns a neutral atom into an ion pair: a negatively
charged electron and the positively charged ion it
has left behind. The electron and the positive ion are
free to move so that the gas becomes an electrical
conductor. Radioactive sources can be detected
through this effect, for example by causing an
electroscope to be discharged (Figure 18).

metal disc

insulation

metal stem | |- gold leaf

rmetal plate

/

glass window
case connected to earth
Figure 18 The ions created by the rodioactive source discharge a
charged electroscope




Marie Curie and her husband Pierre took Becquerel's
work further. They discovered other materials,
thorium and radium, which also gave off ionising rays.
In 1903, the Nobel Prize for Physics was awarded
jointly to Becquerel and the Curies for the discovery
of radioactivity.

Activity of a radioactive source

Radiation that can ionise gases and cause skin burns
must carry a significant amount of energy. This energy
comes from changes within the nuclei of the atoms of
the radioactive source.

Isotopes, such as radium-226, that emit ionising
radiation are radioisotopes. Their nuclei are
unstable, which means that they are likely to decay to
a lower energy state at some time in the future. They
emit radiation in the process. Sometimes this decay
changes the original (parent) nucleus to a different
element altogether. This new [daughter] nucleus may
be stable, or it may be a new radioisotope — that will in
turn decay and emit more radiation.

Radioactive decay is a random event. It is impossible
to predict exactly when any particular unstable nucleus
will decay, just as when throwing a die you cannot
predict when you will get a six. It is possible, though, to
calculate the probability that it will decay in a certain
time. This will be discussed in Book 2.

The nuclei of some radicisotopes are more likely to
decay in a given time than those of other radioisotopes.
This means that these radioisotopes emit more
radiation in a given time. They are more active. The
activity, A, of a radicisotope is defined as the number
of nuclei that decay in one second; this is equal to the
number of emissions per second. Activity is measured
in the unit becquerel. If a source has an activity of

1 becquerel, 1 Bg, then on average one of its nuclei
decays every second. This is an extremely small unit
and activities of kilobecquerel, kBq, or megabecquerel,
MBq, are much more likely.

Although the becquerel is the Sl unit of activity, an
clder unit, still commonly used, is the curie, Ci. One
curie is the number of disintegrations per second in
one gram of radium — 266 — which is equivalent to
3.7 x 10'°Bg.

Alpha. beta and gamma rays

It quickly became clear that the rays emanating from
radioactive elements were net all the same. Rutherford
realised that there were at least two different sorts

of rays. One type, which he called alpha (&) radiation,
was easily absorbed by materials in its path. The
other type, which was more penetrating, he named

Radioactivity m

beta () radiation. A third type of very penetrating
radiation became known as gamma (¥} rays.

Alpha, beta and gamma rays all cause ionisation.
This is how they are detected. Photographic film,
Geiger counters and cloud chambers all detect the
ionisation caused by radiation. Cloud chambers
(Figure 19] reveal the tracks left by radiation (Figure
20) and were very important in the early days of
particle physics. Cloud chambers were replaced by
bubble chambers and later spark chambers.

A cloud chamber contains a
gas, aften air, and & highly
saturated vapour, lonising
particles such as beta partickes
ionise the air as they pass
through the chamber. The ions
produced act as sites for the
vapour to condense around
The liquid dropiets that form
along the trails of ionised air
are just big enough 1o see
and photograph

transparent lid

ethanal—___
VApOLT

radioactive
SOUFCE

solid -
carbon
dimads

Figure 19 Radiation s detected by the lonisation that it causes

Alpha radiation

Rutherford passed alpha radiation through strong
electric and magnetic fields. He showed that it
consists of particles that carry a positive charge equal
in magnitude to 2e, where e is the charge on the
electron. He also found that the alpha particles have a
short range in air, only a few centimetres. Thin sheets
of paper could also stop alpha particles. It took an
ingenious experiment, completed in 1908, to show
what an alpha particle actually is [see Figure 21).

Alpha particles are actually helium nuclei. They

are a tightly bound group of two protons and two
neutrons, with a charge of +2e and a mass of about
BOO0O times that of the electron. This combination of
refatively large mass and strong electric field makes
them highly ionising. When alpha particles pass
through a material, they have frequent collisions with
atoms. The alpha's large kinetic energy means that it
can easily knock an atomic electron out of its orbit.
The alpha's large momentum means that it is hardly
deflected by the collision. An alpha particle will

Figure 20 Tracks of alpha radiation left] and bela radiation [rght] in
a cioud charmber
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electrode
] initiatly a
yacuLUm
electrode
thin glass
wall radon gas
mercury

Figure 21 Ermest Rutherford and Thomas Royds sealed some
radan gas n a thin-walled glass tube The glass was thin enough
fo alfow alpha particles to pass though it, but strorg encough o
withstand atmospherc pressure The outer fube was evacuated,
After o few days, they roised the level of mercury, to compress any
gas that might have collected in the tube, They passed a spark
Between the electrodes and obsened the spectrum. This showed
that there was helium gas in the outer tube Rulherford and Royds
conciuded from their experiment that alphia partiches were doubly
chorged hefiuen atoms

undergo thousands of collisions in a short distance
until it comes to a halt. After some time it will collect
two electrons to become a neutral helium atom.

Decay by alpha emission tends to occur in large
unstable nuclei. Inside the nucleus, a stable group of
two neutrons and two protons forms. This is expelled
from the nucleus at high speed. The emitting, parent,
nucleus is transformed into a new daughter nucleus.
An example is shown in Figure 22.

rw - rw z
§ ‘ihq. Y ;“ﬂ'b
= — WTh +  3He (o)

& uranium-238 nucleus is made up of 92 protons and 146
neutrans. It decays 1o thorlum-234 (90 protons and 144
neutrans} by emitting an alpha particle
{2 protons and 2 neutrons).

Figure 22 Alphia emizsion o uramium-238

The total number of nucleons (protons and neutrons)

is not changed by a radioactive decay. The total charge
also stays unchanged, so the sum of the proton numbers
must be the same before and after any emission.

In alpha decay, the nucleon number, A, is reduced

by 4 and the proton number, Z, is reduced by 2. In a
nuclear decay equation, using X as the symbol for the
parent radioisotope and Y for the daughter, the alpha
decay can be written:

Aty 4
?J{ — 723Y + sHe

An example of an alpha emitter is radium-226.
Radium-226 decays into radon, Rn, gas. This decay can
be written:

228pa — “23Rn + 3He

R I T S T e e —

QUESTIONS

10.

1

12.

13.

14,

When scientists first discovered alpha rays,
they thought that they had no charge: the
rays did not appear to be deflected by
electric or magnetic fields, Explain what
you think the problem might have been
with these early experiments.

An alpha particle travelling through

air leaves a trail of ionised atoms and
molecules in its wake. Calculate the
specific charge of a doubly ionised oxygen
atom — that is, an '§O atom that has lost
two electrons. You may assume that the
mass of the orbital electrons is negligible
compared with the mass of the nucleus.

The electronvolt (€V) is a unit of energy
(see Chapter 3). An alpha particle is
emitted with an energy of around 5 MeV.
It takes 10 eV, roughly, to ionise an atom.
Estimate how many ion pairs an alpha
particle will create before it comes to

a stop.

Radioisotopes that emit only alpha particles

are considered not hazardous, as long as

they are kept at least five centimetres from

the body. However, they are extremely
dangerous if they come into contact with the
body, for example if someane swallows or
breathes in the isotope. Explain why this is.

The radioisotope americium-241 (*5Am) is
used in smoke detectors (Figure 23). It decays

by alpha emission to neptunium (Np). Write
an equation describing this nuclear decay.




Radioactivity

Figure 23 There 5 a small amount of a radioactive sotope in a
smare detecton. This couses the air inside to be fonsed. A small
electnic current fiows oomss an air gap, When large smoke particles
enter, they interfers with the current, causing the alarm o sound

Beta radiation

Beta particles are much more penetrating than alpha
particles. They have a range in air of up to several
metres and can pass through thin sheets of an
absorber such as plastic or paper. A magnetic field
will deflect beta particles much more easily than alpha
particles and in the opposite direction. Beta particles
are also deflected by an electric field and in a way that
shows them to be negatively charged (Figure 24].

Experiments using magnetic fields showed that beta
particles have exactly the same charge-to-mass ratio
as electrons. In fact, beta particles are electrans,
even though they come from the nucleus. Beta
decay occurs in an unstable nucleus when one of
the neutrons decays into a proton and an electron.
The proton remains in the nucleus but the electron
is emitted at very high speed, often more than 90%
of the speed of light. Beta decay leaves the nucleon
number of the radioisotope unchanged: there is now
a proton instead of a neutron. This extra proton
makes the proton number increase by one, Beta
decay could therefore be written:

A A 0
X =Y + e

However, we now know that this decay equation is
incomplete. A particle called an antineutrino is also
emitted. This will be discussed in Chapter 3.

Beta particles cause ionisation by colliding with
atomic electrons. Because the beta particle and the
electron have the same mass, the beta particle may
he widely deflected by a collision. Not all collisions
will cause ionisation; some may ‘excite’ the atomic
electron to a higher energy level. Other collisions
may just deflect the beta particle with no change in
its kinetic energy. The beta particle has a much less

In an electric field, o particles are
deflected towards the negatively
charged plate; B particles are
deflected towards the positively
charged plate; gamma radiation
is undeflected

alpha particles are
deflected into

the page

9y
|

gamma radiation
is undeviated

S

« beta particles
are deflected
out of the page

Charged o and f particles are deflected
al right angles to the magnetic field;
gamma radiation is undeflected

Figure 24 The effect of electric and magnelic fields on alpha
beta (B and garmma roys

densely ionising track than an alpha particle and its
path will be more tortuous (see Figure 20), especially
as it begins to slow down.

Some nuclei decay by emitting positively charged
beta particles. These have exactly the same mass and
other properties as a negative beta particle, but their
charge is positive. There is more about these positive
electrons (positrons) in Chapter 3.

l
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15. The isotope carbon-14 is a beta emitter that
decays into nitrogen, N. Write an equation
to represent the decay.

16. The cloud chamber pictures in Figure 20
show the tracks left by alpha particles and
beta particles. Explain the difference in
the tracks.

17. The isotope magnesium-23 ({3Mg] decays
by positive beta emission to sodium [Ma).
Write an equation to represent the decay.
State the difference between the parent
nuclei and the daughter nuclei.
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Gamma radiation

Soon after the discovery of radicactivity, it was
realised that at least part of the radiation was

very penetrating indeed, In 1900, Paul Villard
discoverad that some rays could pass through thick
sheets of metal and still have the ability to blacken
photographic plates. He also discovered that electric
or magnetic Relds could not deflect the radiation
(Figure 24). Villard had discovered gamma radiation

Gamma radiation is high-energy electromagnetic
radiation. It has no charge and no mass. Gamma
rays can cause ionisation (Figure 25). However, the
probability of interaction with an electron is lower
than that for alpha or beta particles and s0 gamma
radiation is much less densely ionising.

Gamma emission changes the energy of the parent

nucleus, but does not change its nuclear composttion.

KEY IDEAS

} Some nuclei are unstable. These nuclei decay,
emitting ionising radiation in the process.
Radioactive decay may change the nucleus to one
of a different isotope.

} Unstable nuclei can emit alpha, beta or gamma
rays, or a combination of these.

} An alpha particle is a helium nucleus. An aipha
decay can be written:

#X — 53Y + 3He
} A beta particle is a high-energy electron emitted
from the nucleus. A beta decay can be written:

A A 0
ZK"‘FZ‘|\I'+—'|E

plus an antineutrino (see Chapter 3),

» Gamma radiation is high-energy, penetrating
electromagnetic radiation.

¥ During gamma decay the nucleus loses energy,
but does not change to a different isotope.

5 FUNDAMENTAL INTERACTIONS

The search inside the atom revealed two new forces, The
strong nuclear force, which acts to hold nuclei together,
has been discussed earlier [section 2.3]. A second new
force, known as the weak interaction or weak nuclear
force, was needed to explain some kinds of radioactive
decay.

Scientists now believe that there are only four
fundamental forces (Table 4 and Figure 26].

Force Relative strength Range
(within the nucleus)
Strong nuclear 1 10-%m
Weak interaction 10~ C10Em
Electromagnetic f-lJ:' infinite
Gravity 10-29 infinite
Table & The four fundomental forces



The electromagnetic force holds atoms together.
It ties electrons into orbits and binds atoms into
molecules. This force acts between all charged
particles. Electromagnetic forces have an infinite
range, though the strength of the interaction
decreases with distance, Because there are two
charges, positive and negative, the electromagnetic
force can be either attractive or repulsive. Two similar
charges repel each other. Two particles carrying
opposite charges will attract each other.

Electromagnetism is responsible for the everyday
forces between objects. Contact forces, friction, air
resistance and tension are all electromagnetic in origin
(Figure 27).

Figure 27 Most of the forces acling on the water-skier are

glectromagnetic. The tension in the tove rope the driag from the

air and water and the buoyancy fram the water are all due fo the

interaction between charged portices

Gravity is the other force that has a noticeable
impact on our lives. Every mass in the Universe
attracts every other mass, because gravity is always an
attractive force and it has infinite range (Figure 28).
The strength of the attraction between two objects
depends on their masses and on the distance between
them. On the atomic and nuclear scale, the effect of
gravity is negligible,

The strong nuclear force acts inside protons and
neutrons and holds them together. The attraction
also acts between nucleons and it is this force

that holds the nucleus together. Although it is the
strongest of the four forces, it has no effect outside
the nucleus. This is because its range is 50 short,
=10""3 fm.

The weak interaction exerts its influence on all
particles. Despite its name, the weak interaction is
significantly stronger than gravity, but it only acts
over an extremely short range, =107'% m. The weak
interaction is responsible for beta radiation and plays
an important role in nuclear reactions.

Figure 28 Berouse there s no negalive mass, nothi
cls of grovily. The only way io fa
expending a lot aof energy),

shielded from the & e Edirth is by

Without the weak interaction there would be no
nuclear fusion, the process that powers the Sun
(Figure 28]. Nuclear fusion begins when two
protons join together [fuse) to form a deuterium
nucleus, a positron [a positive electron), e*, and an
electron-neutrino, v, (see Chapter 3),

P+ P H + Jetv,

Figure 29 Deep inside the Sun, nuckear fusic

ey el
19 ECF LA

n [s grodiaily comverting
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The probability of this reaction occurring is incredibly
small; only 1 in every 10°' collisions between protons
will result in fusion. This makes winning the National
Lottery, with odds of around 1 in 107, look like a racing
certainty! Even though a typical proton in the Sun
undergoes 10" collisions every second, it will take an
average of 10 billion years before it eventually reacts

in this way with another proton. Without this highly
improbable reaction, there would be no sunshine and no
life on Earth.

QUESTIONS

18. Which forces act on a proton in a nucleus
of carbon? Which forces act on a neutron in
the same nucleus?

19. Uranium atoms, which have 92 protons, are
the largest that occur naturally. There are
no naturally occurring elements with larger

atoms and more protons. Why not?

Is the weak interaction badly named?
Explain your answer.

20.

21. Speculate on what atoms, nuclei and even

the Universe would be like, if:

a. gravity was much stronger
b. the strong force was not as strong

€. the weak interaction was much weaker...
or much stronger and longer range?

450

Moving on: Grand Unification Theories

In 1850, the renowned British scientist Michael
Faraday carried out experiments to prove that the
forces of magnetism and electricity were different
aspects of the same force (Figure 30). More than

a hundred years later, in 1967, Pakistani physicist
Abdus Salaam and Americans Steven Weinberg
and Sheldon Clashow put forward a theory that
linked the weak interaction with the electromagnetic
force. The theory predicted the existence of three
new particles, the W*, W~ and Z° particles. In
1983, these particles were discovered by Carlo
Rubbia’s team at CERN in Geneva. The results were
in such good agreement with the theory that the
‘electroweak theory” is now widely accepted.

Figure 30 Michae! Faraday felt that the diferent farces could be
wriified. After inkmg efectricity and magnetsm, Faroday ined o
link gravity into the scheme but was unsuccessiul Nobody has
succeeded in this since

Grand Unification Theories (GUTs) link the electroweak
and strong interactions together. Most of these predict
that the proton is not stable at all, but will decay

with a mean lifetime of 103° years. These decays are
difficult to detect because the lifetime of the Universe
so far is only 10'% years. Physicists are looking in huge
tanks containing about 8000 tonnes of water, trying
to catch the 1 proton per day that should decay. The
results so far are inconclusive.




2.5

Practice questions
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a. In his experiments described in this
extract, Rutherford could only identify
two distinct types of radiation, although
he was aware that there could be more.
Suggest a reason why he was only able to
identify two types.

b. Later in the speech, Rutherford describes
how he showed that alpha and beta
radiation carry opposite charges. Explain,
briefly, how you would do that.

c. How could you show that o rays from
one substance were the same as o rays
from another?

d. The bulk of Rutherford's paper describes
how he determined the nature of alpha
particles, Read his concluding paragraph,
which follows here. Explain what
Rutherford got right, and what we now
know is wrong, with his ideas.

“Considering the evidence together, we

conclude that the v-particle is a projected
atom of helium, which has, or in some way
during its flight acquires, two unit charges

‘of positive electricity. It is somewhat

unexpected that the atom of a monatomic
gas like helium should carry a double

charge. It must not however be forgotten that
the w-particle is released at a high speed as
a result of an intense atomic explosion, and
plunges through the molecules of matter in
its path. Such conditions are exceptionably
favourable to the release of loosely attached
electrons from the atomic system, If

the w-particle can lose two electrons in this
way, the double positive charge is explained.”

. Describe an experiment that you could

carry out in the lab to demonstrate that

the radiation from a sample of uranium
contained three distinct types of radiation,
Identify the potential hazards in carrying out
the experiment and explain what steps you
would take to reduce these hazards.

10.

1.

12.

Select the correct description.

Thomson is credited with the discovery

of the electron because he showed that
cathode rays were a stream of particles:
A that were all negatively charged

B that all had the same mass

C that all had the same charge

D that all had the same specific charge.

Rutherford's scattering experiment used
alpha particles to probe thin gold foil. Which
of these conclusions did he make?

A Gold atoms are positively charged.

B The mass and positive charge of the atom
are concentrated in a small region of the
atom.

C The mass and the positive charge of a
gold atom are uniformly distributed.

D There are large gaps between atoms,

Which of these statements about heavy
nuclei is false?

A Very heavy nuclei have more neutrons
than protons.

B Very heavy nuclei are denser than
lighter nuclei.

C Very heavy nuclei are more likely to be
alpha emitters than lighter nuclei.

D ery heavy nuclei are larger than
light nuclei.

The fundamental forces operate at different
ranges. Which of these represents the
correct order, from shortest range to
longest range?
A weak interaction — strong interaction
— electromagnetic interaction
B strong interaction — electromagnetic
interaction — weak interaction

C electromagnetic interaction — weak
interaction — strong interaction

D weak interaction — gravity — strong
interaction
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PRIOR KNOWLEDGE

It would help if you can recall the principle of the
conservation of energy and Fleming's left hand motor
rule. You should be familiar with the units for charge
(coulomb) and potential difference [volt).

LEARNING OBJECTIVES

In this chapter the unit of energy called the
electronvolt (or electron volt) is introduced. You

will learn about the discovery and properties of
antimatter. The chapter builds on what you have
already learned about beta decay in Chapter 2 to
include the discovery and properties of neutrinos.
The family of fundamental particles known as leptons
will be described.

(Specification 3.2.1.2 part, 3.2.1.3, 5.2.1.5 part)

3 ANTIMAITER
AND NEUTRINOS #

The Big Bang theory says that when matter was
created in the very early Universe, an equal amount
of antimatter was also created. Later, matter and
antimatter should have recombined, annihilating

each other in a process of mutual destruction that left
only radiation. Though the Universe is dominated by
radiation, there is obviously some matter left over.
There is very little sign of any antimatter. An initial
imbalance, just 1 in 10 billion, must have tipped the
scales in favour of matter, without which we would not
be here.

'Hi’
. a

In theory, antimatter is a perfectly symmetrical
reflection of matter. Each ordinary matter particle
has its antimatter equivalent, with identical mass
but other properties, such as charge, reversed. But
the symmetry cannot be perfect; there must be an r-t
'asymmetlymat explains why the Universe i is made

1 can change from one flavour to
ck again, This oscillation seems to
srent rate in neutrinos compared

,ate'i':o.l'. neutrinos are difficult to study. They
are the most abundant particle in the Universe,
-and around 100 trillion (that is 10'%) pass through
you each second, but they rarely interact with
anything. They interact so rarely, in fact, that if you
live to be 100, only one neutrino, on average, will
interact with an atom in your body in that time.
That interaction might cause a tiny flash of light.
That is why neutrino ‘telescopes’ are in very dark
places, well away from other sources of light or
radiation. The detectors at the Ice Cube Laboratory
at the South Pole (Figure 1) are buried between |
and 2.5 km deep in the ice sheet, while they watch
for the rare events that might explain how the
Universe evolved.

Unfortus

Fgure 1 (background) A newtrino detector being iowered inta the
foe ot the Scuth Pale. Neutnings may frefn us (o answer one of the
Biggest gueshions i physics — "How glid we came o be here af Gil?”

LERD 'R \ ¢
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3.1 MASS AND ENERGY

The creation of particles and antiparticles was first
observed in 1933 in photographs of the tracks left by
cosmic rays, high-energy particles from space. We
now know that matter—antimatter pairs of particles
can be created when the energy of radiation is high
enough (Figure 2). This conversion of energy into mass
(and back again) was predicted by Albert Einstein,

The principle of conservation of energy states that
the total energy of a closed system is constant; in
other words, energy is not created or destroyed.
Einstein showed that this idea had to be broadened
to include mass. The combined mass and energy in
any system is conserved, but energy and mass may
be converted from one to the other. This conversion
of mass to energy powers radiocactivity and nuclear
fission. Einstein’s theory gave us the physics equation
that nearly everyone knows, E = mc?, or in words:

energy transferred = mass difference x (speed of light)?

where the unit of mass is kilagram (kg), the unit of
speed of light is metre per second (ms~') and the unit
of energy is joule [J).

3.1 Mass and energy

Einstein's equation applies to all mass and energy, but
it has particularly important consequences in nuclear
physics, such as the fusion reaction that was described
at the end of Chapter 2:

o+ lp=2H + Be+v,
If we measured the combined mass of the particles
on the right-hand side of that equation, we would
find that it is less than that on the left-hand side.
In other words there is less mass after the reaction
than there was before. This mass difference is the m
in E=mc-. It has been transferred to other forms of
energy. Since ¢, the speed of light, is 3.0 x 108 m s,
¢?=9.0x 10" m? 572, A small mass difference, in kg,
leads to a large amount of energy in J,

On the atomic scale, the joule and the kilogram are
rather large units to use. In the reaction above, the
mass difference is 7.47 x 103! kg and the energy
released is 6.72 = 107'% J, very small numbers that
are awkward to work with. 50 we measure mass in
terms of the atomic mass unit, u, which was defined
in section 2.3 of Chapter 2 [1 u=1.661 x 10727 kg).
We also need to define an energy unit that is more
appropriate for this scale.

The electronvolt

The unit of energy used in atomic and nuclear physics
is the electronvelt (V). One electronvolt (1 eV)

is the amount of energy gained by an electron as it
accelerates through a potential difference of one volt
(1 V). See Figure 3. One joule (1 J) of energy would
be transferred by one coulomb (1 C) of charge moving
through a potential difference of one volt [1 V). So

(1 eV)/(1 J) is in the same ratio as (the charge of one
electron)/(1 C), which is 1.60 x 10-'%, so

leV=1.60 x 10719
Conversely

1

)= =625 x 108 eV
(16010 9] "

The energy acquired by particles in accelerators is
usually given in electronvolts. The cathode ray tubes

ov 100V

@ -

electron accelerates

| oy @—

electron emerges

| wWith Ir”—: ey
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Figure 4 The Large Hacron Colider ar CERN

used by Thomson achieved electron energies of
around 1 keV [one kiloelectronvolt, or 1 = 10° eV).
The Large Hadron Collider (LHC) at CERN in Geneva
[Figure 4) was refitted in 2015 and achieved energies
of 13 TeV. 1 TeVis 1 (teraelectronvolt, or 1 = 10'? eV).
Even though this is a very large energy for a particle, it
is still only a small fraction of a joule:

1ITeV =1 =107 eV
=1x10%%x1.6x107"%)
=1.6x10")

So 13 TeV=13 x 1.6 x 10-7J, which is just over
2 pJ, about enough energy to lift an apple by 2 pm.
That is not much on an everyday scale, but is a huge
amount of energy for a single particle collision.

Measuring mass in terms of the electronvolt
Because mass can be transferred into other forms
of energy, we can use the unit of energy to measure
mass. Since

E =mass x ¢?
then

3
¥,

mass= £
C

We can use the unit of MeV/c? to measure the mass of
small particles. On this scale the mass of an electron
is 0.511 MeV/c’ and one atomic mass unit (1 u) is
931.5 MeVic.

QUESTIONS

1. An electron that is accelerated by a particular
X-ray tube gains an energy of 100 keV.
Convert this energy to joules.

%6

2. The energy released by a nuclear fission

reaction is around 200 MeV. The average
household in the USA uses 11 600 kWh of
electricity per year [1 kWh means 1000 J of
energy every second for an hour].

a. How many nuclear reactions are needed to
supply that amount of electricity?

The mass of uranium used in each reaction is

approximately 236 u.

b. What mass of uranium is needed, in kg,
to fuel the average American family for
one year?

c. Why is that an underestimate?

. The most energetic cosmic ray ever

detected (probably a proton travelling at

almost the speed of light] was recorded

in Utah in 1991. It came as a shock to

physicists, who christened it the OMG

particle, Its energy was estimated to be
approximately 3 x 1070 eV.

a. How much energy in joules is that?

b. Compare it to an everyday energy, like the
kinetic energy of a moving object, or the
work done in lifting or pushing something.
(Kinetic energy = Y2mv? and work done =
force = distance moved.)

c. Why did the OMG particle cause such
a shock?

sl == -
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. A muon is a particle similar to the electron,

but heavier. Its mass is 106 MeV/c2.
a. What is this in kilograms?

b. What is this in terms of the atomic
mass unit?

. The reaction between hydrogen and

oxygen is one of the most energetic
chemical reactions there is, releasing about
0.5 x 10718 J every time one oxygen atom
(O) reacts with a hydrogen molecule (H,) to
form a water molecule.
a. Compare 0.5 x 107'2] to the energy
released by the fission of uranium
(?*5U + n = *5Nb + '""' Pr + 2n), which is
about 200 MeV per reaction.



b. Compare 0.5 x 10-'8] to the energy released
by the nudear fusion of hydrogen to helium,

4(}H) — 4He + 2e* + 2 neutrinos
+ energy (26 000 000 eV)

c. If this is to be a fair comparison, we ought
to take into account the mass of each fuel,
Using the following data, find the energy
released per kilogram of fuel used.

Mass of a hydrogen molecule
=335 x 107 kg

Mass of a hydrogen atom
=1.67 x 107?77 kg

Mass of an oxvgen atom = 160 u
Mass of a neutron = 940 MeV/c?

Mass of a uranium-235 atom
=235 u

1 u = one atomic mass unit = 931.5 MeV/¢?

3.2 ANTIMATTER

It was the British theoretical physicist, Paul Dirac
(Figure 5), who first predicted the existence of
antimatter. He realised, in 1928, that his equation
describing the behaviour of an electron would work
equally well if some quantities, such as charge, had the
opposite sign. He predicted the existence of a particle
with exactly the same mass as the electron, but with
a positive charge, now called the positron. Indeed,

he suggested that all particles must have a ‘mirror
image’ twin — a particle of identical mass but opposite
charge. Dirac called these antiparticles. Dirac was
awarded the Nobel Prize for Physics at the age of

31 for his work on relativistic guantum physics, which
predicted the existence of antimatter.

ki e :.- . . e

Figure 5 Dirac wias bom in Bristol in 1802 A piague in Westminster
Abbey carries his beautiful” equation,

Dirac’s prediction was based on the underlying
symmetry of his mathematics. Predicting the existence
of antimatter was a bold step, but Dirac was justified
when the positron, a positive electron, was discovered
shortly afterwards by Carl Anderson.

In 1932 Anderson was observing tracks made by
cosmic rays, high-energy particles from space. He was
able to see the tracks left by high-energy electrons
using a cloud chamber (Figure 6). Anderson used

a strong magnetic field to curve the path of these
electrons. He detected tracks that were identical to
those made by an electron moving down through the
atmosphere, except that they curved in the opposite
direction. These were either electrons moving upwards
through the apparatus or antielectrons, of equal mass
but carrying a positive charge, moving downwards
through the apparatus. Anderson put a thin piece of
lead across the middle of his apparatus. This would
show which way these particles were moving, since a
particle would slow down after passing through the
lead and the curvature of the track would be greater
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Figure 6 The first evidence of a positvely charged electiron’

{the track moves down the picture and cunees fo the right)

(Figure 6). Anderson found that the particles were
indeed moving down through the chamber. He had the
first proof of the existence of the positron,

Antimatter makes only rare and rather fleeting
appearances in our Universe. It can occur where there
is sufficient radiation energy, perhaps as a result

of cosmic ray collisions, or even as result of electric
discharges in thunderstorms. Positrons can be emitted
by some radioactive isotopes, many of which are
created artificially in nuclear reactors. These isotopes,
which emit positive beta particles, *. can be useful
in medicine [see Assignment 1). Other examples of
antimatter, such as antiprotons and antineutrons,
have been observed. Although ‘antimatter atoms' of
hydrogen and helium have been created at CERN,
none have been found to occur naturally, in cosmic
rays for example.

6. Sketch a circle to represent the cloud
chamber shown in Figure 6. Suppose there is
a magnetic field acting into the plane of your
drawing. Sketch the path that would be taken
in-each case by:
a. a positron moving from left to right (label
this A)
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b. an electron moving from left to right [label
this B)

c. a proton moving from left to right (label
this C)

d. a neutron maoving from left to right (label
this D,

In each case add labelled arrows to show
the direction of the force on the particle.
See Figure 7 for a reminder of Fleming's
left-hand rule,

Field

\‘ Current

Fgure 7 Fleming’s left-hand rule can be used fo detenmine the
wo that changed particles move in a magnete field, If your Frst
finger fmagnetic Fux ar Freld) pomts from magnelic Nortlh to
South, and your seCond fnger [Carment) poinis i the direchon
that a positive charge fs moving, ther yaur thurmb il show the
direction of the force, and sa the deflection, of the charmed particle
¥ou have to point your second finger in the opposite direction if it
is @ negatively charged partice

Force

o

7. In 2011 the antimatter team at CERN reported
keeping an antihydrogen atom for 1000
seconds. Why is this a difficult thing to do?

3.3 ANNIHILATION AND PHOTONS

When a particle meets its own antiparticle, they
annihilate each cther. The mass of the two particles
is entirely transferred to electromagnetic radiation
(Figure 8).

-
positron - gamma photon
" E=511keV
A
"'\.
“v electron

@

»
gamma photon

When a positron and an electron meet,

they annihilate each other. Two identical

gamma photons of energy 511 keV are

emitted in opposite directions.

M i
AN THCTERC

ngurE 8 Rsitron—electron



Figure 9 Sormetimes it (s rmore helpful to picture light as a stream of
particles, called photans, rathet than s @ continuous e A brghtel
lieght rreans more phiodons per second, ralfer than o larger-amplitude

WvE

The electromagnetic radiation is emitted as two or
more 'packets’ of electromagnetic energy known as
photons. The idea that electromagnetic radiation
can be emitted and absorbed in discrete ‘packets’ of
energy (Figure 9), rather than as a continuous wave,
was developed in the early years of the 20th century
to explain phenomena such as the photoelectric effect
(as you will see in Chapter 8).

A phaton can be pictured as a particle. Although it has
no mass, it has energy and momentum. The energy

of the photon, E, is proportional to the frequency, f, of
the radiation:

Exf or E=hf

The constant h is known as the Planck constant,
equal to 6.63 = 10734 J 5 [to three significant
figures),

In everyday terms the amount of energy transferred by
a single photon is small, ranging from a few neV for a
photon from the radio region of the spectrum, to MeV
for a gamma photon.

Using the wave formula, ¢ =4, so that f=c/4, the
energy of a photon can be written as

gt
A

Worked example 1

The energy of a photon of microwave radiation of
frequency f= 100 GHz is

E -_{]63 i -I(]..--_C.I.x ]UGJ{ ]GL.—E.EE % ]D_-':'_J

— 6.63 x10%
hich Ito 202XV _ _0.414 meV
Wnicn 15 equd 1-5{:' <101

Worked example 2

The shortest wavelength that can be directly observed
by the human eye is about 400 nm. A photon from
this part of the spectrum, violet visible light, has an
energy of

_hc

|

_6.63x107% x3x10°
400 % 10"

=497 %1079 )

=3.1 eV [to 2 5.f)

E

The energy of the photons that arise from the
annihilation of an electron and a positron is very
much greater than a few electronvolts. If the
electron and positron are moving slowly relative to
each other when they meet, there is no significant
kinetic energy to take into account. The amount

of energy released by the annihilation can be
calculated from E = mc?, where m = the change

in mass, which is twice the mass of an electron

=2 % 9.1 x 1073 kg. This gives

E=mc?=1.64 % 107'3)=1.02 MeV

A photon carries momentum as well as energy.
Assuming the electron and positron have negligible
momentum before the reaction, there must be no
overall momentum after the annihilation (by the
principle of conservation of momentum; see section
11.2 of Chapter 11). The energy is shared exactly
between two photons, which are emitted in opposite
directions (see Figure 8). Each photon has an energy
of 511 keV. These are gamma photons,

If the electron and positron meet at high speed,

the extra kinetic energy can cause other particles

to be created. The tunnel at CERN that now houses
the Large Hadron Collider [LHC) previously held

the Large Electron Positron collider [LEP). (The
‘Large’ refers to the collider, not the electron or the
hadron!) Electrons and positrons were accelerated in
opposite directions until they were made to collide.
Al these energies, when the electron and positron
annihilate each other, many particles are created. In
the example in Figure 10, jets of short-lived charged
particles are created as well as a gamma ray with
enough energy to produce another electron—positron
pair. This last process is known as pair production
(see section 3.4).

49




ANTIMATTER AND NEUTRINDS

Hgﬂm ,G 1 _:'I' -EVIEgY C0 isian, in CERN's LEP coilick ]
electron and posiron entere 4 s e sl troks by
arrihilctivier in ; The Al
i Fcharg (LA rack 5, T L iy
ik i, Weh o i )
I I.:' | f e yig: e 7L
AE O ! i ] !

10.

50

Calculate the energy of a photon of blue
light with a wavelength of 480 nm.

When an electron and a positron annihilate
each other, the photons each have energy of
511 keV.

a. What is the frequency of these photons?
b. What is their wavelength?

Small, high-powered laser ‘pointers’ are now
available, some with a range of as much as

a hundred miles. Because these laser beams
do not diverge much, they are potentially
damaging to the eye, which is particularly
sensitive to green light.

One of these green lasers emits light of
wavelength 532 nm, and can achieve a
beam intensity (power per unit area) of

50 pW cm™? at a distance of 100 m.

a. What is the frequency of green laser light?

b. What is the energy of a photon of this
light? Give your answer in joule and
in electronvolt,

¢. How many photons per second will pass
through 1 cm? at a distance of 100 m?

KEY IDEAS

¥ Every particle has an antiparticle — its antimatter
equivalent with equal mass but opposite charge.

¥ Electromagnetic radiation has a particle nature.
The ‘particles” are called photons. They have
2610 mass.

} The energy, E, of a photon is equal to hf, where
h is the Planck constant and 7 is the frequency of
the radiation.

¥ When a particle meets its antiparticle, they
annihilate each other, releasing energy as two
{or more) photons of gamma radiation.



Matter—antimatter annihilation (see Figure 8] is
used in the medical imaging technique of positron
emission tamography (PET] scanning. A radioactive
isotope, such as carbon-11, which emits positrons, is
injected into the body. When the positron is emitted
it only travels about 1 mm in the body before it
meets with an electron and is annihilated. Because
two gamma rays are emitted in oppasite directions,
it is relatively easy to locate the exact position of the
radloactive isatope,

Figure A2 PET scunming fs o wsed o fesearch in newroscence

This PET technique, using carbon-11 as a positron and psycholugy.

emitter, is used in brain imaging (Figure A1), The -

patient inhales a small dose of carbon monoxide Questions

'labelled’ with carbon-11. Carbon monoxide A1 Find an interesting piece of research on the
Tnoiecuies attach themselves to the haemoglobin Internet invalving the use of PET scanning
in red blood cells and are transported around the in medicine. (Searching for terms such as
body, When the carbon-11 decays it reveals areas of ‘PET', ‘positron emission’, ‘psychology’, and
high blood flow, which correspond to active regions ‘neuroscience research’ will turn up a lot of

in the brain. PET scans [Figure A2] can show which possibilities,)
areas are busy when the patient is reading, listening

or just sitting with their eyes closed. ARty IEIpas a SIIEFOpOE S0 expiai e

research. You should cover the following

points in your report,

a Describe the aim and the method of
the research.

b Explain how and why PET scanning
s used.

¢ Discuss the conclusions.

radiation
detecions

Figure AT Positran ermission tomography (PET]

.4 PAIR PRODUCTION charge is ‘conserved’, since before the event there

is only radiation, which carries no charge, and after
the pair production there are always two particles of
opposite charge, so the total charge is still zero,

Annihilation is the conversion of matter to radiation.
The oppaosite process, where matter is ‘created’

from radiation, Is referred to as pair production A gamma ray photon has to have a minimum energy
(Figure 11). In this process electromagnetic energy of 1.02 MeV before it can create an electron—positron
in the form of a gamma photon is converted into pair. This is because the mass of the pair has an

a particle—antiparticle pair. There are always two energy equivalence of 1.02 MeV. If the radiation had
particles created: one is conventional matter and more energy than this, the surplus energy would

the other is its antimatter opposite. This means that appear as kinetic energy carried by the positron and
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gamma photon

A magnetic field can be used to separate a particle
from its antiparticle after pair production,

Figure 11 Fair production

the electron. Particle detector tracks of electron—
positron pairs with different amounts of kinetic energy
are shown in the upper and lower parts of Figure 2 in
section 3.1,

Matter—antimatter pairs can also be produced

in high-energy particle collisions. In 1955 the
first antinucleon was discovered at the Berkeley
accelerator, which could accelerate protons up to
energies of 6 GeV and smash them into protons in
a fixed target. The collision produced antiprotons
(denoted by p) in the reaction

P+p—p+p+p+p

This really is a remarkable reaction. By colliding two
protons together we have produced an extra proton
and an antiproton. If this happened when two snooker
balls collided, the table would very soon fill up with
extra balls! The extra mass needed to create the
proton—antiproton pair has come from the kinetic
energy of the initial protons. The minimum energy
required to do this is

2 x mass of the proton = (speed of light)?
that is

minimum energy = 2/77,c”
=35.0066x107""J = 1.9GeV

A year later the antineutron was produced by
antiproton—proton collision:

p+p—n+n
The mass of a particle is always identical to the mass
of its antiparticle, but other properties, such as charge,

are reversed in sign. A neutron has no charge, so it
might seem that the neutron and antineutron are the
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IS ]
QUESTIONS

11. The minimum gamma ray photon energy
to create an electron—positron pair is
1.02 MeV. What is the frequency of such
a photon?

12. Particles are always created in pairs, for
example an electron and positron. The
creation of a single electron has never been
seen even though this would take only half
as much energy. Why is this?

same. This is not the case, Even though a neutron has
zero charge, it does have magnetic properties. These
are equal in magnitude but opposite in direction to
those of an antineutron. The neutron has an internal
structure, as you will see in Chapter 4 — it is made

up of three quarks. The antineutron is composed of
three antiquarks.

3.5 NEUTRINOS

Neutrinos are the most numerous particles in the
Universe, They outnumber the protons and neutrons
of ordinary matter by a factor of 1000 000 000,
Meutrinos created at the time of the Big Bang still
permeate the Universe, There are about 100 or so of
them in each cubic centimetre of space. Neutrinos are
also emittec by radioactive nuclei and from nuclear
reactions. The Earth is bathed in neutrinos from the
Sun. Every second about 60 thousand million solar
neutrinos pass through every square centimetre of the
Earth's surface.

Despite this, neutrinos are extremefy difficult to
detect. They are not charged, so they do not feel




electrostatic attraction or repulsion. Their mass

is extremely small, so they are little affected by
gravity. They are also unaffected by the strong
nuclear force, so interact with other particles only
through the weak interaction. But this acts only
over a very short range, about 10-'® m (see section
2.5 of Chapter 2], so neutrinos rarely interact with
other matter at all. The vast majority of neutrinos
that strike the Earth pass straight through with

no deviation.

Experiments that are looking for neutrinos often

use large tanks of water, usually placed deep
underground, surrounded by sensitive light detectors.
They are looking for the very occasional flash of

light that signifies, for example, that a neutrino has
interacted with a neutron.

The existence of the neutrino was first predicted
by Wolfgang Pauli in 1930, At the time, physicists
were struggling with a problem in understanding
beta radiation [see section 2.4 of Chapter 2], Beta
particles are fast-moving electrons emitted by the
nuclei of some radiocactive atoms. Unlike alpha
particles, which are emitted with a well-defined
energy, betas are emitted with a range of energies
(Figure 12].

Beta particle emission seemed to contravene the
principle of the conservation of energy. If a certain
amount of energy is transferred by each radiocactive
decay, why did the emitted beta particle have a
range of possible energies? Pauli suggested that
another particle, the neutrino, is also emitted in
beta decay. The neutrino carries away the balance of
the energy, so that the total energy of the decay is
always constant.

The neutrino is represented by the symbol v

The subscript 'e' stands for ‘electron’ and these
neutrinos are more properly referred to as electron
neutrinos [see section 3.6). The neutrino also has
its antiparticle, the antineutrino, which is written
as v, Itis this antineutrino that is emitted during
beta decay:

A A a
X = 0¥+ Se+V,
Neutrinos and antineutrinos differ in a property

called 'spin’ — their spins are equal but in
opposite directions.

2.5 Neulrinos

Alpha particles from a given unstable nucleus are emitted
with one of a small number of discrete energy values.
The lower-energy alphas are accompanied by a gamma photon.
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Figure 12 Energy of emitted alpha and beta particles

QUESTIONS

13. Read Pauli's letter in Figure 13, Which
of Pauli's predictions about the neutrino
proved to be correct? Where do we now
believe he was mistaken?

14. Itis possible that the neutrino is its own
antiparticle. Why is that possible for a
neutrino and not for an electron?

Experimental evidence for neutrinos

It was 26 years before Pauli's courageous proposition
could be confirmed. The problem is that neutrinos are
so difficult to detect. On average a neutrino emitted
from a beta decay will pass through a light-year's
thickness of lead and only interact once. The best way
of finding a few of these elusive particles is to look

in a place where there is a huge number of them. In
1956 Clyde Cowan and Frederick Reines set up their
apparatus next to the Savannah River nuclear reactor
in the USA. The neutrino flux was expected to be
10'% neutrinos per second through each square
centimetre [cm?).
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Dear radioactive ladies and gentlemen,

electron is constant . ...

Zurich

December 4, 1930

I beg you to fisten most favourably to the carrier of this letter. He will tell you that, inview of the .., continuous beta
spectrum, I fave fit upon a desperate remedy to save the faw of conservation of energy. This is the possibility that electrically
neutral particles extst which 1 will call neutrinos,” which exist in nuclei ... and whick differ from the photons afso in that
they do not move with the speed of fight. The mass of the neutrinos should be of the same order as that of the electrons and
shoulil in no case exceed 0.01 proton masses. The continuous beta spectrum would then be understandable if one assumes that
during beta decay a neutrino is emitted with each electron in such a way that the sum of the enengies of the neutrino and

I admit that my remedy may fook very uniikely, because one would hiave seen these neutrinos fong ago if they really were to
exist. But only fie who dares wins . ... Hence one should seriousty discuss every possibie path to rescue ...

Your most obedient servant,

W Pault

Figure 13 Pauli was unable to attend a nuclear physics conference, as he hiod to go to 6 ball, so he sent o letter proposing the exstence of a
mew particle AL the time anly twe subatomic particles were known to exist — the electron and the prolon — so predicting a new particle was guite

EEILIFTTROUS

! Pauli actually called his new particle the neutron: but the particle we now call the neutron was discovered two years later. Paull's predicted
particle was re-christened by the italian Enrico Fermi; it became known as the neutring ... the little neutral onel

Cowan and Reines were actually looking for the
antineutrinos, v, that are emitted from beta-minus
decay. In this decay, a neutron, n, decays into a
proton, p, and an electron, e~. An antineutrino is also
emitted, The decay can be written as

nsp+e +7,

The experiment was designed to look for the
subsequent reaction of the antineutrino with a proton:

p+V,—sn+et

where et is a positron. Cowan and Reines used

large tanks of liguid scintillator with a high hydrogen
content. The liquid also contained a cadmium
compound. The idea was that the positron would meet
an electron and be annihilated almost immediately,
releasing two gamma rays, which would cause a
prompt flash of light in the scintillator. A short, but
predictable, time later the neutron would be absorbed
by the cadmium and would emit a gamma ray, which
would lead to another flash of light. The neutrino
would reveal itself by the right coincidences between
the flashes of light. After three years of experiments
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QUESTIONS

15. Why did the liquid scintillators in the
Cowan and Reines experiment need a high
hydrogen content?

16. Why was the experiment installed next to a
nuclear reactor?

Cowan and Reines were able to telegraph Pauli to say
that they had found the neutrino.

The search goes on

One current neutrino-detection experiment is the
Super-Kamiokande, 1 km below ground, in Japan [Figure
14). It is designed to detect neutrinos from the Sun.

We know that there should be a neutrino flux from the
Sun, caused by nuclear reactions deep within the solar
core, These reactions are well understood and the theory
is in excellent agreement with measurements, except

for one thing. The problem was that more than haif of
the solar neutrinos seemed to disappear on their way




to Earth. The detector consists of 50 000 tonnes of
ultrapure water, surraunded by 11 000 highly sensitive
light detectors, These are looking for the flash of light
that comes when an electron hurtles away at high speed
after being hit by a neutrino. Even in such a large tank of
water this is a rare event.

The latest results from the Super-Kamiokande and
elsewhere confirm that the solar neutrinos do not
go missing. Rather, they change from one flavour
of neutrino to another on the way to Earth. This
oscillation implies that neutrinos have some mass,
however small,

Fgure 14 Light detectors in the Super-fantiokanc

KEY IDEAS

¥ The neutrino and its antiparticle, the antineutrino,
are particles that carry no charge and have very

» Pauli predicted the existence of the neutrino by
studying the energy released in beta decay.

3.6 The leplon family

3.6 THE LEPTON FAMILY

Pauli's prediction of the neutrino and its subsequent
discovery meant that there were now four subatomic
particles known to physics, the other three being the
electron, the proton and the neutron, Dirac's work on
antimatter instantly doubled this to eight. This was
enough to explain the atomic and nuclear phenomena
that were known at the time. However, many more new
particles were found in the next few years.

Muons

In the days before the big accelerators, such as the
LHC at CERN, the way to study particle physics was

to fly a balloon (Figure 15). High in the atmosphere
there is a greater flux of cosmic rays. High-energy
particles, such as protons and penetrating gamma
rays, collide with atoms of hydrogen and oxygen in the
highest reaches of the atmosphere, sending a shower
of particles towards the Earth (Figure 186).

The muon was detected in these cosmic ray showers.
Anderson photographed some unusual tracks in his
cloud chambers and calculated the charge-to-mass
ratio as 8.8 x 108 C kg~'. This was smaller than the

Fgure 15 Cosmic ray studies often imolvied a

with hudmagen

Jarge baltoon fiked
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COSMHE
rays

altitude
15000 m

mucn

electromagnetic
showver

electron

NEeutrings

Earth's surface

FRgure 16 Muons are crealed af the edge of the otmosphere, about
15 ki above the Eqrth's surice A muon traveliing at 95% of the
speed of iight would toke about 52 s fo reach the surface But thot
shart time is mone than 20 muon Webimes, so maost of the ruons
should hove decaued before they ever reach the surface of the Earth,
The fact that they have nat & experimental evidence [or Eirsteins
special theory of refativity, which states that moving cloacks run siow
The mions are moving sa near o the speed of ight that time runs
rnuch more siowly for them.

same ratio for the electron, and very much higher than
the value for the proton. In fact the muon turned out
to have exactiy the same charge as an electron,

—1.60 = 107'% C, but its mass was 200 times greater.
This came as a shock to physicists, who could not

see why the electron needed a 'big brother’. Nuclear
physicist Isador Rabi was reputedly in a restaurant
when he heard of the muon’s discovery. “Who ordered
that?" he demanded.

The muon is a heavier version of the electron. It has
exactly the same charge and, like the electron, it is

a fundamental particle, meaning it is without any
internal structure. However, as well as its mass of 200
times the electron's mass, there is another difference.
The muon is unstable, with an average lifetime of

2.2 x 10°%sor 2.2 ys.

A muon decays quickly (Figure 16), typically into an
electron and two neutrinos:

e+ T, +V,

The first neutrino, ¥, in the above reaction is an
electron antineutrino, whereas the second one, v, is
a muon neutrino.

The electron neutring and the muon neutrino are not
the same: they certainly have different masses. The
muon neutrino appears in reactions involving muons.

17. This reaction shows the decay of an
antimuon. State in words what it
decays into.

pr—ret 4w, +V,

Mare leptons

In 1978 yet another member of the lepton family

was discovered. The tau-minus, 1=, particle was
observed by a team working on electron—positron
collisions at Stanford in the USA. The Stanford team
collided electrons and positrons together to produce a
tau-minus and its antiparticle, the tau-plus:

et =1t 417

For several months these results were not generally
accepted, until a team working in Germany replicated
the results.

The tau particle has the same charge as the electron
and the muon but is much more massive, around
Z500 times the mass of the electron. It seems
logical to suppose that this new, heavier version

of the electron has its own type of neutrino and
antineutrino, the v_and the v_. These were finally
detected in July 2000 by a team at Fermilab, USA.

The lepton family now has three groups within it: the
electron and its neutrino, the muon and its neutrino,
and finally the tau lepton and its neutrino. When all
the antiparticles are taken into account, there are 12
leptons and antileptons. The leptons have all these
things in common:

» They are not affected by the strong nuclear force.

} They are affected by the weak interaction,
and charged leptons are affected by
electromagnetic force.

3} They are all fundamental particles, which
means that they are not constructed from other
smaller particles.

» All three lepton ‘generations’ are fermions, that is,
they have spin value Ya.

Recent work has suggested that there may not be any
other members of the lepton family, though no-one




3.6 The lepton family m

has yet been able to explain fully why there are three
types of lepton and why they should have the masses
that they have. The Higgs boson (see Chapter 4) gives
the electron its mass, but may not be the cause of the
neutrino’s mass, which is very difficult to measure, The
leptons and antileptons are summarised in Table 1.

Moving on: particles within particles
Experiments at CERN and elsewhere now suggest
that there only three generations of lepton. There

may be no more elementary particles beyond the tau
for us to discover. But what about the proton and the
neutron? Experiments and theory were pointing to the

fact that they were not fundamental particles — they

Charge (in terms of

Mass (in terms of

had structure. The quest to reveal that structure is
described in the next chapter,

Symbol proton charge) electron mass) Mass / MeV/c?
Leptons
electron e -1 1 0.51
electron neutring Ve 0 =0 <2 % 10°8
muon T =1 207 106
muon neutring v, 0 =0 <0.190
tau T =1 3500 1790
tau neutrino v, 0 =355 <182
Antileptons
positron er +1 1 0.511
electron antineutrino v, 0 =0 = 2:% 107
antimuon wt +1 207 106
muon antineutrino % 0 =0 <0.190
antitau , +1 3500 1790
tau antineutrino V. 0 <35 <182

Table T A summary of feptons and antileptons
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ASSIGNMENT 2: MAKING A CASE IN DISCUSSION

Money to burn?

When physicists started research into the basic
building blocks of matter, they had no clear idea of
what, if any, useful applications would spring from
their work. It is called ‘blue sky’' research, which is
research done for the sake of knowledge, rather
than applied research, which aims to improve a
particular technology. CERN in Switzerland is the
home of much blue sky research and is supported
by funds from 21 European governments. This
kind of research is among the most expensive in
the world. But do we need this kind of research?
Should the funds be used for things that are more
immediately useful?

Prepare to take part in a discussion about the
sort of research that governments should support.
Do you want to fund CERN's hyper-expensive
acceleration projects?

Preparing for your discussion
When you prepare for a discussion you will need to
consider the following:

} What are your starting points? Note down the
attitudes and ideas you already have on a piece
of paper.

» Now take a long look at your assumptions. Try to
sort them into statements of fact and statements
of opinion.

» Now look at the statements of fact. Do any need
to be checked? Can you find the evidence to back
up your facts? If you cannot, are you sure your
‘fact’ is correct?

» Then look at your opinions. Can you unpick the
reasons behind them? Since they are opinions,
not facts, you will not be able to find something
that will prove them to be correct. But you should
be able to find some evidence to suggest that
they are reasonable.

» Decide which of your opinions you feel strongest
about. What are the things you are extremely
unlikely to change? This is not always a bad
thing — to believe in something very strongly

is not wrong. But do recognise that a strongly
held belief is not as strong in an argument as a
simple fact.

» Finally, as well as deciding on your strongest
opinions, look for areas where you are uncertain
or willing to be convinced. Where do you feel able
to compromise?

Holding a successful discussion

After you have assembled your thoughts and
some evidence, you are ready to participate in
a discussion. A few simple rules will help the
discussion to be productive:

¥ Make sure you listen — and check that you
understand what people are saying. Ask
questions like ‘So are you saying ...7" and try to
paraphrase what someone has said. They can
correct you if you have misunderstood them.

» Hear what people are saying — people who fisten
carefully learn much more from discussions than
the people who talk continually.

» Remember that some opinions will annoy and
irritate you. Do not let your feelings interfere with
your thinking!

¥ Be prepared to learn and change your position
on some issues. And when you agree with people
— tell them,

» Try not to tell people they are stupid — even
if they are! Insults rarely work as a way of
Convincing SOmeone.

Remember that discussions should be win—

win situations. Even if you end up disagreeing

with someone, you can learn something by
understanding their point of view. Not every
discussion is an attempt to convince someone that
you are completely correct in every detail and that
they need to change their ideas to match yours.

Rounding off your discussion

At the end of your discussion, try to agree a
statement that summarises the opinions of
the whole group. This might contain two lists
of statements:

} Statements everyone can support.
» Statements most of the group can support.
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3 ANTIMATTER AND NEUTRINOS

Which is the correct identification of the and critically, and then answer questions
particles in Figure Q17 atod.

A green track proton, red track antiproton a. The extract says, “Positrons are tiny
B green track antiproton, red track proton particles which are made as the

radio-tracer is broken down inside your
body.” Explain why this is misleading.

b. Positrons are fundamental particles,

C green track positron, red track electron
D green track electron, red track positron

9. Which row in Table Q1 most accurately yet the extract describes them as
describes the properties of leptons? being "broken down” to create gamma
rays. Explain how the gamma rays
Affected by Fundamental Affected by actually originate.
the strang the weak

¢. The extract explains that “Different
levels of positrons are shown as different
yes yes no colours” on the scan. What do the different

B _FE | Do T yes : colours on the scan actually show?
e | e = _YEE— ves = d. It is important to explain a PE.I scan
— - - - e accurately and clearly to a patient who
Sy no i may have little or no physics knowledge.
Terms like ‘antimatter’ and ‘radioactivity’
are potentially alarming. Write a paragraph
explaining the physics of a PET scan,

Concentrate on making it accurate, but

farce farce

Table Q1

Stretch and challenge

10. This extract from a website for hospital try to reassure the patient. (You will be
patients is designed to explain what a PET assessed on the quality of your written
scan is for, and how it works. Read it carefully communication.}

How does a PET scan work?

Before a PET scan is carried out, a radioactive medicine is produced in a machine called a cyclotron.
The medicine is then 'tagged’ to a natural chemical such as glucose, water or ammonia. This makes
what is called a radio-tracer. Once the radio-tracer is inside the body, it goes to parts of the body that
use the chemical it has been tagged to. For example, a radioactive drug called fluorodeoxyglucose
(FDG) is tagged to glucose to make a radio-tracer. When inside the body it goes to the tissues that use
glucose for energy.

A PET scan works by detecting the energy released by positrons. Positrons are tiny particles which are
made as the radio-tracer is broken down inside your body. As positrons are broken down they create
gamma rays. These gamma rays are detected by the scanner, which creates a three-dimensional image.
The image can show how parts of your body work, by the way in which it breaks down the radio-tracer.

Different levels of positrons are shown as different colours and brightness on a PET image. Some

parts of the body break down natural chemicals such as glucose quicker than others. A PET scan is
particularly useful in detecting cancer because most cancers use more glucose than normal tissue.
Areas of greater intensity, called ‘hot spots’, show where large amounts of the radio-tracer have built up.
Less intense areas, or "cold spots’, indicate a smaller concentration of radio-tracer.

A radiologist will look at the images that a PET scan produces, and report the results to a doctor. A
radiologist is a person who has training in interpreting pictures of inside the bodly.
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PRIOR KNOWLEDGE

You will need to know about leptons and their
properties, from Chapter 3.

LEARNING OBJECTIVES

In this chapter you will learn how eother particles
were discovered and about their properties and
interactions. You will see how it all fits together in
the standard model of particle physics, and about
conservation laws that govern particle interactions.

(Specification 3.2.1.4, 3.2.1.5, 3.2.1.6,3.2.1.7)

The discovery of the Higgs boson (Figure 1) was

the most important discovery in physics for many
years. Peter Higgs was understandably emational as
scientists announced that the particle he had predicted
40 years earlier had been found. He had been trying
to explain why some particles have mass and some,
like the photon, do not; and why similar particles,

like the electron, muon and tau leptons, each have

a different mass. Higgs proposed that a field, acting
throughout all space, was responsible far giving certain
particles mass. A particle, known as a gauge boson,
would act between the field and all other particles.
The Higgs boson, as it became known, is a vital part of
the standard model, the currently accepted theory of
particle physics. If the Higgs boson could not be found,
the standard model might have to be abandaoned.
Evidence for the Higes boson would anly eccur in

very high-energy collisions, and so the world’s most
energetic particle accelerator was constructed.

 MEL VY 'EEEES

The Large Hadron Collider (Figure 2) was built in a
27 km circumference circular tunnel at the European

Organisation for Nuclear Research [known as CERN],
near Geneva. It accelerates protons, and antiprotons,
to 99.999 9% of the speed of light in opposite
directions, before making them collide inside particle
detectors. Scientists found evidence of the Higgs
boson in the tracks left by the particles created in
these high-energy (7 TeV) collisions.

There is a small chance that the tracks might not

have been due to the Higgs boson. However, so many
collisions were analysed that scientists were confident
in announcing the discovery of 'a Higgs-like boson with
a mass equal to 125 = 0.6 GeV' with only.a 0.0001 %
probability that the observations could be due to
chance. Confidence was particularly high because

the results had been replicated by two different
experiments. Since then, other experiments have
corroborated the findings. Peter Higgs' prediction was
vindicated, and in 2013 he was awarded a half-share
of the Mobel Prize in Physics.

Figure 2 (backgraumnd! 1



& THE STANDARD MODEL

4.1 THE PARTICLE EXPLOSION

In the years following the unexpected discovery of

the muon [section 3.6 of Chapter 3), many more
observations were made of cosmic rays. Cloud
chambers and photographic films were used to
visualise the tracks left by the rays, mostly high-energy
protons, and the particles they create as they crash
into atoms in the upper atmosphere. Before long,
other new particles were discovered, many of them
much heavier than the muon. By the 1960s there
were dozens of ‘'new’ particles.

The situation was similar to that in chemistry a
hundred years earlier, By 1900 more than 80
chemical elements had been discovered. It did not
seem likely that there could be so many different
fundamental entities. Scientists felt that there must be
an underlying pattern. This proved to be the case, and
we now know that atoms of all the different elements
are made from the same three particles — the neutron,

the proton and the electron. Perhaps the bewildering
array of different subatomic particles [Table 1) was
also indicative of a simpler underlying structure.

Classifying particles

The first steps in making sense of all these particles
was to look for patterns, similarities and differences,
so that particles could be classified into groups. This
was done initially by grouping together particles

of similar mass. Two groups of particles, leptons
(lighter particles) and hadrons (heavier particles],
were identified (Figure 3). Hadrons were then divided
into two subgroups, initially by their relative masses,
baryons and mesons — baryons being generally
heavier. These and a third group of particles, the
gauge bosons, will be discussed later in this chapter.

Leptons

There are six different members of the lepton family.
The electron and the electron neutrino, the muon
and its neutrino, and the tau lepton and its neutrino

Year Particle Discovered by (place) Source of particles Energy
1897 Electron J. J. Thomson (Cambridge) Cathode ray tube kel
1911 Mucleus Rutherford [Manchester) Alpha particles MeV
1851 Positron Carl Anderson (CalTech) Cosmic rays MeV-CeV
1952 Meutron James Chadwick (Manchester) Alpha particle Mel
1937 Muaor Neddermeyer and Anderson Cosmic rays GeV
1947 Fions Powell (Bristol] Cosmic rays GeV
1948~ Kmesonst, = A8, E {Manchester, CalTech, Bristol, ,..] Cosmic rays CeV
1955 Antiproton/Antineutran [University of California, Berkeley) Synchrotron GeV
1957 MNeutring ) Cowan and Reines (California) ﬁuclear reactor GeV
1961 Muen neutring Ledermann (Brookhaven) Cosmic rays CeV
1964 (- particle [Brookhaven) Accelerator GeV
1867 Up and down quarks [Stanford, SLAC) Linear accelerator 20 GeV
1974 JM¥ (charmed quark) SLAC/Brookhaven) Linac _ GeV o

1976 Tau lepton [SLAC) Linac L‘;E\."
1977 Y hadron (bottom quark] (Fermilab) Tevatron 400 GeV
1983 W, Z bosons (CERN, Geneva] Proton synchrotron 500 GeV
1995 Top quark [Fermilab) Tevatron 1.8 TeV
2000 Tau neutrino [DONUT, Fermilab) Tevatron Tev
20012 Higgs boson [CERN, Geneval LHC 8 TeV

_ 7 Supersymmetry particles? 7 ) ? 14 Mey?
7 Dark matter? 7 ? ?

Table 1 Timeiine of particle discovery
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nat

fundamental fundamental
particles; fundamental, particles: force
e.q. electron, made up of Carriers,

neutring. muon 7 auarks, all unstab

&.g. photon
(except proton?) L

made up of

made up of
three quarks, quark + antigquark,
g.q. proton, or &,q. pion, kaon
three antiguarks,

£.0. antiproton

Figure 3 The standard model, the currently aocepted theory of
particle phigsics, dlassifies all particles into one af three families.
feptans, hadrons or gauge bosons.

[see section 3.6 of Chapter 3). Each of these has an
antiparticle, so there are also six antileptons. All of
these are fundamental particles — they cannot be
broken down into other particles. Leptons are not
affected by the strong nuclear force.

Hadrons

Cosmic ray and particle accelerator experiments
revealed a large number of other particles in addition
to the leptons described above. Pi mesons, kaons,

The particle explosion m

delta mesons and many others were discovered,
generally with much larger masses than the leptons
(see Table 2). This group of particies is referred to as
hadrons (from the Greek, hadros, meaning bulky).
Hadrons are affected by both the strong interaction
and the weak nuclear force.

Some hadrons carry charge; some do not. All the
hadrons, with the probable exception of the proton,
have been found to be unstable, Like radicactive
nuclei, after a certain time they decay into something
else. For example, a free neutron (not bound in a
nucleus) is unstable. It decays with a half-life of about
11 minutes via the reaction

n—=p+e +7,
{as in beta-minus decay of an unstable nucleus),

The proton seems to be stable, although some theories
suggest that it does decay with a lifetime of the order
of 1032 years. As that is much longer than the life of
the Universe so far, it is likely to be difficult to detect
proton decays. The Super-Kamiokande neutrino
detector (see Figure 14 in Chapter 3) has been looking
for evidence of proton decays. Despite thousands

of tonnes of pure water in a lake surrounded by
photo-detectors, there is no evidence yet.

Name Symbol Rest mass (GeV/¢®) Q@ (charge) B (baryon number)  S(strangeness)
K-minus K- 0.4957 =1 0 =1
K-plus Kt 0.4937 1 0 1
K-zero K9 0.4977 0 0 1
K-zero bar Ko 0.4977 4] o =1
lambda AY 1.116 0 1 -
neutron n 0.8396 0 1 0
phi b 1.020 0 0 o
pi-minus ™ 0.1356 -1 0 o
pi-plus 4 0.1396 1 0 0
pi-zero o 0.1350 0 0 0
proton p 0.9383 1 1 0
sigma-minus i 1.197 -1 1 =1
sigma-plus = 1.18%9 1 -1
sigma-zero 0 1.192 9] | -1
®i-minus = 1.315 =1 1 -2
®i-zero =t 1.321 4] 1 =32

Tabfe 2 Hadron dofa



& THE STANDARD MODEL

KEY IDEAS

» Leptons and hadrons are two groups of
subatomic particles.

» Leptons are fundamental particles, They are not
affected by the strong force.

¥ Hadrons are particles that can interact via the
‘strong nuclear force. They can be clmiﬁe;i
as baryons or mesons. Hadrons are not
fundamental. All of them, except (probably) the
proton, are unstable.

4.2 HADRON INTERACTIONS AND
CONSERVATION LAWS

A large number of hadron interactions and decays have
now been studied. Most of the results are from particle
accelerators where protons, or other charged particles,
are made to collide with a target material at high
energies. In the 19505 and 19605, bubble chambers
were used to detect the resulting particles (Figure 4).
These are similar to the earlier cloud chambers [see
Figure 7 of Chapter 3) but use superheated liquid
rather than gas. The complex patterns were analysed
and the particles identified. Spark chambers have now
replaced bubble chambers as particle detectors.

It soon became apparent that some reactions could,
and did, happen, whereas other reactions never
actually took place. It seems as if some reactions
are forbidden.

fis. Magnetic helds
lead to spiral tracks, from which the partidle’s mass and charge may
be deduced

Fgure 4 Bubbie chamber image of particle tracks
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Mass-energy and momentum conservation
Every interaction between particles has to obey the
law of conservation of energy. We have seen, though,
that the quantification of energy for subatomic
interactions has to include mass. The total mass—
energy before an interaction or a decay has to equal
the total mass—energy afterwards. In the beta-minus
decay equation, the mass of the neutron on the
left-hand side of the equation is greater than the
combined mass of the particles on the right-hand side
of the equation. The ‘spare’ energy is seen as kinetic
energy of the decay products.

In beta-plus decay, a proton decays to a neutron, a
positron and a neutrino, But a neutron has a greater
mass than a proton. It seems as if mass, and therefore
energy, has been created by this decay. In fact, the
decay only takes place within an 'excited’ nucleus,
where energy from the nucleus allows the decay to take
place. A free proton cannot decay in this way. Indeed,
as we have discussed, protons may well be stable.

The total momentum of the particles before an
interaction, or collision, must also be conserved
(Figure 5).

Charge conservation

Qur first ideas about charge came from electrostatic
phenomena, such as lightning. We now know that
that there are two ‘types’ of electric charge, which we

et MUcn

&
f __y @ neutrino

_x  W* boson
top quark

bottom quark s

]
proton ==} <= antiproton

¥

W boson top quark
o O

quark s
jet s | bottom quark
quark [
muon —
@ rarticles
et (O antiparticles
jet

Figure 5 This collizion between o proton and an antiproton hermioed
the discovery of the top quark at Fermitab, A lop—antitop pair of
quarks are formed. This massive quark-antiquark pair quickly

decays by the weak inleraction o g bottom-—antibottom quark pair
Afthaugh the W bosans are not observabile and the newinnos are
afrost impassible to detect, the enargy and momentum of the jets
of partices can be measured, The consenvabion of mamenitrn stotes
that the taiol momentum of ail the products after the collision miust
be equal to the total momenitum before the colision. The mass and
viekaeity of the undefected particles can therefore te inferred



call positive and negative. Positively charged bodies
attract negatively charged ones, but repel other
positive charges. Similarly, two negatively charged
bodies repel each other, so two electrons exert a force
on each other that pushes them apart.

Many hadrons, and leptons, carry an electric charge.
The charge on the proton is defined to be +1.

The charge carried by other particles is related to

that. The charge on the electron is equal to -1, the
positron charge is +1, and the neutron has a charge
of zero. Other particles are denoted using a symbaol,
often a Greek letter such as p, & or Z. A superscript

is used to denote charge; for example, n* carries a
single positive charge, n~ carries a single negative
charge and = is uncharged, An antiparticle is often
denoted by a horizontal line (bar) over the symbol,
such as p, to denote an antiproton. On some occasions,
an uncharged particle is written without a superscript;
for example, the lambda particle may be written A, In
these cases you should assume that there is no charge.

One of the rules that govern the interactions between
all particles is the conservation of charge. In

all the charged particle reactions that have been
studied, the total charge of the particles has always
been conserved.

The total charge after an interaction is always the
same as the total charge before the interaction.

Table 3 shows two examples of particle interactions,
one allowed by charge conservation, the other
not allowed.

Conservation of baryon number

There are some interactions involving hadrons that are
allowed by charge conservation, but have never been
detected. This is because there are other conservation
laws that apply in addition to charge conservation.
These place extra restrictions on which reactions can
take place. One of these is the conservation of baryon

Hadron interactions and conservation laws m

QUESTIONS

1. Which of these reactions is forbidden
because it contravenes the conservation of
charge? You will need to refer to Table 2, two
pages back.

arl*=sA+w
b.r+p—=I +K*
.o +p—=L +K+mr

The hadrens can be divided into two groups, the
mesons and the baryons. Baryons (from the Greek
barus, or heavy) were thought to be heavier than
mesons. We now know that this is not always true.
Hadrons are not fundamental particles — they have
internal structure, and the underlying difference
between mesons and baryons is in their structure.
This is discussed in section 4.3,

Particles classified as baryons are given a baryon
number, B, of 1. Every baryon has its antiparticle with
identical mass, but with opposite values of some other
properties, like charge. Antibaryons have a baryon
number B = -1, Mesons and leptons have a baryon
number of zero, B = 0 [Table 4). Baryon number can
only have a value of +1, =1 or 0. It is one of several
quantum numbers that define a system in particle
physics. Quantum numbers describe quantities that are
conserved and that can only take certain discrete values.
For example, charge is a quantum number because it

is always conserved and it is only observed in discrete
values, specifically integer multiples of the proton charge.

Interactions between hadrons can anly occur if the
baryon number is conserved.

The total baryon number before an interaction
has to be the same as the total baryon number

aaiileer 5. afterwards.
Before After
Reaction 1 p+p — p+p+m +0 Allowed
Q 1+1=2 e 1+ 1+-11+1=2
Reaction 2 p+m - p + m' Mot allowed
a 1+({=1]=0 =p 1+1=2

Table 3 Farticle inferactions and cansenvabion of change, O
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& THE STANDARD MODEL

Baryons Antibaryons Mesons

Baryon number 8= 1 Baryon number B =—1 Baryon number B =10
Proton, p, and neutron, n Antiproton, p Pi mesons (pions), =*, n~, n°
Sigma particles, £°, £-, £* Antineutron, i K mesons (kaons), K*, K-, KY

Table 4 Hadrons: some examples of baryons, antibaryons and mesans

Before After
Interaction 1 p+p — p+p+n Not allowed
B 1+1=2 — 1+1+1=3
Interaction 2 p+p - p+p+nt Allowed
B 1+1=2 — 1+1+0=2
Interaction 3 n - p+E+V Allowed
B 1 — 1404+0=1
Interaction 4 n ~ n® + Not allowed
B 1 - 0+0=0

Table 5 Forticle intergctions and conservabion of baryon number, B

Table 5 shows four examples of particle interactions
and decays.

ESTIONS

2. Are any of these reactions forbidden by the
conservation of baryon number?

a. it —p+n?
b.p+p—=p+p+p+p
c.p+p—p+p+nl+n’

Strangeness

Both conservation of charge and conservation of
baryon number have to be satisfied if a reaction is to
take place. But some reactions that satisfy these two
rules have never been observed. Reactions involving
K mesons (also known as kaons) caused particular

Strangeness S= -2 Strangeness 5= -1

problems to early particle physicists. Kaons appear
as the decay products of some neutral particles, but
almost always in pairs, rarely singly, although there
was nothing in either charge or baryon number
conservation to prevent this. The kaons also have

an unusually long lifetime, 10795, compared to
ather, apparently similar, hadrons, which have typical
lifetimes of the order of 10-2*s,

Murray Gell-Mann, who won the 1969 Nobel Prize
in Physics for his work on classifying particles,
suggested that there was yet another property, like
charge and baryon number, that had to be conserved
in hadron reactions. He called this property
strangeness. All hadrons are given a strangeness
number, S [Table 6). Those with a non-zero value of
strangeness are referred to as ‘strange particles’
The strangeness quantum number can take values
from =3 through to + 3. Strangeness is a property
that applies only to hadrons, so all leptons have
zero strangeness.

Strangeness S=0 Strangeness S= +1

= (XI-minus) A" lambda)

p [proton) K+ and K° (kaons)

=0 [Xl-zero) K- (K-minus)

n (neutron)

¥+, ¥, 0 (sigma particles)

n, -, n° {pions)

@ (phi meson)

Table 6 Strongeness, 5. for some hadrons



Lepton conservation

Before After
Interaction 1 p+r - K9+ AD
5 0+ 0=0 — 1+[=1]=0 Allowed
Interaction 2 P+ — K=+ Et
s 0+0=0 -3 1)+ -1)==2 Mot allowed

Tabde 7 Rarticle interoctions and consenvation of sirongeness, S

In "‘production’ reactions, where two or more particles
combine, strangeness is always conserved.

Table 7 shows two examples of such interactions,
one allowed by strangeness conservation, the other
not allowed.

However, when strange particles decay via the weak
interaction, their strangeness can change by % 1. This
helps to explain the relatively long decay times for
SOme mesons.

QUESTIONS

%. Which of these interactions is forbidden
because it contravenes the conservation
of strangeness?

a. p+r =K + £

b. +p—sK+E°

€. K'+poan+ 1t

d o= K+ K

e GO + K

The positive kaon decays to two pions with
a mean lifetime of about 1.28 % 10-8s,
The decay is written K*—= n* + n%. A similar
decay, p° — ' + 1, has a mean lifetime of
4 x 1072% s, What difference in the decay
mechanism might explain the huge difference
in lifetime? (Hint: the p© is a meson with
zero strangeness.)

For a reaction to take place it must satisfy
conservation of charge, baryon number and
strangeness. Which of these reactions are

forbidden? Give the reason for each of your
answers. (You will need to refer to Table 2.)

a.m+n=ant + A
b. nsnx*+e”
¢ K+K-—nd
d. T +poEt + K
e p+rn =K + K-
f. p+a—K°

For example, A° — p+ n is a decay that is allowed,
since charge and baryon number are conserved

(A° is a baryon, B = 1), Similar decays that take place
by the strong interaction lead to typical particle
lifetimes of the order of 10723 5. But the AY has

a lifetime of around 1079 s, This is because A% is

a strange particle, and the decay products, p and

=, are not. The decay must therefore take place

via the weak interaction, which leads to a much
longer lifetime,

4.3 LEPTON CONSERVATION

Particle interactions obey a number of other
conservation laws. One of these applies to lepton
number, L. In any particle interaction, the number
of leptons is always conserved. So the total number
of leptons after any interaction must be the same
as the number of leptons before the reaction. In
fact, the conservation law is even more constraining.
Each generation of the lepton family, for example
the electron and the muon, have their own lepton
number, [_and Lu (see Table 8), which must be
conserved separately. Notice that the quantum
numbers in Table 8 for an antiparticle have the
opposite sign to those of the corresponding
particle.
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Particle Rest mass (MeV/c?) Charge L, ‘—'H Antiparticle Charge L, L,
Electron e 0.511 -1 1 0 et 1 -1 0
Electron neutrino v, Small, non-zero 0 1 0 Ve 0 1
Muon* The 105.7 =1 0 1 [T 1 0 =}
Muen neutring vy Small, non-zero o 0 1 v, 0 0 =1
Tau* . 1777 =1 0 ot 1 0
Tau neutring v, Small, non-zera 0 0 v, 0 0

*These are unstable, with a mean lifetime of 2.2 ps (muen) and 2.9 = 10713 5 (tau].

Table 8 Summary of lepton properties

Consider the lepton numbers in the decay of a muon: {”‘; THE uu ARK M[“]EL

L v,

Before the reaction: L =0
[ =]
U
After the reaction: L=1+0+(-1=0
L =1

So lepton numbers are canserved.

QUESTIONS

6. Which of these reactions and decays are
allowed and which are forbidden?

a. v +pt—e*+n
b. "T?#+|:'.!+—l-i.}.+ +n

C p—e + ﬁ,‘,+'-.r'Ll

7. With a partner, construct a quiz of at least
five questions. Each question should be a
particle collision or decay similar to the ones
in questions 5 or 6. Make sure that some of
them are possible, and others are forbidden
[you should know which conservation law
would be contravened). Challenge another
pair to see who can get the most questions
right.

The number and properties of all the different hadrons
became rather confusing. The crucial questions for
physics in the 1960s were; Are all these different
particles actually fundamental? Or is there a

simpler, underlying structure that would explain the
composition and properties of these particles? At

the turn of the 20th century, when scientists were
faced with almost a hundred different types of atom,
Rutherford's scattering experiments had helped to
show that there was an underlying structure that
explained the variety of atoms. In the 1960s it was
another scattering experiment, this time carried out at
Stanford in the USA, that revealed the structure inside
hadrons (Figure 6).

The Stanford Linear Accelerator Center (SLAC) in
California accelerated electrons to an energy of
around 20 GeV, high enough to probe inside protons
and neutrons, The SLAC experiment found that a
significant proportion of the high-energy electrons
were scattered through a large angle. These results
indicated that the neutrons and protons are not
particles of uniform density, but have point-like
charged particles within them.

path of
electran

Figure 8 Flectron scattering by quarks within a baryon
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The SLAC results confirmed the theory put forward
by Murray Gell-Mann and George Zweig a few years
earlier, Gell-Mann had grouped the hadrons together
in families (Figure 7}, rather as Mendeleev had
grouped the elements together in the periodic table
about 100 years before. The patterns that he and
others created could be explained by supposing that
all hadrons were composed of smaller constituents,
which Gell-Mann called guarks. (He took the

term from “Three quarks for Muster Mark”, a
quotation from Finnegans Wake by James Joyce))
The SLAC experiments confirmed that hadrons are
not fundamental particles, but are composed of
combinations of different types of quark,

Gell-Mann initially suggested that there were three
different quarks, which he labelled up, u, down, d,
and strange, s. These are sometimes referred to as
the ‘flavour’ of the quark. Each of these quarks has a
different mass and specific values for charge, baryon
number and strangeness [Table 9). Each quark has
a corresponding antiquark of exactly equal mass

but opposite values for charge, baryon number

and strangeness.

MNote that the strange quark, s, is defined to have a
strangeness of -1, Its antiparticle, the anti-strange
guark, 5, has a strangeness of +1.

The guark model

Hadron structure

Using the quark model, it is possible to describe
all hadrons in terms of combinations of quarks
and antiquarks.

» Baryons are always combinations of three guarks.
¥ Antibaryons are combinations of three antiquarks.

¥ Mesons and antimesons are always composed of a
quark and an antiquark.

A proton, for example, is composed of two up guarks
and a down quark (see Table 10 and Figure 8).

The properties of each hadran can now be explained
in terms of the quarks from which it is made. The total
charge of the hadron is the sum of the quark charges.
The same can be said for the total baryon number
and total strangeness. The quark model is surprisingly
simple, Only two types of quark, the up and the down,
are needed to account for the properties of neutrons
and protons, which together make up almost all of
everyday, observable matter. The two antiquarks,

U and d, are needed to explain the existence of the
antiproton and the antineutron.

proton, p=u+u+d nedtron, n=d+d+u

pi-meson or pion, T =u+d

Figure 8 Frofon, neutron and orimeson {pion) showing quark structure

Quark Baryon Charge Strangeness | Antiquark Baryon Charge Strangeness | Mass
number @ ) number Q@ s (GeV/c?)
B B

up, u 113 273 i —1/3 -213 0 0.005

down,d  1/3 -1/3 0 d -1/3 113 0 0.01

strange, s 1/3 -1/3 =1 E -1/3 1/3 +1 0.2

Table 9 Froperties of quarks and antiquarks




Proton: p=u+u+d
Up.u Up.u Down. d Proton. p
Charge, O 215 23 13 1
Baryon number, B 1/3 173 113 1
Strangeness, § 0 i} 0 0
Antiproton: p=U+uU+d
Anti-up. U Anti-up. 0 Anti-down, d Antiproton, p
Charge, O =23 =23 113 =]
Baryon number, 8 -1/3 =13 =113 =1
Strangeness, 5 1] 0 0 0
Tabde 10 Cuark structure of the oroton and the antiproton
ERIE S LU P ERT D Al T ] e TN Up,u  Anti-strange, 5  K*
QUESTIONS Charge, O 2/3 1/3 1
8. A neutron is composed of two down Baryon number. 8. 1/ 15 g
quarks and an up quark, n=u + d+ d. An Strangeness, 5 0 1 1

antineutron is an anti-up and two anti-down
quarks, fi = 0 + d + d. Construct tables (as in
Table 10] for the neutron and the antineutron
that show how their properties are the sum
of the quark properties.

Mesons and antimesons are always quark—antiquark
pairs. A meson's antiparticle is the opposite
combination of quark—antiquark. For example, the
pi-plus meson is formed from the two quarks, ud,
while its antiparticle, the pi-minus, is formed from the
opposite combination, ud (Table 11). The properties
of a meson are the sum of the properties of its
constituent quarks (Table 12).

Meson Quark composition
" ud

o id

E ui or dd

K us

K- us

Ko ds

Ko ds

Table 11 Ouark composition for pions and kaons
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Table 12 Cuork structure of g K+ meson [us)
== i E— ]

QUESTIONS

9. Why is it that mesons can only have
strangeness + 1 or O, whereas a baryon may
have strangenessof +3, +2, + 1 or 0?

Neutron decay

The quark model has been extraordinarily successful
in describing and predicting the properties of hadrons.
It can be used to understand what is happening in
nuclear reactions or decays, for example during a beta
particle emission. In beta-minus emission a neutron
decays to a proton (Figure 9), emitting an electron
and an antineutrino in the process. The quark theory

o €

%@— ¢ weak I.-’_;.

Figure 9 Derny of a neutron inilo o prolon




tells us that inside the neutron a down quark has
changed into an up quark, emitting an electron and
an antineutring.

Can we observe a quark?

A solitary quark has never been seen, The masses
and properties of the quarks have to be inferred
from those of the hadrons that they make up. The
reason why an individual quark has never been
observed is the enormous amount of energy that
would be needed to rip it from within a hadron.

Relatively speaking, splitting the atom is easy: it
takes only a few electronvolts to tear an electron
away and ionise the atom, Breaking up a nucleus
requires more energy, in the region of millions of
electronvolts, To separate a single gquark from a

protan would require around 10'% eV, This amount of

energy is more than enough to create a new quark-
antiquark pair. Rather than tear the quarks apart,
new quarks are created to replace the one you were
trying to remove. All that this would achieve would
be the creation of a new meson.

It is possible that quarks may be unconfined at
enormously high temperatures, around 10'? K. The
Universe was at this temperature a few microseconds

after the Big Bang. At these temperatures, neutrons
and protons ‘'melt’ into quark matter. It has also
been suggested that quark matter may exist in the
very high density at the centre of a neutron star, The
closest that we can get to these extreme conditions
occurs very briefly during the high-energy particle
collisions in particle accelerators [Figure 10).

Figure 10 The sprmy of particles produced at the Brookhavers Nabonal
Labontony when o gold ! hicth speed. Cuark metter

fs been created in these collisions, but it fasts for fess than 10

B U e == = S =
ASSIGNMENT 1: EXTENDING THE THREE-QUARK MODEL

Stretch and challenge

This is a comprehension exercise. The content here
goes beyond what you need to know for A-level, but
it should help you to improve your comprehension
skills and will go some way towards completing
your understanding of the standard model. Read it
carefully and then answer the questions that follow.

The six-quark model

The three-quark model was initially very successful,
but several arguments suggested that there should
be a fourth quark. One of these arguments was
quark-lepton symmetry. In the early 1970s four
types of lepton had been discovered [eight counting
the antiparticles). These four leptons could be
grouped as follows:

Leptons e Q=
0

-1
N g 0

1
¥

Only three quarks had been identified. These were
grouped as follows:

Quarks u 777 Q = +2/3

= Q =-13

Symmetry, often a guiding principle in developing
physics theory, suggested that there should be
another quark with charge + 2/3. The quark was
expected to have a larger mass than the other three
and to carry zero strangeness. It was expected to
have a new conserved property of its own. This
property became known as ‘charm’. In November
1974 two independent teams in the USA discovered
a new massive meson, which became known as the
Jhy particle. It had zero strangeness and zero charm,
and was eventually identified as being composed

of a charm quark and an anticharm quark pair,

cC. Because the particle had no overall charm, it
was said to have ‘hidden charm'! Later, particles
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containing a single charm quark together with other
quarks were discovered; these particles were said to
have ‘naked charm’!

With the discovery of the tau lepton (see section

5.6 of Chapter 3} and its neutrino, there were now
three families of leptons. To preserve the symmetry,
there should be two ‘new’ quarks, both considerably
heavier than those previously discovered. The two
new quarks were given the names ‘top” and ‘bottom’
They were expected to have zero strangeness

and zero charm, but they should each have a new
conserved property of their own, namely topness
and bottomness.

In 1977 a new heavy meson was discovered at
Fermilab in Chicago. This new particle, the ¥
meson, had all the right characteristics to be a
bottom-antibottom pair, bb. In 1995 Fermilab
completed the set: a hadron containing the
predicted top quark was confirmed, from the
pattern of its decay products. The top quark took
such a long time to find because it was much more
massive than anticipated, more than 40 times
heavier than the bottom quark and 35 000 times
heavier than the up and down quarks that make up
ordinary nuclear matter.

There was now symmetry between the leptons and
the quarks in that there are three families of each:

Leptons e, v, TV
Quarks u,d t.b

This symmetry is not just satisfying, it is an
essential part of quantum chromodynamics (QCD),
the theory that explains quark behaviour. The
number of pairs of leptons, ane with charge —1 and
the other with charge 0, must be matched by the
number of pairs of quarks, one with charge + 2/53,
the other with charge —1/3.

ll.- v"

8, €

Leplons Quarks
Electron Up '
Muon neutring | Strange
|
Table A1
Questions
Al What is the difference between a lepton and

A2

A3

Adb

A5

AB

A7

a hadron?

What is the difference between the three
lepton families?

There are three families of leptons and three
families of quarks. Copy and complete Table Al
to show this.

What connects the particles in each column
of Table A17 What changes as you go down
each column?

The ¥ meson had hidden bottom—explain!
Suggest the quark structure of a meson with
naked bottom. What other properties would
your meson have?

Is it possible to have a particle with hidden
charge, or hidden strangeness?

The properties of the quarks are shown in Table
A2, Construct a similar table for leptons.

At the end of most sections in this book there
are some ‘Key Ideas. These are short bullet
points designed to remind you of the main
points of that section, Write the ‘Key Ideas’ for
the information in this assignment.

Up, u + 23 1.5
Dovwn, d =15 13
Charm, ¢ + 23 13
Strange, s =113 15 =]
Top. t + 273 /3
Bottom. b =115 15

Tabke A2 Properties of the Six quirks
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4.5 EXCHANGE PARTICLES

The theory of interactions between particles
proposed a third group of fundamental particles.
On the subatomic scale exchange particles are
responsible for transmitting the fundamental forces
that hold nucleons, nuclei and atoms together. On a
larger scale they are responsible for the everyday
forces that affect our lives.

Exchange particles and Feynman diagrams
When two bodies exert a force on each other, perhaps
the floor exerting a force on your shoes, what is it that
happens between the two bodies? What happens to
make the two objects repel each other? The Japanese
physicist Hideki Yukawa suggested that when two
particles, A and B, exert a force on each other, a
virtual particle is created. This virtual particle can
travel between particles A and B and affect their
motion. The virtual particle, which may exist for only a
very short time, is referred to as an exchange particle
and it is the mediator of the force.

The idea of a force being carried by an exchange
particle can be pictured by considering two people on
ice skates (Figure 11). If one person throws a ball to

the other, both skaters' motion will be affected. In fact,

they will be pushed away from each other. We have
to stretch the analogy a bit to include an attractive
force, but if you imagine a boomerang being thrown,
rather than a ball, then the two skaters will be drawn
together. The analogy of a ball, or boomerang, being
exchanged is not to be taken too literally. In some

(a) Exchanging a heavy object

f

(b} Exchanging a boomerang

Figure 11 Analogy of particle interactions

interactions, it is not, or not just, momentum that

is being exchanged, but charge or other properties.
Indeed, in some interactions, involving the weak force,
this property is being changed.

The exchange particles that are transferred between
fundamental particles are known as gauge bosons
and each fundamental force has its own boson or set
of bosons.

The electromagnetic force

The electromagnetic force is carried between charged
particles by the photon, y. When two charged
particles, say two electrons, exert a force on each
other, a virtual photon is exchanged between them.
We can use simple diagrams to represent what
happens (Figure 12). These are called ‘Feynman
diagrams' after Richard Feynman (Chapter 2), who
devised them. The photon is a massless, chargeless
particle. In fact it is its own antiparticle: a photon is
identical to an antiphoton,

The strong interaction

Hideki Yukawa was working on the strong nuclear
interaction when he first proposed the idea of
exchange particles in 1935. He suggested that these
exchange particles could be travelling at close to the
speed of light across the nucleus. An exchange particle
moving at close to the speed of light has to exist for
about 10-?*s if it is to have time to travel across the
nucleus. This enabled Yukawa to predict a maximum
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y = a virtual photon

Feynman diagrams represent the events in an inter
In the diagrams in this book the sequence of time goes up
the page. Note that Feynman diagrams tell us nothing about

the actual paths of the two particles

have no significance

ngm fz‘ .:-"- "_.'I' I Fepressy it b electrons fe .-"-:.ul the siec T

Ao il Bf e i

@ resul 1 phaton being exchanged Detween therm

mass for the particle, which became known as the
pi meson or pion (Figure 13). The pion acts between
nucleons to hold the nucleus together (Figure 14).

We now know that, at a deeper level, the strong
interaction is mediated by gauge bosons called
gluons that pass between quarks.

Figure 13 Vukawa's predicted pion was discovered in 1947 ir

PSR o experiments. This cosrnic oy calision Drocdices o Sy o

T4

The angles in the diagrams

This Feynman diagram shows a pion
being exchanged between a proton
and a neutron. This exchange & th
source of the strong nuclear farce

p=a proton
n = a neutron
¥ = a neutral plan

Figure 14 Diogram representing plon exchange

The weak interaction

The weak interaction has a very short range. Its gauge
bosons are relatively massive, and since a large mass
(and therefore energy) means a short lifetime, the
exchange particles can only travel a short distance
The weak interaction has three gauge bosons, also
known as intermediate vector bosons, W*, W= and 2",
These bosons were eventually discovered in 1983 at
CERN. The weak interaction acts on both leptons and
hadrons. It is the only force, other than gravity, that
acts on neutrinos. This explains the fact that neutrinos
so rarely interact with anything,

The weak interaction can aiter the flavour of a quark.
Since W bosons carry charge, the weak interaction
may lead, for example, to an up quark being changed
into a down quark, Look back at Figure 9, which
shows the decay of a neutron into a proton (this is
what happens in beta-minus decay). Figure 15 shows
the Feynman diagram for this interaction, mediated by
a W~ boson.

Figure 16 shows the detail of the changes at a
fundamental level,

The W is a type of axchange

particie known as a boson

In hF_"-:.T|-i'|'|:.'-Ii-_ I,'jl'"l'-’.:,. 4 NEUIron | II.J.!I':__J.—'-. Into a proton,

and an electron and an antineutring are emitted



The weak interaction is also responsible for beta-plus
[positron) emission. For example, in the decay of
magnesium-23,

1iMg — “INa+e' +v,

a proton decays into a neutron. One of the down
guarks in one of the protons in the magnesium
nucleus has changed to an up quark.

Some other weak interactions are shown in Figure 17,

Because the weak interaction can change the
flavour of a quark, it may change the strangeness
of a hadron, with the result that strangeness is not
conserved in weak interactions.

Gravity

The gauge boson that carries the gravitational force
has been named the graviton. It is predicted to have
zero rest mass and zero charge, but it has never been
detected. Because the graviton is massless, it has

Exchange parlicles m

@@é neutron

The exchange of a W~ boson changes a neutron into a praton

by changing the flavowr” of a quark. A down quark is transformed
into an up quark. The W™ then decays, via the weak force,

into an electran and an antineutring.

Figure 16 Charges in quarks due to the weak inferaction in beta-

infinite range. Gravity acts between all particles, but it minus decay
is the weakest of all the four forces,
Table 13 summarises the forces and exchange particles.
Beta plus Electron capture Electron-proton
(positron decay) collisions
Ve
n
ad
W
p
& proton decays into a An atomic electron can be An electron can collide with
neutron, emitting an absorbed by a praton in the @ protan, emitting a neutron
electron neutrinp and a nucleus — "electron capiure’, and an electran neutring.
pasitron. The decay occurs The decay occurs via the The decay occurs via the
via the weak interaction and  weak interaction and is weak interaction and is
is mediated by a W+ boson.  mediated by a W+ boson. mediated by a \W- boson,
pP—=n+v.+et P+E” —e N+V, P+8 —= n4+v,

Figure 17 Diograms representing otiver weak interoctions

Force Strong Weak Electromagnetic Gravity
Exchange particle Gluon W+, W~ and Z° bosons Phatan Graviton
Leptnns Electrons, muons, taus X v 7 v
Neutrinos (e, p, 7) X v X v
Hadrons Mesons v v ¢ (if charged) v
Baryons v v ¢ [if charged) v

Tabfe 13 Rarticles and the forces between them
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QUESTIONS

10. Positron emission happens when a proton
is transformed into a neutron. A positron
and a neutring are emitted. Draw a
diagram (similar to Figure 16) to show what
happens to the quarks.

11. What are the differences and the
similarities between gravity and the
electromagnetic interaction?

12. Why do neutrinos interact so weakly with
other forms of matter?

13. Which of the fundamental forces is
responsible for:

a. binding electrons into atoms
b. holding the nucleus together
¢. beta decay?

» Forces are carried by particles known as
Schang gl e

» The gauge bosons for electromagnetic forces
and gravity are massless. These forces have
infinite range.

¥ The gauge bosons for the strong and weak
interactions have mass. These forces are
short range.

» Two of the gauge bosons for the weak interaction,
W+ and W, carry charge. Charge conservation
applies at all times in an interaction.

» The strong interaction only acts between
hadrons, that is particles made up of quarks.

» The weak interaction acts on all particles.

I T S SR SRS Eae Tk — B ESS L s SSSSSSSSs
ASSIGNMENT 2: PARTICLE PHYSICS — BETTER TOGETHER!

Your task is to write a letter to the government to
try to persuade them that it is a good idea to take
part in international scientific collaborations such as
that at CERN.

Read the following article on the development
of knowledge about particle physics. Use this as
your starting point, supported by the knowledge

huch as wed ke to belleve that science can be done by a lone genius,
toiling In her basement laboratory. the fact of the matter is that discovering
the fundamental secrets of the universe doesn't come cheap!

In 1857, J.J. Thomson discovered the electron, the first fundamental
particle, using & cathode ray tube, He deslgned and carried out the
experiments himself. His apparatus, which cost cnly a few pounds, accelerated
electrons to an enengy of just less than 500 eV, The energy. complexity and
cost of particle physics experiments has rsen ingxorably since then.

" In 1808, Rutherford used alpha particles with energy of a few MeV to
probe the atom but higher-energy particles were needed to probe the
nucieus. Early inthe 1930s, there were two new developments in particle

: accelerators, one in the USA and the other in England.
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Ernest Lawrence bullt the first cyelotron in 18371, at the Berkeley Lab in Figure Al The first cyciotron accelerated
California, using brass, bits of wire and sealing wax (Figure A1), [t was only protons toan energy of 1.2 MeV

10 cm across, eashy small enough to hold In your hand, and cost about $25.

Cyclotrons were used to discover many different isotopes and played an important role In the development of the first
ruclear weapons. They ans still used today to create artificial radioisotopes and to trest cancer by proton therapy.

you have gained from studying Chapters 3 and

4, and some further research, to explain to the
government the advantages of being involved in
such collaborative projects, and why it is difficult to
pursue such research alone.

[Useful search terms include: international scientific
collaboration, CERN, particle physics research.)

e



Exchange particles

In the 1230s, in England, John Cockcroft and Emest Wakton
designed an accelerator that split the nucleus for the first time.
Their machine, engineered in Holland, could accelerate protons to
about 1 MeV (Flgure AZ), The method they used to multiply the
valtage is still used today where high electroatatic voltages are
required, in photocopiers for example.

Cockeroft and Walton's machine accelerated particles through a large
potential difference. Alinear accelerator (linac) achisves higher particle
energies by repeating that process several times, Stanford in California
is home to SLAL (the Stanford Linear Accelerator Laboratory), the
worlds largest linac at 2 miles long. SLACs discoveries includs the
charm guark, the tau lepton and the quark structure of protons and
heutrons, In 207 2 it had an annual bugget of $ 350 million,

The most recent discoveries in particle physics have come from
the Large Hadron Collider (LHC) at the European Organisation for
Nuclear Essearch (CERM), Geneva. CERM was founded in 1254 with

. ; the aim of keeping Europe at the forefront of nuclear research. |t has
PO AZ. s versan G"‘r.m:? Eochrol o\ been estimated that the cost of finding the Higgs boson was just
Wallon accelerator was buit in 1937 by Phillips /
in Eindheven for £6000, and is now in the Science ~ ©ver 13 billion. The cost Is shared between 211 member states as
fdusenm in Losdon well as Institutions and universities from the USA. Japan and many
other parts of the world.

Teday, CEEN employs 10 times more engineers than research physicists, and much of the engineering Is large scale
and highly speclalist, Complex civil engineering techniques are needed. The LHC runs In 2 27 km long circular tunnel and
the major experiments are housed in artificlal caverns placed around the circumference. For example, the Compact
Muon Scattering (CMS) experiment required two shafts to be
built, diametear 12 mand 20.5 m, both of which were 100 m deep.
The alignment of the main particle accelerator needs to be cormect
toless than a millimates — no mean feat over a length of 277 km.
Maintaining that precislon demands accurate monltoring and a
detailed understanding of the reglon's geology.

The mechanical and electrical engineering challenges are equally
demanding. For example, the electromagnets that steer the
particle beams have To run at-a temperature of 19K [-271.3°C)
and carry an electric current of almost 12 000 A When the
_ proton beams collide, there are millions of events (collisions and
decays) per second. CEREN has analysed over 800 trilllon collisicns
while lasking for the Higgs bason, The computing power needed to _
analyse these events Isdistributed worldwide at 770 computer MAS n 1969 Tim ﬂjm ol rﬂﬂ.’l Bemers:
: Lee invented the World Wide Web to improve
centres in 35 countries. The data communication requirementaled o ooin bomsesn soontists involved with
Tim Berners-Lee (Figure A3) to develop the World Wide Web. research ar CERN.
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As scientists strive to understand dark matter, dark energy and the antimatter problem, they need to reach higher
and higher energles. The coste will grow — see Figure A4, The LHC has been upgraded to reach 13 TeV. but to reach
enargles of as much 25 100 TeV a new accelerator, ina much larger 100 km circumference tunnel, has been proposed.

£ ]
103 = i B LHC upgrade
F
3 LHC

“]11 i

10" - Colliding beams
4 1ul'ﬂ o
’ 4

ra
Energy (€¥) 109 ”f Synchratron
’,i Synchrocyclotron
108 - .." | [inac
.f
m’ Cyclotron
wr ¥
¢ Cockcroft-Walton
108
1 1 | 1 | | | | I 1 I
1920 1840 1960 15980 2000 2030
Year

Figure A4 This graph shows how the particie energy produced by acceleratars has increased wilh time

Notice that the scale on the y-axis is logarithmic = it increases in multiples of 10, rather than in equal steps.

The log—iinear plot fs close &0 a stroight fine which shows exponential growth falthough the mast recent
« points on the graph, for the LHC, show that we are now falling short of that|.

The final picture?

The list of fundamental particles now includes

24 'matter’ particles (six leptons and six quarks
and their antiparticles) and five ‘force’ particles
(gluon, photon, W, Z and graviton) — see Figure 18.
Among these, only the graviton has yet to make an
appearance. No-one has yet been able to explain
why there are three lepton and three quark families,
or why our Universe prefers matter to antimatter, or
exactly how the Higgs boson gives different masses
to different particles, or what dark matter and

dark energy really are. There are still a lot of ‘big’
questions that need answers.

Figure 18 Fundamental particles of the standard rmode
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4.5

Practice questions
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5 WAVES

PRIOR KNOWLEDGE

You will remember some basic ideas about waves
and their behaviour. You should recall that all waves
can be reflected and refracted, and know that sound
and electromagnetic radiation (including light) travel
as waves,

LEARNING OBJECTIVES

In this chapter you will build on that basic
knowledge. You will learn about the differences
between progressive and stationary waves, about
the superposition of waves and about polarisation.

(Specification 3.3.1.1, 3.3.1.2, 3.3.1.3)

Ten-year-old Tilly Smith was an a beach holiday in
Thailand when she saved her family, and around 100
others, from disaster. When the tide rushed out very
suddenly, Tilly raised the alarm. She had heard about
this ‘'drawback’ in a geography lesson and knew a huge
wave would follow. The beach was evacuated safely. It
was Boxing Day, 2004. An earthquake centred below
the sea near Sumatra had triggered a huge wave,
known as a tsunami [Figure 1), The tsunami struck
the coasts around the Indian Ocean with enormous
force. Together, the earthquake and the tsunami killed
in the region of 250000 people and caused massive
destruction in many countries.

The tsunami was caused when the earthquake
suddenly lifted a section of the seabed by several
metres, displacing around 30km* of water. This
disturbance sent a series of waves acrass the ocean.
Out in the deep ocean the waves were only 60cm

of a jet aircraft, between 500 and 1000kmh~'. As the
tsunami reached the shallower water near the coast,
it slowed to 20kmh~' and grew rapidly to a height of
20-30m in some places.

It is possible that an even larger tsunami could

occur in the North Atlantic. One side of the Cumbre
Vieja volcano on La Palma in the Canary Islands is
unstable. If a large part falls into the sea, it could
cause an enormous wave. The wave would travel at
around 800kmh~' across the Atlantic, spreading out
as it went. Some of its energy would be dissipated,
but it could still be around 50m high on striking the
coastline of North America.

Unfortunately, not every beach or shoreline has a

Tilly Smith to sound the alarm. The first indication of
a tsunami may well be the earthquake itself. But an
international tsunami warning system now covers the
Atlantic, Pacific and Indian Oceans. Scientists monitor
seismographs, tidal gauges and tsunami detection
buoys and it should be possible to alert people and
also avoid false alarms.

Figure 1 An approaching tsunarnf



5.1 PROGRESSIVE WAVES

The ripples spreading across the surface of water
(Figure 2) are a familiar example of wave motion. We
see a repeated, regular disturbance of the surface

as a wave travels across the water. Each point on the
surface of the water is displaced, rising up to a crest
and down into a trough. This pattern of displacement
is repeated regularly as the crests and troughs pass
by. Water molecules gain gravitational potential
energy, which is then transferred to kinetic energy and
back to potential again as each point on the surface
rises, falls and rises again. Oscillating water molecules
act on their neighbours so that as one point on the
surface goes up towards a crest, an adjacent point
also moves upwards but reaches the crest slightly
later. The process is repeated across the water surface
s0 that the crest moves across the water.

Water ripples are examples of progressive waves.
Progressive waves transfer energy but they do not
transfer any matter. There is no net movement of
water. Similarly, when you shout, the vibrations of
your vocal cords cause sound waves in the air, which
carry the energy across the room, but the air does not
go with it. If you flick the end of a rope, as in Figure
3, the wave carries the energy to the other end, but
you still have the rope in your hand. In each case
energy is transferred, but there is no net movement
of the material (known as the medium) that carried
the wave.

Fgure 2 Ripples on waler

Figure 3 A progressive Bransyerse Wave o a rope

However, the individual particles of the medium do
move. Each particle oscillates about its equilibrium
position — that is, where it would be with no wave to
disturb it. When the wave has passed, the particles
return to their original positions so that the passage
of a wave |leaves the medium itself unchanged.

1. Teacher: “What is a wave?"
Student: "A wave is a mobile energy store.”
Teacher: “A good answer, but ..."

In what respect is it a good answer? Why

is the teacher not completely happy with

the answer?

Use the example of a wave on a string (Figure 4)
to illustrate your suggestions,

lransverse waves

In Figure 3 the end of a long rope is being wiggled
up and down. A progressive wave travels along

the rope. Each point on the rope is oscillating up
and down, displaced from its equilibrium position.
These oscillations are out of step with one another.,
In Figure 4, as the wave travels from left to right, the
motion of peint 12 is slightly delayed compared with
point 13, the motion of point 11 is sightly delayed
compared with point 12, and so on along the rope.
In fact the wave is a sequence of oscillating particles,
each pulling on adjacent particles, each with a
displacement slightly out of step with its neighbours.

These waves are transverse waves, This means that
the oscillations of the particles are at right angles to
the direction in which the wave travels [the direction
of propagation). Surface waves on water, waves on
stretched strings and electromagnetic waves are all
examples of transverse waves.

—

'

3 trough

Figure 4 Fach particle of the rope [s oscilfating ug and down abou

i equilibaum position, Each particle’s as

I IS Shightly ot of step
with that of adiaoent anes = it has a shightly diferent displacernent ot

any instant of e



ASSIGNMENT 1: ANALYSING ENERCY TRANSFER BY WAVES

(MS0.3, MS3.1, M5 3.3 MS 4.2)
Questions

Al Look at the photograph of the circular ripples
in Figure 2 on the previous page. How do
the ripples change as they move across the
surface? What happens to the wave's energy?

Imagine you have been given a ‘Ripple-o-meter’
that can measure the energy of a ripple, E. Actually,
the ‘Ripple-o-meter’ cannot measure all the ripples
at once. It really measures the energy of part of a
ripple, the energy per unit length (E/L). Suppose
that you are lucky enough to have several ‘Ripple-
o-meters. You place them at different distances,

r, from the source of the ripples and take readings
of EIL.

A2 Describe what you would expect to find.

A3 Compare the waves in Figure Al with those
in Figure 2. What differences are there?
How could these ripples be formed? How
could you create sound waves or light waves
that are similar to the water waves here?

Agure Al Stroight water fpples

2. Suppose that the wave in Figure 4 is moving
from left to right at 1 cms~'. Sketch the wave
on the rope and add a sketch to show how
the rope would lock 15 later.

3. A Mexican wave (Figure 5] looks like a

progressive wave — each person is ‘oscillating’

slightly later than the person before them.
Why is it not a true progressive wave?
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Stretch and challenge

A4 a. Explain quantitatively what you
would expect to find from your
experiment with circular ripples using
‘Ripple-o-meters’ — that is, suggest
a mathematical relationship for the
results,

b. What graph could you plot to test your
relationship?

¢. How could you use your graph to find
the total energy in each ripple?

d. What have you assumed?

How does your answer relate to a
different example of wave motion, say
the light from a star? What are the
similarities and differences?

A5 a. How would your answer to guestion
A4 change if the waves were
straight, as in Figure A1, rather than
circular ripples?

b. How does this relate to a real source of
straight-line light or sound waves?




travel s P
ST Seagullbobs | 7|\

up and down

water moves in an elliptical path

Figure 6 A surface water wave is not a true transverse wne The
water particles are not merely dispiaced up ond down by the wave
they move in roughiy efiotical paths: in the direction of the wave
molion ot g crest, and in the opposite direclion i g rough.

Transverse waves can, as we commonly see, travel
across a water surface, but they cannot propagate
through a body of water. (A surface water wave is not
a perfect transverse wave, The water particles are not
merely displaced up and down by the wave, but move
in roughly elliptical paths: in the direction of the wave
maotion at a crest, and in the opposite direction in a
trough (Figure 6).)

Longitudinal waves

Progressive waves can also propagate through a
material as a longitudinal wave, This is how sound
waves travel through air. A vibrating object, such as
a tuning fork or a loudspeaker, pushes periodically
on the air near it, compressing and expanding it

at regular intervals. The result is a pressure wave.
Muolecules in the air are forced closer together and
then further apart in the direction of propagation,
resulting in regions of compression and expansion [or
'rarefaction’) of the air. This can be modelled using a
Slinky spring (Figure 7).

A compression is a region of relatively high pressure
and density where the molecules are closer together
than their average positions. In a rarefaction the
molecules have moved further apart than usual,

F‘rﬂgregs‘lve sl “
R PP R PO PRGNS P,

cncnicncn

ALALA
F*\/\/\/\/\Jnme

= compression, R = rarefaction
atrn:::spherlc pressure

Flgure 8 Sound is a pressore wave: the air pressure varies as the
sound wove passes, The pressure s highest at a compression and
Iewvest at a rarefoction. Even for g very foud scund these changes
are small compared o aimosphertc pressure. typically 20-30 R
compared o atmospherfc pressure of around 100000 g

leading to a region of lower density and pressure.
These variations can be plotted on a graph [Figure 8).

Mechanical waves and electremagnetic waves
All the waves in Table 1 [see the next page] are
mechanical waves. They transfer energy through a
material (medium) by the oscillations of particles.
Mechanical waves may be transverse or longitudinal.

Electromagnetic (EM) waves are not mechanical —
they do not require a medium in which to travel.
Light, infrared (IR) and ultraviolet [UV) radiation from
the Sun (Figure 9) would not reach us otherwise.
Since all other waves need a medium, one theory
suggested that space s not empty at all, but instead
is filled with a material known as the ‘aether’, The
aether was supposed to act as a medium to carry
the oscillations that made light waves. But all efforts
to detect the aether have failed. Electromagnetic
waves can propagate through a vacuum, without
any particle oscillation involved. So what is it

that oscillates?

each coill vibrates to and fro

continuous
to-and-fro

remun of

movement

travel of wave
.

COMPressions

rarefactions

A long spring (slinky) can be used to show the passage of
longitudinal wave.

Figure 7 A jongitudinal wave
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Sea surface wave Water Transverse Wind. E}ther dlsmrh.:lnces 1::'.: I:he water surface
(approximately]  [from throwing in a pebble, to earthquakes)

Waves on strings, for example,  Stretched nylon or Transverse Plucking a string (guitar], scraping a bow
in musical instruments metal strings across it (violin} or striking a string [pianao)
Seismic waves Rocks in Earth's Transverse and Earthguakes, explosions

lithosphere and mantle longitudinal

sound waves Often air, but can be Longitudinal Vibrations of molecules in the air, caused by a
liquid or solid vibrating object

Table I Some exomples of mechanical woves
The answer is that EM waves are linked electric fields A grIc el
and magnetic fields. Such felds are regions of space \
where an electric charge would feel a force [these |/ :.rff*’
ideas will be dealt with more fully in Book 2]. As an ;}Q"‘ﬁ T _/j
EM wave passes, the electric and magnetic fields “;;,,h_ "'.
oscillate, As the electric field changes, it induces 2 sk J'f 7 N\
a change in a magnetic field at right angles to it. |_ '
Similarly, as the magnetic field varies, it leads to a '
change in the electric field. This periedic fluctuation |

7 \ /T‘RH Direction
propagates through space as a self-perpetuating g “~ of wave
wave (Figure 10). The directions of the varying electric travel
and magnetic fields are always at right angles to the Figure 10 An electromagnetic (FM) weve

direction of wave propagation. Hence EM waves are

transverse waves.

-

- Electnic field

4, a. Sound travels as a longitudinal wave. It
travels through solids much more quickly
than it travels through air. Suggest why.

b. “In space no-one can hear you scream.”
Why not? Why is it you could see an alien
spaceship, but not hear it?

5. Seismic waves can travel through rock as
either transverse or longitudinal waves but
transverse waves cannot travel through a
body of a liquid. Explain why.

6. Design a brief demonstration to show that
sound waves from a loudspeaker cause
longitudinal waves in the air.

7. Explain how you would prove to a class of
younger students that sound is a mechanical
wave and light is not.

Fgure 9 A solar figre photographed at LV wavelength. The

Sun ermits EM mdiation arross the whalle spectrum, from radio woves 8. Gamma rays are electromagnetic radiation of
to gamima rays. EM waves all travel through a vacuum at the same very high frequency. How does their speed in
speed of 2.997 x 10P ms™". Thanklull the Earths atmasphere a vacuum compare with that of radio waves?

shields us from the most hormful wavelengths




Stretch and challenge

9. The graph in Figure 11 shows how, at an
instant in time, the displacement of particles
from their equilibrium position varies with

distance along a longitudinal wave.
Displacement / cm
0.3
L] S S i Bl Ay $

Distance from source f cm

Figuire 11

a. Copy the diagram and mark with dots the
positions of the particles that are at their
equilibrium positions.

b. Positive displacement is in the direction of
travel of the wave. Which of the particles you
have marked are at compressions? Which
are at rarefactions? Mark them C and R.

¢, Mark with an X the particle whose
equilibrium position is 1 cm from the
source of the disturbance.

d. In which direction is particle X moving?

5.2 LOOKING IN DETAIL AT WAVES

Displacement-distance graphs, wavelength
and phase

Progressive waves can be drawn as they would look
at one instant in time (Figure 12). Such a ‘snapshot’
shows how the displacement of the particles

Locking in detail al waves “

depends on their distance from the wave source, at a
certain time.

The displacement is measured from the equilibrium
position and may be either positive or negative. The
maximum displacement caused by the wave is known
as the amplitude, A (see Figure 12). The amount of
energy transferred by a wave depends on its amplitude.

The distance between any two consecutive points on a
wave that have identical displacement and velocity is
referred to as the wavelength, A (see Figure 12), The
wavelength is measured in metres.

QUESTIONS

10. Two seagulls are 150 m apart on the surface
of the sea. They are bobbing up and down
as waves pass them, When one of the
seagulls is at the crest of a wave, the other is
in a trough. When this happens there is one
wave crest between the seagulls. What is the
wavelength of the waves?

If we observed two points on the wave that are exactly
one wavelength apart (such as ‘a’ and 'b’ in Figure 12),
we would see that they oscillate in step with each
other. These points are said to be in phase. Points
on the wave that are half a wavelength apart reach
the opposite extremes of their oscillation at the same
time, like points ‘a’ and 'c’ in Figure 12. These points
are in antiphase, i.e. completely out of phase with
each other, Other points on the wave, like ‘a’ and ‘d’,
have a phase difference that depends on what
fraction of a wavelength lies between them.

direction of wave travel

1.0
1 * :
2 05 : A\< b
fi 150 200/ % _
od 50 mnw
’ c Distance / m

-1.0

Figure 12 A dispiacement versus distance graph showing o wave at
an instant in bme

Displacement / m

The phase difference between two waves, or between
two points on a wave, can be expressed as an
angle. One whole wave, or ane cycle (Figure 13),
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Displacement
2 \ 2
. ‘3‘.""]* 9“‘\ /‘.\% %
P e 1 4 Distance / 4
(v
4 a

As the particle moves around the circle, its displacement
above and below the x-ais traaces out a sine wave,

Figure 13 Fhase diference as an angle

represents an angle of 360°. Two points with a phase
difference of 360° are in phase because they are one
wavelength apart. Points with a phase difference of
0°, 3607, 7207, ..., n = 360" are in phase [where n
is an integer).

Two points with a phase difference of 180° are half
a wavelength apart and so exactly out of phase,

In fact any two points that are an odd number of
halfwavelengths apart will be exactly out of phase.

Phase difference is sometimes expressed in radians
rather than in degrees. One radian is defined as the
angle turned through at the centre of a circle when

a distance of one radius is travelled around the
circumference (Figure 14). Since the circumference
of a circle of radius ris 2mr, there are 21 radians in
a whole circle. So 2 radians is equivalent to 360°,

5=ar
length = r

A radian is defined as the angle at the centre
of a circle that is subtended by an arc that is
the same length as the radius.

The angle & Is defined as 8 = arclength _ 5 i radians
radius r

This i ofter written as s = . When s =1, @ = 1 radian.
Figure 14 Definition of a radion

Phase difference in fractions of a cycle

Phase difference in degrees

which means that one radian is an angle equivalent
to approximately 57.3°. A phase difference of 21 is
the same as 3607, and it refers to two points that
are a whole number of wavelengths apart. Table 2
summarises how phase differences can be expressed.

QUESTIONS

11. a. Sketch a displacement versus distance
graph for a transverse wave with a
wavelength of 1 m and an amplitude of
1 m. Show three wavelengths.

b. Mark a point at the top of the first wave
crest and label it A. Now mark, and
label, a point that has a phase difference,
compared to A, of:

/2 (label it B)
m (label it C)
21 (label it D).

12. Two points on a wave have a phase
difference of /6 radians.

a. Express this phase difference in degrees,

b. If the wavelength of the wave is 3m, what
is the smallest possible distance between
these points?

Displacement-time graphs and frequency
Rather than sketch a wave at a point in time, we

can concentrate on one point and sketch how its
displacement varies with time (Figure 15). The graph
looks very similar to Figure 12, but now two points
on the waveform are separated by a certain time,
rather than by a certain distance. The time taken for
one complete wave to pass by a point is known as
the period, T, of the wave, and it is often measured
in seconds.

The phase difference between points on the wave now
depends not on what fraction of a wavelength lies
between them, but on what fraction of the period T
separates them.

Phase difference in radians

e 1 360°, 720°, 1080°, .. 2, 4m, 6, ... :
112, 312, 512, ... 180°, 540°, 900°, ... 7, 3M, 5, ..
114, 514, 914, ... 90°, 450°, 810°, ... /2, 512, 912, ...

120°, 480°, 840°, ... I3, B3, 14m73, ...

V&, 443, 75, ...

Table 2 Phase diferences expressed in different ways
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Displacement / m
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Figure 15 Displacement versus time graph o point on a wane

The period of wind-driven ocean surface waves

is typically around 10s. That means that there is
one-tenth of a wave every second. The number of
waves every second is known as the frequency of the
waves and it is measured in hertz (Hz). In this case
f=se=0.1Hz

The frequency of a wave depends only on the wave
source and is not affected by the medium in which
the wave travels. For example, the frequency of the
sound wave from a guitar string depends only on the
frequency of vibration of the guitar string, and it stays
constant as it travels through the air.

The relationship between the period of a wave, T, and
its frequency, f, can be written as

el =]
f-T or T-?

QUESTIONS

13. A tuning fork emits a note of frequency
256Hz. What is the period of these
sound waves?

14. One of the unusual features of a tsunami is
its long period, typically about 1 hour. What
is the frequency of such a tsunami?

15. What is the phase difference of the two
waves shown in Figure 16:
a. in fractions of a cycle
b. in degrees
c. in radians?

Displacement

Wave !'-.i'pi:’l;‘d m
9.3 WAVE SPEED

The speed of a wave depends on the properties of the
medium. In particular, the speed of a mechanical wave
depends on:

¥ the size of the forces between each vibrating
particle — the elasticity of the medium

} the inertia of the vibrating particles — how easy or
difficult it is to accelerate each particle.

A material can be thought of as a series of masses
connected by springs (Figure 17). As a mechanical
wave, such as a sound wave, progresses through the
material, the springs stretch and exert forces on the
masses. A wave would travel relatively slowly through
a system of weak springs and heavy masses.

Flgure 17 Anmiogy of a sound wave passing through a materia!

Sound travels much more quickly through a solid than
through a liquid or a gas (Table 3), because the forces
between adjacent particles are so much stronger in

a solid.

The speed of a wave, ¢, is connected to its wavelength, A,
and its frequency, f. Think about the ripples that spread
out when you dip your finger into and out of the water of
a lake (similar to those in Figure 2). If the circular waves
that spread out have a speed, c, then after 15 the first
wave will have travelled ¢ metres from your finger (Figure
18). If the frequency at which you dip your finger is f,
then after 1s there are f waves occupying a distance c.
The length of each wave, 4, is therefore

e
A=5

This relationship is true for all waves and is usually
written as

c=FfA

This equation can be used to calculate the speed of a
wave, if its wavelength and frequency are known.

Malerial Speed of sound / m 57
Iran 5000

Water 1500

Air 330

Table 3 Tpical speed of sound
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fraquency, £

Figure 18 [n one second there will be Fwaves, and the first wave wil
have trovelled a distance c metres, so h=sof

Worked example

A wind-driven ocean wave has a frequency of around
0.1 Hz and a wavelength of around 100m. This gives a

wave speed of

c=100m % 0.1Hz=10ms"!
Compare this with the speed of a tsunami that has a
low frequency of 2.7 x 10~*Hz, but a long wavelength
of up to 500 km in the open sea.
The wave speed of the tsunami is

¢=2.7 = 107*Hz x 500000m
= 140ms~' (about 500kmh™)

QUESTIONS

16. The speed of sound in air is about 330ms~'.
Calculate the wavelength of a sound wave
that has a frequency of 256 Hz.

17. The BBC transmits Radio 4 on the long-wave
band at a wavelength of 1500m. The
speed of radio waves in air is approximately
3 x 10°ms~'. Calculate the frequency of
these radio waves,

18. The graph in Figure 19 shows how
the displacement of a molecule in the
air varies with time as a sound wave
passes by.

a. Calculate the frequency of the
sound wave.

b. Use the graph to plot a velocity versus
time graph for the air molecule.

poisd (WA
NIRRT INTARE AR

-0.0005 ITIA
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"}'mﬁn 0.005 0.010
Time/s

Figure 19 Displacement versus time for an air molecule in
a sound wave
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ASSICNMENT 2: UNDERSTANDING SEISMIC WAVES

(MS 3.1, MS 3.2) The seismic waves that arise from earthquakes are of
two distinct types. The first wave to arrive is known
as the primary or P-wave. P-waves are longitudinal
Earthquakes can be very frightening events for the waves, which travel relatively quickly, typically

people involved (Figure A1) and can cause a huge 7500ms~". The jolt from the P-wave rarely causes
amount of damage (Figure A2). damage to buildings, which are built to be strong in
the vertical direction, The P-wave s just the herald
of worse problems to come. It is the slightly slower
moving, transverse 5-waves that cause much of the
damage. Unless buildings are built with earthquakes
in mind, they cannot withstand the side-to-side shear
forces (Figure A2).

The seismogram shown in Figure A3 is a
simplification. In reality there are reflections from
the boundaries of different layers within the Earth,
such as that between the core and the mantle.

Stretch and challenge

Fgure A1 7 vas parking miy carwien ihe first wove-from the
earthquake armived, {t felt ke a sharp it AL the time | was sure

that the driver behind ad run into me. | got out of the car o loak, P—WavE‘ :-:“5-'.,.-:-3'..'9.“ S Eaies saat BaEs ===z B LN
but there fiad been no contact. Moments later the ground began to arrival time £ arrival time S0 et Rt smunt AEEH 200
shake and masonry fell fmom some of the bullding=" & Siiiisseisninisacs soniisasiiiiisiiiien 1 EEEEE EEEEE
o T s N ot B exr e L
s | B T ===1 SESRY SREES |y
= RS
m :'}ﬁ: “t-:l — i LEEET 2o ::: 50
El e maa et 100
el
353 F58d 651 B 943 JgUHE 3R] 108 meey sz v L
e e 1250
D 10 20 30 40 50 &0 70 80 90
Tima /s
e - Figure A3 Sesmograph trace
Figure A2 Earthiuake darmage in San Francisco
Magnitude Whal il feels like How often worldwide
< 20 Mormally only recorded by seisn'mgraghs. Most people cannot feel them  Millions each year
2.0-29 A few peaple feel them, No bullding damage Over | millien each year
30-39 Some people feel them. Objects indoors can be seen shaking Ower 100 000 each year
4.0-4.9 Maost people feel them. Indoor objects shake or fall to floor 10000 to 15 000 each year
50-59 Can damage or destroy buildings that are not designed to withstand 1000 to 1500 each year
garthquakes. Everyone feels them
6.0-6.9 Widespread shaking. even far from epicentre. Damages buildings 100 to 150 each year
1.0-7.9 Widespread damage 10 to 20 each year
8.0-89 Widespread damage One each year on average
9.0-99 Severe damage to most buildings One in 5-50 years
> 10.0 Never recarded Mever recorded

Table Al The Richter scale
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Earthquakes are ranked on the Richter scale

(Table A1). An earthquake of less than magnitude

2 would not be noticed by most people; tremors of
that size happen almost all the time. An earthquake
of 9 on the Richter scale results in virtually total
destruction of all buildings and a large loss of life.
The earthquake that caused the 2004 tsunami
rated more than 9,

It is possible to rate an earthquake on the Richter
scale from a seismogram. The amplitude of the
S-wave is the key factor. However, we also need

to take into account how far the seismograph is.
from the epicentre. A ‘nomogram’ is used to find
the Richter value. A line is drawn connecting the
maximum displacement on the seismogram and
the distance to the epicentre, and the value on the
Richter scale is the point where the line intercepts
it. In Figure A4, a maximum amplitude of 10mm
at a distance of 100 km indicates 4.0 on the
Richter scale.

200 - 50 - 500
700 - = 200
600 - 7.0 L 100
500 - - S0
400 - i .
300 5.0 110
~ }5
200 ~ 4, =
el -2
1004+~ 30 1
60 - L 0.5
=] - L 0.2
1.0 L 0.1
20 -
Distance Richter Amplitude
(kilometres] magnitude  (millimetres)
Figure A& A Richiter nomogram
5.4 POLARISATION

We cannot see directly that light is a wave, but we
can see it behave in a similar way to waves on strings
or an the surface of the sea. Light can be reflected
from a surface, just as a wave on the sea is when

it hits a harbour wall. It can also be refracted, just

92

Questions

A1l Figure A% is a trace from a seismograph
showing the delay between the arrival of the
P-wave and the S-waves. This P-5 interval
can be used to estimate the distance from
the earthquake's epicentre. If P waves
travel at 7500ms—1 and S waves travel
at 4000ms—1, estimate how far away this
seismograph reading was from the epicentre.

A2 It takes at least three readings from different
seismograph stations to identify the position
of the earthquake's epicentre. Why is this?

A3 Use the seismogram (Figure A3} and the
nomogram (Figure A4) to estimate where
this earthquake fits on the Richter scale.

A4 Explain why the distance from the epicentre
has to be taken into account when rating an
earthquake.

A5 a. The Richter scale is not a linear scale.
Imagine you are looking at seismograms
that are all taken at 100km from
the epicentre of an earthquake. Copy
and complete Table A2 to show the
maximum amplitude of the S-waves for
various magnitudes of earthquake.

Magnitude on the
Richler scale

Maximum amplitude
of S-wave / mm

Table A2

b, Plota graph of the results from your tabie.
Plot the Richter scale value on the x-axis.

c. What shape of graph is this? What value
of amplitude would you expect for a
Richter scale valueof 67

as water waves are on reaching a shallower region
(see Chapter 7). Neither reflection nor refraction
is convincing proof that light is a wave. After all, a
solid object, like a tennis ball, can be ‘reflected’
from a racket. But light can also be polarised,
which is a phenomenon that is only shown by
transverse waves,



Transverse waves, as we have seen, have oscillations
that are perpendicular to the direction of wave
propagation. There are an Infinite number of ways
that this can happen. Figure 20 shows some different
possible orientations for the oscillating electric field
vector of an electromagnetic wave,

wave
travel

Figure 20 An unpolarised wave has vibrations that move in
any direction perpendicifar to the wave motion. Ordinary ight
is unpolarised

If the oscillations are confined to just one plane,

the wave is said to be plane polarised. Because an
electromagnetic wave has an oscillating electric field
and an oscillating magnetic field, we take the plane of
the electric field to be the plane of polarisation.

Polarisation provides the most convincing evidence
that light is a transverse wave. Visible light is

usually unpolarised, though some sources, such as
liquid-crystal displays, emit polarised light. Light can
also become polarised by reflection or by transmission
through certain materials.

Light can be polarised by transmission through a
polarising filter. Polarcid is a plastic with long-chain
maolecules that are aligned in the same direction,

A Polaroid filter (Figure 21a) absorbs light that is
polarised in a plane parallel to the chain molecules,
and allows light that is polarised at 90° to the chains
to be transmitted.

Light can also be polarised by reflection from a
non-metallic surface. When light strikes a surface,
some of it may be absorbed, some may travel
through the material, and the rest will be reflected
from the surface. Light that is polarised in a plane
parallel to the surface is preferentially reflected
(Figure 22). The light reflected from the surface

of water or glass, for example, is at least partially
polarised, so using Polaroid sunglasses can reduce
glare [see Figure 23 on the next page).

Potarisation m

horizontally
polarised light

narmal light
[unpolarised)

(a)

— horizontal
direction of light filter
X vertically polarised  polarised
(b) wave

{c}

Figure 21 (6] A polansing filter allows waves only with oscillotions in
@ particiiar prane to be ransmitted. [b) Twe fters that are parafel o
each other allow palarisad lght to be transmitted, [ Ifa second flter
is placed at night angles to the first, mo fght can be tronsmitted

unpolarised incident polarised reflected
light Hght _

W

Figure 22 Reflection of ight from a ron-metalic surfce results na
degree of polarisation paraiiel fo the surfice

When light is reflected in random directions by a
rough surface or by small particles, or molecules,

in the atmosphere, we say that the light has been
scattered. Scattered light from molecules in the
atmosphere is partially polarised. The light from

the sky is at its most polarised, and most blue
(because blue light is scattered more than red light),
at 90° from the direction of the Sun. A Polaroid
filter on a camera can improve the contrast in a
sunny scene.

Polarisation of radio waves

All electromagnetic waves are transverse and
therefore capable of being polarised. The radio
waves used to transmit TV signals are polarised.

The alignment of the receiving aerial must match the
direction of the electric field vector of the transmitted
wave, otherwise the received signal will be weak (see
Figura 24 on the next page).

For example, the TV transmitter that covers much
of Bristol, Bath and north Somerset transmits
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=T

(] With polarising ienses

) Without polarising lepses

Figure 23 Folaroid lenses reduce the reflected glare

horizontally polarised radio waves, The transmitter
has an output power of around 250kW and is
mounted on a 300 m high mast on Penhill, itself
300m above sea level. Despite this, the signal
cannot reach all the villages and homes in the
area because the Mendip Hills get in the way. The
short-wave (UHF) radio waves used for television
do not diffract (bend arcund obstacles) sufficiently
to be picked up by an aerial in some areas. Many
houses therefore have a second aerial pointing at
a different transmitter (Figure 25). Notice how the
aerials are differently aligned to receive waves from Figure 25 Neighbouring TV transeitters tronsmit radio woves
different transmitters. pofarzed in opposite planes, 5 orevent signals interferng wath
each ofher

transmitting transmitting

aenal vertical aerial horizontal
o receiving | receving
electric field aerial vertical electric field vector aenal vertical

= g IRU A == \ ; L
Vv V

—

/

received signal received signal

Figure 24 The glectrons oscillating in the transmitting gerlal couse a radio wave with its efectric feld polansed in the same plane as
the transmitting aerfal, The recelving cerfal has fo be aligned in the same plane o get the maximur signal
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slightly, the display goes black and | can't
read the speedo. I've also noticed that | can
see coloured patterns in the windscreen. Do
| need to seek medical advice or buy a new
pair of sunglasses?" Explain.

Optical activity

‘Optically active’ materials can rotate the plane of
polarisation of light. Sugar solution is able to do this.
The more concentrated the solution, the larger the
angle through which the polarisation plane is moved.
The effect is also used in liquid-crystal displays,
where the plane of polarisation can be controlled by Stretch and challenge
an applied voltage. Most modern flat-screen TVs use
this effect — try watching TV using Polaroid glasses
and then tilting your head!

21. Wearing Polaroid sunglasses can reduce the
glare that you see from reflective surfaces,
like the sea. Tilting your head from side to

Some optically active materials are affected by stress side varies how bright the reflections look.
(a deforming force). The larger the stress applied Explain why this happens.
to them, the greater the change in the plane of 35 it Hox been Sugpasted that if car

polarisation. The effect can also be dependent on
wavelength, which causes coloured patterns when were beams of polarised light, we could
the stressed material is viewed through a polarising avoid glare without having to dip our
filter. This ‘photoelasticity’ is useful in finding areas of headlights. Good idea? Explain.
excessive stress (Figure 26).

windscreens were polarising and headlights

23. “Sugar solution can rotate the plane of
polarisation of light. All sugars seem to
rotate it in the same way, to the right, say.
If you try artificial sugar, which chemically
seems to be the same in every way, it does
not turn the light. Bacteria eat sugar; if you
put bacteria in the artificial sugar water ...
and when the bacteria are finished and you
pass polarized light through the remaining
sugar water you find it turns to theleft.”

Richard Feynman

Suggest an explanation for Feynman's
observations.

Figure 26 Stress pattern caused by optical activily that is
wenelength dependent

QUESTIONS

19. Is it possible to have polarised sound?
Explain your answer.

20. "My car has a liquid-crystal display showing
the speedometer. If I'm wearing my Polaroid
sunglasses and put my head on one side
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ASSIGNMENT 3: DEMONSTRATING POLARISATION

(PS 1.2, PS 2.1, PS 4.1)

Your task is to prepare a short, say 10-15 minute,
lesson for a small group of younger students about
polarisation. You should plan to include at least
some of the demonstrations listed in Experiment 1,
or the demonstration described in Experiment 2, to
help you explain what polarisation is.

Questions

A1l Begin to write a plan for your lesson. Think
about how you will start. For exampile, it will
help if you can find out what the students
already understand about waves. What
questions could you ask?

A2 It would be possible to give an initial
demaonstration of the idea of polarisation
using a long spring or even a piece of thick
rubber tubing. How would you do this?

A3 Which experiment [1 or 2} will you use?
Read through the details given here and
make your decision about what to show.
What apparatus will you need? Write down
clear steps for yourself of the order in which
you will do things, so that your lesson goes
smoothly. Inciude any safety precautions
you will need to take. You will need to try
out the demonstrations first,

A4 What will you need to explain to the
students? Are there any diagrams that it
could be useful to draw and show, perhaps
using presentation software?

A5 If you get a chance to deliver your lesson,
take feedback from your audience and then
write an evaluation of how you did and how
you might improve on this another time.

Experiment 1. Light polarisation

This experiment consists of a series of
demonstrations involving polarised light. Most can
be carried out using very simple apparatus, for
example two Polaroid filters (a pair of old Polaroid
sunglasses would doj, a bright torch, a light meter
and a sunny day.

¥ [tis important to consider safety. Students should
be reminded that looking directly at the Sun for

any length of time can damage eyes.

» One polarising filter, or Polaroid sunglasses, can
be used to examine the polarisation of light from
different parts of the sky.

¥ A beam of polarised light can be produced
by shining a torch, or a ray box, through a
Polaroid filter.

» The intensity of light can be measured using a
light meter. It may be possible to find a suitable
app for a smartphone or tablet.

¥ A second Polaroid filter can be placed between
the detector and the light source. The intensity
transmitted through the two Polaroid filters
will depend on the relative orientation of the
filters. Varying this angle will alter the amount of
light transmitted.

» Observing reflected light through a Polaroid filter
will reveal that the intensity of light transmitted
depends on the angle of the filter. This is because
reflected light is partly polarised.

» If a Perspex set square is placed between two
polarising filters orientated at right angles, it
should be possible to see stress patterns in
the Perspex.

Experniment 2. Microwave polarisatiof

A microwave receiver and transmitter can be used
to demonstrate polarisation of microwaves (Figure
Al). The microwave transmitters used in schools
transmit polarised waves, which can be detected
by a receiver linked to an amplifier. The amplified
signal is used to generate an audio output. A
louder sound means that more microwave power is

being received,

to amplifier
and loudspeaker /

Figure A1 Microwave experiment



The microwave power emitted by school apparatus
is very low and presents no danger. However,

it is sensible to warn students that microwave
energy can be dangerous and it is good practice
to limit their exposure, for example by turning the
transmitter off when not in use.

The polarised nature of the waves can be
demonstrated by rotating the receiver about

5.5 SUPERPOSITION OF WAVES

It seems remarkable but it is possible to add
two sounds together and produce silence. ‘Active
noise control’ works on this principle (Figure27).
A reverse copy of the noise, ‘anti-noise’, is
added to the original noise to produce a much
quieter sound.

This sound ‘cancellation’ is possible because of what
happens to waves when they are added together.
When two similar waves meet, for example,

two sound waves or two water waves, the total
displacement is the vector sum of the two individual
displacements. This is known as the principle of
superposition. The vector sum means that we
need to take account of whether the displacement
was positive or negative. For example, if two water
waves meet with their crests together, the result
will be an extra high crest. If a crest meets a trough
of equal size, the resulting displacement of the
water will be zero (Figure 28). Superposition can

1IN OF Waves

a horizontal axis parallel to the direction of
propagation. A polarising grid, consisting of a
parallel set of conducting wires, can be inserted
between the transmitter and receiver. Asthe grid
is rotated, the received power will vary. The grid
is acting as an aerial, and it will absorb the most
energy when the wires are parallel to the electric
field of the microwaves.

Figure 27 The constant noise from a helicopter rotor (s stressiul for
the pilot and co-pdot and makes commurication dificelt, They wear
active headphones' that reduce the nioise by plauing a reverse copy
of the notse back inko the ears

be observed when any two similar waves meet.
Forexample, when the ripples on the surface of
water cross each other, they briefly add together
and then carry on as before {Figure 29,

i (a} in phase y {b) antiphase § {c) % phase difference ” (d) f and 3§
Wave 1 /f\\v? U/\\‘,r t 'l —
P # 1 x1 xt
Wave 2 /-\1? /-\\ i ” r'fﬁ

X

Surm of waves

when v
superimposad

Figure 28 Superposition. the result of adding two waves fogether depends on the phase diference between theim.
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Destructive interference Constructive interferance
of two pulses of two pulses

ey e g
PASS

- - : :

Figure 29 Twvo waves meel, add together and then pass through each other, undisturbed By the process,

Progressive waves carry energy in the direction that
the wave travels. But some waves do not appear to
propagate at all. These stationary waves are formed
by two progressive waves of the same frequency

24 The two wave pulses shown in Figure 30 are Sy : ; i !
travelling in opposite directions [Figure 32).

heading towards each other on a stretched
string. Sketch the displacement of the string
after 0.1, 0.2 and 0.3s.

Displacerment / cm

1]}, -l p— -—2ms!

ol [ l

B~ T T | 1 2 3 4 5 6Distance/m

Figure 32 A siohonary Wave on d strng

Figure 50 Imagine a rope with a person at each end, both
wiggling the rope at the same frequency so as to send
progressive waves down to the other end, These two

5 & STATIONARY WAVES waves add together, in accordance with the principle
of superposition. At certain frequencies, there are
points on the rope where the two waves always meet
with a phase difference of 180°. If the two waves have
the same amplitude, these points do not oscillate at
all; they are stationary points called nodes, At other
points alang the rope there are places where the
two waves always meet in phase. At these points the
displacement goes from zero to a maximum value
of twice the individual amplitudes. These points are
called antinodes. If the frequency of the wave stays
fixed, the positions of the nodes and antinodes do not
change (Figure 33). There is always a distance of half
a wavelength between two successive nodes, or two
successive antinodes.

Musical instruments rely on stationary waves

[or 'standing' waves) to produce notes (Figure 31).

A stationary wave on a violin string, for example,
makes the air around it vibrate, causing a progressive
sound wave to move through the air.

Progressive waves have crests that move at the speed
of the wave. Energy is transferred by the wave. In a
stationary wave the nodes and antinodes are both
fixed and no energy is transferred along the wave.
Stationary waves are formed in systems that have
Figure 31 The strings vibrale s SIaRONGrY waves boundaries. Progressive waves are reflected at these
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A = Antinode N = Node

(@) t=0
tm:%
{C} t= I
(dyt=3L
@t="1

Figure 33 Time-lapse diagram of a staionar wale

boundaries and stationary waves are caused by the
superposition of these reflected waves. The energy is
not transferred beyond the boundaries of the system
and becomes stored in the stationary wave.

There is another difference between progressive and
stationary waves, In a progressive wave there is a
phase difference between adjacent points (seesection
5.2). In a stationary wave all the points between
consecutive nodes are vibrating in phase. All these
points reach their maximum displacement at the same
time, though this is different for each point. All the
points on a progressive wave have the same amplitude.

Waves on strings

The standing wave on the string of a musical
instrument is set up because of the superposition of
the progressive waves that reflect from the fixed ends
of the string. This phenomenaon can be investigated
using the apparatus shown in Figure 34, Thevibration
transducer causes a wave to be sent along the string.
At certain frequencies a standing wave is set up.
These frequencies are known as harmonics.

signal generator pulley

vibration
transducer

Figure 34 The driving frequency of the inpud sigral is vaned ntil
it mmatches @ maturad frequency of vibrabion of the string, coled o
harmonic. This & an example of resanance

The frequencies at which the harmanics occur depend
on several factors.

¥ The tension in the string: in the experiment adding
extra masses to the end of the string will increase
the tension.

» The mass per unit length of the string: thicker,
heavier strings vibrate more slowly and the
harmonics occur at lower frequencies.

}» The length of the string: a shorter string has
shorter-wavelength vibrations, which |leads to
higher frequencies.

For a string that is fixed at both ends, there can be

no vibrations at the ends of the string. These points
are always nodes. The lowest frequency at which a
standing wave is formed is known as the first harmonic
(also known as the fundamental frequency). This
standing wave has a single antinode in the centre of
the string (as in Figure 32]. There is one half of a full
wavelength on the string, so for a string of length / the
wavelength of the first harmonic is

A=2]
and because c
f: I
then the frequency of the first harmonic is
c
fi= 37

The second harmonic is formed with a node in the
centre of the string. In this case there is a whole
wavelength on the string, so

A=

and
fo=~5=2f
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9 WAVES

The second harmonic has twice the frequency of the
first harmonic. A similar argument shows that, for a
vibrating string, all the harmonics have frequencies
that are integral multiples of the frequency of the first
harmonic (Figure 35).

The speed, ¢, at which a wave travels along a
stretched string depends on the mass per unit length
of the string, i, and the tension in the string, T. In fact

c=yL
u
Harmonic  Standing wave pattern Frequency
First | -
harmaonic : e )
Second
harmonic

| 2
node
Third ;
harmaonic . . [ fy= X
: ] ]
node node

harrmomic
node ™ node T node

Figure 35 Modes af vibration of a string of length!

That means the frequency of the first harmonic is
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The vibrations on a real string, on a guitar or violin for
example, are much more complex. Many of the harmonics
can be present at the same time, though the amplitude

of the higher harmonics is usually smaller (Figure 36].

As the string vibrates, it causes a sound wave in the air
around it This is amplified by the sound box, which is

the body of the instrument [Figure 37). The sound wave
will vibrate with the same mixture of frequencies that the
string vibrated with, though some of the frequencies are
amplified more than others by a sound box.

Figure 37 Holograms are used to show two-dimensional stationary
woves on the front plate of o guitar; These palterns are used to help in
the design of better guitars

25. Estimate the frequency of the lowest note
on a guitar. (The tension in a guitar string is
approximately 100 N.)

26. Why does a note played on a violin sound
different from the same note played on
a guitar?

27. The G string on a guitar plays a note of
frequency 196 Hz when played ‘open’, The
string can be shortened by pressing on a
fret. Estimate the frequency of the highest
note that can be played by pressing on
a fret.

28. If a guitar string is plucked, then touched
briefly in the middle of the string, a higher
note is heard. How much higher? Why?

29. A set of violin strings is replaced with strings
of twice the mass, What will the new tension
have to be, if the strings are to play the
same notes as before?

20. A local violine-maker wants to build a violin
that is one-quarter of the standard size,
but plays the same notes as the standard
version. What advice can you give her?



REQUIRED PRACTICAL: APPARATUS
AND TECHNIQUES

Investigation into the variation of the frequency
of stationary waves on a string
The aim of this practical is to verify the relationship

L 4
f-me;

for the first harmonic of a wave on a stretched string.
The practical gives you the opportunity to show that
you can:

} use appropriate analogue apparatus to record a
range of measurements and to interpolate between
scale markings

} use appropriate digital instruments to obtain a
range of measurements

» use methods to increase accuracy of measurements
¥ use a signal generator
} generate and measure waves using a vibration

transducer,

Apparatus

-x

vibration transducer

signal generator

Figure P1 The experimental sef-up

The standard experiment for investigating stationary
waves on a string uses a vibration transducer to
vibrate the end of the string. A vibration transducer is
similar to a loudspeaker; it has a metal post in place
of a paper cone.

One end of the string is connected to the post of the
vibration transducer and the other end has a loop so
that masses can be hung from it via a pulley [see Figure
P1). The tension in the string can be varied by changing
the mass, m.

A signal generator is connected to the vibration
transducer so that the frequency of oscillations can

be controlled (see Figure P2). The signal generator
sometimes has a digital readout of frequency. although
this can be inaccurate. Often, the frequency has two
controls: one determines the range of frequencies and
the other is a fine control. The scale of the fine control
is sometimes logarithmic, rather than linear, so that a
small movement of the control can make a large change
to the output frequency,

Figure P2 Signal generator

An alternative means of measuring the frequency

is useful, for example an oscilloscope, a frequency
meter or a stroboscope with a digital display. Using

a stroboscope has the advantage that the stationary
wave patterns are observed easily, but care has to be
taken because flashing lights can cause problems for
some people. Frequencies in the range 7 Hz to 15 Hz
should be avoided.

Techniques

The frequency of the first harmonic for a wave on a
string (Figure P3] is given by

vl Jf_
f = ﬂ x m
Since only one variable should be changed at a time,
several separate experiments are necessary.

1. To investigate the effect of tension, T:

The tension is varied by changing the mass, m,
on the end of the string. T = g, assuming that
the pulley is frictionless. The length, /, of the
string and its mass per unit length, 4, must be
kept constant,

Required practical m
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2. To investigate the effect of varying the mass per
unit length, p:

Mass per unit length is more difficult to change.
Several different strings, each of different
thickness or density, could be used. It is possible
to braid strings together to make strings of
2u, 3u, 4p, etc. The length, /, of the string and its
tension, T, must be kept constant.

The procedure is similar to that described in step 1.

A graph of frequency (y-axis) against J1/u is
plotted: a straight line verifies the relationship.

Figure P3 The first harmornic

3. Toinvestigate the effect of varying the length, /,
of the string:

The procedure is similar to that described in
step 1.

A graph of frequency (y-axis) against 1//is plotted:
a straight line verifies the relationship.

The following techniques are good practice:

¥ The string should be horizontal, A spirit level or a

set square can be used to check this.

¥ The independent variable in each case should
be varied over as wide a range of values as
is practicable.

» It can be difficult to find the exact frequency at which

the first harmonic occurs. Fine adjustments of the
signal generator are needed to get the maximum
amplitude on the stationary wave.

¥ Markers can be used to show the position of the

nodes, which may not be exactly at the ends of the
string. The length between the markers is measured

with a metre ruler,
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? There is an element of judgement in deciding at
what frequency a standing wave is established.
This is a random error, since the frequency may
be underestimated or overestimated. Therefore,
the uncertainty in the results can be reduced by
repeating the readings. It is good practice to take
a complete series of readings as the variable
(for example, mass) is increased and then take a
second complete set of readings as the variable
is decreased.

QUESTIONS

P1 Explain why the string vibrates strongly
only at certain frequencies.

P2 Suppose that you find that the string
vibrates strongly at a frequency of 75 Hz.
At this frequency you can see four nodes,
one at each end and two on the string.

a. Which order harmonic is this, and how
do you know?
b. At what other frequencies would

you expect to see large-amplitude
vibrations?

It Is a good idea to use markers to mark the
nades. The markers could be large optical
pins stuck into a cork. Why will these help

your measurement? How would you use
them to best effect?

The vibration generator should not

be run at its largest amplitude, as this
might affect your results. Suggest what
might happen.

Explain how the stroboscope seems (o
freeze the motion of the string. At which
frequencies will this occur?

6 Suppose you are investigating the effect
of changing the tension in the string. How
would you use repeat readings Lo oblain a
maore precise answer?

How could you find the velocity of waves
on the string?




Sound waves in pipes
It is possible to set up longitudinal stationary waves,
by reflecting a sound wave for example (Figure 38).

loudspeaker

piles of powder equally
spread along tube

signal
generator

Figure 38 The opparatus uses a loudspeater at ane end of @ long

fronsparent tube and the reflected sound from the other end, to set
Lp a stationary sound wave in the tube Fine powder s sprinkied in
the fube The powder colfects at the pomis of minimum vibration and

o the nodes become visibie

The air in the tubes and pipes of musical instruments,
such as organs, oboes and trumpets (Figure 39),

can be made to vibrate as a stationary wave. Sound
waves can reflect from the open end of a pipe, as well
as the closed end, so that standing waves can be set
up in both kinds of pipe (Figure 40). There is always

a node at a closed end of the pipe, and an antinode
at an open end. That means that different modes of
vibration occur in pipes that are closed at one end,
like an oboe, or open at both ends, like a flute.

¥ In an open pipe, all the harmonics can exist,
f,, 2f,, 3f,  4&f,, ...

} A closed pipe will only support the odd harmonics,
Fy i Sy Bty

The fundamental note of a closed pipe is always a
lower pitch, half the frequency, of an open pipe of the
same length (Figure 40).

Figure 39 na
altered by use of walves, but the reaf skil of the frumpeter is in Blowing
in the right way to excite the required harmonics

irumpet the lengdh af the vibrating air colimn con be

Closed pipe
length =

Open pipe
length = {

W 1/4 A ' A2

15t harmonic,

Ist harmonic, F,
_.i.:q'h'_f:i ﬂ,:,?.'l;l".=—
T 21

|

3rd harmonic, f

4 B
ﬂ:?.llr 4|=:"F|'j
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‘ OHM A 32 A
5th harmonic, fs 3rd harmonic, fy
- 2 = I's
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Figure 40 \ibrations in open and o pioes. INote that althouagh
the saund wave s it i be dronwn as a
fansverse wave, effent .-3,1 a piot of pressure changes (y-cs)

.'.l-_,-r'."'-".\" FrsItion (x-cxs)

Microwaves

A stationary wave is set up In a microwave oven. There
are nodes and antinodes of microwave intensity. A
turntable has to be used to ensure even cooking, If the
turntable is removed, and a piece of chocolate is given
a very short time in the oven, you can see where the
antinodes were (Figure 41),

1

Lt .l
&

R
R '.I|

= i = -

Figure 41 T7

ITICITHEVES

e chocolcte has been malted af antinodes af

You can estimate the speed of light using a microwave
oven and a piece of chocolate in this way. See the next
worked example.

103




5 WAVES

Worked example

The frequency of the electromagnetic waves in a
microwave oven is around 2.5 GHz, The distance
between two successive antinodes shown by the
chocolate in Figure 41 is approximately 8cm, which
gives a wavelength of 16cm,

Using ¢ = fA, we get
e=25%10%%0.16 =4x% 108ms™!
This is a bit high, but the right order of magnitude.

QUESTIONS

31. a. The air in a pipe that is open at each end
is made to vibrate. If the pipe is 30 cm
long, what frequency would the first
harmonic be?

b. How would the frequency of the first
harmonic change if the pipe were then
closed at one end?

32. a. Sketch the stationary wave pattern for
the fifth harmonic for a wave on a string.

b. Sketch the ninth harmonic for a sound
wave in a pipe closed at one end.




If you are some distance away from an event, a
thunderstorm for example, there is a noticeable delay
between seeing the lightning and hearing the thunder.

The speed of sound is (distance from the event)/
(time delay). To get a precise result, the distance,
and therefore the delay, needs to be as large

as possible,

An observer 200m away from an event would
record a time of 200/330 = 0.61 s. An uncertainty in
timing of 0.1s leads to a percentage uncertainty of
(0.1/0.61) = 100 = 17%,. If the distance is measured
to the nearest metre, the percentage uncertainty in
the distance measurement would be [1/200] = 100
or 0.5%. Adding the percentage uncertainties, this
method would give an uncertainty of around 18%.
This could be reduced by increasing the distance, but
creating an event that can be easily seen and heard
at a fairly large, known, distance is a problem.

Questions

A1l The delay between seeing and hearing
the same event is a problem when timing
races at school sports day. Suppose the
timekeepers for the 100m race stand at
the finishing line, They are equipped with a
stopwatch in each hand, in an attempt to get
accurate times for first and second place.
They are told to start timing when they see
the puff of smoke from the starting gun,
not when they hear it, and stop when the
winner {right-hand stopwatch) and second
place (left-hand stopwatch) cross the line.

Study the results in Table Al. Comment on
the accuracy and precision of the results.
What random and systematic errors might
have occurred here? Are all the timekeepers'
results equally valid? Calculate the best
value for the mean and estimate the
uncertainty of your answers, Suggest what
improvements could be made to the method.

Timekeeper

Position  MrSmith DrElis BethanR  EricH

A2 a. One way to increase precision is to use
an echo method (Figure Al). By how
much will the uncertainty be reduced?

b. The percentage uncertainty can be
reduced still further by timing a number
of echoes. Explain how this works. What
could be done to make the result as
accurate and precise as possible?

distance, D

J))))

Figure Al The echo method

Electronic timers with high precision can be used to
measure the passage of sound waves, and hence
their speed, but they need an electrical signal to
start and stop automatically. The method requires
two microphones and a sound-activated timer
(Figure A2) or a single-sweep oscilloscope (one that
can capture transient phenomena). There are apps
for smartphones and tablets that can do all of these
things.

) )

measured distance
peed of d= —
: ot time on computer

Winner / s 12210 1217 11.91 12.25  Fgure A2 An electronic timing method

Runner-up_.lfs 13320 1331 13.00 13.35

Table Al Times recorded by the timekeepers for the [00m
sprint final
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generatc:r

m

Fgure A3 A method using o escllicscope o medasune the time intenal

Questions established, the apparatus will resonate
and the loudness will be at a maximum. As
the microphone is moved up and down the
tube, the oscilloscope will show a maximum
signal, followed by a minimum signal,

A3 Can you foresee any problems with the
method shown in Figure A3? How could you
get round them?

As strange as it might seem, a stationary corresponding to nodes and antinodes. A
sound wave can be used to measure sound level meter can be used instead of
the speed of sound. One method uses an oscilloscope.
the equipment showr in Figure A%. A A& a. What is the purpose of the tube in
loudspeaker and a reflector are used Fiaure A4?
to set up a stationary sound wave. The i
frequency of a signal generator is adjusted b. Explain how you would use the results
until a stationary sound wave is set up in of the experiment in Figure A4 to find
the tube. The easiest way to detect this the speed of sound in air. How could the
is to listen. When a stationary wave is precision of the results be improved?
signal generator oscilloscope

o o

o o

o q

removable
end

'Y
L

Figure A4 A stationaorny wove method
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Applying the properties of waves material at a very small scale, there are fundamental

It is possible to create stationary light waves by properties of waves — in particular, diffraction — that
reflecting light, for example by reflecting a laser beam make it impossible to see individual atoms with light.
back on itself. This standing wave can be used to The photograph in Figure 42 is imaged using a stream
direct a stream of atoms to a high degree of precision ~ of atoms, rather than light waves. Diffraction, along
(Figure 42). Although light can be used to shape a with interference, will be discussed in the next chapter.

chromium atoms

W

2 . / A2=213 nm
dEWSltEd lines mnmngwm

Figure 42 Chromiim alonns are directed down onto a surfice, ypically silicon, where they ore deposited, Just
befare the atoms hit the surface; they are deflected by the standing wave of laser fight rather fike raindrops falling
onte acorrugated iron roof, The atoms collect info fines and so form an array of narrow lines on the surface: These
aire shown i1 the photograph, wiiich 15 o scanning atomic force micrascape fmage
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Practice questions
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................................................................................................................................................................................................................................................................

Initially, with no sugar solution in place, the C Transverse waves cannot be polarised.
lower Polaroid filter [the polariser] is placed at D Longitudinal waves cannot be diffracted.
907 to the second filter (the analyser). These
Polaroids are said to be crossed and there is no 6. The wavelength of the microwaves
transmission of light through the polarimeter. generated in a microwave oven is likely to
The tube containing sugar solution is then be around:
placed between the two crossed Polaroid filters. A 12um
Light will be observed passing through the
analyser. The analyser is then rotated through an B 12mm
angle, g, until no light is observed. The angle g C 12cm
is given by D 12m

qg=alc
where a is the specific rotation of sugar 7. Which row of Table Q2 is correct?
solution (indegreesm2ke~'), /= the length Stationary wave Progressive wave

of the polarimeter tube (m) and ¢ is the

concentration of sugar solution {in kg of sugar Al points on-this piave. S Al pafiits ort- s Wik

per m* of water). oscillate in phase. oscillate in phase.
: - - ; ; B Thereis a phase All points on the wave
An experiment is carried out using varying difference of 180° oscillate in phase.
concentrations of sugar and the rotation of the bet points on
plane of polarisation is measured in each case, ciihar sdaaf 3 nods:
The results in Table Q1 were recorded. . -
C Thereis a phase There is a phase
difference of 360° difference of 180°
Concentration of Angle of rotation / between points on between paints that are
sugar / Kgm™ degrees either side of anode.  one wavelength apart.
50 19 D There is a phase There is a phase
80 - 2] difference of 180° differance of 360°
—_—— = between points on between points that are
110 o 44 either side of a node. one wavelength apart.
140 55 Table Q2
170 _ Lol o L 8. Which of the following statements about a
200 T4 stationary wave on a string is not true?
230 29 A The amplitude of the oscillations of a point
depends on its position along the string.
450 190 B There are always at least two points where
Table Q1 the amplitude is zero.
C The amplitude of the oscillations of a given

angle of rotation is proportional to the

en ; -
OPeantIatien SEthe: SHlGtnn. D The displacement of a point at any time

is the sum of the displacements of a wave
b. If the length of the polarimeter tube was and its reflection.
20 cm, find a value for a, the specific
rotation for sugar.
5. Which of these statements A to D is true?
A Longitudinal waves cannot be polarised.

B Transverse waves cannot be diffracted.
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6 DIFFRACTION
AND INTERFERENCE

PRIOR KNOWLEDGE

You will be aware of the wave nature of light from
Chapter 5, particularly the way that waves add
together according to the principle of superposition
of waves,

LEARNING OBJECTIVES

In this chapter you will learn how the wave nature of
light causes diffraction and interference effects, and
you will calculate the magnitude of these effects.

[Specification 3.3.2.1, 3.3.2.2)

The camera on a mobile phone is often its most
important selling point. Advertisers tempt us to buy
with promises of high-resolution images taken by
phones that have 40-megapixel cameras. An image

formed from 40 million image points should certainly be

high definition. But megapixels are not the whole story
when it comes to image quality (Figure 1). A camera

Fgure | The phorie Camera s poriabile and alows msian
sammunication af the images | tokes. But it canrot malch lamger

carmeras forimage qualkly
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phone with 40 megapixels, densely packed on a very
small sensor chip, may produce poorer images than a
good-quality camera with 20 or 30 megapixels over a
much larger sensor. There are other important factors,
particularly the size and quality of the lens.

One measure of image quality is resolution, which
describes the size of the smallest detail that can be
clearly seen, or resclved, in the photograph. This

is partly determined by the number of pixels in the
image, but also depends on the diameter of the lens
{Figure 2). Light is a wave, and the physics of wave
maotion sets a limit on the image quality that a small
lens can achieve.

Fgure 2 When it comes o comenas ang telescopes, SiZeis
impartant. The widler the fens, the brighter ard more cetaied the
Wrage

Light waves spread out as they pass through an opening
{aperture], such as the pupil of your eye or a camera
lens. This spreading, or diffraction, limits our ability to
distinguish separate objects. The effects of diffraction are
reduced with larger apertures; that is why a camera with
a large-diameter lens is needed to take high-resolution
photographs, particularly of objects in the distance.




.1 INTERFERENCE AN\

+* -
When people talk about interference affecting their
reception, they usually mean the unwanted noise on a /m
radio receiver, or some crackling on a mobile phone. constructive interference
In physics, the word interference has a much more
precise meaning. Interference is the effect produced W

. -

when two sets of waves that have a constant phase

difference (see section 5.2 of Chapter 5) are added M

together, An example of interference of light is shown destructive interference

in Figure 3. Two similar wawves may add together (reinforce) to make a
daouble-height wave, or add together so as to cancel each
other out

Figure & The superposibion of Wwaves couse intaference

Interference is a particular example of the principle of
superposition of wayes (see section 5.5 of Chapter 5).
This principle states that the resultant displacement
caused when two waves overlap is equal to the vector
sum of the displacements from each individual wave
(Figure 4). The principle applies to all electromagnetic
waves and sound waves.

Electromagnetic waves can be added together at

any point in space, even though they may have come
from different directions. Superposition will resultin a
steady interference pattern if the waves have the same
frequency and a constant phase difference.

Suppose that your home is between two television
transmitters, which are broadcasting in phase on the
same frequency (Figure 5). The total signal strength that
you receive is the sum of the two separate waves. If the

Figure 3 This effect s due to interference of ight waves of identical & : :
wavelenath on reflection from the bubble surface wiaves arrive in phase, you will receive a stronger signal.

The waves a1 A have travelled equal distances, AP and AQ. so they must be in phasa, Thay
will add together, giving twice the signal amplitude. Waves at B have a path difference of
BQ - BP = 1 wavelength. These two waves will also be in phase, so the signal will increase
in strength. Waves at C do not fit this simple rule. CP is 3.5 wavelengths and €Q is

4 wavelengths, There is a half-wavelength difference, so the waves will be in antiphase
That means they will cancel out. The antenna at € would receive a very weak signal, A, B
and C are three points in space. Performing the same calculations for other points shows
that there are lines along which the signal is stronger (constructive interference) and lines
of almost complete cancellation (destructive interference)

transmitter P [ transmitter P
transmitter O ;. transmitter Q k)

'\-..\_H_:{.,-"" b e a0 5 J_:_:‘r
O T S, Y
T T T ,,r")‘“-m,__H' i g bR i Y -
f‘“-a - & = S = A R -
= - - L TERE T
e '\-\.\__-!-r_'_,.r‘- """‘ﬂ-\.ﬂ B — - ~ -
"““"am{...-" "H,.}C,--"’ 3 A - - ""“‘x:}_, -
.._\_Hf___-' ""-._,.,-"'-'
Agure 5 [nterference befweern two rodio W ¥ 1 from transmitters B and O with zero initial
Miose differer
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6 DIFFRACTION AND INTERFERENCE

If the waves arrive out of phase, you will receive

a weaker signal. Although the waves may be in
phase when they leave the transmitter, the phase
difference between them when they arrive at your
house depends on how far each wave has travelled.
In particular, the total signal strength will depend
on the path difference between the waves, that
is, the difference in the distance travelled by each
wave (see Figure 5). When the path difference is
zero or a whole number of wavelengths, 4, 24, 34,
&4, ..., ni, wheren=20, 1, 2, ..., the waves will be
exactly in phase and will add together to give a
larger wave, This is constructive interference.

When the path difference is an odd number of
half-wavelengths, 44, 24 (or 14.4), 2.4 (or 244, ... [0+ )4,
where n =0, 1, 2. ..., then destructive interference
occurs, since the waves will arrive in antiphase. It
would be inconvenient to have strips of the country
where there was very poor TV or radio reception
because of destructive interference. Therefore,
adjacent transmitters ensure that the waves cannot
interfere by using either slightly different frequencies
or different polarisations [see Figure 25 in Chapter 5].

Interference and sound

Sound waves are also added together according to the
principle of superposition, but persistent interference
patterns are only seen [or heard!) in special
circumstances, Two loudspeakers playing an identical
sound, a note of the same frequency and about the
same amplitude, would allow us to observe regions

of silence and of louder sound. Sources that produce
waves of the same frequency that maintain a constant
phase difference are said to be coherent.

The apparatus in Figure 6 will produce an interference
pattern that can be cbserved with a microphone,

with regions of silence [interference minima) where
destructive interference is cancelling out the waves.
The distance between these regions, w, will depend on:

» the wavelength of the sound wave, 4
= the distance between the speakers, 5

+ the distance between the speakers and the
microphone, D.

It can be shown (see Figure 12 a few pages on) that
the separation of two adjacent interference minima (or
between two adjacent maxima) is

w=22
5
This is often called the two-source interference

formula,
114

signal generator

{ 000

[N B

loudspeaker loudspeaker

microphone

oscilloscope

Figure 6 Apparatus for obsening inferference Delreen sound waves

Worked example 1

If two loudspeakers were placed 2.0 m apart, each
playing a sound wave of frequency 400 Hz, how far
apart would the interference maxima be?

The wavelength of the sound waves is

Ai=E
f

where ¢ is the speed of sound, say 330 ms~'. So
i=330 _og3m
G T
If we observe the interference pattern at a distance of
5.0 m from the speakers, the separation of adjacent
maxima will be

AD _0.83x50

=% T 320

=2.1m

The same analysis applies to any two waves of the
same type, such as two light waves or two water
waves [see Figure 7), provided the waves are
coherent. In light interference the bands of maxima
and minima produced are called fringes: w is the
fringe separation.



Inh:!rrerﬂnl:e “

) constructive
interference

_ destructive
interference

Figure 7 Interference between ripples an o water tank . The diagram shows how this pattern results from constructive and
destrictive superposition of wenaes from o paint coherent Solrces.

QUESTIONS

1. Two loudspeakers are placed so that they
face each other at a distance of 10 m apart.
The loudspeakers are playing identical
notes of wavelength 1.0 m. A microphone
is moved along a line from one loudspeaker
to the other. What would the microphone
detect? Explain your answer.

2. An interference pattern is created by two
loudspeakers placed 3.0 m apart. An
observer, 5.0 m away from the loudspeakers
(see Figure 8), detects gquiet regions that are
50 cm apart.

a. What frequency note are the
loudspeakers playing?

b. Suggest three changes that could be made
to the situation that would make the quiet
regions further apart.

3. Why do you not notice interference effects in
a room with two stereo speakers playing?

4. There are apps for smartphones and tablets
that will produce a constant tone at a
frequency that you choose (search for signal
generator apps). If you get two phones with
this app installed, set them to the same
frequency, starting at about 1 kHz, and
place them a metre or so apart, and then
you should be able to hear quiet and loud
patches by moving your head around.

a. How far apart would you expect the guiet
patches to be? (Speed of sound in air =
330mst)

b. The experiment works better outdoors,
well away from buildings. Why?

trefich ana chaltenge

N

c. If you set the frequencies just slightly
different, 1.00 kHz and 1.01 kHz for
example, and keep your head still this
time, what would you hear? Explain this.

Interference and the nature of light

It seems strange to suggest that adding two beams

of light together can lead to darkness, and yet under
some circumstances this is possible, The interference
of light is one of the main pieces of evidence for the
wave theory of light. This theory has not always been
accepted. 1saac Newton suggested that light was made
up of tiny solid particles, which he called corpuscles.
His theory was an educated guess, and one that he did
not defend strongly, although he used it successfully to
explain the reflection and refraction of light,

The case for the wave nature of light was first put
convincingly by Thomas Young (1775-1829), a
polymath who made important advances in the study
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6 DIFFRACTION AND INTERFERENCE -

of light, materials, mathematics, music theory and
languages. Young demonstrated that light could form
an interference pattern by putting hairs or silk threads
in front of an illuminated slit (Figure 9). Supporters of
the corpuscle theory could not explain this interference
pattern. Young's double-slits experiment is still used to
demonstrate the wave nature of light. The experiment
also allows us to calculate the wavelength of the light
[see Assignment 1].

It is normally very difficult to see interference effects
with white light, for the following reasans.

¥ The wavelengths are so small [about 500 nm an
average). This means that the interference fringes
are usually too close together to be discernible,

¥ The range of colours in white light blurs the
interference effects. Destructive interference for one
colour is masked by the presence of other colours.

» |t is difficult to get white light sources that maintain
a constant phase difference. Light is emitted in
very short bursts, which have random phase and
random polarisation.

To show any stable and detectable interference effect,
the sources of light waves need to be coherent. That
is, they need to be:

¥ the same frequency
» of constant phase difference
¥ polarised in the same plane.

Coherence can be achieved by using monochromatic
light, that is, light of a single frequency. The constant
phase is achieved by using two different parts of the
same wave, possibly by allowing the wave to pass

\\
)

)
B /J%//’;///

Thomas Young effectively created two slits when he
stretched a fibre in frant of an illuminated slit. Waves
from each side of the fibre diffracted, overlapped and
caused interference.

Figure 8 Young's ‘double-siils” experiment
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through two slits {see Figure 10). The two waves will
spread out (diffract) as they pass through the narrow
gaps. and so overlap.

| screen

monochromatic || 5 \Ix\'.\ \ -
light source - :' ’_.l /) j
/)

Waves emerging from 5; and Sy are coherent,
so produce observable interference,

Figure 10 Ewosits mterference of monochromalic lght

Each slit acts as a point source of waves. The resulting
interference system is the same as that for two point
sources in a ripple tank of water, or the sound waves
from two loudspeakers, You cannot see the ripples in
an electromagnetic field, but you can detect the effect
when the waves hit a screen or a detector. Constructive
interference produces a bright fringe, while destructive
interference produces a dark fringe (Figure 11].

+— W = fringe separation

Intensity

A, i

Distance along screen

(LI

Figure 11 Two-source interference fringes

The formula that relates wavelength to the spacing of
the interference fringes is just the same as for sound
waves. Figure 12 shows the derivation of this formula,

Worked example 2

How many fringes per millimetre would be visible with
the screen at a distance D= 1,0 m, using a slit separation
of 1.0 mm and yellow light of 500 nm wavelength?

_ D
W=z

_500%10°mx1.0m
= 1.0 x107m

=500x10°m = 0.5mm

So there would be two fringes per millimetre.




interferance m

QUESTIONS
5. All electromagnetic waves show the same 1. Two radio transmitters are 1.0 km apart. Both
sort of pattern of two-source interference transmit a 3.0 MHz radio wave. The waves
(Figure 11), but the spacing of fringes varies are coherent.
enormously, Why? a. If a car moves along a road parallel to the
6. Suggest two ways of increasing fringe line joining the transmitters, how will the
separation for the same colour of light in a received signal change?
two-slits experiment. b. If the road is 10 km from the transmitters,
how far apart will positions of maximum
reception be?
Stretch and challenge
; is sirnilar ta path 2
_.--/_'—.-—"—‘q j"'
D

L] path 1 There are two similar triangles on the diagram, as shown above.
1 ] *,1 For similar triangles, the ratio of sides is the same, so:
! h
110, e X__r ¥
L 5 path2 D

If we now move up to the next bright fringe, » increases
by one wavelength, A, and y increases by the fringe

separation, w.

Therefore =%
Paths 1 and 2 differ by a few wavelengths of light in a s D
total distance O of around a metre.
We can say to within less than a thousandth percentage gives: (%+4) . (v +w)
uncertainty that: path 1 = path 2 = D. (4 D
The tiny difference between path 1 and path 2 (shown as X oW A0
x on the diagram) must be a whole number of and so; o or W= =

wavelengths for constructive interference to occur.

The equation is valid whenever there is two-source
interference with w = A.

Fgure 12 Denving the two-source interference forma

ASSIGNMENT 1: 1 lGﬁTIHC WUI’CE INTIIFEIINCE IN wlm
WAVES, Mltllﬂw AND SOUND

(MS 0.1, MS 2.3, FEI.!,PSI! PS3.2, Part 1: Water waves

PS 3.3, PS 4.1) Water waves can be made to interfere in a ripple
The interiéiancs patieinialrst ty o coliersnt :‘;ﬂm ﬁmﬁmﬁ 'a"_“ﬂgnf‘igfmm By
sources is the same for al g!pesdwamlnmts hﬂmsn_mce.s bﬁl’ _ mme W:;
assignment you will investigate this interference L ""*mﬁ-'”_ ‘mi - m“-""’:m'l i iw:F g :“
pattern in three different types of wave, and apply ' : :

the two-source wave formula, wz—‘lg. in each case.
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6 DIFFRACTION AND INTERFERENCE

Fgure Al Setup for observing the inferferencs of waler waves

The interference pattern in the ripple tank is
projected onto the whiteboard, where the readings
can be taken. Lines where the waves cancel each
other out can clearly be seen. The vertical line
drawn on the whiteboard represents the ‘screen’
where the fringes are observed. The wavelength can
be adjusted by changing the speed of the motor
that drives the oscillating beam.

Questions

A1l Describe how the interference pattern changes
when the wavelength is reduced.

A2 Describe how moving the dippers closer
together affects the interference pattern.

A3 You could use readings taken from the screen,
to calculate the wavelength, using A =~“£—'f.

a. Suppose D=2.00m,s=30ecmand w=
0.50 m. What would the wavelength be?

b. How could you check your answer using a
hand-held mechanical stroboscope?

Part 2: Sound waves

Sound waves can be made to interfere using two
loudspeakers as shown in Figure A3. You can

use a sound level meter (or a suitable app on a
smartphone) to find the areas of maximum or
minimum sound. Alternatively, you could use your
ear. It makes it easier if you put your finger (gently)
in the other ear.

Questions

A& Describe how the frequency of the note played
by the loudspeakers affects the spacing of the
quiet patches,

A5 What measurements would you need to take to
be able to calculate the speed of sound in air
from this experiment? How could you reduce
the uncertainty in your measurements?

A6 In one run of the experiment the speakers were
placed 2.0 m apart, and the signal generator was
set at 1.0 kHz. A sound level meter placed 6 m
away from the speakers detected quiet patches
(interference minima) about 1 m apart. Use these
figures to calculate the speed of sound in air.

Fart 3: Microwaves
Microwaves can be used to produce a two-source
interference pattern (Figure A4).

The transmitter needs to be far enough away

to illuminate both slits. The receiver is usually
connected to an amplifier with a loudspeaker, so
that the maxima can be heard. An oscilloscope
can be used instead of a loudspeaker so that the
maxima can be seen. The receiver is moved along
a line parallel to the metal barriers. As it is moved,
a series of interference maxima and minima should
be detected.

Questions

A7 Describe how you would use the apparatus
in Figure A4 to find the wavelength of
the microwaves.



Interference

loudspeaker

sound level meter

Figure A3 Set-up for ohsenang the infefference of sound woves

double shit in
metal barner

microwave
transmitter

receiver

Flgure A% Experimental arrangerment for obsenvitiy the fnterference af micrananes

Interference and stationary waves stationary waves can cause problems for portable

The stationary waves that were discussed in Chapter 5 TVs, radios and phones. The signal can change when
are an example of two-source interference. In a people walk around the room or cars drive past. These
stationary wave, the two waves are travelling in problems occur because of interference between the
opposite directions, often caused by one wave and its incoming wave and its reflections from people or
reflection. When the incoming wave and the reflected objects. The problem is much greater when there is a
wave travel along the same line, the interference can metal surface nearby, such as a car body, which acts
set up a stationary wave (Figure 13). as a good reflector.
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& DIFFRACTION AND INTERFERENCE

Two identical waves travelling in opposite directions

A = —

——

W

interfere (o produce a stationary wave

A

node = destructive interference

antinode = constructive interference

Figure 13 Superposition of two waves travelling in opposite directions creates o stationary wave

Antinodes are positions of constructive interference,
separated by a distance A/2 (see Figure 13). Nodes

are positions of destructive interference, also

separated by A4/2. Mobile phones operate on a wide
range of wavelengths, but a typical value is 30 cm. If
there was a stationary wave caused by reflections in
a room, moving just 7.5 cm could move you from an

antinode to a node.

10.

11.

A television with an outdoor aerial is found
to suffer from a fluctuating signal when an
aircraft flies over. Explain why this happens.
Wi-fi usually operates at a frequency of

2.4 GHz. Interference between reflected
waves could lead to standing waves in a
room. How far apart would any nodes be?

More problematic is the wi-fi reception from a wireless
router. Fortunately, there is now an app to map the wi-fi

signal in your house, and it should be possible to avoid

the nodes!

QUESTIONS

8. Explain why a mobile phone conversation
sometimes fades as you walk around

the house.

9. Television aerials have a reflector a short
distance from their active aerial element
(Figure 14). Suggest two reasons for this.

-

These sections im
response in one di

active aerial elements

Figure 14
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ASSIGNMENT 2: UNDERSTANDING INTERFERENCE IN THIN FILMS

Stretch and challenge

About 4% of the light that hits a transparent glass
surface at 90° to the surface is reflected. This can
be reduced by coating the lens with a thin layer of
a material such as magnesium fluoride or a metal
oxide (Figure A1). This gives rise to a second
reflection from the lens, one from the coating and
one from the glass, It is destructive interference
between these two reflected waves that reduces
the amount of reflected light.

The coating has to have a thickness equal to
one-quarter of a wavelength of light, so that the
light reflected from the glass surface has travelled
half a wavelength further than that reflected from
the surface of the coating (Figure A2). It is not
possible to make a coating that is the correct
thickness for all wavelengths of light. If we choose
to make the lens non-reflective in the middle of
the optical range, say 550 nm (yellow), it will only
work exactly for that particular wavelength, and
some wavelengths will still be reflected. If the
incident light is ‘white’, the reflected light will be
deficient in yellow and will be richer in red and
blue light, The lens will look purple.

Questions

A1l Oil films on water appear coloured when
viewed in ‘white' light. This is due to
destructive interference. Explain, with
the help of a diagram, why the coloured

fringes appear.

A2 Research other examples of this thin-film
interference. Write a brief article describing
your chosen example(s), making sure you
explain why the effects occur, (Useful search
phrases: interference effects in ... soap bubbles

/ oil films on water / tempering metals / beetles;

Newton's rings.)

£

o i

Figure Al enses can be coated with) an onti-reffective coating
thal prevens fight being reffected from the lens.

Partial reflections can be

Incident made o interfere so as
light to cancel out.
K coating

r 4 ..-
lens
Y Most light is tranzmitted

The path difference between two reflected rays is
approximately 2¢. If 21 is equal to half a wavelength,
then the two waves will be out of phase and the waves
will interfere destructively so that no light is reflected.

Figure A2 Thin-fiim interference: antr-reflective coatings
prevent light being refiected from the lens. Since fess light s
reflected, move lght s tronsmilted through the lens
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b DIFFRACTION AND INTERFERENCE

6.2 DIFFRACTION

We use an enormous range of radio wavelengths in
our modern communication systems. The wavelength
of the VLF [very low-frequency) radio waves that are
used for maritime distress signals and AM radio

can be as long as 100 km. The wavelength of the
EHF (extremely high-frequency) radio waves used

for high-speed digital communications links with
satellites is only 1 mm (Figure 15).

The longest waves are not very directional: the waves
spread out in all directions and they are able to pass
quite effectively around obstacles, such as hills and
buildings, because of their long wavelength. This
spreading of waves is known as diffraction and it is
more pronounced for longer electromagnetic waves
(see Figure 16). It is diffraction that allows mobile
telephones to work even when there is no ‘line-of-sight’
transmission path between the mobile phone and the
base station. The short wavelength — microwave —

end of the radio spectrum is less prone to diffraction.
High-frequency microwave links, used by TV companies
for outside broadcasts, for example, have to have 'line
of sight’ between transmitter and receiver.

A way of explaining the diffraction of waves is known as
Huygens' construction. Consider a plane wave
approaching a gap (an aperture). The line, or surface,
along which the wave disturbance has the same phase
at all points we call a ‘wave front’ (Figure 17). Christiaan
Huygens sugeested that each point on a wave front
could be thought of as a point source of a new wave.

Figure 15 A microwave transmitter used for relaung television and
mhife phone signals
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When the size of the gap is of the same order as the
wavelength, the diffraction is most pronounced. The
emerging wave is circular, so the narrow gap acts as
a point source of waves,

Flgure 16 Ciffraction of waves through a gap

Each of these new waves, called ‘secondary wavelets',
spreads out and overlaps with other secondary wavelets,
The new wave front is formed by the constructive
interference of all the secondary wavelets. As a plane
wave passes through an aperture, the spreading of new
wavelets causes diffraction.

wiave front 3
[ ] - ———
[ ]
[ ]
wave
1 L]
travel

Fgure 17 Huygens' construction for a wave passing through ¢ gap




12. Diffraction occurs with longitudinal waves
as well as with transverse waves. One of
the ways in which people can work out the
direction of a sound wave is because of
the shadowing effect of the head. The ear
that is further from the sound is effectively
blocked by the head. This method is much
more successful at high frequencies. People
find it more difficult to locate the source of
low-frequency sounds. Explain why this is,

13. Why is it that houses in the shadow of a
hill get poar TV reception but can still get
good radio reception? (TV transmission is
typically at 600 MHz, while medium-wave
radio is transmitted at a frequency of

around 1000 kHz,)

Diffraction of light through a narrow slit

Light waves can also be diffracted, yet the effects

are not noticeable in everyday situations because
the wavelength of light is so short, between 400 and
700 nm. It is only when the obstacles or apertures
are almost as small as the wavelength that diffraction
effects become apparent (Figure 18],

When light is allowed to pass through a very small

slit, we can see the light spreading cut into the region
where we would expect to see only shadow. But this

is not the only effect. A series of light and dark fringes
becomes visible (Figure 19), These are similar to the
interference fringes from two slits, but here there is only
one source of light. What is causing the interference?

The answer is that secondary wavelets from different
parts of the slit are interfering with each other. In

ngm Ig |'::.I.|'-.II|I| wchan of monochrmali .'.ll:'.ll"-"l Gl &7 Sl

_— first order

Figure 18 Light woves con be diffacted sa that light passes into
the regran .ar Gaa C shadow: This & anly roticeable for very srmall
abstockes or apertures fike this needle aye

some directions they add together constructively,

and a bright fringe is formed. In other directions the
secondary wavelets are out of phase and the net effect
is a dark fringe [see Figure 20).

In the directign given by the angle @ there is a path
difference DfT%] sin # between the wavelet that leaves
from the edge of the slit (1) and the wavelet that leaves
from half-way across the slit (3). If this path difference
is equal to half a wavelength, the wavelets will cancel
out and there will be an interference minimum (here
that means darkness). The wavelets from just above 1
will cancel with those just above 3, and so on,

The same thing will happen when the path difference
is jz!. ﬁ-zi. and so on. When the path difference is
equal to a whole number of wavelengths, a maximum
(a bright fringe) will appear. This gives rise to the
diffraction pattern for a single slit (see Figure 19).

_~second arder
M Ximum

MaXHmLIm

zero order
S maximum

=
Intensity

123



# WIFERACTION AND INTERTERONCE R

ERRR

Figure 20 In certain directions, wavelets from the top haif of the gap
concel those from the bottorn holf

When a single slit is illuminated with white light, that
is light that contains many different wavelengths,
the diffraction pattern is more complex. The central
(zero-order) maximum appears white, since there is
no phase difference between wavelets from different
parts of the slit. However, the first secondary
maximum occurs when the path difference between
wavelets from the edge and middle of the slit is
equal to a whole wavelength. This will be different
for different colours of light. Violet is the shortest
wavelength, and so constructive interference will
happen at a shorter path difference (and hence
smaller angle of diffraction) than for the other
colours, This will be followed by blue and so on until
the path difference is large enough for constructive
interference to be seen in red light (Figure 21).

/ I second order

“ i first order

zero arder

incident white light

\"1
NN
\\ second order

Figure 21 Diffraction of white iight af a siit
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Diffraction effects are always greater when the size
of the obstacle or aperture is of the same order of
magnitude as the wavelength. Hence the narrower
the slit through which light passes, the greater the
diffraction. This can be seen in Figure 22.

Intensity
/
seanience { Illl
W B N
3 : Angle
= adilise = g 9
5
c
- i oh
£
g |
— e — — = Intensity
w1
— _,_,—-—'—'_'_'_'_'__‘__\__—\—\_ e
Y Angle

Figure 22 As the slit gets norrower, difffaction becomes more
neticeahie and the central moeximLrm Qets wder

QUESTIONS

14. How would the diffraction pattern in Figure
19 differ if blue light were directed at the
same slit?

15. In the apparatus shown in Figure 23, a
microwave transmitter operating at a
frequency of 10 GHz is aimed at a gap
between two metal plates. The plates are
initially 30 cm apart.

x
microwave
probe
.-""'.’. l
"-\_\-‘ ‘rl
MmiCrowave
transmitter
Figure 23

a. Describe what you would detect with a
microwave probe moved along the line XY.

b. The plates are moved closer together until :
the gap is only 3 cm. What would the |
microwave probe detect now?




16. Look at the interference pattern from two
slits in Figure 11. Interference between the
two slits should produce a set of equally
spaced, equally bright fringes. But this is not
the case. The bright fringes are not the same
intensity, and one or two seem to be missing
altogether. Can you explain why the fringes
of the two-slits interference pattern are not
equally bright? [Hint; Look at the diffraction
pattern for the single slit in Figure 19.)

Diffraction and resolution

Diffraction of light passing through an aperture has
important consequences. It sets a limit on the amount
of detail that can be seen in an image. When light
passes through the pupil of your eye, it is diffracted and
forms a diffraction pattern on your retina. If you are
looking at two light sources that are sufficiently close
together, their diffraction patterns will overlap on your
retina (Figure 24). It is not possible for you to tell them
apart, and we say that the objects are not resolved.
The way to see greater detail — achieve greater
resolution - is to use a camera or a telescope with a
larger aperture, so that diffraction is less of a problem.

"
i rool
| I|
- - - |
g = g ,'I II| [ \ g II I|
= \ e \ / =
g If Ill Il.' 'lI g f | 7 |
& 'L I E \ E| [ .
L Aol X o o L .
Distance Distance Distance

Figure 24 Diffraction through an aperture causes the image of

1 ife a1 gisc, with

Diffraction gratings

Much of our understanding of the composition

and structure of stars and galaxies is based on
measurements of the light that they emit. Different
atoms and molecules emit and absorb different
frequencies of light. By studying the light emitted from
a star, we can compare its spectrum (Figure 26) with
the spectrum from laboratory light sources. This tells
us which elements are present in the star. The strength
of different spectral lines gives us information on the

17. Why do radio telescopes (Figure 25] need
to be so much larger than optical (light)
telescopes?

Figure 25 Raciio telescopes

Fgure 26 Specira fram ten stars (of decreasing surface temperature

' 'l el i..'|l.="".|I By The

TP RO

siors 'l.l..ll.lll'; ! “'..r"‘:l .l:"l 1558r]

through a diffraction groti [

star's temperature. If the spectral lines are slightly
shifted compared to laboratory light sources, we can
infer that the star is moving relative to the Earth, and
we can work out its velocity. All this is done by using a
diffraction grating to produce a spectrum.

A diffraction grating is simply a set of many parallel
thin slits, achieved by etching parallel opaque lines
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on a sheet of transparent material, usually glass. As
light waves pass through the grating, each slit causes
diffraction. The waves from each slit overlap and
interfere to give areas of constructive and destructive
interference. In most directions there is complete
destructive interference and no light is transmitted.
Constructive interference takes place in a few directions.
In these directions diffracted light beams occur. As in
the diffraction pattern from a single slit, these diffracted
beams are called the ‘orders’ of diffraction (Figure 27].

The direction of the diffracted beams is related to the
spacing of the slits and the wavelength. This can be
shown using Huygens' construction (Figure 28).

We can use a simplified form of the diagram in Figure 28
to derive an expression that will allow us to calculate the
angles at which the bright maxima will appear. This is
shown in Figure 29,

n=2
menochromatic light n=1
. = n=0
n=1
grating
n=12

Figure 27 Cyders of diffraction with a diffroction grating. The central
beam is the zero-oroer maximurm (=0, Adfocent beams on efther
side are first-order maxima [n= 1), ond subsequent beams are
nurnbered aocoreingly.

Fgure 28 Huygens' construction for light passing throwgh o
diffraction grafing. The red lines on the right of the grating show
directions of constrictive interference,
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. nth order beam

“m
path difference
Ll between

d
f
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Fgure 29 Deriving the difffaction grating formuia

ﬂ adiacent slits

The straight-through beam, #=0°, is formed as light
from each slit arrives exactly in phase. There is no
path difference at all and every wavelength will arrive
in phase.

The first-order beam is formed in the direction in
which adjacent slits have a path difference of a whole
wavelength, A These waves are therefore in phase. The
second-order beam is in a direction in which light from
adjacent slits is two wavelengths out of phase, that is,
the path difference is 24.

In general, the nth-order beam is at an angle #to the
original wavefront direction. Along this beam, waves
from adjacent slits have a path difference of ni.

We can relate this path difference to the distance
between each slit (the grating spacing), d, by looking
at the central (shaded) triangle of Figure 29. For
that triangle,

_— opposite An

ne=———=
- hypotenuse
which can be written as

¢l sin #=nd

This is known as the diffraction grating formula.

Worked example

Suppose that we use a diffraction grating with

400 000 lines per metre. We can use the expression
ni =d sin # to calculate the wavelength of light that
gives a second-order beam at an angle of 25°.

The grating spacing, d, is found from the reciprocal of
the number of lines per metre, In this case

1
e e _ =6
d=Z50000m-T =22 * 10°m



Using nd = d sin # we find
24=25 % 10° x sin 25° .
This gives
A=53 x 100" m =530 nm
We can also use the diffraction grating formula to
calculate how many diffracted beams would be visible.

The value of sin # cannot be bigger than 1, so the
maximum value of n is given by nd = d:

(2.5%10°m)

=4.73
(5.28 x 107" m)

A
n= a‘z

The fourth-order beam will be the last possible
beam. The total number of visible beams is therefore
4 + & + 1 =9 [that is, four orders on either side of
the centre, plus the central maximum).

When diffraction gratings are illuminated with

light that is not monochromatic, white light for
example, the constituent wavelengths (colours) are
dispersed. Spectra can be seen on either side of the
central maximum, which itself is the same mix of
wavelengths as the source, The spectra arise because
the condition for constructive interference is that
the path difference must equal an integral number
of wavelengths, 4, 24, 34, ..., nd. Since this is equal
to o sin & each wavelength will show constructive
interference at specific values of # (Figure 30).

Diffraction gratings are used in spectrometers to
produce spectra in chemical analysis, for example

(see section 8.1 of Chapter 8), and in astrophysics to
investigate both the movement and the composition
of stars and galaxies (Figure 31). They are also used in
photography to create special effects.

Gratings designed for analysing ultraviolet (UV] and
infrared (IR) radiation are made from silicon rather

Figure 30 The number of specira produced depends on the spacing
of the grating. The higher arders are fess bright and sprepd over a
wicker angile, often overiapoing other orders

Diffraction

Figure 31 This image of Saturm'’s nings from the NASA soocecralft
Cassin|, was faken with an ulravioler spectrometer;, VIS, which aiso
provides smformmalion on the cormpcsihon of Satum’s moons.

than glass, since glass absorbs some wavelengths in
the UV and IR regions of the spectrum.

The diffraction gratings considered so far are
‘transmission gratings' — the light diffracts as it
passes through them. It is also possible to construct
‘reflection gratings’ (Figure 32), which work on the
same principle, of constructive and destructive
interference of diffracted reflected beams.

white light

Figure 32 A finely grooved metal grating acts as a reflection
ciffraction grating,

18. When white light passes through a
diffraction grating, most of the orders of
diffraction are dispersed into different
colours, forming spectra. The central, zero-
order beam is always white. Explain why
this is so.
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19. A diffraction grating has 200 000 lines per
metre. How many diffracted beams will be
visible if red light, A= 600 nm, is used to
illuminate the grating?

20. a. A CD can create a spectrum when it
reflects white light (Figure 33). Explain
how this happens.

Figure 33

b. Look at a CD creating a spectrum.
Assuming the CD is acting as a
diffraction grating, estimate the number
of lines per millimetre.

c. Try a DVD instead, and comment on
the difference.

21. a. It should be possible to make a
diffraction grating for sound waves
How would you go about this? What
dimensions would such a grating have?

b. Can you think of any applications for
such a device? What effect would it have
on a sound wave?

X-rav diffractior
Beams of X-rays reflecting off planes of atoms

in a crystal behave in the same way as light at a
diffraction grating. X-ray diffraction patterns are used
to give information about the structure of crystalline
materials. Dorothy Hodgkin (Figure 34) extended the
technigue to organic molecules and her work revealed
the structure of insulin, vitamin B12 and penicillin. It
was later used by Rosalind Franklin in work that led to
the discovery of the structure of DNA (Figure 35]

128

ng'”m 35 A=l 14 aifracion PRILrES Gove Vital siormraiion in

KEY IDEAS

Diffraction is the spreading of waves, after
passing an obstacle or an aperture of a similar
size to the wavelength, into the region of
‘geometrical shadow.

The diffraction of light through a small gap
produces several intensity maxima: the central
maximum is twice as wide and many times
maore intense than the others.

The smaller the gap, the wider the central
maximum and the more spread out the
diffraction pattern.

The longer the wavelength of the waves
incident on a gap, the greater the angle at
which constructive interference occurs.

A diffraction grating consists of many slits
separated by a distance d: it gives rise to
several orders of diffraction [n=0, 1, +2, +3,
_..), which are at angles &, given by d sin 8= n.i.



REQUIRED PRACTICAL: APPARATUS
AND TECHNIQUES

Investigation of interference effects — Young's
double-slits experiment and interference by a
diffraction grating

The aim of these experiments is:

1 to observe interference fringes from two light
sources, and use the relationship w= %
2 toinvestigate the effect of multi-slit

interference, including the diffraction grating.

The practicals give you the opportunity to show
that you can:
)} use appropriate analogue apparatus to record a
range of measurements and to interpolate between
scale markings

¥ use methods to increase accuracy of measurements

¥ use callipers to measure small distances, including
using vernier scales

» use a laser to investigate characteristics of light,
including interference and diffraction.

Practical 1: Young's double-slits experiment:
two-source interference effects

Apparatus

Thomas Young managed to demonstrate these
effects using a candle. Fortunately, we now have
lasers. Laser light is monochromatic and differs from
other light sources in that photons are released by
a process of ‘'stimulated emission’. This means that
the monochromatic light from the laser is effectively
one long wave train, with constant phase, Lasers are
therefore ideal for showing interference effects with
visible light.

Laser light does present some safety issues, however,
especially to eyesight. A laser beam diverges very
little, which means that the intensity of the beam
does not decrease much with distance. (Intensity is
the energy per second per unit cross-sectional area

of the beam, measured in W m~2.) A high-intensity
laser beam entering the eye, which tends to focus the
beam to an even smaller area, will damage the retina,
possibly creating blind spots.

Lasers are classified according to the risk they present.
Class 1 lasers are inherently safe, because they are
either low-power or enclosed, such as the one used in a
DVD player.

Required practical

Lasers in a school laboratory are class 2. These are
low-power (< 1 mW) visible |asers, They are not
intrinsically safe, so care needs to be taken to prevent
the laser beam entering the eye either directly or by
reflection. Class 2 lasers need to carry the warnings
shown in Figure P1.

CLASS 2 LASER PRODUCT

Figure P1 Harard warnings for @ class 2 laser

High-power lasers need to be used in controlled rooms
and protective goggles need to be worn. These are not
permitted in schools.

QUESTIONS

P1 Laser beams are used to monitor the
position of the Lunar Orbiter. Each beam
diverges to a diameter of 3 km by the
time it gets to the Moon, 400 000 km
away. Calculate the angle of divergence
of the laser beam, assuming that it starts
from a point. Give your answer in radians
and in degrees,

Infrared lasers may be more damaging to
your eye than visible lasers. Suggest why
this might be

When using a laser in an interference
experiment, why is it a good idea to use
a matt screen to form your interference
fringes on?

Techniques

Two coherent sources of light can be formed by shining
laser light through double slits, It is important to make
sure that both slits are illuminated. The resulting
interference pattern is a set of equally spaced bright
fringes, as shown in Figure P2, The fringe separation,
w, can be found by measuring the width of several
fringes. Vernier callipers can be used to measure w.
The distance from the slits to the screen, D, can be
measured with a metre ruler. The separation of the
slits, s, is usually given, but could be measured using a
travelling microscope.

The equation w = 40/s can be used to find the
wavelength of the laser light, where w = separation of
fringes, A= wavelength of laser light, D = distance from
double slits to screen and s = separation of slits.
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Figure P2 Set-up for the experiment, showing the two-siits
interference pattern on the screen

QUESTIONS

P4 If the slits are separated by 0.25 mm,
and the screen is 2.00 m away, the fringes
would be about 5 mm apart.

Calculate the wavelength of the laser light.

Estimate the uncertainty associated with
this answer.

How could you reduce the uncertainty?

Practical 2: Interference by a diffraction grating
Apparatus

If the number of slits is increased from two to three, then
from three to four, and so on, but the slit separation and
the width of each slit is kept constant, the interference
maxima become brighter and sharper. A ‘coarse’
transmission diffraction grating has up to about

100 lines per millimetre and the resulting interference
pattern is a series of bright lines or dots. 'Fine’ diffraction
gratings could have as many as 6000 lines per
millimetre; the maxima (bright dots) will be much further
apart than those produced by the coarse grating.

Techniques

The interference pattern from a diffraction grating

can also be used to measure the wavelength of

light. Rearranging the diffraction grating equation

nid=d sin @ gives
e

sin 8= H(H]

The angle #can be found for each bright maximum

and then sin & plotted against n, the order of the

maximum. A graph of sin # (y-axis) against n [x-axis)

should be a straight line, with a gradient equal to [g]

The best way to find @ is to find tan & which can

be measured as [;;—] where x is the distance along

the screen from the central maximum (n = 0) to the

maximum, and D is the distance from the grating to
the screen (Figure P3). Then #= tan™' [-g-]
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diffraction
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Figure P3 Geometry for diffraction grating expeniment (Not & scale
D =3 mwould give x = 0= | m for a coarse grating with 100 lines
permm.|

QUESTIONS

P5 The experiment described above is carried
out with D= 3.0 m and a grating with 100
lines per millimetre. The results in Table P1
were obtained.

a. Using the results in Table P1, calculate
tan £ & and sin @for each order, n.

b. Plot a graph of sin & against n.

¢. Use your graph to find the wavelength of the

laser light.

d. The wavelength of the laser light is
actually 633 nm. How accurate was
the experiment?

Stretch and challenge

P6 The experiment was repeated with a much
finer grating, 600 lines per millimetre. The
results (n Table P2 were obtained.

Only four measurements of x could be
obtained. Explain why this was the case.




6.2

Practice questions
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a. In an experiment, a narrow beam of white
light from a filament lamp is directed at
normal incidence at a diffraction grating.
Copy and complete the diagram in Figure
Q3 to show the light beams transmitted
by the grating, showing the zero-order
beam and the first-order beams.

filament N3row
lamp beam

\
=

>
grating

Figure Q3

b. Light from a star is passed through the
grating. Explain how the appearance of the
first-order beam can be used to deduce
one piece of information about the gases
that make up the outer layers of the star.

¢. In an experiment, a laser is used with a
diffraction grating of known number of
lines per mm to measure the wavelength
of the laser light.

i. Draw a labelled diagram of a
suitable arrangement to carry out
this experiment.

ii. Describe the necessary procedure
in order to obtain an accurate and
reliable value for the wavelength of the
laser light. Your answer should include
details of all the measurements and
necessary calculations. The quality of
your written communication will be
assessed in your answer.

AQA Jan 2012 Unit 2 Q5

Two identical loudspeakers are playing the
same frequency sound, 680 Hz, from a signal
generator. A microphone is moved along the
line ABC. See Figure Q4.

signal generator

[loudspeaker ‘I'|1 [loudspeaker 2|
7 w—a

micraphone

|:| oscilloscope

a. Describe how the strength of the signal
from the microphone will change as it is
moved along the line ABC.

b. Explain why the signal changes.

¢. How would your answer to part a be
changed if the signal generator was
adjusted to a higher frequency?

d. A ‘quiet’ region is observed at point D. If
this is the first quiet region observed after
point B, calculate the distance BD. Take
the speed of sound as c = 340 ms~ .

. Diffraction gratings are used in a spectrometer

to measure the wavelength of light.

a. Describe and explain what you would see
if you illuminated a diffraction grating with
white light.

A diffraction grating with 300 lines per

millimetre is used to measure the wavelength

of sodium light, A= 589.00 nm.

b. At what angle would you expect the first
diffraction maximum to appear?

¢. How many diffraction maxima could you
see with this grating?

d. The characteristic yellow light from sodium
lamps actually comprises two wavelengths
of light, 2=589.00 nm and 4= 589.59 nm.
With this diffraction grating the two lines
are too close together to resolve, How
could you improve the visibility of the
two lines?
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Some other beetles get their coloured sheen from
another interference effect, thin-film interference

12. Rread ﬂ:IE' passage about interference and (Figure Q7). The beetle's exoskeleton is made up
leFractmq effects carefilly and ten arsiwer of thin closely spaced layers that partially reflect
the questions that follow. the light.

The Morpho butterfly (Figure Q5] is one

of the world’s largest. The beautiful, blue

colour of its wings is not due to pigment but

to their structure, The wings are actually a //
colourless, translucent membrane covered

by a layer of scales. Each scale is about thin \ /
100 pm Iung and 50 Tl wide, T'hE}" form transparent

a set of grooves that reflect light. The light layer

waves reflected from each groove overlap <

and this leads to interference effects.

Figure Q7 Thi-fiim interference

a. The passage says that the exoskeleton
of some beetles ‘acts as a reflection
diffraction grating.

i. Describe what you see when a

transmission diffraction grating is

illurninated with white light.
ii. Explain how this is caused.

iii. How does a reflection diffraction
grating produce a similar effect?

iv. The beetle in Figure Q6 appears to
have coloured regions on it. If you
looked at the real beetle, these colours

Figure Q5 The Maorpho butterly

The exoskeleton in some beetles has a similar would move if you shifted your point of
repeating grooved structure that acts as a reflection view. Why does this happen?
diffraction grating (Figure Q6). b. The ‘grooves’ on a Morpho butterfly's

wings are about 200 nm apart. Suggest
why this helps to make the wings
look blue.

¢. In order to see interference effects, there
must be at least two coherent sources of
light. Explain why the reflected beams in
Figure Q7 are coherent.

d. The colourful plumage of some birds,
peacocks for example, is at least partly
due to interference effects while in other
birds the colour is simply due to pigment.
Suggest two tests you could do to
distinguish between the two.

Figure Q6 Beetie with o grooved exoskelelon
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PRIOR KNOWLEDGE

You will have met the laws of reflection of light and
% should be able to describe the principle of refraction.

., LEARNING OBJECTIVES

In this chapter you will learn about refractive index
and how to calculate angles of refraction. You will
learn about the phenomenon of total internal
reflection, apply this knowledge to optical fibres and
find out how they are used,

(Specification 3.3.2.3)

7 REFRACTIUN AND
OPTICAL FIBRES
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Fgure T Compater grophic of the gibcl internet network, mrociced

It is difficult to say where and when the first connection
on the Internet was made., It may have happened at

the University of California, in 1969, when the cryptic
message 'LO" was sent from a computer in Los Angeles
to another at Stanford, a few hundred miles away. The
full message, ‘LOGIN', was lost due to a system crash.
From this inauspicious start, the Intermet has conquered
the world. By 2015 there were more than three billion
Internet users, about 40% of the world's population
(Figure 1).

Physics and physicists have made crucial contributions
to this remarkable growth. In the early 1970s. Donald |
Davies, working at the National Physical Laboratory ]k’u
in Middlesex, developed ‘packet switching’, a method I'I&,:‘
of routing data through a network. In 1990, physicist '
Tim Berners-Lee designed the World Wide Web, and a

year later CERN put the first website online.

Physicists now focus on making the Internet faster,
Early Internet traffic was mainly text, emails and data.
It ran on telephone systems using electrical signals

in copper wires. Now high-resolution images and
video streaming need much higher data transmission
rates. According to ‘Nielsen’s law’, data transmission
rates grow by 50% every year. Light, rather than
electricity, carries the signals. Optical fibres now form
the backbone of the UK's communications network,
carrying data as light pulses at hundreds of megabits
per second (Mb s~'). The main data bottlenecks are
the links to each house or office and the wi-fi inside.
Light might help there, too. LED lights can be made
to flash at millions of times per second, far faster than
the eye can detect, and much faster than wi-fi.
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7.1 REFLECTION OF LIGHT

In Chapter 6 you saw that when light passes through
a very small aperture, diffraction effects become
noticeable, You also saw that light can show
interference effects, when there are two or more
coherent sources, These phenomena are evidence for
the wave nature of light. But under most everyday
conditions, diffraction and interference effects are
small and can be neglected, and we can treat

light as if it travelled in a straight line. This

simplifies matters enormously, We can show the
direction of a light wave as a ray — that is, a straight
line with an arrow in the direction of propagation
(Figure 2).

o
5,
w f . -
- T =~
A, 3 e
! 1
2 &
= » 1
g S
A X
R -
{ B =i b
1 N -
te % Fd

F.Fgufﬂ‘_z A o

frowits. Each nal

it FeCresenis The
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Reflection at a plane mirror

Optical fibres are used in our communications
network. They carry signals as pulses of light. The
inner walls of the glass fibre behave as perfect mirrors.
Light repeatedly reflects from them, as it does from a
plane mirror (Figure 3), at the same angle at which it
approached = known as the angle of incidence.

The angle of incidence and the angle of reflection are
measured from the normal. This is a line drawn at
right angles to the surface of the mirror at the point
where the incident ray meets it (Figure 4).

The laws of reflection are:

¥ For any reflecting surface, the angle of incidence (/]
and the angle of reflection (r], both measured from
the normal, are equal.

¥ The incident ray, the reflected ray and the normal
lie in the same plane.

136

Figure 3 The angle of reflechion is e

i = angle of incidence
r=angle of reflection
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In the case of a gylindrical
surface, the normal 5
along the radius

normal

ol T T

T
i,

to centre of curvature

Figure 4 Reflection at mirror Suifinces

In the case of a plane mirror, we can apply the law of
reflection to several rays from an object to construct a
thearetical ray diagram (Figure 5). From that, we can
pradict the type and position of the image seen in the

mirror (Figure 6).

mirror surface
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-’:'2;' = Incident rays
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object

/ reflected

= | J rays

eye

Figure 5 Producing a wvirtu ifnage
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Figure 6 The virtual cat is the same size, and the same way
up, as the real cat, but feft and right are reversed (the image
is laterally inverted).

The reflected rays diverge from the mirror surface [see
Figure 5). The brain interprets the image as a set of
rays diverging from a point behind the mirror surface.
An image that can be projected onto a screen, as in

a slide projector, is called a real image. However,

no light rays actually pass through the position of

the image in a mirror (Figure 5), so it is called a
virtual image.

The position of the virtual image formed by a plane
mirror can be found using the no-parallax technigue
(Figure 7). The experimental results confirm the
predictions of the ray diagrams:

¥ The image is erect (upright).
» The image appears laterally inverted [left to right).

¥ The image is the same distance from the reflecting
surface as the object is.

If pin B is correctly positioned at at the image paint,
the image of pin & and the top of pin B will stay
together even if you change your viewing position,

1
L

image of pin A

pin B

H

Figure 7 Using the ‘no-paralinx’ method o locate an image ina
OIanE T

pin A

1.1

Reflection of light
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1. Light reflects from rough surfaces, too, like
this page. Explain, using a diagram, why you
cannot see an image of your face in the page.

2. The image in a plane mirror appears laterally
inverted (left and right are swapped). Explain
why the image does not appear to be
inverted top to bottom.,

3. The reflection of light is not always total.
Look carefully at Figure 3 and you will see
that some light is transmitted. Suggest the
factors that might affect the amount of light
that is transmitted compared to the amount
that is reflected.

&4. The illusion known as Pepper’s ghost is used
in the theatre (Figure 8] to present ghostly
images on stage. Make a sketch copy of the
diagram in Figure 8 and add light rays to
your drawing to show how it works.,

sheet of glass

image
of ghast

audience

light source

Figure 8 FPeppers ghost’
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KEY IDEAS

» For reflection of light at a plane mirror, the
angle of incidence is equal to the angle of
reflection. The incident ray, the reflected ray
and the normal lie in the same plane.

» The image and the object are the same
distance from the reflecting surface and lie on a
line normal to the surface. The image is virtual
and erect and appears laterally inverted.

7.2 REFRACTION AT A PLANE SURFACE

When a wave meets a boundary between two
materials, in general some of its energy is reflected
and the remainder is transmitted into the new
medium (Figure 10).

rarmal
A | 2
r NS /
‘7‘% 4‘#-
s AN
4 2 lz"it‘\i_' el
L

)\ transmitted wave

"11

Figure 9 The principle of consenation of energy means that, at the
boundany between two mateniais, the energy of the reflected wave
acided to the erergy of the transmitted wove must be equal to the
energy of the incident wonve. I the case of a perfect reflector; no
eremgy (s fronsmitted

Wave speed depends on some of the properties of the
mediurm, so, as a wave crosses a boundary between
two different materials, it will speed up or slow down.
For example, light travels at a higher speed in air than
it does in water or glass, and water waves slow down
as they move from deep to shallow water. Refraction
is the change in the direction of a wave that occurs

due to the change in wave speed as it travels from one
medium to another. Refraction of light through glass
and water can lead to some unusual effects (Figure 10).

Refraction affects both transverse waves and
longitudinal waves. Sound waves are refracted as they
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Fgure 10 Refraction of fght can produce an image that is dispioc el
from the object

cross a boundary between media in which the speed
of sound is different. For example, sound travels faster
in warmer air than in cold air. At night a 'temperature
inversion' may occur, where the air near the ground is
warmer than that higher up. Sound waves will travel
faster in the warmer air and so will tend to curve back
towards the ground at night. This means that you can
often hear things at night from a greater distance.

When a wave slows down, the wave fronts (see section
6.2 of Chapter 6) get closer together. This is to be
expected, as wave speed = frequency » wavelength
[c = fA). The freguency is determined by the source
and remains constant. So if the speed decreases,

the wavelength must also decrease. Figure 11 shows
water waves travelling from a deep regionto a
shallower region. When waves strike the boundary at
an angle, part of the wave front (the left-hand part of
the wave front in Figure 11) reaches the new medium
before the rest of the wave. That part will therefore

Fgure 1T Waves trovelling from deep water through an area of
shealiow weter



1.2

Refraction at a plane surface

change speed first; in Figure 11 it slows down before
the rest of the wave front, As the rest of the wave
front enters the medium, and so slows down, the wave
front changes direction. The wave has been refracted.

A ray, showing the direction of the waves, moves
towards the normal to the boundary when the wave
slows down, and away from the normal when the wave
speeds up. The deflection of the ray depends on the
ratio of the wave speed in each medium: a bigger
change in speed will result in a bigger change in angle.
One way of thinking about this is shown in Figure 12,

wavefront

Tas! rediti Figure 14 The straw looks bent, but this & because the direction of
- | direction the fight ray has beer changed by reffoction,

Figure 12 A car aporoaching a puddle /s an anatogy B the change
i clirection of wave fronts os they it a skower region at an angle
When the car reaches the pudcie. wheel A hits the water first and
siows doin, This catses the car to swene into the puddle

) . Figure 15 The underwater image of the straw s a virtual image
Figure 13 shows rays of light hitting a glass block -

at an angle to t_he boundary, refracting towards the R T T —— —
normal as the light waves slow down in the glass, and

then refracting away from the normal on exit from QUESTIONS

the block.

5. Figure 16 shows a series of plane waves reaching
a medium where the wave speed is slower. Copy
and complete the diagram to show what happens
to the wave fronts as they pass through the
medium and emerge from the other side.

The refraction of light can lead to misleading images
(see Figures 10 and 14). Figure 15 shows the ray
diagram that explains why the straw appears to be bent
at the water surface.

direction of wave travel
T

Figure 16

6. Light travels more slowly in water than in air.
Sketch the wave fronts from an underwater
light source, as they reach the water surface

Figure 1.3 The light rays follow a 2ig-zag path as the wenes frst slow at an angle and refract into the air.
down and then speed Up as they re-enter the first mecliim
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7. The refraction of light makes a swimming
pool look less deep than it actually is. Explain
this phenomenon with the aid of a diagram.

8. Explain why surface waves on the sea tend to
strike a beach at, or near, normal incidence —
that is, the wave direction is parallel to the normal
at the boundary between water and shore,

9. Consider the equation:
wave speed = frequency = wavelength

When the wave speed decreases, for example
when light enters glass, the wavelength decreases.
Why is it that the frequency remains fixed?

7.3 REFRACTIVE INDEX

Light waves travel at a constant speed, ¢, in a
vacuum (¢ = 299792458 ms '), When they pass
through matter, the waves slow down. We define the
refractive index of a transparent substance, 11, as
the ratio of the wave's speed in a vacuum, ¢, to the
speed in the substance, ¢,

€
ﬁ'—l:.:

It is a ratio and so has no unit, Since the speed of
light in a vacuum is higher than in any material, the
refractive index of a substance is always greater than
1 (Table 1). The higher its value, the more the rays
are refracted. The refractive index of air is around
1.0003, so we often take it as 1. The precise value
depends on the density of the air, which varies with
temperature. Convection currents in the atmosphere
lead to fluctuations in density, which alter the
refraction of light [Figure 17). These variations make
stars seem to twinkle when viewed from Earth.

Substance Refractive index
Diamond 2.42
Glass 1.40 to 2.00

-Ferspex 1.50

Water 1.33 o
Sea w_a:ter 1.34
lce 1,51
Air 1.00

Table 1 Refroctive fndex of different substances
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In general, denser substances tend to have a higher
refractive index, though there is no strict relationship.
Materials with a high refractive index are often
referred to as optically dense.

Figure 17 The latest absenaiones use iasers lo measure the
vanations in refroctive index In the atmosphere and feed them back
50 that a twinkie-free’, high-quality image may be iormed.

Snell's law

When light is refracted at the boundary between two
materials, the amount of refraction depends on the
ratio of the refractive indices of the two materials
(Figure 18).

i normal
i

refractive index, n,
speed of light, ¢

medium 1

boundary

medium 2

refractive index, n,
speed of light, c;

refracted rays
Fgure 18 This shows two rmys representing the direction of a set of
plane wave fronts, Mobice that the rays are paraflel before, and alfer,
the moverment aomss the ftenoce

Snell's law links the angles of incidence and
refraction with the speed of light in each medium.

nsinf, = n,siné,

The law is derived from Fermat’s principle, which says
that light will take the path that minimises its journey
time. Look at Figure 18. It shows a wave front AB
maving across the boundary between two media, 1

and 2. which could be air and water, for example. In the
next interval of time, ¢, point B will travel to D, but point



A will only travel as far as C, because it has moved into
a medium where the speed of light is slower.

We are aiming to derive an expression that links the
geometry, in particular the angles of incidence and
refraction, to the speed of light in each medium,

From Figure 18, sin@, = %E and sinfl, = T’:‘:% S0
dividing these gives

siné, _ BD
sing, ~ AC

But we can express the lengths BD and AC in terms of
the speed of light and time:

BD =speed x time=c, x £
AC=c, = t

Since the times to travel AC and BD are the same, we
can cancel t from those equations:

BD ¢

AC ~ ¢
S0

siné, _ ¢

sinf, ~ ¢,

This is one form of Snell's law. It states that, for a
given wavelength of light, the ratio of the speed of
light in each medium is equal to the ratio of the sines
of the angle that the ray makes with the normal in
each medium. Therefore, the angle is always smaller in
the more optically dense medium, Note also that the
incident and refracted rays and the normal all lie in
the same plane.

. C C N
Further, since m, = & and n, = c; e obtain
1

siné, my
sing, — n,

4

This can be rearranged as

n, sin @, =n, sin 6,

Refractive index m

a. n siné, =n,sind,
Assumen, = |. Then

sing, = I'"I.»:gﬂ"mc’ - 0.345

0,=20.2°

b. See Figure 19,

Figure 19

The angle at X must be 360° = 90° — 90° -
60" = 120°. The angle of incidence 8, is
therefore 180° — 120° - 20.2° = 39.8°.

Using Snell's law again for the emerging ray,
n,siné, =n, siné,

sin6, = 2sin6, = sin39.8° = 0,928
!

6,=68.1°

¢. If the incoming light had been white, the
shorter wavelengths (the violet end of the
spectrum) would have been refracted further
towards the normal when the light first met
the prism, and further away from the normal
as the light left the prism, thereby creating
a spectrum.

Worked example

A ray of red light strikes an edge of an equilateral
triangular prism at an angle of incidence of 30°.

a. Calculate the angle of refraction. The refractive
index of the glass is 1.45.

b. Sketch the path of the ray of light until it
leaves the prism, marking in all the angles of
incidence and refraction.

c. Explain what difference it would make if the ray
of light had been white,

QUESTIONS

10. A ray of light strikes a double-glazed
window at an angle of 35° to the normal,
as in Figure 20. The panes of glass are
separated by an air gap.

air % ray

glass '

air

glass
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11.

142

a. Copy Figure 20 and on it sketch the path
of the light as it passes through the frst
pane, the gap and the second pane of
the window.

b. Calculate the angle of refraction in the
first pane of glass. (Take the refractive
index of the window glass to be 1.4.)

¢. Hence label on your sketch all the
angles of incidence and refraction with
their values,

d. There will be some partial reflection at

each interface, Include these reflected rays

in your diagram and explain what effect
it may have on an object viewed through
the window.

A convex lens converges light and can be
used to bring light rays to a focus.

a. Parallel rays of red light are incident on
a convex lens as shown in Figure 21. On
a copy of the diagram, sketch the path
of the rays through and emerging from
the lens.

Figure 21

b. Explain why the lens brings the red light
rays to a focus.

¢. What difference would it make to the
action of the lens if the glass had a higher
value of refractive index?

d. What difference would it make to the
actien of the lens if the light were blue
rather than red? (Hint: The glass will have
a higher refractive index for blue light
than for red.)

e, Considering your answers to parts ¢ and
d, describe what effect the lens would
have on white light. How would this affect
an image produced by the lens?

f. Why do large telescopes use mirrors,
rather than lenses?

12. When you see an object, light from it has
travelled through your cornea, the agueous
humeur, the lens and the vitreous humour
(Figure 22). At each boundary the light is
refracted, so that it finally comes to a focus
on the light-sensitive cells in the retina at the

back of your eye.
vitreous
humour
anueous
humour retina

cornea

lens

Figure 22 Cross-section thiough the ele

Table 2 lists values for the refractive index for
the various parts of the eye,

Air 1.0003

Cornea 1.376

Agueous humour 1.336

Lens (outer layer) 1,406

Vitreous humour 1.337
Table 2

a. Using the information in Table 2, calculate
the ratios of the refractive indices at
each boundary.

b. Where does most of the refraction take
place?

¢. The refractive index of water is 1.33.
Explain, using a diagram and a simple
calculation, why it is difficult to see when
you are swimming underwater. How do

goggles help?
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Refractive index
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Questions

A1l Use the results in Table Al to plot an appropriate
graph to find the refractive index of glass.

A2 Identify the sources of error in the experiment.

A3 Estimate the uncertainty in the readings, and in
your answer for the refractive index.

7.4 LIGHT IN AN OPTICAL FIBRE

Optical fibres are long, solid cylinders of glass or
transparent polymer, with a very small diameter — a
single fibre has a diameter around 15 pm, about

the same as a human hair. A cable used for signal
transmission is made of many such fibres. The type of
fibre used in communication networks is made up of
two layers of glass, of slightly different refractive indices.
These are called step-index fibres. Light (usually
infrared) is transmitted along the inner layer, which is
made from very pure glass; this is called the core, The
outer layer is called the cladding. This is less pure
glass with a lower refractive index.

The laws of reflection and refraction govern the path
of light through an optical fibre, We can use Snell's law
to work out what happens to rays of light when they
enter the fibre.

Suppose the rays of light (in air) from a light-emitting
diode (LED) strike the end of an optical fibre at
angles of incidence up to 30°, If the core of the

fibre is made of glass of refractive index 1.60, we
can calculate what will happen to a ray of light as it
travels down the fibre,

If the end is flat and at right angles to the fibre, the
angle of incidence for a ray from the edge of the
beam, 8, = 30°. Assuming nn_, = 1, then

sin @,
n==
sin @,

Therefore

From the right-angled triangle (Figure 23):
90° + 8, + 8, =180°
8, = 90° -8,
=71.8°
144

A4 Suggest how the uncertainty in the answer
could be reduced.

A5 Suppose that you now wished to investigate
the refraction between glass and water. Design
an experiment to find the ratio of the refractive
indices of glass and water.

o

core

PE

cladding

normal

cladding
Figure 23 A light ray entering an optical fibre

This angle, 8, is now the angle of incidence at the
boundary between the core and the cladding. Suppose
the cladding has a refractive index of 1.50.

Using Snell's law, with the angle of refraction at the
core—cladding boundary 6,, we have

1.6sin 71.8% = 1.50sin8,
giving
sing, =1.013

If you try to find the inverse sine of 1.013 on your
calculator, it will indicate that you have made an
error, This does not mean that the calculation is
wrong, only that the mathematics has not kept up
with the physics of refraction. Snell’s law only works
if the ray actually crosses the boundary. At high
angles of incidence the rays cannot cross over from
a material of higher refractive index to one of lower
refractive index — they only reflect.




QUESTIONS

13. To reduce light loss, an LED is stuck onto the
end of an optical fibre with a transparent
glue. The refractive indices of the glue and
the core of the fibre are 1.40 and 1.60.

a. Calculate the ratio:
refractive index of glue
refractive index of core

b. If a ray of light from the LED hits the end
of the fibre core at 50° to the normal,
at what angle will it strike the wall of
the core?

7.5 TOTAL INTERNAL REFLECTION

When a light ray travels from one medium to a
less optically dense medium, it is refracted away
from the normal. The angle of refraction is larger
than the angle of incidence, With increasing angle
of incidence, there comes a point when the light
is refracted along the boundary. If the angle of
incidence is increased beyond that point, no light
escapes from the first medium at all (Figure 24).

In Figure 24 a light ray is passing through a semicircular
glass block. At low angles of incidence (as in A), light
refracts as expected. As the angle of incidence in the
glass block is increased, more of the light is reflected

{as in B). Eventually, an angle of incidence is reached

(as in C). At higher angles, reflection increases until the
internal surface acts as a perfect mirror (as in D). This

is called total internal reflection, because all of the
incident light energy is reflected.

AT 8,

C i=#8

1.5

Total internal reflection

The change in reflection is not sudden; there is partial
reflection inside the block for all angles of incidence.
The reflected ray gets stronger as the angle of
incidence rises. At one particular angle, the critical
angle, 0, the refracted ray lies along the boundary
between the media (angle of refraction 90°). Beyond
the critical angle i > &), the internal reflection is
total; there is no refracted ray.

The critical angle depends on the refractive indices of
the media. At the critical angle, the ray travels at 90°
from the normal in the less dense medium 2, so

n, sinf, = n, sin90°
So

sin ., ﬂz
In the case of rays travelling in a medium of refractive
index n where the less dense medium is air, we have
=], 50

sing, = 1

Total internal reflection in an optical fibre

Total internal reflection allows a light signal to pass
along a very long optical fibre, Provided the incident
angle at the core—cladding interface is always greater
than the critical angle, the light rays undergo repeated
reflections at that boundary and are trapped in the
core. A single pure glass fibre (that is, without the
cladding) could be used to carry light in this way, but
its surface would be easily scratched, allowing some
light to leak out [Figure 25). What effect does the
cladding have on total internal reflection?

B i<d.

Figure 24 Reflection and reffaction in o semicircular glass Biock
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Surface scratches lead to light leakage in
a single uncladded fibre.

) _ ; T 14. a. Calculate the critical angle for diamond
B o .~ e : (refractive index = 2.42).
- b. What effect does this have on the

Ay / i i

i appearance of a cut diamond (Figure 27)?
Scratches in the outer cladding do not

matter because it does not carry a light signal

P — -

. .J-"':-H:: = '_:r"ﬁ" |
b P SN et

Figure 25 Light leakage from an optical fibve & much reduced by
Eladding.

:\1.

Suppose the core of an optical fibre has a refractive

index of 1.60. In air, the critical angle of the glass is Figure 27 Why does a diamond sparkle?
given by '
ing =L =1 _ 0625 15. Figure 28 shows the path of a light beam
Me=g=180"" through an equilateral prism. The angle of
8. = 387" incidence at the first air—glass interface is 50°

and the refractive index of the glass is 1.4.
If the cladding is made of less optically dense glass, &

the critical angle becomes much larger. Suppose the
cladding has a refractive index of 1.50. The critical
angle is now given by

incident
bearn
sing, = 74 = 133 = 0.9575 i
g, = 69.6°
Figure 28
The protected fibre reflects only light rays with a
very high angle of incidence. This increase of critical a. Copy the diagram. On your sketch, draw
angle for the cladded fibre might seem to be a in the normals where the light rays cross
disadvantage, because less of the light will reflect a boundary and label all the angles
inside. However, it turns out to be an advantage of incidence and refraction with their
in signal transmission. When only large angles of calculated values.

incidence alre allowed, the rays Fhat are intﬂrnaii;lf b. Redraw the diagram with the angle of
reflected will tre!uel by a mpre direct route [see Figure incidence at the glass—air interface as

26, where the zig-zag ray is ﬂE_'l'ﬂﬂSt tnE SEIH"IE |Eﬁgth 50°. You will need to work back to find the
as the direct rE}y} apd so the signal it carries will suffer initial angle of incidence from air to glass.
a smaller relative time delay.

Ray B has the longest possible path with an angle of incidence equal
to the critical angle. The ratio of the length of ray B's journey to the

£ i o PR PO ] '
length of ray &'s jpurney 15 ) . ey I e
g 4 I = PR sing, 0.9375 15861

along 1 km of fibre the maximum path is 1.0667 km

Agure 26 Calcuiating path diferenice i an optical fitire
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Tolal internal reflectian

ASSIGNMENT 2: EXPLAINING RAINBOWS

(MS 0.6, MS 2.2, MS 2.3, MS 2.4, MS 4.1,
MS 4.5)

A rainbow is caused by the Sun’s light being
refracted and then internally reflected in raindrops.
Figure A1 shows the path of a ray of red light
through a raindrop.

Figure A1 Refraction and fnisl intermal reflection in o raindrop

Questions
Al If8, =70°, calculate 6,

A2 What is the angle of incidence, 8, at the
back of the raindrop? (Hint: Look for an
isosceles triangle.]

A3 Calculate the critical angle for a light ray
travelling from air to water and hence
explain why the light is reflected at the back
of the raindrop.

A4 What is the angle of incidence, &,7?

A5 Calculate the angle of refraction, #., as the
ray of light leaves the raindrop.

Water has a higher refractive index for blue
light than for red light. Make a sketch of
Figure A1 and on your diagram add in the
path that blue light would take.

Use your sketch to explain how
rainbows occur,

A6

AT

strelch and challenge

AB It is sometimes possible to see a secondary
rainbow. This happens when there are two
internal reflections inside the raindrop. With
the help of a diagram explain the formation
of a secondary rainbow,

The sky is noticeably darker between the
primary and secondary rainbows (Figure A2).
This is known as Alexander’s dark band.
Why does it occur? [You may need to do

a little research.)

Figure A2 A rainbow with a secondary rainbow and Alexander’s
ciirk b

KEY IDEAS

¥ Total internal reflection occurs when a light wave
reaches a boundary between one medium and
another of lower refractive index, at angles of
incidence greater than the critical angle.

3 In general, the critical angle is given by
sing, = 24 wheren, < 1,

» For light travelling from a medium into air, the
critical angle is given by

1

sing, = T

» Optical fibres rely on repeated total internal

reflection to transmit Iight pulses.
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7.6 DISPERSION AND ATTENUATION IN
AN OPTICAL FIBRE

Modal dispersion

Rays taking different paths along an optical fibre

will have different journey times to the end of the
fibre (look back at Figure 26). This is called modal
dispersion because the different modes of travel
are dispersed in terms of their time of arrival. In
communications it is important to keep modal
dispersion as small as possible. Information signals
are sent through the optical fibre as a series of short
pulses of light. With dispersion, short pulses sent from
the transmitter spread out by the time they reach
the receiver. This is called pulse broadening and it
reduces the quality of the signal (Figure 29). Severe
pulse broadening can cause pulses to overlap and
then information is lost. Hence there is a maximum
pulse frequency for each type of fibre.

Worked example

What is the maximum data rate (pulses per second) that
can be sent along 10 km of fibre, if the refractive index
of the core is 1.55 and that of the cladding is 1.457

The critical angle between the core and the cladding is
given by

oo M 145
sing, = ?f =755 = 0935
6, = 69.3°

The ray that strikes the cladding at the critical angle
will travel dfsin 69.3° (see Figure 26), while the
straight-through ray travels a distance d. S0 over

10 km, the longest path will be

10
0.5

so 700 m longer. Because the speed of light in the
core is 3.00 = 108/1.55=1.935x 108 ms~', this is
equivalent to a time delay of

=10.7 km

700 i
B3E xT0F ~ +ORRI0TS

If we assume that another pulse must not arrive
in this time, the maximum pulse frequency is
1(3.62 x 1079 =0.28 = 106 pulses per second.

One way of reducing modal dispersion is to use core
and cladding of almost identical refractive indices.
Another way is to keep the core of the fibre as narrow
as possible, This is what is done in a monomode
fibre, as opposed to a standard multimode fibre.
The core of such a fibre is only a few micrometres

in diameter — about 100 times thinner than a

human hair,

il == T SR N Rl BT B S=R¥aat i
QUESTIONS

16. Explain how using core and cladding
materials of almost identical refractive
index would reduce modal dispersion to
a minimum.

17. What is the time delay between the
straight-through path and the critical-angle
path for 1 km of the optical fibre with
refractive indices of 1.50 and 1.607? (Hint:
Refer back to Figure 26.)

18. A data signal is sent along the optical fibre
with refractive indices as in question 17.
What would be the maximum frequency
of transmission of pulses along 10 km of
this cable?

Material dispersion

The refractive index of a material varies with
wavelength, The values quoted in Table 1 in section
7.3 are for a 'standard wavelength’ of light — the
589 nm bright orange light that you might have seen
in sodium street lamps. For almost all materials,
refractive index increases with frequency, so blue
light is refracted more than red light. For flint glass,
for example, the typical refractive indices are 1.640
for red light, 1.646 for yellow and 1.660 for blue.
This variation of refractive index is the reason

that white light beams are split up into different

i

—— =
S

™

imtimt —_—
il = = :
Time

/W\
Time

Figure 29 Short pulses are sent into the step-index fibre. but modal dispersion means that each output pulse spreads over a longer time,
merging with other pulses and limiting the maximum pulse frequency that can be transmilted by the fibre
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colours by prisms and raindrops. The separation of
different colours is called chromatic dispersion,
or material dispersion because it is caused by
properties of the material.

As with modal dispersion, it is important to avoid
material dispersion in the optical fibres used

in communications, because otherwise a range
of wavelengths transmitted as a sharp pulse
would spread out as it travelled along the fibre
[Figure 30).

\ blue red
1
two parallel J focus focus
rays from &
light source | |

- \II twao thin prisms
cemented base-to-base

simultanecus red Wi i % pulses emerge
and blue pulses .7 =7=. s separately

T — .-H- 1.
length of optical fibre e H—lb= L=

Figure 30 Chromatic or matenal dispersion, and its effect on pufses
sent along on optical fibre

It is difficult to make glass that has no chromatic
dispersion. Instead, light with a very narrow
wavelength band is used. Lasers make ideal

light sources for optical fibres because they are
monochromatic: their light covers an extremely narrow
wavelength band. Other sources include light-emitting
diodes [LEDs). These are much cheaper but they
transmit light over a wider band of wavelengths.

The amount of chromatic dispersion also depends

on the wavelength itself; for glass, there is very little
chromatic dispersion at wavelengths in the infrared at
around 1300 nm, Most telecommunications systems
use infrared transmitters.

Attenuation

The glass used to make optical fbres is incredibly
transparent — if the oceans were made of it, you
would be able to see to the bottom of the deepest
part. However, there are some |losses that weaken

the signal. This ‘weakening’ is called attenuation
and the unit for its measurement is the decibel (dB).
Optical fibres have an attenuation coefficient, which is
measured in decibels per kilometre.

Dispersion and attenuation in an oplical libre

1.6

The attenuation of a light signal in-an optical fibre is
due to several different processes:

) Scattering. A small variation in the composition
of the glass, or its structure, leads to scattering.
Some scattered light rays then hit the cladding at
less than the critical angle and are refracted out of
the core.

} Absorption. A photon of light may interact
with an electron in an atom in the glass and be
absorbed. Later the electron will lose energy
and re-emit a photon but not necessarily of the
same wavelength [see Figure 31) and not in the
same direction,

Figure 31 lron fripurities fn the glass absorb red light and scatter
green fight fron s somelimes deliberately added to the giass for car
windscreens as it also absorhs infrared and so helps to keep the car
coolar

» Bending losses. If an optical fibre is bent too
sharply, some light will strike the cladding at less
than the critical angle and will not be reflected
back into the core.

The overall attenuation depends on the composition of
the fibre and the wavelength of the light (Figure 32).
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Figure 32 Modem optical fibres suffer less attenuation becouse of
achvances in materials fechnology,
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19. A semiconductor light transmitter has a
wavelength range from 750 nm to 790 nm.
At these wavelengths, the glass of an optical
fibre has refractive index 1.6404 and
1.6400, respectively. The light transmitter
is switched on for 100 ns. How long would
it take for light at the extremes of the
wavelength range to travel 30 km along the
optical fibre? What is the time difference

(in nanoseconds) between the arrival of the
two colours? [Take ¢ = 3.00 x 10°ms .}

20. There are three wavelength ranges (known
as 'windows’) used to carry signals down an
optical fibre. Look carefully at Figure 32 and

suggest the wavelength ranges used.

21. Why does the maximum data transmission

rate in an optical fibre depend on its length?

ASSIGNMENT 3: UNDERSTANDING THE DECIBEL

(MS 0.1, MS 0.3, MS 0.5, MS 2.5,
MS 3.1, MS 3.2, MS 3.4, MS 3.10)

Stretch and challenge

A decibel is a unit of measurement that is the
logarithm of a ratio. The ratio can be of any two
physical values (of the same variable), but the
decibel is often used to compare two values of
power or intensity (power through an area). The
decibel is particularly associated with sound levels,
usually with reference to the quietest sound that
can be heard.

thearetical limit for sound wave at atmosphere pressure
live rock music peak; damage threshold

jet arrliner taking off 100 m away

pain threshold

prieumatic rogd drill 3t 1.m

power tools / lawnmiower

busy traffic at 10m

A healthy human ear can detect an enormous range
of sound intensity. The faintest audible sound has
an intensity of 1 = 1072 W m™, referred to as

I, This is equivalent to a pressure change of less
than one billionth of an atmosphere or a movement
in the air of less than the diameter of an atom.

The loudest sound that can be heard, without
permanent damage to the ear occurring, is an
intensity of 10 W m~=2, This is 10 000 000 000 000
times more than the quietest sound. To cover such
an enormous range of values, we need to use a
logarithmic scale, like the decibel scale shown here,

car at 10 m J vacuum cleanes

™

B0

normal conversation

55

wihisper

30

leaves rustling |15

heanng threshold (mosquito 3 maway) |0

]

20

B0 1000 120 140 160 180 200

Sound kevel / dB

40 &0

The sound-level decibel seale. Fach 10 dB step means 10 times the intensity,
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The sound intensity level, I, in decibel [dB), is

I (dB) = lmugm[{:]

If the sound rose to 10 times the threshold of
hearing, the sound level in dB would be

10 log,,(10) = 10 dB

But 20 dB is not 20 times the intensity of |, as the
following shows:

20 = mlog,,,[

21

Take inverse logarithms (10" of both sides of
the equation:

of=—

m’=;,"~=mu
(4]

So 10 dB is an increase by a factor of 10, but 20 dB
is an increase by a factor of 107 {100). A value of
130 dB would be an increase by a factor of 10"

Questions

A1 An amplifier boosts the power of a signal by
3 dB. If the input power is 1 mW, what would
the output power be?

A2 An amplifier increases the electrical power of
a signal by 65 dB. The power of the output
signal is measured at 2.50 mW. What was the
input power?

A3 A signal of intensity 30 mW m~2 passes
through three consecutive amplifiers, which
each boost the signal intensity by 20 dB. What
will the output power be?

Ad4 An electrical signal of power 5 mW is sent
along a cable. A repeater station is needed
when the signal drops to 1 mW, to boost the
signal. If the loss down the cable is 5 dB km™',
what will be the maximum distance between

repeater stations?

A5 A signal is transmitted along an optical

fibre and its power is measured at different
distances from the input. The readings are
shown in Table A1. Plot a graph of attenuation
(in dB) versus distance and find the attenuation

coefficient (in dB km™'").

Dispersion and allenualion in an optical lNbre

Power { mW Distance / km

15.02 0.00

14.11 1.20

11.12 = 2,60

10.68 3.20 :
841 440

1.52 5.90

Table A1

A6 A student used a sound pressure level meter
to monitor the sound levels of a teacher talking
in the classroom. The results are shown in
Table A2.

Distance
from front
ol class /'m

Sound level of teacher's volce / dB

Normal  Veryloud Shouling

0.3
0.9
1.8

70 a2 a8
60 72 18
54 66 12

EE
1.3

Table A2

48 60 66

42 54 60

How much does the intensity of sound
increase when the teacher shouts
compared to when she is using her normal
voice? Give your answer in dB and as a
ratio of sound intensities.

Is this the same factor for a student sitting
at the front of the class, compared to a
student at the back of the class?

What is the average variation of sound level
with distance? Give your answer in dB m~'.

It has been suggested that the following
relationship holds:

[distance to | r _ intensity at 2
distance to 2 intensity at 1
Is this supported by the data?

How far away from the teacher can the
students sit and still be able to hear
her voice?
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KEY IDEAS

¥ Dispersion in an optical fibre refers to a spread in
time, so that a sharp input pulse will broaden due
to dispersion.

» Modal dispersion occurs due to the different path
lengths taken by light rays travelling down a fibre.
It can occur even with monochromatic light.

» Dispersion broadens a pulse and therefore limits
data transmission rates,

» The weakening of a signal with distance is known
as attenuation and is measured in decibel (dB), or
dB km=' for an optical fibre.

¥ The attenuation in an optical fibre is due to
» Material, or chromatic, dispersion is due absorption and scattering in the fibre.
to a frequency-dependent refractive index,

that is, different frequencies of wave travel at

different speeds.

ASSIGNMENT 4&: ANALYSING DATA TRANSMISSION
(MS 0.6, MS 1.5, MS 2.3, MS 2.4)

Stretch and challenge

Binary + Sl G L e A L LY
piace valiue

In this assignment you will calculate the data
transmission rate that is required for real-time

) : Fe : Decimal 128 54. 5-2 IIG 8 4 2 1
transmission of high-definition video. _
equivalent

The image on a computer or digital TV screen is E;{_Ei;'r'l_pm__ = o 0 T B

made up of pixels. A pixel, or picture element, is

the smallest area in an image whose colour can be
controlled. Each pixel in a digital image is coded.
The code determines what colour that pixel will be.
The code is expressed as a binary number. Each
digit, or bit, in the binary code can only be 0 or 1.
For example, the four-bit number representing the
number 13 is written 1101, Another example is
shown in Table A1. The more bits that are used for
the code, the more shades of colour [or grey) can be
represented in the image and the more accurate the
image will be, as shown in the figure.

Table AT In a bingry member, each digit [Bit] represents a power of
2. The decinal equivelent-of the number shown here 10010111 15
IGHfhatis, | = 12840 =68 +0x 32+ = l6+0 =8+
P xdg4 ) %2% Lxl

Binary signals are carried in an optical fibre by pulses
of light. Either the light is on, which representsa 1, or
the light is off, which represents a Q.

To get a rough estimate of how many pulses of
light per second (bits of information) we need for
high-definition real-time video streaming, we need
to know:

:J't‘

1 =t £ bits

2 prisible values flight or dark)
Mone bits foreach pivel means o higher-definion mage.
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} how many bits are needed for each pixel

» how many pixels are needed for each frame (one
whole-screen image)

» how many frames are shown per second.

The number of bits per pixel determines how many

celours can be shown in the pixel. Modern systems

use 24 bits per pixel, which allows 2% — more than

16 million — different colours, High-definition (HD)

screens have 1920 (horizontal) = 1080 (vertical)

pixels. HD TV typically uses 60 frames per second.

Therefore, the total number of bits required is

given by

24 x 1920 x 1080 x 60 =3 x 10° bits per second
= 3 gigabits/second

In practice, sophisticated data-compression software
is used and the required data rate drops to between
5 and 25 megabits/second.

Your task in this assignment is to imagine that
a school has installed an optical fibre system to
distribute video to its classrooms.

Read the following information and then answer
questions A1 to A8. Multimode step-index optical
fibre was used since it is significantly cheaper than
monomeode fibre. The fibre has a core diameter of
62.5 + 3 pm, which is much larger than monomode
fibre but allows lower-cost LEDs or lasers to be
used. The cladding has a diameter of 125 =

2 um. The fibre-optic cable was designed to work

at 850 nm. At that wavelength, the attenuation is

Dispersion and attenuation in an optical fibre

1.6

3% dB km~'. The refractive index of the core is 1.496
and the refractive index of the cladding is 1.466.

Questions

A1l Explain what is meant by multimode
optical fibre.

A2 Explain what is meant by step-index
optical fibre.

A3 s the attenuation in the optical fibre likely
to be a problem for the school?

A4 Calculate the critical angle between the
core and the cladding.

A5 Use your answer to gquestion A4 to calculate
the time delay between the straight-through
path and the critical-angle path for 1 km of
the optical fibre. What is the uncertainty in
this calculation?

A6 Use your answer to question AS to
calculate the maximum bit rate that can be
transmitted over 1 km of fibre,

AT Compare your answer to question AB with
the requirements for high-definition video and
comment on the school's choice of system.

A8 It is suggested to the school that
‘graded-index’ fibre, in which the refractive
index varies gradually between the core
and the cladding, might be better, Do some
research and then explain what advantage
it could offer.

ASSIGNMENT 5: LEARNING ABOUT USES OF OPTICAL FIBRES

IN ENGINEERING AND MEDICINE

Read the following and then answer the guestions at
the end.

Aircraft safety

The stresses and strains on aircraft components
need to be continuously monitored so that any
structural problems can be detected in advance.
One way of achieving this is to use optical fibres
that have integrated reflection diffraction gratings
(Figure Al). The ‘diffraction grating' is actually a
region of the core where the refractive index varies
periodically. Some of the light that is travelling along

the fibre is reflected at each boundary between
regions of different refractive index. Each of these
reflected light rays has a path difference, compared
to the adjacent reflection, of twice the grating
separation (thatis 2 = din Figure Al). These

light waves will only be in phase for a particular
wavelength, so the grating has the effect of
reflecting one wavelength and transmitting the rest
of the spectrum. The wavelength that is reflected

is dependent on the spacing of the grating. If the
fibre is bonded to a critical part of the aircraft, it will
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monitor any strains (extensions) that occur, with a
sensitivity of around one part in one million.

reflection grating
optical fibre | |

i e

’
fibre core

core refractive index

ML e M ML LT

Figure A1 Cptical fibre with infegrated reflechon difffaction
gt

Similar techniques are used to monitor temperature
and pressure. Optical fibres are resistant to high
temperatures and pressures, and so can be used
in many situations where conventional electronic
sensors could not function. Since they are not
metallic, optical fibres can be used in areas where
high voltages are present. Optical fibres are also
immune to interference from strong magnetic
fields, which would cause electrical interference

in conventional sensors. Optical fibres carry no
electrical signals, so there is no danger of a spark,
which is an important advantage in areas where
aviation fuel is present.

Secure communicalions syslems

Optical fibres in communications systems carry
information in a more secure and efficient way
than copper wires, so security of data in the air
transport business is improved. Electrical wires can
be ‘tapped’ in a number of ways, without breaking
the wire — for example, by placing an induction

coil around the cable. The signal inside an optical
fibre can only be detected by breaking the fibre at
some point,

Medical applications

Modern X-ray, nuclear magnetic resonance and
body-scanning techniques have drastically reduced
the need for exploratory surgery. However, in some
instances nothing can replace the chance to take a
good look inside an organ, Doctors can now take
advantage of endoscopes — sometimes without
anaesthetic — instead of more intrusive exploration.
An endoscope is a thin, flexible tubular structure
containing a cluster of optical fibres. Some of the
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fibres carry light into the patient, while others
carry reflected light back out of the patient to a
TV camera. This allows the surgeon to see inside
the body through a tiny hole made to insert

the endoscope.

The most recent developments allow surgeons

not only to look but also to carry out operations
through this tiny hole, which gives the technique its
name — keyhole surgery. Tools are mounted on the
endoscope to let the surgeon cut and seal wounds
deep inside the body. Recovery from the procedure
takes days rather than the weeks needed for
traditional surgery.

Endoscopes are commonly used to examine the
upper digestive tract (gastroscopy] or the rectum
and colon (colongscopy). Light is carried to the

site of the examination through an incoherent
bundle of glass fibres (Figure A2). As many as

50 000 individual fibres make up the bundle.

An incoherent bundle cannot be used to form an
image because the ends of the individual fibres are
arranged randomly.

In a coherent bundle, the fibres have the same
spatial position at each end of the bundle (Figure
AZ). The light emitted from the end of the bundle

is an exact copy of the incident light and an image
can be reproduced. Coherent bundles are used in

an endoscope to form an image of the area inside
the body under examination. As these are expensive
to manufacture, incoherent bundles are used

for illumination.

incoherent

Figure A2 Caherent and intoherent bunclles
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Practice questions
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light ray cladding
Lore norrmal line
_ A :
narmal line
i cladding DR
Figure Q2

a. Show that the refractive index of the core
is 1.47.

b. The refracted ray meets the core—cladding
boundary at an angle exactly equal to the
critical angle.

i. Copy and complete Figure Q2 to show
what happens to the ray after it strikes
the boundary at X.

ii. Calculate the critical angle.

iii. Calculate the refractive index of
the cladding.

¢. Give two reasons why optical fibres used
for communications have a cladding.

AQA Unit 2 Jan 2013 Q5

3. Figure Q3 shows a cross-section through an
optical fibre used for communications.

5
&

normal
r;u?,f refractive index of X = 1.41
i refractive index of the core = 1.46
i ¢
¥
}f
Figure Q3

a. i. Name the part of the fibre labelled X in
Figure O3,

il. Calculate the critical angle for the
boundary between the core and X.
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b. i. The ray leaves the core at Y. At this
point the fibre has been bent through
an angle of 30° as shown in Figure Q3.
Calculate the value of the angle /.

ii. Calculate the angle r.

The core of another fibire is made with a
smaller diameter than the first, as shownin
Figure Q4. The curvature is the same and the
path of a ray of light is shown.
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L
Figure Q4%

c. State and explain one advantage
associated with a smaller-diameter core,

AQA Unit 2 June 2012 Q4

4. Which of these statements about optical
fibres is false?.

A Multimode fibre has several separate
cores inside the cladding.

B Step-index fibre has a core with refractive
index that is slightly higher than that of
the cladding.

C Monomode fibre has an exceptionally thin
core so that only one mode can propagate
down the fibre.

D Graded-index fibre has a refractive index
that is a maximum at the centre of the
core and gets gradually smaller towards
the cladding.
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end has a similar switch, which directs the
correct signal to the correct device. The
data rate carried by the fibre has to be
significantly greater than that required by
the individual signals it carries. High-speed
systems run at up to 50 GB per second.

9. A ray of light strikes a glass prism [refractive
index = 1.45) at an angle of 30° to the
normal (see Figure Q6).

S Y ] I
itz T =Py [UTLILILL
||‘1|:|ut1 = device -+ 3 2 ]
-7 || T [

X 1 S [
UL = AU AL

e L B cicico Zoutput
o F 11 3

S Figure Q7

Figure Q6

Which row in Table Q3 correctly describes the
path of light through the prism?

Angle of Angle of Angle of
refraction  incidence refraction in
| degree at glass—air air / degree
boundary /
degree
A 20.2 50.2 53
B 202 50.2 total internal
reflection
C 46.5 76.5 tatal internal
reflection
D 46.5 6.5 32
Table O3
10. Read this information about optical fibres
and the way that they carry data.
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Optical fibres have enormous bandwidth.
In 2016, the highest data transmission
rate along a single strand of fibre was
just over 1 THz, fast enough to download
the entire Game of Thrones series in
High Definition (HD) video in less than

1 second.

Time division multiplexing (TDM)] uses
a switching device that allocates a time
slot, known as a channel, to each signal
(Figure Q7). These digital signals are then
transmitted along the fibre. The receiving

Wavelength division multiplexing
(WDM) uses several different wavelengths
of light to carry signals (Figure Q8). Each
wavelength carries one channel of data,

Up to 80 channels are carried by the

same fibre, with a wavelength difference of
about 0.4 nm between each channel, This
method tends to be four or five times more
expensive than the TDM solution.

= /\ i+ /A /0

1

[

f=

Al
ke skew

Figure Q8

Data transmission rates in an optical fibre
are usually limited by the devices that change
electrical signals to optical signals and back
again. However, there are also limitations set
by modal dispersion in the fibre.

a. i. Explain what is meant by modal
dispersion and explain why it limits the
maximum data transmission rate in
the fibre,

ii. Why might this be a particular problem
for time division multiplexing?
b. Wavelength division multiplexing suffers
from ‘skew’ (see Figure Q8). What causes
skew?



Practice q usstions

159




"0 SPECTRA, PHOTONS AND
WAVE—PARTICLE DUALITY

PRIOR KNOWLEDGE

You will be familiar with the electromagnetic spectrum
and the terms used to describe a wave: wavelength,
frequency, amplitude and wave velocity.

| LEARNING OBJECTIVES

In this chapter you will learn about spectra, the
photoelectric effect and electron diffraction, and

J what these tell us about the dual nature of light
and particles.

[Specification 3.2.2.1, 3.2.2.2,3.2.2.5, 3.2.2.4)

Astronomy has a strong claim to be the oldest science.

Systematic observations of the sky were being made
in China around 6000 vears ago. For almaost all the
time since then, astronomy has depended on visible
light and the human eye to make observations. But
only a small fraction of the total energy that reaches
us from space is in the form of visible light. We are
bathed in radiation from the entire electromagnetic
= spectrum. lEis only in the past 70 years ar so that we
have developed other ways of 'seeing’ In addition to
optical telescopes, we now have huge radio telescopes
and satellites that can see the Universe at X-ray,
ultraviclet and infrared wavelengths.

ALMA, (Figure 1, background) the Atacama Large
Millimetre Array, is a large radio telescope array designed
to study the Universe at millimetre wavelengths, that is,

in the microwave and infrared regions of the spectrum. It
is being used by astrochemists to analyse the chemicals
in interstellar space. Many organic compounds, such as

sugars and alcohols, have been detected by the radiation
they emit. Every compound emits its own specific set

of wavelengths, dependent an its temperature and the
molecules it contains. ALMA has helped scientists to show
that these chemicals are present in the Orion Mebula, a
region of space where new stars are forming (Fgure 2).
Any planets that orbit these stars could already have
some of the organic molecules necessary for life,

N
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Measurement of the energy emitted across the whole
range of wavelengths gives detailed information about
stars and galaxies: their temperature, their speed

relative to'us, and their chemical compasition. >
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Figure 3 The electromaognetic spectrum

All objects emit electromagnetic radiation as a result of
the thermal motion of their molecules, This is thermal
radiation. The radiation is emitted across a range

of wavelengths, known as an emission spectrum.
The peak wavelength (the wavelength at which most
radiation is emitted), and the overall intensity of

the emitted radiation depend on the object's
temperature — see Figure 16 in section 8.3, When an
object is heated, more radiation is emitted, particularly
at shorter wavelengths. At room temperature, objects
emit most of their radiation in the infrared region of
the spectrum [Figure 4). If the object gets hot enough,
it will emit visible light (Figure 5). A star like our Sun,
with a surface temperature of more than 6000 °C,
emits radiation across the entire EM spectrum, but
mast of the radiation is in the visible part of the
spectrum, with a peak in the yellow region. The link
between wavelength [colour) and temperature only
applies to emitted light, not light that is reflected from
other sources.

Visible light is part of the electromagnetic (EM]
spectrum (Figure 3). The EM spectrum covers an
enormous range of wavelengths, from radio waves,
which can be hundreds of kilometres long, to gamma
radiation with wavelengths of 107" m . Qur eyes

can detect only the very small range of wavelengths
between 400 nm (violet visible light) and 700 nm
(red visible light). It is no coincidence that this is the
part of the electromagnetic spectrum that penetrates
the Earth's atmosphere most effectively.
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1. a. The constellation of Orion (Figure 6]
has two very bright stars in it, Rigel
[bottom right) and Betelgeuse (top left).
Rigel appears slightly brighter than
Betelgeuse, but which has the higher
surface temperature?

Figure 6 The Crion constalfation

b. Suggest which other factors determine
how bright a star looks to us.

2. Why do very hot objects appear to be white?

5. Place the following in order of temperature,
with the highest/hottest first: heating
element of a toaster; surface of the Sun;
central heating radiator; flash of lightning;
filament of a car headlight bulb.

4. On a clear night the surface of the full
Moon looks white. Does that mean the
Moon's surface is hot? Explain your answer

Line spectra

The electromagnetic radiation from an object can

tell us about the temperature of its source, and it

can also tell us about its composition. Light can be
analysed by using a prism or a diffraction grating

[see section 6.2 of Chapter 6) to disperse it into its
separate wavelengths. In some cases this produces an
emission spectrum, which appears as a series of sharp
bright lines against a darker background, called a line
spectrum (Figure [},
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Line spectra are produced by hot, low-pressure
monatomic gases, Experiments on such gases have
shown that each element produces a unique set

of lines, The emission lines from hydrogen include
a bright red line, as well as some fainter blue and
purple lines. The combination, seen without a
diffraction grating, appears red to the human eye
(Figure 8).

1ol higdrogen and halim

Figure 7 The emissior: fine spect
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The spectra from atoms that are closer together, such
as in high-pressure gases, are more complex and
appear as bands rather than lines. Spectra from hot
solids (Figure 9) and liquids are continuous spectra,
like the rainbow, which is the spectrum of visible light
from the Sun.



Figure 9 Obsenving the spectrum emitted by a motten alioy gnes us
detmited infarmation abaout 1S compasition,

The line spectrum of hydrogen was first observed in
1853, Those of other elements followed. Classical
physics, the laws of physics as they were understood
at the end of the 19th century, could not explain why
each element emitted only certain specific colours. At
the beginning of the 20th century Niels Bohr [Figure
10) and Max Planck made advances that were critical
to our understanding of spectra and atoms.

8.2 BOHR'S HYDROGEN ATOM

Miels Bohr built on Rutherford’s theory of the nuclear
atom (section 2.2 of Chapter 2). The hydrogen

atom was thought to contain one electron orbiting
around a positively charged nucleus. But there was a
problem. According to classical physics, all charged
particles emit radiation when they accelerate.

An orbiting electron is constantly changing its
velocity — in fact, it is accelerating towards the
centre of its orbit. So an orbiting electron should be
radiating, thereby losing energy. This is similar to a
satellite orbiting Earth. If the satellite loses energy
as it travels through the upper atmosphere, it will
lose height and eventually crash to the ground.
Rutherford’s hydrogen atom would be unstable in the
same way — as the electron radiated energy, it would
spiral down into the nucleus.

In 1913 Bohr made the bold suggestion that
classical physics did not apply to electrons in atoms.
He argued that an electron in an atom could only
move in certain ‘allowed’ orbits, In these allowed
orbits the electron could exist without losing energy.
Bohr called these orbits ‘stationary states’. Each
stationary state corresponds to a specific electron
energy. These are represented in an energy level
diagram (Figure 11),

Figure 10 Nizis Bohr

electron in lowest energy level
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The ground state, n = 1, is the lowest energy level. An electron in
this level needs an energy transfer of 13.6eV to free it from

the atom

Figure 11 Allowed orbits fleft] and energy fevels (right] in Bohrs
hydrogen atom

Bohr suggested that the electron in a hydrogen atgm
can only gain or lose energy when it jumps fromi.one
energy level to another. The electron is not allowed to
be between levels. If the electron is to make a jump
between orbits it has to lose, or gain, exactiy the right
amount of energy. If the electron moves to a lower
energy level it has to lose energy. It does so by emitting
electromagnetic radiation, light for example. In the
Bohr model, the line spectrum of an element is caused
by electrons making transitions from higher allowed
energy levels to lower ones, emitting light in the process.

An electron in an atomic energy level is considered to
have negative energy. This is because the electron is

in a ‘bound’ state, held in the atom by electromagnetic
attraction. The electron needs to gain energy to become
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free. An electron that is just free of the atom has zero
energy. On an energy level diagram, like that in Figure
11, the energy levels are labelled with negative energies,
which indicate how much energy the electron would
need to escape from the atom. An electron with positive
energy is free of the atom and has some kinetic energy.
The energy values are given in the unit of electronvolt
(V). One electronvolt (1 eV) is the energy gained by

an electron when it is accelerated through a potential
difference of one volt (1 V) (see section 3.1 of Chapter 3).

A hydrogen atom has only one electron, When the
electron is in the lowest possible energy level, the
hydrogen atom is said to be in the ground state. In
this orbit the electron cannot lose any more energy.
This is the most stable state.

The electron can move to a higher energy level in a
process called excitation. The energy could come
from either of the following:

¥ collisions — energy can be transferred to an atomic
electron when there is a collision with another
particle, such as a free electron;

kinetic ensrgy = £'
[ ]

incident
electron m
. @
nucleus
kinetic AE

energy, £ < AE

kinetic energy = £
atomic electron

qoes 1o
next orbit

&

kinstic
energy, E> AE

kinetic energy = E'
atomic electron oA

is gjected

from atom

L \

kinet | : i

» radiation — energy can be transferred to the atomic
electron if it absorbs exactly the right amount of
energy from EM radiation, such as light.

When the electron is in a higher energy level, E,, it can
drop to a lower level, E,, emitting radiation (Figure
12). The energy of the radiation emitted as a result

of this transition is exactly equal to that lost by the
electron, that is, the energy difference between the
two levels E, — E,.

El J n=2
NGNS
—_—
emitted radiation, energy = E; — E;

£y L n=1

Figure 12 An electron transiion

Sometimes the energy transferred to an atomic
electron during a collision is so great that it is
completely knocked out of the atom. This process is
called ionisation (see Figure 13).

Elastic scattering:

The energy of the incident electron is not
enough to lift the atomic electron to the next
allowed orbit. The atomic electran cannot
absorb any of the incident electron’s kinetic
energy. The incident electron is elastically
scattered, i.e, it loses no kinetic energy, £ = £

Inelastic scattering:

The energy of the incident electron is greater
than the energy gap between allowed orbits.
Some of the energy of the incident electron
transfers to the atomic electron, raising it to a
higher energy level. The atom is said to be in
an excited state. Later, the atomic electron falls
back to its original orbit, emitting radiation in
the process. The incident electron s scattered,
losing kinetic energy in the collision, £ = £ - AE

lonisation:

The kinetic energy of the inadent electron is
greater than the negative energy of the atomic
electron’s orbi (the jonisation energy). The
atomic electron is knacked completely out of
arbit, and becomes a free electron. Any excess
energy will appear as kinetic engrgy of the two

electrons: £ + £7 = £ — ionisation enerqy
kinetic energy = £

Figure 13 Excitation and jonisation caused by an electron calliding with an atom
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Bohr's hydrogen atom m

Bohr's theory, which allows electrons in atoms to gain

or lose energy only in steps of an exact size, was a 7. In Figure 15 an incoming electron collides
revolutionary idea. In classical physics, energy is a with an atomic electron in the lowest
continuous quantity — it can take any value — but in energy level.

Bohr's quantum theory, the energy of an electron

in an atom can only take certain discrete values. In 158V

other words, the electron's energy is quantised. This —34ev
is why the spectrum of light from a gas is made up
of lines, rather than all the colours of the spectrum,
Bohr's model of the hydrogen atom predicted which
wavelengths of light would be emitted, and his
calculations were in excellent agreement with the
observed hydrogen spectrum,

=13.6 eV

Figure 15
QUESTIONS What will happen in each case after the
5. Old-fashioned TV sets (Figure 14] were culiis‘::;-n if the incoming electron has the
particle accelerators. Electrons were following energy?
accelerated through a tube and made to o e
collide with atoms in the fluorescent coating b. eV
e

on the inside of the screen. The screen
emitted light. Use the ideas of excitation and c. 15eV
energy levels to explain this.

Figure 14 ATV before flal screens

6. You can buy plastic star shapes that glow
in the dark to decorate a child's bedroom
ceiling, After dark, the stars glow brightly at
first, and then grow dimmer and eventually
stop glowing altogether. If you shine a light on
them, from a torch for example, they will begin
to glow again. Suggest what is happening in
the atoms in these plastic stars. What does
the gradual dimming suggest to you?
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Fgure Al FProducing absenabile spectra

A light source, such as an electric bulb, emits light
across a range of wavelengths, If the light is passed
through a prism, or a diffraction grating (see section
6.2 of Chapter &), it will be dispersed into its
component wavelengths, forming a spectrum. The
type of spectrum depends on the light source. A
rainbow is a solar spectrum, formed by the Sun’s light
passing through raindrops, which act as prisms and

disperse the white light (see section 7.5 of Chapter 7).

The following light sources will all produce different
spectra when viewed with the apparatus shown in
Figure Al;

} candle

¥ Bunsen flame

» fluorescent light

» white LED

}» mercury vapour lamp
» sodium vapour lamp

¥ old-fashioned incandescent light bulb.

ey Term

Il_lll_ [FETiL '_.'f £y e

Figure A2 Tjpes of spectra
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A1l Figure A2 shows that some spectra are
a set of sharp coloured lines. Others are
continuous, with no gaps between the
colours,

a. Which of the sources listed would give
rise to a line spectrum?

b. Which would have a continuous
spectrum?

¢. Explain the reason for the difference in
the spectra from these sources.




Relative intensity

980, a3 480 530

.
The photon

incandescent

580 630 680 730 780

Wavelength of light emitted / nm

Fgure A3 Spectral intensity curves

A2 Refer to Figure A3, which shows spectral
intensity curves of sources used to light a
house [LED, incandescent and fluorescent).

a. What are me-djﬁemmes.bemeen them?'
b.  Which one would be best for a bedroom?

6.3 THE PHOTON

In July 1900, new and accurate measurements of the
thermal radiation from hot objects were published.
These confirmed that there was a large discrepancy
between theory and experiment. Physics had no
satisfactory explanation for the relationship between
intensity and wavelength (Figure 16).

Max Planck managed to solve the problem by
suggesting that electromagnetic radiation could only
be absorbed or emitted in ‘packets’ of a certain energy.

Classical physics treated radiation energy as continuous,

and any quantity of energy could be transferred.
Planck’s revalutionary idea was to assume that

radiation energy was transferred only in discrete ‘lumps.

These 'lumps’, or energy quanta, became known as
photons (Figure 17). Planck suggested that it was only
possible to emit energy as a whole number of photons.
His idea was the beginning of the quantum theory of
radiation. By assuming this, Planck could generate

a theoretical graph of intensity against wavelength.

His curve matched the experimental results well. His
assumption was justified; electromagnetic radiation
energy can only be emitted in discrete amounts.

According to Planck’s theory, the amount of
energy transferred by a photon depends on the
frequency of the radiation. A photon of ultraviolet

¢. Which one would be best for a study?

d. Which might you choose to light a
kitchen?

A3 Try to identify the sources of the spectra in
Figure A2,

1.4} )
[}
L]

5000 K

fu
T

\ Rayleigh-leans farmula
(for 5000 K}

—
=

e =
)

Relative intensity

3000 K

== =

J_' - | —}— — == L
500 1000 1500 2000 2500 3000
Wavelength / nm

o @
=
T 1

Lo

Fgure 16 Experirnental cures for the continuous spectra from hot
objects af different lemperatures Classical physics could not exolain
the shape of these curves. A theory kiown as the Rayleigh-Jeans
o procluced the dashed cunve, which did not agree at all wel!
with expenimental resuits. Wivse it predicted that infinite energy
wold be emitted at shart wavelengths, This becarme known as the
witrovicvet catostrophe!

light transfers more energy than a photon of
infrared light. Planck stated that the energy of
a photon, E, is related to the frequency, f, of the
electromagnetic radiation [see section 3.3 of
Chapter 3) by the equation

E=hf
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Figure 17 Classical physics reated EM radigtion energy as
continuous. Amy amount of energy cowd be transferred, fust as any
emowunt af weater ca be poured fram o g, Biancks theory suggested
that radialion energy con oy be transferred in discrete amounts,
tmare ke ice cubes. In this new ‘quantum’ theoryy, you coukd not have
heaif cr pfioton

where h is a constant known as the Planck constant,
h = 6.626 x 107 Js . As the frequency of a wave

is related to its wavelength, A, by the formula f=c/4
where ¢ is the speed of electromagnetic radiation in a
vacuum, Planck’s formula for the energy of a photon
can also be written as

QUESTIONS

8. The Planck constant determines the ‘size’
of the packets of energy that a particular
frequency of radiation transfers. The
shortest wavelength of electromagnetic
radiation that is visible to humans has a
wavelength of around 400 nm.

a. What is the smallest amount of energy
that this violet light could transfer,
in electronvolts?

b. What is the next lowest amount of
energy that could be transferred?

c. And the next?

9. a. “If radiation energy is 'lumpy’, then the
lumps are very small.” What is meant
by this?

b. What difference would it make if the
Planck constant were much larger?

Explaining emission line spectra

Planck’s photons and Bohr's energy levels (section 8.2)
together give us a way of explaining line spectra. Each
time an electron in an atom falls to a lower energy

level, a photon is emitted. The energy of the emitted
photon, if, must be equal to the energy lost by the
electron, AFE:

AE = hf
Since ¢ = 4, we can write this as

he

A=y
In a hydrogen atom, small energy changes lead to
the emission of photons in the infrared region (the
Paschen series of spectral lines, Figure 18). Larger
energy changes emit visible light [the Balmer series).
The largest energy changes, where an electron falls
back to the ground state, lead to the emission of
ultraviolet radiation (the Lyman series).

Wavelength / nm——s

o i i
[} | o [} = [ ] i
[} N I-I"'I- [} [Ta] ] [ ] |
i N D= i
Lyman Series 5, &
Eg L ia
E i ﬁ &
p—— Toal
T
=-1.5 =24 =
Paschen s @
3.4 -5.4 7
z Balmer ETIES =
s <eries =
5 5
1]
5 g
-13.6 ! =218
Lyman
SEries

Flgure 18 Line series in the hydrogen spectrum

Worked example

An electron in the ground state of the hydrogen

atom has an energy of —13.6 eV. The electron gains
energy from a collision with another electron and is
raised to the next energy level, =5.4 eV. It has gained
—3.4 — [-13.6) =10.2 eV. Later the electron will fall
back to the ground state, emitting a photon of energy
10.2 eV. Calculate the frequency and the wavelength
of the emitted radiation.

Using Planck’s equation:

AE = Af
_ AE
f_—.'r

But AE has the unit eV, whereas h isin Js, so we must
convert AF to joules.



AE=102eV=10.2 x 1.6 x 10719
=1.63 = 10-18)

16510 %)
T B6.63x107 Js
2.46 % 10" Hz

We can calculate the wavelength using the wave
equation, ¢ = f4, where ¢ is the speed of light
(3.00 = 10% ms™'), fis frequency (Hz) and Ais
wavelength [m). So

A= C = 5‘-{}{)!1[}&“15'
- |F 2.45}(‘{}555 ]

=12x10"m (to2s.f)

which is in the ultraviolet part of the spectrum.

10. a. How many different frequencies of light
could be emitted by an electron moving
between the lowest three energy levels
in hydrogen [see Figure 11)7

b. Calculate those frequencies,

11. What is the shortest wavelength of
light that can be emitted by an electron
transition in a hydrogen atom?

Hydrogen is the simplest atom — it has only one
electron. The energy level diagrams for other atoms
are more complicated, but the same principles apply.
The atoms of each element have their own set of
allowed energy levels, and so every element has a
unigue line spectrum that identifies it. Niels Bohr said
that a line spectrum was “like a stained glass window
looking into the heart of the atom”.

Fluorescent lights and electron energy levels
Fluorescent lights have long been used as strip lights
in kitchens, classrooms and offices. Nowadays small,
light-bulb-sized versions are common as ‘low-energy
bulbs. These are compact fluorescent lights (Figure
19), which are much more efficient than filament
lights. They do not rely on getting hot to emit light.

Fluorescent lamps have an electrode at both ends
of a tube containing a low-pressure unreactive gas,
such as argon or neon, and some mercury vapour.

Figure 19 A compact Auorescent famp (CFLJ

Electrons accelerate down the tube, colliding with
mercury atoms as they do so (Figure 20). The collision
can knock an electron out of a mercury atom, ionising
it. If the missing electron came from a lower energy
level, another electron will fall from a higher level to
fill the gap. This will cause the emission of a photon.
Elements such as mercury, with a high atomic number,
have large energy gaps between allowed levels. So
high-energy photons are emitted, usually in the
ultraviolet region.

Flucrescent lamps are very efficient at producing
ultraviolet radiation, but that is not really what we
need from a light bulb. A second stage of photon
emission happens when the ultraviolet photons are
absorbed by the phosphor that is coated on the
inside of the lamp (see Figure 20). As the photons are
absorbed, electrons in the atoms of the phosphors
are raised to a higher energy level. These electrons
fall back to lower energies, but not necessarily in one
transition. So rather than re-emit ultraviolet radiation,
two or more photons of visible light could be emitted
(Figure 21).

MEercury atoms

g - mercury atom:
el emitting UV
."\';-? ¢
- 'ﬂ_—_‘:-, =3

25,
5 2 & UV photons
." = -I=._.

= phasphor
A L coating
visible light photons

glass tube

Fgure 20 Fluorescence and phaspharescence i a fuarescent tube
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By choosing a phosphor with the right spacing of
energy levels, the fluorescent tube can be made to
emit just about any colour we choose. These photons
of visible light pass straight through the glass tube,
but any ultraviolet radiation that is not absorbed by
the phosphor is likely to be absorbed by the glass.

excited states of

fluorescence | 4 -, _ phosphor atom
innisation ! )
energyof 4 i phosphorescence
mercury atom =3 v %
LY = - visible
" photon
photon ! p
ground state of
phosphor atom
groungd
state of

mercury atom

Figure 21 Energy fevel diagram showing fluorescence and
Phosphorescence

12, a. You cannot get a suntan by sitting
under a fluorescent tube. Why not?

b. What changes would you make to the
tube for a tanning bed?

13, Most fluorescent lamps give out white
light. How is that done?

14, Glass is transparent to light, but opaque
to ultraviolet, What makes a material
transparent to some wavelengths and
not athers?

15. Niels Bohr said that a line spectrum was
"like a stained glass window locking into
the heart of the atom”. What did he mean
by this?

ASSIGNMENT 2: COMPARING LIGHT BULBS

There are at least four different types of light bulbs
in current use in British homes:

) fluorescent tubes or compact fluorescent lights
(CFLs)

? incandescent or filament lights
} halogen lights (often used as spotlights)
} light-emitting diodes (LEDs).

Read the section of this chapter on fluorescent
lights, and the following text on the three other
types of light bulb mentioned, and then carry out
task A1l at the end.

The incandescent light bulb was first commercdially
manufactured in 1880 (Figure Al). An electric current
is passed through a conducting filament, originally
made from carbon but later made from tungsten. The
filament becomes hot, quickly reaching its operating
temperature of around 2800 K (approximately

2570 °C). At this temperature the filament glows

Figure A1 The first proceical light bulb was made by lasent) Swan, an English chemee, wiho patented s invention a year before Thomias
Edtison i the USA, His efectric lamp had o carbonsed thread flament in fow-pressure air inside a gitass bufh Swans own home becarme the
first fo be fitted with electric fights in 1879 The basic design has changed little since then.
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white. The efficiency of a 100 W incandescent light

is only around 3%. A large proportion of the energy
is radiated as infrared, not very useful for reading by
but quite good at heating the room, These light bulbs
were banned from sale in Europe in September 2012.

Halogen lights also use tungsten filaments [Figure
AZ2]. The gas inside the bulb is a halogen, which
slows down the evaporation of tungsten from

the filament and prolongs the life of the bulb. It
also means that the bulb can be run at a higher
temperature, with the result that more energy is
radiated at short wavelengths (in the visible) and
relatively less at longer wavelengths. The halogen
spotlight gets very hot, though. They are much
smaller than ordinary incandescent bulbs, and so
the envelope is quartz instead of glass, which would
melt. Because the tungsten filament is protected
by the halogen gas, the lifetime of the bulb is
almost twice the 500 hours or so of an ordinary
incandescent bulb. It is also more efficient, though
manufacturers’ claims are often misleading, partly
due to the fact that halogen lights are often used in
spotlights, which produce a directed beam of light,
whereas incandescent ones tend to radiate their light
almost isotropically {the same in all directions).

\—— quartz bulb

filament support

tungsten filament

halogen gas

Figure A2 A halogen bulp

A light-emitting diode (LED) is made from two
pieces of semiconducting material stuck together.
A semiconductor is a material that is an electrical
insulator under normal conditions but will conduct
if enough energy is transferred to it, perhaps by
heating or by applying a large potential difference.
In an LED, the allowed electron energy levels in
ane semiconductor are higher than in the second
material. As the electrons cross the junction
between the two types of material, they drop

from a higher energy level to a lower energy level,
emitting photons of light in the process. LED bulbs
(Figure A3) do not need high temperatures to work
and are therefore extremely efficient, about six
times as efficient as an incandescent light bulb and
almost twice as efficient as a fluorescent lamp.

Figure A3 An LED buib

The typical spectra of some of these types of light
bulb are shown in Assignment 1.

Questions

A1 Your task is to produce a leaflet for the
public to inform them of the benefits and
problems of using each type of light bulb.
Start by reading the section on fluorescent
lights and the information on incandescent,
halogen and LED bulbs. Decide what extra
information you need and carry out some
research. Useful search terms could be
illuminance, spectrum, efficiency, lifetime.
Combine these terms with the type of
bulb (incandescent, LED, fluorescent,
halogen). Your leaflet should aim to give a
broad understanding of the way that each
bulb works, as well as explaining their
comparative advantages and disadvantages.
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Absorption spectra

Stretch and challenge

The spectrum from the Sun is continuous, but a
higher-resolution image shows a series of dark lines
superimposed on it (Figure 22). The set of dark lines
are the Sun's absorption spectrum. The lines
represent the wavelengths at which photons have
been absorbed by cooler gases in the outer regions
of the Sun. Only radiation that has exactly the right
amount of energy fo lift an electron in the cooler
gases’ atoms from one allowed energy level to another
will be absorbed {Figure 23).

energy levels of atoms in vapour

Only a photon

with precisely
the ”:.!Ili eneray W

will be absorbed

Other wavelengths

pass through

unaffected . P P P Y F " o
4 E r . % F '_\_-\-’ j A \_‘__' %,

Figure 23 The absorption of photon:

When the atoms in the cooler gases return to their

ground state, they may do so via intermediate energy

levels, emitting radiation of other frequencies. The

atoms also emit radiation in all directions. These

effects reduce the intensity of the absorbed radiation

travelling towards Earth, so producing dark lines at 16. Explain why absorption lines arise from
specific frequencies in the spectra. the cooler outer atmospheres of the stars

L . and not the hotter centre.
Absorption lines can also be gbserved in the

laboratory by shining a strong white light through a 17. When Kirchhoff observed the Sun’s light
vapour. As early as 1859, Gustav Kirchhoff related through a sodium flame, he noted, “If
the dark lines to particular elements. He observed the sunlight is sufficiently damped, then
the Sun's spectrum through a flame into which he two luminous lines appear at the position
sprinkled some Kitchen salt {sodium chloride). He of the two dark lines.” Explain why this
found that some of the lines in the Sun's spectrum happens.

darkened. Kirchhoff concluded that there must be
sodium in the Sun. Just as in emission, each element
has its own unique absorption spectrum. Helium
was discovered in the Sun, by its absorption spectra,
before it was found on Earth.
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The photoeleciric effect m

absorbed in quanta Mmm of energy
known as photons.

¥ The energy £ of a photon is related to its
frequency f, andvmelmgﬁu by

E=if T

where fi is the Planck constant.

» A photon is emitted from an atom when an
electron moves to a lower energy level.

¥ The larger the gap, AE, between energy levels,
the higher the frequency of electromagnetic
radiation emitted. The energy of the photon is
given by
where E, and £, are higher and lower allowed
energy levels in the atom.

» The lines in an emission spectrum show the

requencies at which radiation is emitted

produced them.

8.4 THE PHOTOELECTRIC EFFECT

The idea that radiation is emitted in discrete amounts of
energy, as photons, casts the first doubts about the wave
theory of light. Another discovery, the photoelectric
effect, was also making physicists re-examine their
ideas about the nature of light. Heinrich Hertz observed
the photoelectric effect in 1887 when he noticed that
his spark transmitter (Figure 24) worked better when
illuminated with ultraviclet light.

The photoelectric effect occurs when light knocks
electrons out of the surface of a metal. The effect
depends on the type of metal and, crucially, on the
wavelength of light used.

A gold leaf electroscope (see section 2.4 of Chapter
2] can be used to demonstrate the photoelectric
effect (Figure 25). If you touch the metal disc at the
top with a charged object, the gold leaf will rise. If
you then touch the disc again, and transfer more
charge, the leaf will rise further. If you touch the disc
with a wire connected to earth (or touch it with your
finger), the charge can escape and the leaf will fall.

Fgure 24 Hertzs spark tronsrnither

Suppose the electroscope is charged with negative
charges, so that the disc has excess electrons. Some
of these will travel down to the goid leaf, which will
rise. If we could knock electrans out of the surface
of the metal, we should be able to remove the extra
electrons, and so the gold leaf would fall.

The type of metal used for the disc of the
electroscope is important. A clean piece of zinc is
often used to demonstrate the effect in a school
laboratory. The zinc is placed on the cap of the
electroscope, which is then charged from the
negative terminal of an HT supply, so that the gold
leaf rises, Light from several different sources is
then shone onto the zinc, Some typical results are
shown in Table 1.

ultraviotet light

electrons gjected
wl

zing plate _ T b

The photoelectric effect

can be demonstratad by =
using light to discharge an B
electroscope, The zing plate )
is given a negative charge at = -
the start of the experiment, - \
Visibile light has no effect, | Hy
but if the plate is exposed = -
to ultraviclet light, the leaf =
falls, The threshold

frequency for zinc must

be in the ultraviclet region

of the spectrum

leaf falis

Fgure 25 Demonstrating the photoelectric effect with a gold leaf
glecirosoone
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Light source Effect on the electroscope

Dim red light Mo effect
Bright red light Mo effect
Visible light laser Mo effect

Ultraviolet lamp The gold leaf falls immediately

Table |

Not all wavelengths of light can cause the photoelectric
effect. For electrons to be emitted from a metal surface,
the frequency has to be above a certain minimum value,
called the threshold frequency. If the frequency of the
incident radiation is below the threshold, the electrons
remain bound to the positive ions in the metal surface.
Each metal has a different threshold frequency. For
sodium, itis 5.5 = 10'% Hz, which is in the yellow part
of the spectrum. Blue or violet light can eject electrons
from sodium, whereas red light cannot. An incident
photon has to provide enough energy to free an electron
fram the metal's surface. This energy is known as the
work function, ¢, of the metal,

The work function of a metal is the minimum photon
energy required to free one electron from the surface of
the metal:

¢ = hf;
where f; is the threshold frequency.

It is difficult to explain the photoelectric effect using
a wave theory of light, There are several problems for
wave theory:

» The energy carried by a wave depends on its
amplitude. Think of a water wave. A wave of larger
amplitude carries more energy. In the case of a light
wave, a larger amplitude means a brighter light. If the
light has insufficient energy to knock electrons out of
the metal, wave theory says that a brighter light would
work, However, experiments show that light below
the threshold frequency cannot dislodge electrons, no
matter how bright it is. Several intense red lasers will
not prise a single electron from zinc, whereas a less
intense ultraviolet glow does so easily.

¥ The problem of prompt emission. Provided that the
light is above the threshold frequency, electrons are
emitted immediately. If light was a wave, we might
expect the electrons to gradually pick up energy
from the wave, so that a weak light would take some
time to dislodge an electron,

¥ When electrons are emitted from the surface of the
metal, their kinetic energy depends on the frequency
of the light, but not on the amplitude. Wave theory
would suggest that the electrons would be emitted
with more energy if the light was brighter.
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QUESTIONS

18. Why is it important that the electroscope
in Figure 25 is negatively, rather than
positively, charged?

19. Why does the gold leaf fall when the zinc
is exposed to ultraviolet light?

20. Why is it that red light, even bright red
light, has no effect?

21. Explain how the results in Table 1 show
the dependence of the photoelectric effect
on the frequency and the intensity of light.

Experiments also show that, provided the incident

light has a frequency above the threshold frequency,
the number of electrons emitted per second (the
photoelectric current) is proportional to the intensity

of the light. The brighter the light, the larger the
photoelectric current. This result can be explained using
either the wave model or the photon model of light.

The photon model of electromagnetic radiation is
successful at describing the photoelectric effect.
Instead of waves of light hitting the metal, we need
to think of ‘particles’ of light, each one a small packet
of energy that depends on the frequency of the light
The photon theory proposes:

¥ Below the threshold frequency, a photon does
not have enough energy to free an electron. 50
illuminating a piece of negatively charged zinc with
red light will have no effect. Making the red light
brighter just means more low-energy photons, none of
which have sufficient energy to dislodge an electron.

} At the threshold frequency, one photon has just
enough energy to free one electron. There would
be no excess energy left to give the electron any
kinetic energy.

} When a photon is absorbed, all its energy is
immediately transferred to one electron, which is
ejected from the surface with no delay.

» Above the threshold frequency, all of the photon's
energy is absorbed. Some of this energy is used
to liberate the electron from the surface, and any
energy left over is transferred as kinetic energy of
the electron, Energy is conserved.

» A more intense light can be thought of as more
photons per second, so above the threshold
frequency a brighter light means that more
electrons will be ejected per second. I



One analogy for the photoelectric effect is a coconut
shy. The coconuts are the electrons, held in their
stands like the electrons are held in the surface of
the metal. Someone throws ping-pong (table

tennis) balls at the coconuts, which has no effect,
however many balls are thrown. Someone else is
shooting bullets at them, each one knocking off a
coconut. The ping-pong balls are photons of light
below the threshold frequency, while the bullets are
high-energy photons.

QUESTIONS

22. Explain how the coconut-shy analogy
fits the experimental observations of the
photoelectric effect.

In 1505, Einstein extended Planck’s theory of photons
and derived an equation that describes the photoelectric
effect. Einstein realised that electromagnetic radiation
(such as light) is not only emitted in discrete amounts,

or quanta, of energy, but it is also absorbed in discrete
amounts, too. When a photon strikes a metal surface,
either all or none of its energy is absorbed by an
electron. It is not possible to absorb part of a photon.

Einstein expressed this in terms of energy conservation,
as follows.

The photoeleciric effect m

photon energy = minimum energy needed to remove
an electron from the surface of a
metal (work function)

+ maximum kinetic energy of
eritted electron

This is written as
hf=¢ + E,

RUEES

The observed kinetic energy of an emitted electron,
E,. may be less than E, . if the electron has come
from below the surface of the metal,

L = s e e =
QUESTIONS

23. A particular metal surface has a threshold
frequency in the green part of the
spectrum. Suppose you could measure
the number of electrons emitted. What
would you notice when the metal is

exposed to:
a. faint red light
b. bright red light

c. faint blue light
d. bright blue light?

e. How would the maximum kinetic
energy of the electrons alter in each
case?

e =2
ASSIGNMENT 3: ANALYSING MILLIKAN'S EXPERIMENT

(MS 0.1, MS 0.2, MS 3.1, MS 3.3, MS 3.4,
PS1.2,PS3.1,P53.2)

Stretch and challenge

When electrons are emitted from a metal by the
photoelectric effect, they have a range of kinetic
energies up to a maximum value. This value

depends on the frequency of light.

Robert Millikan devised an ingenious way of finding
the maximum kinetic energy of the electrons E, ..
(Figure A1]. If the collecting electrode of a photocell
[admminuhkhﬂ!aphwechinek:t is made
to produce a current in an external circuit] is made
slightly negative with respect to the photocathode,
it will repel the emitted electrons. Only the most
energetic will reach the collecting electrode. The
potential difference between the cathode and the

collecting electrode can be gradually increased until

all the electrons are stopped and the current drops

to zero. The value of the potential difference when
this happens is called the stopping potential.

work done = charge x potential difference

‘we can say that

maximum kinetic energy of electron
= electron charge  stopping potential

That is
Evmax = €V
=0+ E

175



ff SPECTRA, PHOTONS AND WAVE—PARTICLE DUALITY

to vacuum
pump

176




...............................................................................................................................

ASSIGNMENT 4: HOW DO NEW IDEAS BECOME ACCEPTED?

Read through the following and then answer the
questions Al to A7 at the end.

The following is part of a song, to the tune of ‘Men
of Harlech’, written by the physicist Sir Gilbert Stead
in 1920, at a time when physicists were wrestling
with the new quantum hypothesis of radiation. (Here
hv, pronounced ‘aitch-nu’, is equivalent to /if, the
energy of a photon.)

All black body radiations,
All the spectrum variations,
All atomic oscillations

Vary as 'hv!

Ultraviolet vibrations,

X- and gamma-ray pulsations,
Ordinary light sensations

All obey “hv!

There would be a mighty clearance,
We should all be Planck’s adherents
Were it not that interference

Still defies “hv!

Source: Physics Today, American Institute of
Physics, July 2005

By the start of the 20th century, the wave theory of
light had been established for around 100 years, ever
since Thomas Young had demonstrated interference
effects in 1802. Before that, Newton's corpuscular
[particle) theory of light had been accepted by most
scientists. Newton's theory was able to describe the
phenomena of reflection and refraction, though it
predicted that light would travel faster in denser
materials. In 1851 Fizeau showed that, in fact,

light travelled slower in water than in air, but the
wave theory was already well established by then.
Newton's corpuscular theory had no explanation

for the phenomena of interference, diffraction or
polarisation of light, and so fell out of favour.

Then, at the turn of the 20th century, several new
discoveries were beginning to cast doubt on the
wave theory. It struggled to explain the thermal
radiation spectrum (section 8.3), emission line

spectra (section 8.1) and later the inelastic scattering
of X-rays by electrons, called the Compton effect. The
photoelectric effect was also an issue, though it was
not apparent to most people at the time,

The photoelectric effect had been discovered in
1887 by Heinrich Hertz, during his experiments on
radio transmission, Hertz was working with a spark
transmitter (Figure 24). A large potential difference
applied across a gap between two electrodes caused
a spark, which in turn caused an electromagnetic
wave to be transmitted (Figure A1), The receiving
aerial was simply a loop of wire with a gap.

receiving loop
s electromagnetic
',___‘_H WEVES
—
———
Q7 = 'g—_
spark gap
Leyden jar ==
coil
 GUOUOnonIueny |
\ switch
battery
[l

1
Figure AT e circut for Hertzs spark transmitter

As the electromagnetic wave passed through the
loop, a potential difference was induced across the
gap, which led to a second spark. The gap in the
receiving aerial had to be quite small, and the spark
was difficult to see. Hertz tried to make the spark
more visible by shielding it from other light. He
noticed when he did this that he had to reduce the
gap between the electrodes still further, so that the
second spark was smaller.

“| occasionally enclosed the spark B in a dark case
s0 as to more easily make the observations: and in
50 doing | observed that the maximum spark-length
became decidedly smaller in the case than it was
before ... a phenomenon so remarkable called for
closer investigation.”
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Hertz observed that the light emitted by the first
spark somehow made it easier to get a spark in the
receiver. It was not until 10 years later, in 1899, that
J. J. Thomson showed that ultraviolet light, part of
the spark’s light, could eject electrons from a metal.

At the time, the photoelectric effect seemed to be
readily explainable by the wave theory of light.

The oscillating electric field of the light wave was
able to shake electrons free from the metal surface.
Wave theory suggests that a more intense light
would provide more energy, free more electrons
and give them extra kinetic energy. If a low-intensity
light source was used, then it may take more time
for the electrons to acquire enough energy to

be emitted. It was Philip Lenard, a colleague of
Hertz, who conducted a series of experiments on
the photoelectric effect in 1902, which eventually
proved to be strong support for the quantum nature
of light. But Lenard, and many other scientists, did
not see it that way for many years.

Lenard first conducted experiments on the
photoelectric effect in 1892. His apparatus (Figure
A2) enabled him to illuminate a plate in a vacuum
tube and collect any charges, though he was not
sure of the nature of the charges. He considered
several possibilities:

1 The charges were due to the break-up of
molecules in the metal surface,

2 The charges came from molecules of gas in
the tube,

3 The charges came from within the metal.

Lenard designed an experiment to test the first
suggestion. He used a sodium compound as the
emitter plate. He ran the experiment for some

illumination

collector emitter plata
plate - .
- ¥ _= .
L]
. @ vatuum .
electrons reach collector plate
4y = oureat flows _lr'";'-.,
]i I - u
ammeter

Rgure A2 | snar’s photosiecing expenment
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time, and then removed the collector plate (anode),
which he then heated strongly so as to produce a
spectrum. He saw no trace of the yellow sodium
lines in the spectrum, so he abandoned the
molecule theory, Lenard's tube had a much higher
vacuum than other experimenters had used, and
he felt it was most unlikely that gas molecules could
carry charge from the plate, which ruled out the
second possible explanation.

That only left the third hypothesis. The light must be
releasing ‘something’ from the metal, possibly the
‘cathode rays' that J. J. Thomson would later identify
as electrons, One difficulty was that most German
physicists, including Lenard and Hertz, believed that
cathode rays were waves, similar to X-rays, which
could not carry charge. Lenard did not publish the
results of his early experiments. However, when
Thomson identified cathode rays as particles
(electrons) with a fixed charge-to-mass ratio,

Lenard returned to his experiments with the new
understanding that ultraviolet light was releasing
electrons from the metal. If the vacuum was good
enough, these electrons could travel across the tube,
causing a current to flow. He found that, even if the
collecting plate was slightly negative, a current could
be measured. The electrons must be ejected from
the metal with some kinetic energy.

Lenard used a very intense carbon arc lamp to
illuminate the emitter plate, He found that increasing
the intensity of the light increased the number of
electrons emitted, but had no effect on their Kinetic
energy. He also used a prism to separate the colours,
and found that the short-wavelength blue light
caused electrons to be emitted with more energy.
These results were not compatible with wave theory,
but Lenard was reluctant to admit that. Instead, he
suggested that the electron’s kinetic energy arose
from its place in the metal. The light wave simply
‘triggered’ the release of an electron, which then
sprang, as if from a catapult, across the tube.

Lenard's experimental work on cathode rays
earned him the Nobel Prize in Physics in 1905. He
|ater joined the German National Socialist Party,
becoming Hitler's ‘Chief of Aryan Physics!

In 1905 Einstein provided his more radical
explanation, Light had to be regarded as a
stream of particles (photons), each of energy hf.
The electrans, held in the metal surface, needed
a certain amount of energy, known as the work
function, to release them. Low-energy photons



8.5 SEEING WITH PARTICLES

Wave-—particle duality :

The photoelectric effect suggests that light behaves

as particles = photons. Other phenomena, such as
diffraction {section 6.2 of Chapter 6), show that light
can also behave like a wave. It is possible to carry out
an experiment in which light behaves as a wave in

one part of the apparatus and as a particle in another
(Figure 26). This seemingly contradictory behaviour is
an example of what is called wave—particle duality.
This 'double nature’ is not just restricted to light.

Seeing with partictes

Electrons and protons, which we have traditionally
pictured as particles, turn out to have wave-like
characteristics as well.

De Broglie waves

In 1924, a young French duke, Louis de Broglie, wrote
in his PhD thesis “all material particles have a wave
nature”. He predicted that a particle of momentum my
[mass = velocity] would have a wavelength 4 given by
where h is the Planck constant.

=1}
ey
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This wavelength 4 is called the de Broglie wavelength.

Note that this 'wave nature’ of particles does not mean
that they are electromagnetic waves.

De Broglie suggested that it should be possible to
diffract electrons through crystalline matter, if their
velocity was such that their de Broglie wavelength was
comparable with the atomic spacing (about 10°'% m).
Clinton Davisson and Lester Germer demonstrated
this four years later when they successfully diffracted
electrons through a crystal. Diffraction is a wave
characteristic, so this confirmed the theory that
electrons travel as waves. Today, this principle is used
in electron microscopes (see Figure 27).

Figure 27 A hurman cancer call, imaged by an efectron microscope

An electron diffraction tube (Figure 28) is a primitive
form of electron microscope. It produces a diffraction
pattern on its fluorescent screen (Figure 29). If the
potential difference across the tube is known, it is
possible to work out the de Broglie wavelength of
the electrons.

180

fluorescent

high-voltage supply thin ik
] SPECIMEN
o o s =
Ly : B
- . ! T \"n,".
- L ] glectrons 1)
- —

5 B —r—|
1§~

¥ i T If

\ - I

) e ril

- ——, i

P ?
heatad \ \"u-._ | s
cathode —

\
\ i X
Y WATLILITY
\
anode

. P e
vt cifrachion Lt

Figure 28 An el

Figure 29 The efectron diffraction pattem produced with an esectron

aifractaon fubs



Worked example

The potential difference across an electron diffraction
tube is 5.0 kV. What is the de Broglie wavelength of
the electrons?

The energy gained by an electron as it crosses the
tube is 5000 eV. In joules, that is

E=gqV
=1.6x%x10"Cx 5000V
=8.0x10"%)
This is the electron’s kinetic energy, so its velocity is
given approximately by
imy? =8.0x10")

o 2%x8.0x I8 s
9.1x10

v==42x%x10"ms”
This is an extremely high speed, but at about one-tenth
the speed of light it is low enough to be able to ignore
relativistic effects. The momentum of the electron is
my =91x10%"%42x10’
=38x10"kgms™'
So the de Broglie wavelength of the electron is
__h
o m.v
_6.6x107%
T 3.8x10%

=1.7=x10""m

Seeing with particles m

QUESTIONS
24. All matter can show wave-like properties.

25.

Duality is not confined to just electrons and
protons. However, everyday objects tend to
have rather short de Broglie wavelengths.
Estimate your de Broglie wavelength when
you are walking and hence explain why

you do not get diffracted when you pass
through a doorway!

Electron beams fired at crystals can
produce a diffraction pattern. X-rays can
also be used. Explain why visible light
cannot be used.

26. What happens to the angle of diffraction in

an electron diffraction pattern (between the
central maximum and the first minimum)
as the momentum of the electrons is
increased?

The de Broglie wavelength of a particle decreases

as its momentum increases. An electron that is
accelerated through a potential difference of 60 kV
gains a momentum of about 1.3 x 107" kgms™'. This
gives it a wavelength of about 0.005 nm, compared
with an average value for visible light of about

500 nm. The smaller the wavelength used to form

an image, the smaller the detail that we can see -

the greater the resolution of the optical instrument.
Imaging with electrons, rather than with light,
increases the theoretical resolution by 100 000 times.
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ASSIGNMENT 5: OBSERVING ELECTRON DIFFRACTION

(PS1.2,PS2.1,PS 3.3) out, and the beam is switched off when not in use,

: : t ite target.
The apparatus shown in Figure Al is used to 0 protRct the sraphite tars

demonstrate electron diffraction. The vacuum tube The accelerating voltage is turned down to start
has a heated cathode at one end, which emits with and gradually increased as observations are
electrons. The electrons are accelerated towards made. As the potential is increased from 1 kV to
the anode and they strike a target of a thin slice 5 kV, a series of rings appear on the screen, as in
of graphite on the way. There is a phosphorescent Figure 29.
screen at the end of the tube. :
Questions
e : - _ A1 Explain the safety precautions you would
2T .- s need to take when carrying out this
| | . experiment,

A2 Diffraction patterns for monoechromatic
light passing through an ordinary diffraction
grating, a grid and a multilayered grid are
shown in Figure A2. Compare these with
the electron diffraction pattern in Figure 29.
What do the rings tell us about the nature
of the graphite target?

A3 Measurements of ring diameter and tube
voltage are needed in order to calculate
g the crystal spacing. Explain how you

Figure A :An efectron cifaction tube and Its-conrecions would make those readings accurately and

precisely.

A4 What does this experiment tell us about the
behaviour of electrons?

The experiment uses a high potential difference,
around 4 kV to 5 kV. Appropriate cables and
insulated connectors have to be used. The vacuum

tube is expensive and quite fragile. The heater A5 Explain how changing the tube voltage

current is kept low to prevent the filament burning changes the appearance of the diffraction
pattern.

{a) an ordinary grating (D) a grid {c) crossed gnds

Fgure A2 Diffruction pattams of moriochromatic fight through different gratings. It s possible ko infer the structure of the groting
by looking at ifs diffroction pettern
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Practice questions
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B The colours emitted showed how quickly
the atoms were moving in the vapour.

C The colours emitted revealed the spacing
of allowed electron orbits in the atom,

D The colours emitted revealed the spacing
between atoms.

. The wave theory of light cannot explain

the photoelectric effect. Which one of the
following statements is not an explanation
for this?

A Electron emission happens
instantaneously as light strikes a metal
surface; wave theory suggests that
delayed emission would be possible.

Photoemission does not happen below a
threshold frequency; wave theory suggests
that a threshold intensity {brightness)
would exist.

Above the threshold frequency, the
energy of emitted electrons depends on
the frequency of the incident light; wave
theory suggests that it should depend on
the intensity.

Above the threshold frequency, the
brightness of the light determines the
number of electrons emitted; wave theory
suggests that photocurrent should not
depend on brightness.

The Rutherford model of the nuclear atom
with orbiting electrons would not be stable.
Which is the correct reason for this?

A The orbiting electrons would repel one
another so that the orbits would not
be stabie.

B The orbiting electrons would be accelerating
and therefore radiating energy.

C The orbiting electrons are too far away
from the nucleus to be held in place by the
electrostatic force,

D The orbiting electrons would be
decelerating and would therefore crash
into the nucleus.

Figure Q2 shows a photograph of the
spectrum of a star very similar to our Sun.

Figure Q2

Which one of the following statements

is

incorrect?

A The blagk lines are due to light that is
absorbed by atoms in the cooler outer

D

parts of the star.

The black lines are due to the fact that
some atoms are not present in the core of

the star.

The spacing of the black lines is
characteristic of particular elements. This
allows us to deduce the composition of

the star,

The black lines in the spectrum of the Sun
led to the discovery of helium.

Light can be modelled as a wave or as

a stream of particles. Which of the rows
in Table Q1 gives correct evidence for
each theary?

Table

Light can cause the
emission of electrons
from metal

Light can be
refracted

Light can be reflected

Light can be
diffracted

al

I_iéht can be reflected

The existence of
emission spectra from
hot objects

Light can be refracted

The discrete nature
of line spectra from
Vapours



Praclice questions
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3 THE EllUATIUN

OF MOTION

PRIOR KNOWLEDGE

You will know how to calculate average speed and
average acceleration. You will have met displacement-
time graphs and velocity—time graphs,

LEARNING OBJECTIVES

In this chapter you will learn about scalar and
vector quantities and how to use them in the study
of motion. You will derive the equations of linear
motion and learn how to apply them to the solution
of problems.

(Specification 3.4.1.1 part, 3.4.1.3, 3.4.1.4 part)

‘Citius, Altius, Fortius’ [Faster, Higher, Stronger] is the
Olympic motio. It is a challenge that athletes have
continued to meet since the modern games began

in 1896, Most of the current world records have
been set in the past 10 years. How is it that modern
athletes have been able to keep breaking previous
records (Figure 1), and how long can it continue?

A major factor is the increasing impact of science. As
mocdern athletes prepare for competition, they are
supported by a team of scientists. Physiologists design
training routines, nutritionists plan special diets, and
paychologists work on an athlete’s state of mind.

Figure 1 World-recond times for the men's 100 sprint have
covitinuea o wmproves Lisamn Bolt s the fastest ran in the world
bkt — possiiy the fastest man ever, fn 2015 he holds the warid
record fime for the |00 msprint: 958 5

Physicists have designed monitors for heart rate,
temperature and even brain activity. The latest
generation of sports clothing has integrated monitors
that link wirelessly to a mobile phone or computer.
High-speed cameras linked to computers are used to
analyse an athlete's motion, so that performance can
be optimised. Physics has also improved the precision
and accuracy of the measurements used to judge
performance. In track events, for example, electronic
timers look for records in thousandths, rather than
tenths, of a second. Pressure pads in the starting
blocks detect the slightest false start, while ultrasonic
meters monitor wind speed. The athlete's equipment,
everything from bicycles to swimming costumes, uses
the very latest technology in a bid to shave a few
milliseconds off the record time.
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9.1 SCALARS AND VECTORS IN MOTION

Distance and displacement

In an Qlympic 400 m race (Figure 2), the distance
covered is 400 m. Distance is a scalar quantity.

Its size is described by a number and a unit of
measurement. The race is run over one complete
lap of a running track. At the end of the race,

the runners are, approximately, back where they
started. We say that their displacement is zero.
Displacement and distance have the same unit, the
metre, but displacement, symbol s, is defined as the
distance covered in a certain direction. This means
that displacement is a vector guantity. It has a
magnitude (size) and a direction. A vector gquantity
therefore needs a number and unit and a direction to
describe it fully — for example, 10m north, or 5m in
the direction 207 east of north.

A 100m sprint is run on a straight part of the track.
The distance covered is 100 m and the magnitude of
the displacement is also 100 m. In the special case
of a journey in a straight line, the distance and the
magnitude of the displacement are the same, but in
general they will be different (Figure 3).

Figure 2 In one lgp of the 400 m track, o runners displacement s
Fia e ()

A 20 km cycle race may cause
a displacement of 10 km in a
direction 30° north of east )

This displacement is the A
vector a, o

Figure 3 Disionce and dispiacenent
All physical quantities are either scalar or vector
quantities. A few examples are shown in Table 1.

Scalar Vector
Energy Velocity

‘E}istante Displacement
Speed Acceleration
Mass Force

Table 1 Scoiar and vector quantities

QUESTIONS

1. Which of the following physical quantities
are vectors? (Ask yourself, “Does it make
sense to say that this quantity is in a
certain direction?")
density, momentum, temperature, electric
current, power

Speed and velocity

Speed is a scalar quantity. The direction of travel is
not important. It is simply the distance covered per
unit time. Since speed is likely to vary over a period
of time, its value is actually the average speed in that
time period:

i total distance travelled (m
average speed (ms™') = e Ghen 8 (m)

Speed is measured in the unit of metre per second
(ms~"), although it is often given in kilometres per hour
(kmh~' or kph) or sometimes miles per hour (mph).

In these cases, you may need to convert to the unit of
metre per second (Figure 4).



Figure 4 Speed restrictions are st given in miles per hour-on roods
nthe UK 1 mite= 1.66m, so 40mph=40 = |.6=64kmi~" and
B4 kmhb-" = 64 00060 = 60)=17.8ms!

Velocity is defined as the change in displacement per
unit time, and is also measured in the unit of metre
per second (ms™'):

change in displacement [m)

velocity (ms™) = time taken (s)

It is a vector quantity. The velocity vector has the
same direction as that of the change in displacement,
As. For the magnitudes of the vectors, we can write
the relationship as

_ As
V=R

where v is the average velocity in the time interval Af,

Note that the delta symbol, A, represents a change

in a quantity. Remember that s is the symbol for
displacement — a common mistake is to confuse it with
the unit s for seconds. The symbol for time is £.

Since velocity is a vector quantity, it needs two
guantities to fully define it, a magnitude and a
direction, for example, v =30 ms~! in an easterly
direction. A negative sign, as in —v, means that the
vector is in the opposite direction.

Worked example

In 1985 Marita Koch of East Germany ran 400 m in
a record-breaking time of 47.60 s. Find her average
speed and her average velocity during the race.

Her average speed was

total distance moved [m)
time taken (s)

400 m

47 Bls

8.40ms™

average speed (ms'] =

Scalars and vectors in motion m

Her average velacity is given by

) = change in displacement (m)

r ity (ms 3
average velocity ( time taken (s)

Because she ended where she started, her change
in displacement was zero, and therefore her average
velocity was zero,

=== e R T S T W T
QUESTIONS

2. The straight-line distance from Clevedon to
Cardiff, as the seagull flies, is 14 .4 miles, but
the shortest road route is 45 miles (Figure 5),
a journey that takes 1 hour and 10 minutes.
Calculate the average speed and estimate the
average velocity of the road journey.

3. Your average velocity for a journey can be
less than your average speed. Is it possible
for your average speed to be less than your
average velocity?

Cardiff

Clevedon

Figure 5

4. Athletes in a 1500 m track race could
conceivably run a lap at a steady speed,
but it s impossible to do so at constant
velocity. Explain why this is so,

5. In 1986, Ingrid Kristiansen of Norway won a
women’s 10 000 m race (25 laps of a 400 m
track) in a record time of 30 min 13.74 s.

a. What was her average speed during
the race?

b. What was her average velocity?

Average and instantaneous values

The average speed of an athlete does not reveal the
full picture. A sprinter's coach will want to know how
his/her speed changed during the race, so the time
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taken to cover intermediate distances is recorded.
These are known as split times. Usain Belt's split times
for each 20 m of his 100 m world record sprint are
shown in Table 2.

Distance Time/s  Cumulative time /s
Reaction time 0.146

0-20m 2.74 2.89
20-40m 1.78 4.64

40-60 m 1.67 6.31
60-80m 1.60 7.92
80-100m 1.66 9.58

Terble 2 Spiit times for Ulsain Boil's recora-breaking TOO m run

From Table 2 you can see that Bolt was fastest during
the 60-80 m interval, when the magnitude of his
velocity was
As 20 1

v :E = m:lz.ﬁm-s
The calculation is still an average, although it is over
a shorter time. We might want to know Bolt's highest
velocity at a particular point during the race. This is
known as the instantaneous velocity — ideally,
the velocity at a single point in time. But any real
measurement of velocity is actually an average, a
measurement of displacement in a certain time,
v = % . If we make that time interval very small,

At = 0, we get close to measuring the instantaneous
velocity (Figure 6). Also, since At is very small, any
motion will be approximately in a straight line, so the
magnitude of the instantaneous velocity will always be
equal to the instantaneous speed.
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The average velocity between © and A is s/t The average velocity
around B is As / At If At is small we can regard this as the
instantaneous veloctty at B.

Figure 6 Average and fnstantanecus velocity

QUESTIONS
6. Florence Griffith-Joyner was timed at

0.91 s over each 10 m from 60 m to 90 m
in the 1988 Olympics 100 m final. Give a
quantitative description of her motion over
this distance.

. Who wins the race, the athlete with the

highest average speed or the one with
the highest instantaneous speed? Explain
your answer.

Is the average speed or the instantaneous
speed more important in a long jumper’s
run-up? Explain your answer.




Velocity and veclor arithmetic m

9.2 VELOCITY AND VECTOR ARITHMETIC

Relative velocity

Measurements of velocity depend on the motion of
the observer as well as the velocity of the object.
For example, two athletes running side by side at

a velocity of 8 ms~! as measured by a trackside
observer will regard each other as stationary,
velocity = 0 ms™'. Both answers are right. There is
no absolute value of velocity. Velocity measurements
are always relative to something else, Every time we
record a velocity, strictly we should specify what it is .
with respect to, or relative to — in other words, the Figure 8 Moving nalkways can help us to understand relative
frame of reference [Figure 7). In practice, we rarely motion.
do this because most measurements are made with

respect to the surface of the Earth.

Two parallel moving walkways

~Zms”!

}.
X

£

Figure 7 Imagine a set of axes that are at rest with respect to the
observer This is known as a frame of reference

Sometimes, however, frames of reference are moving
relative to ane another, and we need to take account
of this. Consider moving walkways, as at an airport
(Figure 8). In Figure 9 person A is walking at 1 ms™' Figure 9 Relative velocity on moving walknays
relative to the walkway, and the walkway is moving
at 2 ms~' as measured by an observer, O, who is not -
on the walkway. The observer sees person A moving A 2 +
at 2 + 1 =3 ms™'. The velocity vectors are added

together, Person B is walking in the opposite direction,

the wrong way on the wallkway. We need to take

account of direction, so her velocity relative to the B
walkway is —2 ms~'. The negative sign indicates the 24(=2)=0
opposite direction. So the observer sees her moving
at 2 - 2=0ms"', so she is stationary relative to
the observer.

| A |

L d

Fgure 10 Addition of veloeily vertors

We can show the addition of these velocities as vector
diagrams, where the velocities are represented by
arrows drawn to scale (Figure 10).
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QUESTIONS

9. In Figure 9, person C is walking at -2 ms™'
on the walkway that has velocity =2 ms™'
relative to the observer, O. What is C's
velocity relative to each person?

a. relative to person O
b. relative to person B
c. relative to person A

10. Is there such a thing as a 'stationary’
object? Explain your answer.

11. Imagine you are on a train travelling in a
straight line at 40 ms~! and you throw a
ball at a speed of 10 ms™' down the aisle of
a railway carriage towards the front of the
train, where it hits the guard.

a. At what speed does it hit the guard?

b. Vengefully, he throws it back at you
at 20 ms~'. At what speed does it
reach you?

¢. You hurl it back at 10 ms™', but
inaccurately so that the ball sails through
the open window, striking a boy on the
trackside on the backside. At what speed
does it strike him?

Stretch and challenge

12. The equator moves at a speed of 465 ms™'
relative to the Earth’s axis, due to the daily
rotation of the Earth. Imagine that you are
standing on the equator and then you jump
vertically up off the ground. You manage to
stay in the air as long as an Olympic high
jumper, about 1 s. Where will you land?

13. Question 12 may seem a little foolish until
you realise that in 1633 a very similar issue
almost caused Galileo to be tortured by the
Inquisition. Galileo said the Earth moved
round the Sun. The Catholic Church insisted
that the Earth was self-evidently stationary.
In addition to their religious arguments,
it was felt that, if the Earth was moving
around the Sun at such high speed (about
30 kms™'), the birds of the air, maybe even
the air itself, would be left behind. What
arguments and evidence could Galileo use
to defend his case?

e
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Vector addition

All vectors can be added together in the way shown in
Figure 10. The vectors are drawn as arrows, with the
length to scale and pointing in the relevant direction.
They are added by placing them ‘nose to tail. The
answer, or resultant vector, is then the combined
effect of all the vectors, found by joining the start

of the first vector to the end of the final one

(see Figure 11).

The resultant, a + b, af adding two vectors, / b
a and b, can be found by: P o

placing them 'nose to tail', so that the

arrows follow on. The resultant is the 5 8
straight line that connects the start s
of atotheendof b;
ar ; i
by drawing & and b from the same paint 5 /{_‘, Boo"r

and constructing a parallaicgram.
The diagonal of the parallelogramis -~ b .°
the resultant.

Figure 11 Adding vectors fo find the resultant

For example, a displacement of 4.0 m north followed
by a displacement of 3.0 m in an easterly direction is
equal to a single displacement of 5.0 m in a direction
37° east of north (Figure 12).

J0m

4.0m Resultant=5.0m

37
Fgure 12 Adding vectors by scale drawing

Vector addition is more complicated than scalar
addition, because we have to take direction into
account. Adding together two distances of 3.0 m will
always produce the answer 6.0 m. Adding together
two displacements of 3.0 m could give any result from
0 to 6.0 m. You can add any number of vectors by
drawing a scale diagram and measuring the length
and direction of the resultant.

Vector additions can also be solved using trigonometry
(see Figure 13 and Worked example 1).



Velocily and vector arithmetic m

===t =~ 5 ——— . T
Find the magnitude of c with

Pythagoras' theorem: QUESTIONS
=+ soc=Va" + 9.

Find the angle & from

14. “From Skull Rock take five paces due West

tan f=b/a so @=tan' b/a. and then turn and take ten paces South
East. The treasure lies eight paces due
Figure 13 Adding perpendicular vectors using trigonometry South.” If only pirates had known about
vector addition! Use a scale diagram
Worked example 1 to find the resultant and then simplify

A bird is flying, or at least trying to fly, due south for the instructions,

the winter (Figure 14). It flies at a speed of 20ms™! 15. A swimmer is attempting to cross the
relative to the air. Severn Estuary. She can swim at 3.0 ms™!

Unfortunately for the bird, the air is moving to the RSNEAVE [U U FIRT R Ve M

S y
east also at a speed of 20ms! relative to the ground. funning dipectly doyretrenm, at-2.6 ms

Find the velocity of the bird as seen by a birdwatcher 3 rigiv angesto the swnimers velocity
on the ground. a. She starts swimming across. Calculate

her resultant velocity (the combination of
the tide and her own velocity).

b. If she is trying to cross at a point where
the estuary is 5.0 km wide, how long will
the swim take?

¢. In what direction must she swim if her
resultant velocity is to carry her straight

Figure 14 across the river, at right angles to
the banks?
N d. How long would this journey take?
bird relative .
h'r_rd to ground vy
relative to Resolving vectors
aif Vg The release velocity of a javelin (Figure 16) might
| be about 27 ms~' but its horizontal velocity might
NNt o only be about 23ms~". This is because the javelin is
N thrown at an angle (of about 30°) to the ground.
Figure 15 Adding velocities

First, draw a diagram of the situation described
(Figure 15). From the diagram, vi, = v, + Vi, , so the
birdwatcher sees the bird flying at a speed of

J207 + 207 = JBOO =28 ms~' (to 2 5.f)

The direction can be found from the tangent of the
angle 8:

tan 8= 20/20=1

g=tan"'1 =45"

So the bird’s velocity relative to the observer on the
ground is about 28 ms~! in a south-easterly direction. Figure 16 Launching the javelin
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The javelin's velocity can be thought of as having two
parts, or components: a horizontal component and
a vertical component (Figure 1 7). All vectors can be
divided up into two (or more) components in this
way; the process is called resolving the vector. It

is possible to choose two components at any angle
to each other, which add to form the original vector,
but usually a vector is resolved into two components
at right angles to each other. For a velocity, v, at an
angle & to the horizontal, the components are v cos #
(horizontal) and v sin & [vertical).

vsin & i

The vector for the Javelin's velocity
can be divided into two components.

Figure 17 Resolving velocity

Worked example 2

Records in events such as the javelin are not officially
recognised if a wind speed greater than 2.0 m s~

is blowing in the competitor's favour. Is a wind of

5.0 ms~', blowing at an angle of 30° to the throwing
direction, too strong for a record to be valid?

Figure 18 Resolving the wind velocity in the direction of throwing

First draw a diagram showing the situation (Figure 18].
From the diagram, the component of the wind in the
direction of the throw is 5.0 = cos 30° = 4.3 ms ™!,
which is too strong for a record to be set.
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QUESTIONS

16. A shot-putter releases the shot at a
velocity of 12.5 ms™! atan angle of 41°
to the horizontal (Figure 19). What is the
horizontal velocity of the shot?

Figure 19

17. a. A cricket ball is thrown at 20 m s,
Work out the horizontal and vertical
components of its velocity if it is thrown
at each of the following angles to
the horizantal.

i.20° ii.30° fii. 40° v 50°
v. 60° wi. 70° vii. 80°

Stretch and ch

allenge

b. Suggest which angle you think might
give the greatest range. Explain
your reasoning.

I——




9.3 ACCELERATION

In a 100 m sprint it is vital to get a good start. A
sprinter needs to increase his or her velocity as quickly
as possible. The rate at which velocity changes is called
acceleration — the change in velocity per unit time:

_change in velocity

acceleration =

Velocity is measured in metres per second (ms™' ) and
time is measured in seconds (s), so acceleration has
the unit metre per second per second, ms™'/s, written
as ms™*. Acceleration takes place in a certain direction
and is therefore a vector guantity. The magnitude of
the acceleration during a time At is given by

Av

=5

where Av is the magnitude of the change in the velocity
during the time interval At. The acceleration takes place
in the direction of the change of velocity (Figure 20].

¥ Av
A ) B >
vy -
direction of acceleration — -
v
B } B
Y2 Av
direction of acceleration =
c ¥y
.'.II II‘|IIl\I
direction of \Av v,
acceleration \

5

. |
Figure 20 \eclor diagrams for acceferation and change in velocity

The parts of Figure 20 are described here.

A: v, > v, means that speed is increasing, so the
acceleration a is positive.

B: v, < v, means that speed is decreasing, so a is
negative [an object that was speeding up in the opposite
direction would also have a negative acceleration).

C: The magnitudes of v, and v, are the same

(constant speed) but the direction has changed, so the
acceleration is not zero.

ACCEIETEHGH m

A change in velocity could be a change in speed or a
change in direction or both. Any change in velocity

is an acceleration. Whether you are speeding up,
slowing down or just going round a corner at a steady
speed, you are accelerating. If the acceleration is in
the opposite direction to the velocity, it will reduce
the magnitude of the velocity. This is often referred to
as deceleration,

Worked example 1

Two seconds into a 100 m race a top sprinter reaches
a speed of 12 ms~'. Find the magnitude of her
average acceleration during the first 2.0 s,

change in velocity
time taken

The motion is along a straight line, so the change in
velocity is equal to the change in speed.

acceleration =

final speed - initial speed

acceleration = :
kel time taken

—

2 i

i
|
EN:.)]
o

6.0

=
wn

Worked example 2

A car is travelling at 20 ms™! on the M1, going
north. The car leaves the motorway on a slip road
going north-west, without changing its speed. The
manceuvre takes 2.0s. Find the acceleration of
the car.

First, we draw the situation. This is a vector diagram
(Figure 21). z

vy =20ms™!

-y ==20ms™!

Av=77ms!

Figure 21

The change in the velocity is v, — v, = Av. If the
diagram has been drawn to scale, Av can be measured
directly. It has a magnitude of 15.3 ms™',ina
direction of (22.5 + 1.5) south of west.

50 the acceleration is

Av _153ms’’
At~ 2.0s

in a direction of (22.5 * 1.5) south of west.

=7.Tms™
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The acceleration in each of the Worked examples is
actually an average during a time of 2.0 s, But in a
real situation the acceleration will vary continuously.
For example, a sprint achieves a high acceleration at
the instant he or she leaves the starting blecks. The
acceleration at a particular moment is defined in a
similar way to instantaneous velocity. If we consider
the change in velocity, Av, in a very small interval of
time, At (Figure 22), then

instantaneous acceleration, @ = % ,where At —= 0

A velocity=time graph can be used to find the acceleration
at a given time. The instantanecus acceleration at any time
is given by the slope of the tangent at the point. The tangent
at a point is approamated by taking a small change in the
velocity, Av, over a small time interval, At. The average
acceleration is then given by AwAT. As At gets smaller Aw/At
gets closer to the instantaneous acceleration.

Velocity / ms™

B L a >y

Ar ! Time /s

Figure 22 Finding the instantaneous acceleration

QUESTIONS

18. During a serve, a tennis ball is in contact
with the racket for 0.020 s, The ball
leaves the racket at 32 ms™'. Calculate
the ball's average acceleration.

196

19. Estimate the acceleration of a car, pulling
away from traffic lights.

20. A tennis ball is dropped and bounces up
again. Sketch the ball: ¢

a. as it falls
b. as it bounces up.

Mark in the direction of the velocity and
that of the acceleration in each case.

9.4 TIME AND MOTION GRAPHS

Graphs showing how the displacement, velocity and
acceleration of an object vary with time are used to
visualise, and to help analyse, motion.

Displacement-time graphs

A displacement-time graph is a record of a journey,
showing how the distance from a point, in a given
direction, changes with time {Figure 23). A negative
displacement means a distance from the point in the
opposite direction.

We can calculate the average velocity, in the given
direction, from the displacement—time graph. Average

velocity is given by v = % . This is the gradient of a

displacement—time graph, so the greater the gradient,
the higher the average velocity. A negative gradient
indicates a negative velocity, which means a velocity in
the opposite direction.

84

Displacement / m
oAkl

T T T
F 4 [+ & 10 12
-7 . b
Time / & \
4]

Fgure 23 A displacement-time graph for a journey

The motion during each labelled section of Figure 23
is described here,

A: A straight line indicates constant velocity. The
gradient gives the magnitude of the velocity. In this
rase the velocity is




B: A horizontal line means that displacement is not
changing. The velocity is gqual to zero, and the object
is stationary.

C: The displacement is decreasing. The negative
gradient indicates that the velocity is in the opposite
direction. The object is returning to the starting
position at s = 0.

D: A negative displacement means a displacement in
the opposite direction.

When the motion is not at constant velocity, the
graph is a curve and the average velocity will differ
from the instantaneous velocity [see Figure 24). The
instantaneous velocity at time ¢ can be found by
calculating the gradient of the tangent to the curve
at that point. The tangent to the curve is the gradient
at that point, _i% as Ax gets very small,

Time and molion graphs m

B
=]

had
(8]

S R YT
m a8

Pt
=

Displacement { m
in

o]
o ]

(o B W 5 |

0 0.5 1.0 1.5 2.0 25
Tme/ls

Fgure 24 The Black curve shows how he dispigoement of @ Foarmula

Oine cor varies with time at the start of o race

he cars averoge velocily over the first 2.0 5 5 shown by the

- _ A5 28-0_ =)
red fine, =% =971 | 4 ms~! about 31 mph

The car’s final velocity, that (s e instanfoneous velocity at t=2 5,
is grven By the gradient af the curve at that point [shown bu the green

el ¥ = 53—, very close to 28 ms~! (63 mphy,

QUESTIONS

21. a. Adistance—time graph takes no account
of direction, and simply shows the total
distance travelled. Can a distance—time
graph have a negative section? Can it have
a negative gradient? Explain your answers.

b. Assuming the graph in Figure 23
is for motion in a straight line, how would

it look if, instead of displacement, the
distance travelled were plotted?

22. Calculate the average velocity between 55
and 10 s of the graph in Figure 23. Explain
how the actual velocity differs from the
average velocity.

e e e S e B R e e e e e e
ASSIGNMENT 1: ANALYSING THE MOTION OF A SNOOKER BALL

(MS 3.1, MS 3.6)

Figure A1

Imagine a snooker (or pool) ball travelling across a
table [Figure A1).

The diagram in Figure A2 is based on a stroboscopic
photograph, and shows a sequence of images of

the ball, The images are 55 th of a second (0.055)
apart. This can be used to plot the displacement

in a particular direction against time. Before we
start to measure any distances, we need to choose

a place to measure from, and a direction. We can
simply choose the first image of the ball after it was
struck, This is marked as O in Figure A2.

197



9 THE EQUATIONS OF MOTION

Image O has zero displacement [s=0) and it is
where we ‘start the clock’ (so this image was taken
at t = 0}. The direction chosen is the horizontal x
direction, marked with an arrow in Figure A2.

To find the displacement, we mark and measure
the x position of the ball in each image. The time

D - m e LAy . = - - - [l

500K £ o ’. of each image is the number of images since

positive x-direction L. L the start multiplied by 0.05 s. The values of x
L4 and t are recorded in a table and used to plot a

displacement—time graph for the ball. This is shown

Flgure A2 Fositions of the ball taken by o camera every 0.05 s in Figure A3.
The starting point & fabelled O tnd the arrow indicates the positive
X-thirection),
200 S
E € &
= 1504
E
T 100 4
E A E
= 50+
g
=
g
. u j T ] T T |
.'§ 05 1.0 1.5 2.0 25 \, 3.0
Time /5
_nn |

Fgure A3 Displacernent—time graph for the ball in Figure A2

Questions
A1 The displacement—time graph for the ball A3 Estimate the ball's instantaneous velocity at
has several distinct parts, as labelled A—F in time = 2.0s. [You will need to find a tangent
Figure A3. Describe the mation of the ball to the curve at this point.)
b il 2R A4 Something odd is happening to the ball in
A2 Where is the ball's velocity in the the last part of its journey. What is it, and
x-direction the greatest? Estimate why is it odd? Suggest a reason for it.
its value.
Velocity~time graphs velocity is constant and so the acceleration is
Another way of looking at motion is to plot a graph zero. A curved graph, whose gradient is changing,
that shows how velocity changes with time (Figure 25). indicates a varying acceleration, or non-uniform
The gradient of this graph is i% which is equal BECBIpratIon.
to acceleration. The motion during each labelled section of Figure 25
A sloping straight line means that the velocity is described here.
is changing by the same amount over equal A: A straight line indicates constant acceleration, . In
time intervals. This is uniform acceleration. A : PN RS T ;
horizontal straight line, Av = 0, means that the Miscale, A= =5 & = k~0 2 ms™.
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Welocity / ms™!
L } (%)
1

-

10 15 e 20

Time /35

Figure 25 A velogity=time graph for o shart bicyole jourmey, along o straight road

B: A horizontal line means that Av = 0. This
represents a constant velocity of 8 ms=!, The
acceleration is zero.

C: This is straight and the gradient is positive, so this
is constant acceleration again, but not as steep as
section A. The acceleration is 1 ms™2.

D: This has a negative gradient, which is getting
steeper, that is becoming more negative. This means it
is decelerating at an increasing rate.

E: The object slows down to a stop and then heads
back towards its starting paoint.

Mote that, when the velocity is positive, a negative
gradient shows the magnitude of the velocity
decreasing, in other words the graph is heading for
the v = 0 [x-axis) line, and the object is slowing down.
A negative gradient below the v = 0 [x-axis) line shows
that the speed is increasing — getting further from
zero, but in the opposite direction.

A velocity—time graph can also give information about
the displacement:

The displacement after a certain time can be found by
calculating the area under the graph up to that time.

A negative velocity indicates motion in the opposite
direction, so an area between the time axis and the
curve below the axis means a displacement in the
opposite direction.

Worked example

In Figure 12 what is the total displacement between
time =0 and time =7 57

To calculate the area under the graph, we divide it into
easily calculable sections — in this case by drawing or
imagining a vertical line from the graph to the x-axis
at 4 s and another line at 7 s.

Area from O s to 4 s (area of a triangle) =
% x 4sxBms'=16m

Area from 4 s to 7 s [area of a rectangle) =
3sx8ms'=24m

Total area = total displacement =16 + 24=40m

QUESTIONS

23, A cyclist starts from rest on a straight road.
After 6 s she has reached a speed of 4 ms™'.
She then travels at constant velocity for 50 s
before braking sharply to come to rest in 2 s.

a. Draw a velocity—time graph for the
journey, What have you assumed?

b. Draw a displacement—time graph for
the journey.

24, Figure 26 shows a velocity—time graph for
a sprinter.

a. Calculate the acceleration over the first 2 s,

b. Calculate the distance covered in the
first 8 s.
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Velocity / ms™!

Y

6" 4 2 3 4 s & F 8 9 W WM 12
Time /s

Figure 26

25, Adiver jumps 1 m upwards froma 10 m negative and use the height of the board
high board, before diving into the pool as zero displacement. [Assume the motion
below her, Sketch graphs to show how her is all vertical and that air resistance can
displacement, velocity and acceleration be ignored.)
change with time. Take downwards as

Time and motion graphs for a bouncing ball (@) 4
We can analyse the motion of a bouncing ball by

plotting graphs to show how the acceleration,

velocity and displacement vary with time (Figure 27).

Imagine a tennis ball, dropped from a height of about

1 m, which bounces three times before being caught

again. Because we are dealing with vector quantities,

we need to decide which direction is positive, and

define the initial conditions. In this case we will take
downwards as negative and treat ground level as (b)
zero displacement,

Acceleration (Figure 27a). We can start by \Time I's
considering how the acceleration of the ball changes -
as it bounces. Whether it is moving up or down, \I
the ball is always accelerating downwards with the

acceleration due to gravity (a=-g=-9.81 ms2,
see section 9.6) except for the very brief time that

it is touching the ground, when the acceleration will
be upwards. As soon as the ball loses contact with
the ground, its acceleration will be a = —g once more.
The ball will transfer some of its kinetic energy as
internal energy (heating the ball and the ground
slightly) each time it hits the ground, so each bounce >
will be lower than the previous one, and the bounces Time /5
will get closer together. Figure 27 Time and mation graphs for a bouncing ball

Time /s

Acceleration / ms™?

-
=

Velocity / ms ™'

(€)

Displacement / m
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Velocity (Figure 27b). The ball is released from rest, so
its initial velocity is zero. It will then increase its velocity
downwards. The gradient of the velocity—time graph is
the instantaneous acceleration of the ball. The graph

will be straight, with a gradient of —=9.81 m 572, until the
ball hits the ground. Then the ball rapidly slows to a halt
and accelerates back upwards. After the ball has left the
ground, the velocity will decrease as the ball rises, until it
is zero again at the top of the bounce.

Time and motion graphs

Displacement (Figure 27¢). The gradient of the
displacement—time graph is the instantaneous
velocity, so the slope starts at zero and becomes
increasingly negative until the ball hits the ground.
The displacement does not become negative because
we have taken ground level to be zero.
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9.5 EQUATIONS OF LINEAR MOTION

There are five important variables that can be used to
describe motion [see Table 3).

Guantity Symbol

Displacement

Initial velocity
Final velocity
Acceleration
Time

D < | E |

Table 3 \ariabies that describe mobion

These quantities are linked by four useful equations for
uniformly accelerated linear motion — that is, motion
along a straight line with a constant acceleration.

1. The definition of acceleration gives us the
first equation:

: change in veloci
acceleration = £ .3

time taken
or _V-u
@7
at=v-u
50
v=u 4+ at (1]

2. The definition of velocity leads to the second
equation:

displacement

velocity = e

or
displacement = velocity x time

When the velocity changes at a constant rate, we
take the average velocity as half-way between the
initial and final values:

displacement = average velocity = ¢

P %{u + Wt (2)

3. If we substitute equation (1) into equation (2),
then equation (2) becomes

§= %[u + u + atjt

s=ut + %«:.'1‘1 (3)

Alternatively, you can see how this equation arises
by considering displacement as the total area
under the velocity—time graph in Figure 28.
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Velocity / m g1
[

ut

¥

Time /s t
Figure 28 Denving equation (3]

4. We can eliminate ¢ from equation (3) by
substituting for t from equation [1);

So P iz

§= u[“ ; “]+ %G{V—EE}:

which simplifies to
w=u? + 2as (4)

Each equation has one of the five variables missing. If
you know any three of the five variables, you should
be able to calculate the other two. It is important to
remember that these equations hold only for uniformly
accelerated motion in a straight line.

Worked example 1

If a 100 m sprinter accelerates from the starting block
at 2,0 m s~2 and maintains this acceleration over the
whole race, we can use the equations to calculate how
fast he will cross the finishing line and how long he will
take to run the race.

To find the final velocity we could use

vi=u? + 2as
=0+ 2= 2.0 = 100.0

The final velocity is v = 4400 = 20.0ms™",
The time taken for the race would be
v —u

r=Y="
- 200-0
=770

=10.0s




In reality, sprinters achieve a higher acceleration

than this at the start of the race, though it cannot be
maintained throughout the race. We cannot simply
apply equations of motion to the whole race, because
the acceleration is not constant. But we can apply the
equations to each section of the race in turn.

Worked example 2

Suppose the sprinter from Worked example 1

accelerates at 3.0 ms 2 for the first 4.0 s and then

runs at constant speed for the rest of the race. What is

the time taken to complete the 100 m?

For the first part of the race, 0—4 s, we have:
s=2,u=0ms ', v=2,a=3.0ms 2, t=40s

The velocity after 4 s will be

v=u + at
=0+ 30 x40=120ms"!

and the distance covered will be given by
s=ut+ ya?=0+ 3 x 3.0 x 40?=24m
For the second part of the race, 24-100 m, we have:
s=76m,u=v=12ms', a=0ms™ t=7

We can find ¢t from s = ut + %at’, and, because =0,
from s =ut, so
F=76/12=635

So the total time is 4.0 + 6.3=103s

QUESTIONS

26. When a golfer hits a ball, the club only
touches the ball for about 0.0005 s, but
the ball leaves at a speed of 75 ms~'. What
is the average acceleration of the golf ball
while it is in contact with the club?

Equations of linear motion m

27. A cyclist freewheels from rest down a

hill that is 120 m long. By the time he
reaches the bottom, he is travelling at
15ms™!,

a. Calculate his acceleration.

b. At the bottom of the hill, the road
levels out and the cyclist brakes gently,
coming to a stop in 30 s. Calculate his
deceleration and the total distance he
has travelled.

Stretch and challenge
28. A girl on a trampoline bounces 3 m above

the trampoline. Estimate her time in the
air. Explain any assumptions that you
have made.
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ASSIGNMENT 3: USING A MOTION SENSOR

(MS 1.5,PS 1.2, PS 2.1, PS 2.3, PS 2.4, PS 4.1)

A motion sensor (Figure A1) uses an ultrasonic
beam to measure the distance from an object.
Rather like the echo system that bats use, the
sensor sends out a pulse of ultrasound and
measures the time taken for it to return after it has
reflected off an object. The sensor then calculates
the distance to the object, using a typical figure

for the speed of sound in air. The sensor may be
linked to a computer so that real-time graphs of

displacement, velocity and acceleration against time

may be plotted.

Figure AT A mation sensor

Cuestions

Al Your task is to design an experiment using the

motion sensor to verify one of the equations of

linear motion, namely

g=ut + =g

2

{Hint: You could start from stationary, in
which case ut = 0, and the equation and the

experiment will become more straightforward.)

9.6 FREE FALL AND TERMINAL SPEED

A dense object, like a stone, dropped from a high
place, such as a cliff, will accelerate as it falls towards
the ground. The air has little effect on the stone and
its acceleration will be almost constant. An object is
said to be in free fall if the only force acting on it is

the gravitational force. Experiments show that on Earth

the acceleration due to gravity, g, is about 9.81 ms~2,
though the exact value varies from place to place,
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You will need to think about the following points:
» What will you use as your moving object?

» How will you ensure uniform acceleration?

¥ What variables might yvou need to control?

» What readings will you take with the
motion sensor?

¥ What other readings will you take?
¥ What graph or graphs will you plot?

» Try to identify the potential sources of error in
this experiment. Can they be avoided, or can you
at least reduce the uncertainty that they cause?

» Can you use your results to find a value for the
constant acceleration, a?

Your plan should include your proposed method,
and your responses to the above points.

If you have the opportunity to do so, carry out the
experiment. In the light of your practical experience,
suggest how you would improve your plan.

Stretch and challenge

The speed of sound in air depends on the air
temperature. The following equation can be used to
calculate the speed v (metre per second, ms™') at
temperature T [degree Celsius, "C):

v=331 + 06T
Questions
A2 Calculate the speed of sound in air at 20 °C.

A3 Suppose that the motion sensor makes
no allowance for a change in temperature.
Estimate the uncertainty in distance
measurement that this would produce.

For example, the acceleration due to higher is slightly
higher at the Earth's poles than at the equator.

Measured at the same place, all objects accelerate
under gravity at the same rate. The mass of the falling
object makes no difference, as long as air resistance
can be neglected. This became obvious when
Commander David Scott, of the Apollo 15 mission,
stood on the Moon and dropped a hammer and a
feather onto the lunar surface. They fell together
(Figure 29).



Figure 29 [n the atsence of air resistance, alf alyects ol under
groatu at the same rate

Astronauts are among the very few people to have
experienced free fall for any prolonged time. You may
have fallen a few metres, perhaps into a trampoline.
Sky-divers fall further but they soon have to contend
with air resistance, and when the parachute opens
they are very glad of that air resistance! An astronaut
in orbit around the Earth is often described as
‘weightless', but this cannot be true. The Earth’s
gravity is slightly weaker at that height above the
Earth but it manages to keep the Moon in orbit, and
it is gravity that keeps a satellite or space station in

orbit. An object in orbit is acted on by gravity, towards

the centre of the Earth, but it is also moving forward
fast enough so that it stays in orbit. Astronauts

in the International Space Station are in free fall,
continually falling towards the Earth, but [because the
acceleration due to gravity does not depend on mass)
all the objects in the space station, and the space
station itself, are falling, too, all at the same rate.
This means that there is no contact force between the
astronaut and the space station floor, giving rise to
the apparent weightlessness (Figure 30).

Figure 30 \elcro (s usefuf fo stop the chess pieces floating of?

Free fall and terminal speed m

Worked example 1

If you dropped a coin from the top of The Shard
(Figure 31), at a height of 308 m, how long would it
take to reach the ground and how fast would it be
travelling when it got there? Take g=9.81 ms™,

Figure 31 The Shard, in Londan, 5 the fighest building in the UK

As the initial velocity is zero, you can use the formula
§= %gr:’. giving
(-

g
and so it would take

616
[ = “JIW =7.92s

MNow to find how fast it would be travelling, you can
use v2 =u? + 2as, giving

Pl=0 4+ 2 » 98] « 308=604 mis?
and so
v=T7.7Tms™, which is 174 mph!

Air resistance would in reality limit this, but the
coin would still be travelling fast enough to be very
dangerous to someone on the pavement below.
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Worked example 2

Imagine someone is standing on the edge of a 100 m
cliff and throws a ball up into the air at 20 ms~'. The
throw is not quite vertical so when the ball falls again
it is out of reach, over the cliff (Figure 32).

Figure 32

a. How long does it take for the ball to reach the
ground? Take g = 9.81 ms2,

b. How long does it take the ball to reach a point 4 m
above the top of the cliff?

First define the starting position. We will assume
the ball starts from 1 m above the top of the cliff,
and displacements will be measured from that point
(Figure 32). We must also specify which direction is
positive, So we will say up is the positive direction.

a. The values we know are:
displacement ==101 m
acceleration = —g = -9.81 ms™?
u =20 ms™!
So, using s = ut + -‘2- at? gives, after a little
rearranging
4905 -20t-101=0

This is a quadratic equation and we have to use
the formula

_ -b+ b - 4hac

B 2a

This gives two values for time, £ = 7.0 or =3.0.
Negative time means before the ball was thrown,
which is impossible. So the answer is 7.0 s.

X

b. As in part a, use the same equation but nows=3m
[remembering the 1 m high starting position). This
time the equation becomes

3-20t-98112=0

which leads to t = 0.16 s [on the way up) and 4.1 s
{on the way down).

Alternatively, these problems can be solved without
the use of the quadratic equation formula, by
considering first the upward motion and then the
downward motion, and adding the times for the two
stages of the motion together.

QUESTIONS

29. a. A potholer drops a stone down a mine-
shaft and hears it hit the bottom 3.5 s
later. How deep is the shaft? Assume
that the effect of a finite speed of sound
is negligible,

b. Estimate the uncertainty in your answer
to part a.

¢. Should we have taken the speed of
sound, which is 340 ms~', into account?

Stretch and challenge

30. Try this ‘thought experiment’ You are in a
lift near the top of The Shard (Figure 31)
when the lift cable snaps, all the safety
systems fail and you plummet downwards.

a. Not surprisingly, you let go of your bag.
What happens to it?

b. More surprisingly, you are standing on
bathroom scales. What would they show?




REQUIRED PRACTICAL: APPARATUS AND
TECHNIQUES

Determining the acceleration due to gravity. g

The aim of this practical is to measure the acceleration
due to gravity, g, by a free-fall method. The practical
gives you the opportunity to show thatyou can:

) use appropriate analogue apparatus to
record a range of measurements (to include
length/distance] and to interpolate between
scale markings

¥ use methods to increase the accuracy
of measurements

» use a stopwatch or light gates for timing

¥ use ICT such as a data logger with a sensor to
collect data, or software to process data.

There are different methods of measuring g in the
school laboratory. This method uses a ‘trap door’ and
direct measurements of a falling object [Figure P1).

electromagnet

=) el

stael ball

€onnections to timer
on ‘break to start’

mnnec:iuna o timer
on “break to stop’

.mm.

Figure P11 Apparmtis £ bhe froo-coor method of determining g

Reguired practical m

A steel ball bearing is released from an electromagnet
by operating a switch, which also starts an electronic
timer (Figure P1). The ball bearing falls through a
distance s, measured with a metre ruler, until it hits

a ‘trap door’, which opens, breaking a circuit and
stopping the timer.

Apparatus

Technique

The time reading is repeated several times before the
distance s is changed, Readings are taken for as wide
a range of distances as possible.

Analysis

A sample set of results is shown in Table P1. Using the
equation s = ut + 5 gt?, we can plot a graph to find g.
As initial velocity = u = 0 ms™', the equation becomes
s=5gt’. Agraph of s (g-axis) against £2 (x-axis) will
give a straight line of gradient 1 g.

QUESTIONS
P1 Calculate the missing values in Table P1.

P2 Estimate the uncertainty in the
timing readings.

P3 The timer had a digital readout in
milliseconds. Are we justified in using all
three decimal places?

P4 Look at the frst column of Table P1.
Discuss the use of significant figures in this
column, Is it correct?

P5 Plot a suitable graph, so that you can use
the gradient to find g.

P6 Calculate the gradient of the graph, and
hence g.

P7 Find the uncertainty in your answer by
considering the ‘worst-fit' gradient. Express
this as a percentage uncertainty.

P8 Describe sources of error and uncertainty
in this experiment and explain how you
could improve the accuracy.
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...................................

Timet/s
Distance s/ m Reading 1 Reading 2 Reading 3 Mean Mean time squared t2 / s2

0.5 0.307 0.321 0.304 0.310 0.10
0.6 0,342 0.345 0.357 0.348 0.12
0.7 0.363 0.368 0.373 0.368 0.14
0.8 0.395 0.403 0.406

0.9 0.417 0.444 0.449 0.437 0.19
1.0 0.449 0.452 0.466 0.456 0.21
1.1 0.457 0.455 0.464 0.459 0.21
1.2 0.477 0.509 0.478 0.488 0.24
1.3 0.525 0.521 0.522 0.523 0.27
1.4 0.543 0.537 0.544

1.5 0.580 0.571 0.550 0.567 0.32
1.6 0.594 0.583 0597 0.591 0.35
1.7 0.582 0.575 0.591 0.583 0.34
1.8 0.632 0.605 0.634 0.624 0.39
1.9 0.636 0.644 0.625 0.635 0.40
2.0 0.646 0.658 0.632

2.1 0.673 0.641 0.672 0.662 0.44

Table P1 Sample results from the irap-door expeniment




Free fall and terminal speed m

The effect of air resistance on falling objects At low speeds, drag is proportional to velocity.

At higher speeds, drag is proportional to
velocity squared.

In the case of a sky-diver [Figure 35), the upward
resistive force due to air resistance increases as the
diver accelerates, until it is equal to the downward
force of gravity. This causes the sky-diver's acceleration
to gradually decrease to zero and then the diver falls
at a constant speed. We say the sky-diver has reached
terminal speed. For a sky-diver in a head-down
position, the terminal speed is about 83 ms™!

(186 mph). In the upper atmosphere, where the air is
less dense, speeds of up to 280 ms~' (about 625 mph)
have been reached.

Figure 33 The miass of the diver has ne effect on her geceleration
hemy or fght, she would reach the water in the same time

For the diver in Figure 33, air resistance is negligible
and she is effectively in free fall. But an object falling
on Earth is never guite in free fall. The atmosphere
always exerts a drag force on a moving object, The
effect of this drag, due to air resistance, is negligible
for sprinters, jumpers or even divers, but in some
sports, such as cycling or skiing, it is a dominant factor.
This is because air resistance increases with speed.
The faster you travel, the greater the air resistance.
You do not notice air resistance when you walk, but it
is more noticeable when cycling at speed. If you travel
fast enough, the force due to air resistance will become
equal to the force driving you forward and you will stop
accelerating. Calculating the size of the drag force on

a moving object is a complex matter (Figure 34). It
depends on the velocity, area and shape of the moving
object, as well as the density and viscosity of the fluid.

Figure 35 Sky-divers reach their terminal speed when the upward
force of air resretance & equal 1o the dowmward force of gravity.

Air resistance also depends on the area and the
mass distribution of the object. In general, a
maore dense object with a smaller surface area will
experience lower air resistance, and have a higher
terminal speed. Parachutes increase the area, and
therefore the air resistance. The terminal speed is
therefore reduced.

Figure 34 Airresistance s a cruchal facior in cycling. On a fat road
it cecounts for uo to S0% of the resistance Lo feel when pedalling,
Turbilence leticds fo low air pressune behind the cyclist Cycling in

the low-pressure zone immediately behind onather cyclist con save
30-40% of the required effort. This image wos generated using
achemiced computing technigues ot Sheffield Hatlam University
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31. High-speed skiing is one of the fastest
sports. The record speed is more than
252 kmh~' (70 ms~'). Why do speed skiers
wear streamlined clothes and adopt a
crouching position?

32. In On Being the Right Size, the biologist J. B.
5. Haldane says: "You can drop a mouse down
a thousand-yard mine shaft; and, on arriving
at the bottom, it gets a slight shock and
walks away, provided that the ground is fairly
soft. A rat is killed, a man is broken, a horse
splashes.” Explain the physics behind this.

AT T L SR ST o i e ] R 6, e T - AT R SN e L v | ST
ASSIGNMENT &: INVESTIGATING TERMINAL SPEED

(PS1.2,PS2.1,PS2.2,PS2.3,PS3.1,PS 3.3)

It can be difficult to measure terminal speed in

the laboratory for objects falling through the air,
because the speeds reached are quite high unless
we use very light objects with a large area, which
tend to drift about as they fall. But we can slow
things down by using a more viscous medium than
air. This experiment measures the terminal speed of
a sphere falling through oil (Figure A1).

steel ball bearing
marker

mator oil

or glycerol _r

marker

Fgure Al The ball bearing is timed os it passes the tWo midrfers,
The avemge speed can fhen be calcukated

A very large cylinder is used, filled with motor oil
or glyceral. Steel ball bearings are used, because
they can be retrieved from the oil without emptying
the cylinder or sticking your hand in, by using a
strong magnet.

Theory suggests that the terminal speed is
proportional to the radius of the sphere:

Ve

It can be difficult to use light gates to start and stop
the timer, as the il is often too opaque, so manual
timing is used.

Questions
A1 What readings would you need to take to

verify the relationship between terminal speed
and radius?

A2 Explain what measuring devices you would use,
and estimate the associated uncertainty.

A3 How would you confirm that the ball bearing
had reached terminal speed?

A4  What experimental errors are likely to arise?
Explain which are systematic errors and which
are random errors.

KEY IDEAS

3 Air resistance is a drag force that opposes the
motion of objects moving through air.

¥ The size of the air resistance force increases as the
object’s speed increases.
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) The upward force of air resistance acting on an

accelerating falling body increases, until it balances
the weight (the downward force of gravity). At this
point, the object falls at its terminal speed.



ASSICNMENT 5: DEVELOPING IDEAS AEBOUT FALLING

Until the time of Galileo [1564—1642), the most
commanly held idea about the motion of falling
objects was mistaken. Almost 2000 yvears earlier,
Aristotle (384 to 322 ece) had asserted that the
speed of fall was proportional to the weight of the
object. Although this view had been challenged as
soon as 30 years after Aristotle's death, it was still
widely accepted when Galileo (Figure A1) questioned
it in the 17th century.

Figure AT Gaifler, the father of tnodern scence’

Galileo made the following argument against
Aristotle’s physics. Suppose there are two objects,
one heavy and one light, falling towards Earth.
Galileo started by assuming that Aristotle was right,
so that the heavy object would be falling faster
(Figure A2), Galileo argued that if they were then
connected together the lighter one would drag on
the faster, heavy one, and slow it down. Similarly,
the faster, heavier object would pull on the slower,
lighter ane, and speed it up. So the combined object
would fall at an intermediate speed.

large rmass
small mass

.9 @)

However, Galileo argued that by connecting the
two objects together, an even heavier object was
formed. Aristotelian physics said that this should

be travelling even faster! This is a contradiction: the
objects cannot travel faster and slower than before
they were joined. The initial assumption therefore
cannot be true. Galileo correctly inferred that all
objects in free fall, no matter what their mass, must
fall at the same rate.

Galileo did not just rely on these ‘thought
experiments. He saw the power of experimentation
and used empirical obseryations to support his
theories. He is often referred to as ‘the father of
modern science’ because of this approach, though
he was not the only 'scientist’ to be carrying out
experimental tests on these ideas. The famous
story about Galileo dropping cannon balls off

the Leaning Tower of Pisa is probably not true. It
seems likely that the experiment was actually done
by Simon Stevin in 1586, when he dropped two
lead balls from the church tower in Delft, Holland.
One ball was 10 times the weight of the other

yet the sounds they made on striking the ground
were inseparable.

Galileo actually carried out an experiment on

‘free fall’ by rolling cylinders down inclined planes
[slopes). Using this method, Galileo showed that all
bodies, irrespective of mass, accelerate uniformly
when falling under gravity.

Galileo used a water clock to measure time in his
experiments. Galilea wrote in Two New Sciences:

"For the measurement of time, we employed

a large vessel of water placed in an elevated
position; to the bottom of this vessel was
soldered a pipe of small diameter giving a

thin jet of water which we collected in a small
glass during the time of each descent ... The
water thus collected was weighed, after each
descent, on o very accurate balance; the
differences and ratios of these weights gave us
the differences and ratios of the times, and this
with such accuracy that although the operation
was repeated many, many times, there was no
appreciable discrepancy in the results.”
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Questions what steps you would take to ensure
; : 00 that your results were as accurate
Al Why do you think that it took around 20 as possible.

years for Aristotle’s 'law’ of physics to be
seriously challenged?

A2 a. Why did Galileo roll cylinders down
inclined planes to find a value for g,

rather than drop weights from the Ak
Leaning Tower of Pisa? A4 Galileo is often referred to as ‘the father of

modern science' and he tends to get all the
credit for these advances in our knowledge
of motion, even though others were also
beginning to doubt Aristotle’s version of
physics. What is it about Galileo’s approach

b. How would you find the acceleration
for a particular slope?

¢. How could you use that value to find g,
the acceleration of free fall?

b. What would affect the precision of
Galileo'’s time measurements?

¢. Why was it important that the vessel
was ‘large’ and the pipe was of 'small’

diameter? that leads us to regard his work as the

A3 a. Galileo used his experiment to arrive beginnings of modern science? (In addition
at the equation <= il at?, linking to the information here, you may want to
the distanice. s. travelled down the use a search engine to look up Galileo and
slope to the acceleration, a, and the s oS Usedil SEATdS; ST I A0
time taken, t. Suppose that you were these paired with ‘Galileo’: law of inertia,
going to repeat the experiment using SMpHTic Sppeaach, SEiry Messmree,
Galileo’s equipment. Explain how you oonS GhIGHEL REScope, DI D, FOpe
would carry out the experiment and Urtian, Copernican, Simplicus)

..

9.7 PROJECTILES: MOTION IN TWO
DIMENSIONS - '

In the 1968 Olympic Games in Mexico City, the
American Bob Beamon (Figure 36) almost cleared the
long-jump pit! His jump of 8.90 m was 70 ¢cm further
than anyone had ever jumped at that time.

To understand a long jumper’s motion, we need to
deal with movement in two dimensions. After take-off,
the jumper moves horizontally and vertically, and the
resultant velocity changes direction throughout

the jump. The motion seems complex, but we can
simplify it. First, we concentrate on the motion of just
ane point, the centre of mass (see section 10.1

of Chapter 10 for the definition}. Once in the air, no
matter how the jumper moves his arms or legs, his/her
centre of mass will follow a symmetrical curved path,
called a parabola [Figure 37).

We can simplify things further by treating the two- . - .
dimensional movement as a combination of horizontal Figure 36 Beamon's record stood for 23 years until Mike Powel

and vertical motion. The force of gravity between two jumped 8.95 min 1931, No one has jurped further . yet!
ohjects is not affected by their relative motion, so

the acceleration due to gravity is the same whether

an object is dropped vertically or thrown horizontally This motion in two dimensiaons where the vertical
(Figure 38). Vertical motion is totally independent of motion is subject to gravity is referred to as
horizontal motion, and we can treat them separately. projectile motion (Figure 39).
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The vertical and horizontal components of the motion
[see section 9.2) are independent. This means that
we can apply the equations of linear motion in each
direction, making sure that we keep the two sets of
calculations separate. It is a good idea to write down
what you know about a problem before you rush into
the solution. A table of values such as that in Table 4,
or Table 5, may help.

Variable Horizontal Note Vertical Note
5 The range Could be zero for the  The greatest height is achieved at
full trajectory half-way through the full trajectory
i Initial velocity Initial velocity For a symmetrical full trajectory
- These are equal, ifair - __ these are equal in magnitude
Final velocity resistance is neglected Final velocity but opposite in direction, if air

resistance is neglectad

a Horizontal acceleration  Jero, if air resistance is 9.81 ms " directed
neglected downwards
f Time of flight This is equal for the

norizontal ang vertical
maotion

Table 4 \triabies in projectiie motion
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9 THE EQUATIONS OF MOTION ,.

Horizontal ? 12

12 0 ?

Vertical ? 45

—4.5 —49.81 [4

Table 5 There are three unknown vanobies [Eis the same for horizontod and vertical)

Worked example

A record-breaking long jumper has to combine
top-class sprinting with a high jumper’s spring into
the air. A good sprinter achieves a top speed of
about 12ms ' a high jumper leaves the ground with
a vertical velocity of about 4.5ms™". If a long jumper
could combine these performances, how far would he
be able to jump?

Although the equations of motion only apply to
linear movement, we can use them to describe a
long jump if we treat the vertical and horizontal
velocities separately,

The first steps are to identify what we know about
the problem (Table 5) and to specify which is the
positive vertical direction. We will choose upwards
to be positive, so a=-9.81 ms~2, Air resistance will
be neglected.

The vertical take-off velocity will determine the time of
flight. We can use v=u + at to find the time spent in
the air:

v-u _[4.5ms')-4.5ms”
" Ta T -9.8Ims™
_ -9.0ms™
~ -9.81ms”
= (0925

The horizontal velocity can be used to find the length
of the jump. We can use

s=ut + % at?
But as a = 0, this is just s = ut. So length of jump is

s=12ms! x 0.92s=11m

The world record for the long jump is about 2 m less
than the theoretical result in the Worked example.
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There are a number of ways in which our simple model
does not match the real event:

¥ A long jumper has to drop his horizontal speed
so that hefshe is in contact with the board long
enough to gain some vertical speed.

}» Air resistance can impose a horizontal deceleration
of up to 0.2 ms ™ (it has little effect on the
vertical motion).

» We have treated the jumper as if he/she was a
single point and the distance we have calculated
is that travelled by the centre of mass. The actual
jump may be longer than this because a good
long jumper will have his centre of mass over
the board at take-off and behind his/her heels on
landing, thereby increasing the time
of flight.

This analysis of an athletic event is typical of the

way that physics works. We try to understand a
complex system by identifying its essential features
and creating a theoretical model. Experiments and
measurements are used to check how closely our
model reflects the real world. The model can then be
refined and adapted so that it matches experimental
results more closely.

The effect of air resistance on projectile motion
An important refinement to the simple model of
projectile motion is the effect of air resistance

[drag). Air resistance always acts against the

direction of mation. Consider the effect on

the horizontal and vertical components of a
projectile’'s motion:

¥ The horizontal component of a projectile's velocity
cannot be treated as constant. Air resistance tends
to reduce it. This reduces the range.

e ——




¥ Air resistance acts downwards as the projectile is
on the way up, but upwards as the projectile travels
downwards, The overall effect is to reduce the
maximum height reached.

When air resistance is taken into account, the path of
a projectile is no longer a parabola (Figure 40).

9.7

Projectiles: motion in two dimensions

025k
Mo air

resistance
0.2k

With air
resistance

Height / m

0 il i i i
0 0.2 0.4 0.6 0.8 1

Distance travelled / m

Figure 40 The change in trajectory of a profectiie when alr resistance
is foken info account. Mate that the red curve 5 asygmmelnic — the
profectile falls more steesly than it dimbs

QUESTIONS

33. A golf ball’s flight can be regarded as

a projectile,

a. Sketch its path after being hit by the
club, assuming that air resistance can
be ignored.

b. Draw arrows to show how air resistance
affects the ball's horizontal and vertical
motion on the way up, and on the
way down.

c. Sketch in the trajectory when air
resistance is taken into account.

(The spin on a golf ball complicates things,
causing the air to provide 'lift’ that can
increase the range.)

Getting the best angle

Throwing the hammer' (Figure 41) requires great
strength. The ‘hammer’ is a small tungsten ball
fastened to the end of a 1.22 m chain. It has a mass
of 7.26 kg. The thrower whirls the hammer round
three times before releasing it. The velocity of release
depends on how quickly the thrower can spin round
in the 2 m circle, but the length of the throw also
depends on the angle of release. A good thrower will
release the hammer at a velocity of about 26ms™'.
We can resolve the velocity into vertical and horizontal
components [see Figure 17, section 9.2) and use the
equations of motion to find the best angle.

34. The best high jumpers achieve a vertical
take-off velocity of about 4.8ms™' . A typical
high jumper's ‘centre of mass’ is 0.95 m
above the ground. Use the equations of
motion to estimate the height that this
jumper can reach.

35. The divers of La Quebrada leap from the
cliffs near Acapulco into the sea, 26.7 m
below. They need a horizontal range of at
least 8.22 m to clear the rocks at the foot of
the cliff. Assume that they jump horizontally
from the cliff edge.

a. Estimate the horizontal velocity needed to
clear the rocks.
b. At what velocity do they hit the sea?

26sin @ ms~' 4 v
ﬁs“
' | :

26 cos @ ms™!

Figure 41 Throwing the harmmer”
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The distance thrown is determined by the horizontal
speed and the time of flight. The time of flight
depends on the vertical component of the velocity.
The problem can be simplified by considering

just the first half of the throw, from the moment

of release to when the hammer reaches its

highest point.

For the vertical motion, s is unknown,
u=26singms ', v =0ms", a=-9.81ms" and tis
unknown. Using v=u + at:
V—u
=
_ 0-26sind ms”’
-~ —9.81ms™

= 2.65 sin# seconds

The time for the whole flight is:
time=2 = 2.65sin#=5.30sing
The distance thrown is

distance = horizontal velocity x time
=26cos#ms'x 5.30sin8s
=138 sinf cos# metres

This can be shown [see below] to have a maximum
value when # = 45",

Stretch and challenge
Using the trigonometric relation sin@cos 8 = ;sin28,
we get

distance = 69 sin 2 # metres

The greatest range will be achieved when sin 26 has

its greatest value, The largest value of sin 28is 1, so

the hammer thrower with a release speed of 26 ms™!
has a maximum range of 69 m.

When sin28=1, 26=90° and g = 45°".
Theoretically, the best angle at which to release the
hammer is 45°. (In fact, because the hammer is
released from above ground level, the best angle of
release is slightly less than 457 )
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QUESTIONS

36. a. What are the horizontal and vertical
components of velocity for a projectile
fired at 100ms~' at an angle of 45° to
the horizontal?

b. Thecretically, 45° is the angle that
gives the greatest range, for a given
projection speed. Can you suggest why
this might be?

c. Would 45° always be the optimum
angle? Suppose the projectile was fired
from a cannon that was high on a cliff
pointing out to sea? Would this make
a difference?

KEY IDEAS
3 In two-dimensional motion under gravity
vertical motion are independent.

' Problems involving projectiles can be solved
by resolving the initial velocity into vertical
and horizontal components and then applying
the equations of linear motion to each
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ASSIGNMENT 6: ANALYSING PROJECTILE MOTION
(MS 3.1, MS 3.2, MS 3.12)

Projectile motion can be studied by examining the
path taken by projected water droplets. A stream of
water drops is created using the apparatus shown
in Figure A1. A constant flow of water is essential,
Since the pressure of the domestic water supply

can fluctuate, using the water from the tap is not
possible. The constant-head device provides a
steady pressure, The water stream is broken up into
droplets using a ticker-timer device. The result is a
stream of projectile water drops.

ticker timer

Figure A2 The Trozen" iveter dioplat frafectony

0 % xim
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‘a -0.2 : .
~— path of water droplets = S s
2 I ] v e
‘o -0.4 - = i ;
[ e == B, R e T —
v stroboscope R 0 = 1 5 5
\:." E b t—r | } 1 'K.. | PETRS- F
2N e o e 9 5 7 B 5
9 o - i = o] o i
@ __ﬂlg Ll ¥ | Bl 15 S R | iH} ! | . H
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| } _lu"'::":":':';';.xi'::
Flgure Al Apparatus for proaudng profectile water drogs ' B 3 1 D 0 A 13 o e v = "' |
545 S
The water stream is illuminated with a flashing -1.2
stroboscope [that can cause problems for some Figure A3 A piol of the trofectory
people, especially anyone who suffers from
epilepsy). The stroboscope is set to flash at 50 Hz, Sestions
to match the rate at that the ticker timer vibrates. Al Use Figure A5 to plot a graph of horizontal
This has the effect of ‘freezing’ the motion of the displacement against time.
drops [Figure A2). A transparent screen is placed : : -
A i A2 Is the horizontal velocity constant? s air
beh_m:l the stream of droplets so that the position resistance a significant factor here?
of each drop can be marked on the screen. The
x and y positions of each drop are recorded A3 |[f the path is parabolic then the y displacement
(Figure A3). should be proportional to the x displacement

squared, y = x%, Plot a suitable graph to test
whether the water droplets follow a parabolic
path.
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9 THE EQUATIONS OF MOTION

6. a. An aircraft is flying at a speed of
300 km h™' due north. A strong wind
begins to blow from the west at a speed of
50 km h~'. What is the magnitude of the
resultant velocity of the aircraft?

b. If the pilot of the aircraft in part a wishes
to fly due north, what bearing (angle
measured clockwise from north) should he
steer on?

7. Which row in Table Q1 is fully correct?

Scalar quantities Veclor quantities

A Velocity, displacement Distance, speed

B Acceleration, displacement Speed, distance
c Speed, distance Acceleration,
displacement

D Velocity, distance Speed, acceleration

Tabie Q1

8. Which of the following statements about the

Earth’s orbit of the Sun is incorrect?

A The average velocity of the Earth in one
year is zero.

B The displacement of the Earth in one year
is zero.

C The Earth is accelerating throughout
the year.

D The average speed of the Earth in cne
year is zero.
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9. An aircraft drops two identical crates, X and Y,
containing emergency supplies. Crate X has
twice the mass of Y. Which of the following
statements is true?

A Crate X will have a higher terminal velocity
than crate Y.

B Crate Y will have a higher terminal velocity
than crate X.

C They will have the same terminal velocity,
but crate X will reach it first.

D They will both reach the same terminal
velocity at the same time.

10. An archer fires an arrow at a speed of
40 ms~' an angle of 30° to the horizontal.
What is the maximum height reached by
the arrow?

Abm
B 60m
C 20m
D 82m

Stretch and challenge

11. This question is about analysing motion in
sport. Digital video and dedicated computer
software are now routinely used to capture
data on motion during sporting events, so
that coaches can identify ways to improve
performance. Table Q2 shows a set of data
for five javelin throws, recorded by a student
using a motion-analysis system.



Practice qu estions k
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10 FORCES IN BALANCE

PRIOR KNOWLEDGE

You will understand what is meant by a force, and be
aware that a body can be in equilibrium under the
action of several forces. You have already met vector
addition and have seen in Chapter 9 how vectors can
be resolved into components,

LEARNING OBJECTIVES

In this chapter you will learn how to use these
techniques to analyse the forces that act on an object,
including those that cause rotation, and determine
whether or not the cbject is in equilibrium.

[Specification 3.4.1.1 part, 3.4.1.2)

In 1829 the Merchant Venturers of Bristol offered

a prize of 100 guineas for the best design of a new
bridge to span the Avon Gorge, 410m wide and
75m above the River Avon, All 22 entries were
rejected. One of the judges, the renowned engineer
Thomas Telford, believed it was impossible for a
suspension bridge to span the river without a central
support. Two yvears later, a second competition was
won by an audacious and elegant design from the
24-year-old Isambard Kingdom Brunel, who ignored
Telford and submitted plans for a suspension bridge
(Figure 1).

The road deck is hung, via metal rods, on chains that
pass over the towers at each end of the bridge. The
chains then plunge 20 m into the rock on each side
of the bridge. The road deck, chains and rods weigh

/

a daunting 1500 tons. On completion the bridge
was tested by spreading 500 tons of rocks on the
road. This caused the chains to sag by only 180 mm,
well within tolerance. The design was, and still is,

an undisputed success. Originally intended to carry
pedestrians and horse-drawn traffic, it now carries
four million vehicles per year.

Figure T The Ciifton Suspensian Brdge bears the inscriphion
SLISPENSA VIX VIA AT meaning A suspeided way imade with i~
ity

In the 150 years since Brunel's bridge was completed,
suspension bridges have been built all over the world,
many with much longer spans, The world's largest
suspension bridge, the Akashi Kaikyd, was completed
in 1998, and has a central span of almost 2 km. Since
then, the largest bridges in the world have largely used
a different design, the cable-stayed bridge (Figure 2).
Figure 2 (background] The Miliay wiadiet fn the soulh of Franse
& o crbie-siager] Bricge The rood deck 15 g rorm eabies cirecthy

convrecied o the [owers




10.1 STATICS: IDENTIFYING THE FORCES

The study of forces and motion is referred to as
mechanics. The branch of mechanics that deals with
forces in equilibrium is known as statics, since it is
often concerned with stationary structures, such as
bridges and buildings. You are probably familiar with
the idea of a force as a ‘push’ or ‘pull’ or ‘twist’ that
can cause an object to accelerate — that is, to speed
up, slow down, change direction or rotate. However, in
statics, there is often no resultant force and the object
does not accelerate — the effect of the forces may be
to compress or stretch the object.

The forces involved in a cable-stayed bridge (see

Figure 2] are shown in Figure 3. The weight of the deck
pulling down on the cables is balanced by the upwards
force from the supporting tower. The cable is in tension
— the forces on it are tending to stretch it. The tower, on
the other hand, is under compression, The net effect
of the cables pulling down and the supporting force of
the ground pushing up would be to shorten the tower.

cables
tension

deck
towers

COMpression
Figure 3 Tension and compression in o cable-stoyed bridge

QUESTIONS

1. Figure 4 shows a suspension bridge. State
and explain whether the cables and the
towers are under compression or in tension.

Figure & A suspension bridge

The first step in analysing any statics problem is
to identify the relevant forces acting on the object.

Statics: idenlifying the forces m

Forces are vector quantities, with both a magnitude
measured in mewtons (N] and a direction. They can
ke represented on a diagram by an arrow of suitable
length, pointing in the appropriate direction.

Most objects are subject to a range of different forces,
such as:

» weight
} contact forces
¥ surface friction
¥ tension

} forces due to objects being immersed in or moving
through fluids (gases and liquids).

All of these, except weight, are electromagnetic in
origin, that is, they are due to the interaction between
charged particles. The first four of these forces will be
discussed here, while section 10.2 will deal with forces
due to fluids (upthrust, lift and drag).

Weight

Weight, W, is the force that acts on a mass due to
gravitational attraction, usually that of the Earth,
An object’s weight depends on its mass, m, and
the gravitational field strength, g. This is the
gravitational force that acts on each kilogram of
mass. The gravitational field strength is measured
in newton per kilogram (N kg™']. The value of g at
the Earth's surface is approximately 9.81 Nkg™'.
On Earth, a mass of 1 ke has a weight of 9.81 N,
The relationship between weight, gravitational field
strength and mass is given by

weight (N} = mass (kg) = gravitational field
strength (N kg™')
W=mg

QUESTIONS

2. a. An astronaut has a mass of 80.0kg. What
is his weight on Earth?

b. The same astronaut would weigh 128N
on the Moon. Calculate the gravitational
field strength on the Moon..

The gravitational attraction of the Earth acts on
every particle of mass in an object. Adding up all
these forces gives the total weight of the object.
This resultant force can be thought of as acting
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10 FORCES IN BALANCE

at a single point. This point is called the centre of
gravity of the object (Figure 5], Because weight
always acts vertically down, towards the centre of the
Earth, we can represent this force by a single vertical
arrow from the centre of gravity,

Agure 5 The centre of grenaty of o reguiar Soiid of unlonm density,
ke the ball, 15 at its gecrmetric centre For an irreguiar-shaped object
fikie i elephant, the centre of gravity is harder to fing. in both cases,
we represent the entire weight of the abyect by a single downwerd
arrow acting from the centre of gravitiy.

The centre of mass of an object is not exactly the
same thing as its centre of gravity, though near the
Earth's surface, where the gravitational field strength
is almost uniform, they can be regarded as the same
point. The position of the centre of mass determines
what happens to an object when a force is applied

to it. If the resultant force acting on an object passes
through its centre of mass, it will accelerate without
rotating. Imagine trying to push a car parked on
extremely slippery ice. If you push through the centre
of mass, the car will move forward without spinning.
If the line of action of your force does not pass
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through the centre of mass, the car will rotate, as well
as move forward (Figure 6). This turning effect of a
force will be considered further in section 10.4.

applied
force

Contact force

When two solid surfaces are touching, they exert a
contact force on each other. This force, sometimes
called the ‘reaction’, is electromagnetic in nature
and is due to the charges in one surface repelling
the charges in the other. It is the contact force
between your feet and the ground that prevents

the gravitational attraction of the Earth pulling you
through the floor.

If the two surfaces are pushed closer together, the
contact force increases. As with compressed springs,
the atoms exert a greater force as they are pushed
together. The resultant force between the surfaces

is the sum of all the interatomic repulsions, The
component of this force at right angles to the surfaces
is called the normal contact force or the perpendicular
reaction (see Figure 7).




force <) farce

S
S resitant sl "'“"”ﬂ| pulling pulling
contact I‘.‘itﬁ’-iﬂﬂﬂﬁ' \ g anl resultant block
: force [ block @ o3 ¥ fOrCe contact
( \ - \ \ frictional 1urce ! ey
AT i .

{a) For stationary surfaces with no external forces acting, the resultant contact force is at night angles to the surfaces. At the paints where
real surfaces touch, the contact force can be at any angle. (b) When surfaces are in relative motion, the frictional force causes the resultant

contact force to be non-perpendicular. (¢} A perfectly smooth surface

F’gm 7 Resultant contoct force

If the surfaces are in relative motion, or if an external
harizontal force is acting, the resultant contact force

will not be at right angles to the surface [Figure 7b).

We can treat the resultant as the combination of two
forces. The component at right angles to the surface is
the normal contact force. The component parallel to the
surface is the frictional force, considered below. For
perfectly smooth surfaces there would be no friction,
and the only force would be the normal contact force
(Figure 7c).

3. Make a sketch of the beam bridge with a
girl on it, shown in Figure 8. On your sketch,
mark in the forces that act on the bridge.

Figure 8

Surface friction

A frictional force acts between two solid surfaces

in contact when they are in relative motion, or if a
force is trying to slide them across each other. The
frictional force is a resistive force that acts to oppose
the sliding.

The actual area of contact between two surfaces can
be as little as 0.01% of the full surface area (see
Figure 9). Since the pressure at a point is the force per
unit area, the pressure at these points is extremely
high. The high pressure tends to join the two surfaces,
actually ‘welding’ the surfaces together at these small
points of contact.

is unable to provide any friction at all

Figure 9 A scanning electron micrograph of crystaline tungsten,
Evien the smcothest of surces ook ke a mountain andscape at
veryy Migh magmifications

Surfaces will not slide across each other unless an
applied force breaks these ‘welds. At the point when the
surfaces start to slide, the applied force is just sufficient
to overcome the limiting static friction. When the
surfaces are moving, a frictional force acts against the
relative motion. The size of this dynamic friction is
usually less than the limiting static friction (Table 1}, The
relative speed of the two surfaces does not have very
much effect on the magnitude of the dynamic friction.

The area of the surfaces has no influence on the friction.
The frictional force between two surfaces just depends
on how hard they are pressed together — that is, the
normal contact force between them. The force due to
friction, F, is proportional to the normal contact force, M-

F=uN

The constant of proportionality, 4, Is known as the
coefficient of friction. |15 size depends on the
nature of the surfaces (Table 1). Rougher surfaces,

such as sandpaper, exert a large frictional force, so the
coefficient of friction between sandpaper and wood is
high. Although frictional forces tend to prevent surfaces
sliding over each other, they do not act to prevent all

Fee N or
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motion. Imagine trying to cycle on an icy road where
friction is low. If your bicycle tyre had no grip on the road
at all, you would not be able to speed up, turn or brake.,

Materials Coefficient of Coefficient
limiting static  of dynamic
friction friction

Rubber on

concretefary) o
Rubber on 03 0.95
concrete (wet) i
Glass on glass 0.94 0.4

Steel on steel 074 0.57

Wood on wood ~ 0.25-0.5 0.2

lce on ice 0.1 0.03

Human joints 0.0 0.003

Table 1 Some values of the coeflicients of static and dynarric friction
between different surfaces

QUESTIONS

&, Prof, G: "Without friction, movement would
be so much easier, so | have developed
school corridors and shoes that have a zero
coefficient of friction.”

Prof. H: “Nonsense! When you walk, it is
friction that pushes you forward.”

Who is right? Explain.

5. “On icy roads a car is more likely to skid if
it is fully lopaded.” Do you agree with this
statement? Explain your answer. Think
about driving on a straight, level road and
then cornering.

6. Estimate the pressure at the points of
contact for a 2.0cm steel cube resting on a
steel surface, (Density of steel = 8000kgm™3)

7. The coefficient of static friction between snow
and modern skis is about 0.02.
a. What limiting frictional force acts on a
skier of mass 50 kg on horizontal ground?
b. Why is the frictional force less than
this when the skier is on a steep slope
(Figure 10)?
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Tension

An object that is in tension is subject to forces that

are tending to stretch it. For example, the cables ina
cable-stayed bridege (see Figures 2 and 3) are in tension.
A cable in tension exerts an equal force on the object it
is attached to, but in the opposite direction [Figure 11).

Figure 10 The fictional orce fs proportional io the normal Confoct
force

Fgure 11 The cotxes are in lension, The red arrows show the Brces
actinegy on the cabile The cable exerts an equal but oppasite force back on
the kite-boarder, The biack amons showy the fome exerted by the cabie

When we are analysing the forces in a structure, we need
to be clear about which object the forces are acting on.

We can assume that the tension is the same
throughout a cable, as long as the weight of the cable
is small compared to the tension in it. This is not
always the case (Figure 12).
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Figure 12 Nick Wallenda's recovd-breaking Hahirope walf m
Novernber 2074 | en skyscrapers in O . The tightrope
sagged so that the second half of the walk wias upkiil, with o gradient

W almast 20%

A solid object, such as a metal rod, can act in tension,
pulling on the object it is connected to. A rod may also
act in compression, pushing outwards on the objects
that are squashing it. A cable or rope cannot act in
compression. A fluid normally acts in compression.

The force exerted by a rod is caused by the forces
between its molecules, Like the force in a spring,

the magnitude of these intermolecular forces varies,
depending on whether the rod is being stretched or
compressed. When the rod is being stretched, the
molecules are slightly further apart and an attractive
force between the molecules tries to restore their
original separation. When the molecules are pushed
closer together, because the rod is being squashed, a
repulsive force acts in a direction that would restore
the equilibrium separation.

8. Sketch the radio mast and cables in Figure 13,
and mark in the forces acting on the mast.

Figure 13

Upthrust, lift and drag

KEY IDEAS

¥ When solid objects are in contact, they exert
a force on each other. This is known as the
contact force.

¥ The resultant force between two surfaces is a
combination of the contact force, normal to the
surfaces, and the friction.

» Friction acts to prevent solid surfaces
sliding across each other. The maximum, or
limiting, static friction depends on the nature
‘of the surfaces and the magnitude of the
contact force.

» Tension is the force that acts in solids to
‘oppose stretching,

10.2 UPTHRUST, LIFT AND DRAG

An object that is in a fluid (as we all arel) is subject to
fluid forces, although for a dense solid moving at low
speed in air these can often be neglected.

Upthrust

Upthrust, or ‘buoyancy’, is the force that makes
boats and hot air balloons float in their respective
fluids, The force arises due to the difference in
pressure at different heights (or depths) in a fluid.

Imagine an object, a cube say, immersed at a depth d
in the fluid, water in this case (see Figure 14).

Hum[“’
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Figure 14 The pressure im o fioid, soch s woter inoreases with
ek

er th

At any point in a fluid, the pressure acts isotropically,
that is, the pressure is the same in all directions.
Pressure is defined as force per normal unit area,

P = F/A, so the forces on opposite vertical sides of the
cube are equal but opposite. But the pressure on the
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he cube is greater than that at the
resultant force is upwards, This is the

upu e the cube was submerged, that same
upthrust was acting on an identical volume of fluid, water
in this case. As that ‘cube’ of water was neither rising nor
falling, the upthrust force must be equal to the weight of
the cube of water. This is Archimedes’ principle:

The upthrust on an object in a fluid is equal to the
weight of fluid displaced by the object.

If the object weighs more than the weight of fluid that
it displaces, then it will sink. If it weighs less than the
fluid displaced, it will rise in the fluid until it is only
partly submerged and the upthrust exactly matches
the weight, when it will float.

QUESTIONS

9. Steel has a density around eight times that
of water. Explain, referring to Archimedes'
principle, how steel boats are able to float.

Hydrostatic pressure

Stretch and challenge

We can go further with the analysis of a submerged
object [our cube) to get an expression for the pressure
in a liguid. Since

upthrust = difference in pressure x area of cube face
upthrust = (Pyouom of cube — Ptnp of cube) % A

[Pbmmm af cube PLUp of :uhe] xA=Vx pxg
where V is the volume of the cube and p is the density
of the fluid. So
Vxpxag

difference in pressure = i

But V/A = h, the length of an edge of the cube.

Therefore, the difference in pressure, P, due to a

depth, h, of fluid of density pis given by
P=hpg

PR SRS e e
QUESTIONS

Stretch and challenge

10. The formula for the pressure at a depth h in
a fluid works well for liquids, such as water,
but rather less well for gases, such as air.
Why is this the case?
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Lift

The upward force that keeps aircraft in the air is

called lift. It results from the aircraft wings travelling
at speed through the air. How the main contribution
to the lift force arises is complex. In A-level Physics
problems, lift can be treated as a force acting upwards,
perpendicular to the aircraft's motion, bearing in mind
that there are limitations to this simple model.

Explaining lift

Stretch and challenge

Until very recently, many textbooks still gave incorrect,
or incomplete, explanations of lift. So how does the lift
force arise?

We can discount upthrust. Although there is upthrust
in air, the force is much smaller than in water. So
upthrust can be sufficient to keep boats afloat, but it
cannot be responsible for keeping aircraft airborne.

pressure

Figure 15 Afr flow past an oerofol

The traditional explanation of lift focuses on the shape
of the cross-section of the wing, the aerofoil (seen

in section in Figure 15). The argument assumes that
air takes the same time to travel over the curved
upper surface of the wing as it does to travel along
the flatter lower surface. As the distance over the wing
is further, the air must travel faster, which causes the
pressure to drop. The higher pressure beneath the
wing is said to cause lift. Although the air pressure is
certainly greater beneath the wing than above, there
are several problems with this explanation of lift:

¥ The force due to this effect is not large enough to
lift a large aircraft.

¥ Experiments in wind tunnels, using high-speed
photography, have shown that the air does not take
the same time to travel over the upper and lower
surfaces of the wing.

» There are some planes that have wings that do not
have the usual aerofoil shape but fly perfectly well.

¥ Planes sometimes deliberately fly upside down
(Figure 16).



Anather explanation for the cause of the lift force is
that an aircraft's wings act as an air pump, forcing air
downwards and therefore pushing the wings and the
aircraft up, in accordance with Newton's third law of
motion (see section 11.1 of Chapter 11).

The full explanation relies on an understanding of
motion through a fluid. The lift force depends on a
number of factors: the relative velocity of the aircraft
and the air; the density, viscosity and compressibility
of the air; as well as the size and shape of

the aircraft.

Figure 16 According to some theories of flight, this should not be
possibie

Drag

Drag is the force that opposes motion through

any fluid, commonly air or water. When the motion

is through air, drag is often referred to as air
resistance. |f you are travelling at a low speed through
air = walking, for example — drag is barely noticeable.
At higher speeds = when cycling, for example — drag
becomes significant. This is because air resistance
increases with speed (see section 9.6 of Chapter 9).

B s —————————— |
QUESTIONS

11. What forces are acting on you now?

12. What forces act on a hot air balloon as
it ascends?

13. What forces act on a caravan being towed
by a car?

14. Draw an aircraft flying at constant speed in
a horizontal straight line. Mark in the forces
that act on the plane.

Modelling the problem: free-body diagrams m

15. An Airbus 310 plane has a maximum speed
of 900 km h~' and a ceiling (maximum
flying altitude) of 12 500m.

a. Explain why an aircraft has a top speed.
What factors would affect this speed?

b. Explain why an aircraft has a maximum
flying altitude. What factors would affect
this altitude?

10.3 MODELLING THE PROBLEM:
FREE-BODY DIAGRAMS

The forces acting on a real object, such as the central
span of a bridge. are often complex. We can try to
understand the situation by drawing a simplified

picture, known as a free-body diagram (Figure 17).

fgnoring friction, the forces that act directly on the central span
of a bridge are its own weight, contact farces from vehicles
and contact forces from the supports.

Figure 17 A simple free-body diagram
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10 FORCES IN BALANCE

There are several points to bear in mind when drawing
a free-body diagram:

¥ Forces are vector quantities — they have a size
and a direction, We represent a force by an arrow,
pointing in the direction of the force and labelled
with the magnitude. The base of the arrow should
be at the point where the force acts.

¥ The examples for A-level Physics are
restricted to systems of coplanar forces
(two-dimensional problems).

¥ Al the forces that do not act directly on an object
are ignored. For example, the reaction of the
ground on the supports does not act directly on the
central span of a bridge.

¥ We are not concerned with the set of balanced
forces that are internal to the system. We can
ignore any tension or compression in the span itself,

» We can sometimes combine several forces into one.
For example, even though a vehicle on a bridge
touches the road at several points, we need only
consider a single contact force acting through the
centre of mass of the vehicle,

} Take care not to invent forces, such as 'velocity
force' or ‘centrifugal force’ Everyday forces in
mechanics are due to underlying fundamental
forces, such as gravity or electromagnetism, Ask
yourself, “What is causing the force?”

Worked example 1

Identify the forces acting on the parasailing person
and harness system in Figure 18. Assume that the
person is moving horizontally,

Figure 18

The person and harness are to be treated together as
a single 'system’ We do not need to worry about the
tension of the harness pulling the person, for example,
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because this is an internal force. The forces on the
system, shown in Figure 19, are:

¥ W, the weight of the person and harness together,
which will act vertically downwards;

¥ T, the tension in the cables attached to the boat,
which is pulling the person in the direction of
the cables;

} T,, the tension in the cables attached to the
parasail, which is pulling the person in the direction
of the cables:

¥ D, the drag force due to air resistance, which will
act in the opposite direction to the motion.

Fgure 19 The iree-body dicgronm for the parasailing sysben

QUESTIONS

16. Draw a free-body diagram for a child sliding
down a playground slide. Label each of
the forces.

17. Draw a free-body diagram for a cydlist climbing
a hill. Treat the cyclist and the bicycle as a
single object.

Forces and equilibrium

Once we have identified all the forces that act on

an object, we can simplify the model further by
combining them to form a single force, We add the
vectors representing the individual forces to give the
resultant force, as we did with velocity vectors in
section 9.2 of Chapter 9,

When there are two forces acting in the same line, if
the force vectors are egual and opposite the resultant
force is zero,



With three forces, if a closed triangle is formed

when the three vectors are placed nose to tail (in

any order), then the resultant is zero (Figure 20a).

If a closed triangle is not formed (Figure 20b), the
resultant is found by joining the start of the first
vector to the end of the final one. Similarly, if there
are more than three forces, the resultant is zero if the
forces form a closed shape (polygon).

In mechanics, we say that the object is in equilibrium
if it is stationary or if it moves at constant velocity. If
an object is in equilibrium, then the resultant force

on it must be zero, So, for an object in equilibrium,
adding the individual forces together will make a
closed polygon of forces.

F;

{b)

Fy
Fi+F+F3=0 Fi+F+F#0
{equilibrium) inot equilibrium)

In scale drawing, a number of forces acting on an object
can be added together by placing them 'nose to tail'.

If the resulting shape is closed, this means that the
resultant force is zero and the object is in equilibrium.

Figure 20 The condition for equiibrum
LSt AT = NIRRT T, £ Lt o2 L ST L TS

QUESTIONS

18. The skier shown in Figure 10 in section 10.1
is moving at constant velocity. Draw the
polygon of forces.

Finding unknown forces
To find an unknown force on a system that is in
equilibrium, we can either:

» use a scale diagram, or

» use trigonometry (Pythagoras’ theorem and
trigonometric ratios sin, cos and tan).

Worked examples 2 and 3 show these methods.

Worked example 2: Using a scale diagram

An oil tanker is using its diesel engine to drive it in a
direction due north with a force of 10 kM. It is also
being pulled by two tugs, A and B, which exert forces
on the tanker as follows:

Modelling the problem: free-body diagrams m

¥ force from tug A, 20 kN, 10° east of north
¥ force from tug B, 25 kN, 20° west of north,

The oil tanker is moving forwards at constant velocity.
Use a scale drawing to find the size and direction of
the drag force acting on the tanker.

The first step is to identify the forces acting on the
tanker and represent them on a free-body diagram
{Figure 21a). The force vectors can then be added
together by drawing them nose to tail (in any order),
making sure that the lengths of the vectors are drawn
to scale and that the angles between them are correct.
A scale that leads to a large diagram will give a more
precise and accurate answer,

{a) Free-body diagram for
the oil tanker

{b) Adding the forces

25 kN
20 kN 20 kN
10 kN
10 kN drag force
25kN
Figure 21

The ship is travelling at constant velocity, so it is in
equilibrium, and the resultant force must be zero,

The vector addition of the forces must make a closed
polyzon (Figure 21h). The drag force can be measured
directly from the diagram. In this case, the drag
force=14.3 kN at an angle of 3.3° east of south.

Worked example 3: Using trigonometry

Suppose that an engineer suspects that a certain joint
in a bridge (Figure 22a) may fail if the weight of traffic
increases any further. When the bridge is not loaded
with traffic, the joint is in eguilibrium under the action
of three forces. There is a contact force (F,) from the
support, a force of tension (F,) in the horizontal girder
A and a force of compression (Fg) from the diagonal
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10 FORCES IN BALANCE

from girder B. If F, is 3000N and Fy is S000N, what
is the magnitude of F;?

(a)

Draw the closed vector triangle (Figure 22b). Using
Pythagoras's theorem:

R+B =F

’:51 - Fg] _ F:‘
F2 = 50007 - 30007
F, = 4000N

Alternatively,
F.=Fg sin 53°=5000 sin 53°= 3993 = 4000N

Using the cosine rule

Stretch and challenge

In reality, friction will act at the joint in Figure 22,

so F, will not be vertical. Suppose that, with the
bridge under load, Fy increases to 8000N and F, to
3500M. In order to find the contact force required
to maintain equilibrium, we can use a scale drawing
or the cosine rule [Figure 23). (If you are studying
A-level Mathematics, you can use the cosine rule, but
scale drawing is acceptable in A-level Physics.)

vertical ; Fp=3500 N
i
Fa = 8000 N
] Using the cosine rule:
Fs'i!‘:FEJ ‘."Fn? -ZF.Q'FE EIE'SE|3Q
50 Fe = 6520 N
Figure 23

More complex problems can be simplified by resolving
forces into horizontal and vertical companents.
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QUESTIONS

19. A baby bouncer (Figure 24) is a type of bungee
jump for the very young. A baby [of mass
12kg) is in a baby bouncer [mass 2 kg) with
her right foot pushing down on the floor with a
force of 10N. The angles between the cords of
the bouncer and the horizontal bar are 607,

a. Identify the forces on the baby.

b. Draw a free-body diagram showing the
forces on the baby.

c. Identify the forces on the horizontal bar,

d. Draw a free-body diagram showing the
forces on the horizontal bar.

e. If the bar is in equilibrium, calculate the
tension in the cords.

Figure 24

Resolving forces

It is often important to know the effect of a force in

a certain direction. For example, the tension in the
cables of the drawbridge in Figure 25 has two effects:

¥ horizontally, which puts the road under
compression

¥ vertically, to lift the weight of the bridge section.

We find the size of these effects by splitting the
tension into two components, at right angles

to each other (Figure 26]. This is the process of
resolving a vector, previously discussed in section
9.4 of Chapter 9. Often it is most helpful to resolve
the forces into horizontal and vertical components.
Resolving all the forces acting in a system into just



Figure 25 A cable-sioyed drowbridge

T"{.:""""“"""“““""..
' T.=Tsing
: ¥
i
I
' tension, T
]
i
" ]
[—= :
Ty=Tcos8
: Ty
{a) Horizontal component, T, T = cos g
S0 T, =Tcosf
. T, .
{b) Vertical component, T,: _TI =sinf
S0 T&r =T sing

Figure 26 Resohing o tension foarce into perpendicular camponents

two perpendicular directions can allow us to calculate
the forces needed to keep it in equilibrium, If a slope
is involved, it is more convenient to resolve the forces
along the slope and perpendicular to the slope, as
shown in Worked example 4.

Worked example 4

Suppose a car is unfortunate enough to be on a
drawbridge as it lifts, What frictional force is needed to
keep it in equilibrium and stop it sliding down?

First, we draw a free-body diagram showing the forces
on the car (Figure 27). Then we resolve the forces

Modelling the problem: free-body diagrams

so0 that all the components are either parallel or
perpendicular to each other. We often do this so that
all the force components are horizontal or vertical, but
in this case it makes more sense to resolve so that the
forces act along the slope or at right angles to it.

For equilibrium, the sum of the forces perpendicular to
the slope must be zero,

R—Wcos 8=0
(the minus sign indicates the opposite direction), so

R=Wcos @

and the sum of the forces along the slope must
be zero

F-Wsin#d=0
50

F=Wsin &

If the car weighs 12 000N and the bridge is at
an angle of 207 to the horizontal, to keep the
car in equilibrium the frictional force needs to be
12000 = sin 20°=4100N,

{al B = contact force

{b) Free-body diagram for
of road on car

the farcss an the car

R

&'#@r F = friction of

road an car

W = weight of car

Figure 27

In general, for an object in equilibrium, the vector
sum of the forces must be zero. An equivalent way of
saying this is that, for an object to be in equilibrium:

} the sum of all the force components in one direction
must be zero, and

} the sum of all the force components in the
perpendicular direction must be zero,

This provides another way of finding the resultant
force on a system — or the single force needed to keep
a system in equilibrium. We can resolve all the forces
acting on an object into perpendicular components,
such as horizontal and vertical, or along a slope and
at right angles to the slope. We then find the vector
sum of the forces in each of the two directions. Then
these two perpendicular forces can be added together
using trigonometry to find a single force.
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10 FORCES IN BALANCE

Worked example 5

A boat is travelling in the Severn Estuary. The engines QUESTIONS
result in a force of 30000N in a northerly direction, the : A et

i ; u
wind exerts a horizontal force of 7000N at an angle of 20: I Figure 29, the skier: s being dragged up

30° west of north, and the tidal currents exert a force HHEsiope

of 2000N at an angle of 40° east of north. Find the a. Draw a free-body diagram showing the
resultant force on the boat. forces on the skier.

The vertical forces on the boat must balance one b. Resolve the forces into components that
another, or the boat will sink. So it is just the three are parallel or perpendicular to the slope.
horizontal forces (F g gine: Fyuing aNd Fgl that add c. If the skier is being dragged at a steady

together to form the resultant force. We draw a sketch sed un the Slone. that is. the skier s 1n

of these-forces (Figure:28a). equilibrium, write equations connecting
(@) N the forces,
W %I’:
5
Foind g
01 40"
F1rd!

Figure 28 The forces in the horizontal piare

Resolving the horizontal forces so that the
components are parallel or perpendicular to the
north=south line:

H Fmd resolves into and cos 30° (north) and

Fing 5N 307 (west)
Y Fiq resolves into £, cos 40° [north) and
Fiiqe Sin 40° (east)

Now we add together all the components in the
north—south direction:

Fooeen = 30000 + 7000 cos 30° + 2000 cos 40°
=37600N (north)

And in the east—west direction:
el 21. A car of mass 1000kg is parked on a ramp

F s = 7000 sin 30° — 2000 sin 40° inclined at 15° to the horizontal. If the car is
=2214N (west) in equilibrium, find the normal contact force
and the frictional force between the car and

To find the resultant force (F ], we combine these

components together using Pythagoras's theorem: e Ta’d

Fi = Fam + Fos
FL = 37600° + 22147
F., = 37665N

in a direction given (see Figure 28b) by
8 =tan"! (F, . /F..) = tan™'(2214/37 600)
=3.3" east of north
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KEY IDEAS

» The resultant force on an object is found by the
vector addition of all the forces acting on it.

¥ Vector addition can be done using scale drawing.

» Alternatively, forces may be added by resolving
them into components in two perpendicular
directions. The components are added to find the
total force in each of these directions. Pythagoras'
theorem is used to find the magnitude of the
resu’rtant;ﬂn cos or tan can be used to find
its direction.

» An object that is stationary, or moving at constant
velocity, is in equilibrium.
» At equilibrium, there is no resultant force acting on
the object; the force vectors form a closed polygon.
» At equilibrium, the sum of all the horizontal
force components must be zero, and the sum
of all the vertical force components must be
zero. (Alternatively, if it is more convenient,
components can be taken in two other
perpendicular directions.)

NN AT W IR A Y T TR L RS0 U EC TR T MRS e T g |
ASSIGNMENT 1: DETERMINING THE COEFFICIENT OF FRICTION

(MS06,MS1.2,PS1.1,PS1.2,PS2.1,
PS 2.3, PS 3.3)

A student is given the task of finding the coefficient
of friction between a child’s shoe and the polished

laminate flooring that her parents have just installed.

One way to find the coefficient of friction between
two surfaces is to use an inclined plane. If an object
is placed on a slope that is gradually made steeper,
the angle at which the object slips will give an
indication of the static frictional force between the
two surfaces.

Figure AT

Suppose an object is placed on a slope inclined at
an angle # to the horizontal (Figure A1). The angle
could be increased until the object is on the peint
of slipping. At this point, the friction has reached its
limiting value. There are three forces acting on the
object: its weight (mg) acting vertically downwards,
the normal reaction N acting perpendicular to the
slope, and friction F acting up the slope so as to
prevent the object sliding down the slope,

When the object is on the point of moving, these
three forces must add to make zero resultant force.
We can therefore construct a vector triangle as in
Figure A2.

Figure A2

Alternatively, we can resolve the weight into two
companents — one acting down the slope, equal to
mg sin &, and one acting at right angles to the slope,
equal to mg cos & For equilibrium, we must have:

N=mgcos & and F=mgsin 8

Since the coefficient of friction, p, is given by u=FIN,
we find that

y=tan @

The student recorded the results shown in Table

A1l when carrying out this experiment with the
child’s shoe. She used a spare piece of the laminate
flooring, added masses inside the shoe to give a
range of results for the total mass of the shoe, and
repeated the experiment three times for each mass.
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10 FORCES IN BALANCE

Angle # at which shoe begins

to slide / degree
Total mass . £
of shoe [ kg First Second Third
trial Irial trial
1.00 20 18 24
2.00 24 18 18
500 23 21 20

Questions

A1 Estimate the uncertainty in the results. Discuss
whether this is what you would expect.

A2 How might you improve the precision of
the results?

A3 Use the results to estimate the coefficient of
friction between the shoe and the polished floor.

A4 The student has formed a hypothesis that the
weight in the shoe does not affect the angle
at which the shoe slips, and so concludes that
friction between the shoe and the fioor will
not be affected by the weight of the child
wearing the shoes. Is this correct? Write a short
response to the student, discussing the results
and conclusions:

A L e N N S R e T IR A T =Tetts e mmes e e S e
ASSICNMENT 2: ADDING COPLANAR FORCES ON A FORCE BOARD

(MS 0.6, MS 1.5, MS 4.1, MS 4.2, MS 4.5,
PS1.1,PS1.2,PS2.3)

R

| .;
Aforce board
Use of a 'force board' is one way to investigate

how forces add together. Three or more strings are
attached to a small ring. The other ends of the strings
are attached, via a pulley, to a weight to provide a
known force. The set-up is shown in the diagram.

The pulleys are fastened securely to the top of the
board. The masses are adjusted so that the system
hangs in equilibrium. Provided that the pulleys
have low friction, the tension on either side of the

236

pulley should be the same. Point X is in equilibrium
under the action of three forces, T,, 7, and the
mystery weight, W. The angles #, and &, can be
measured from the force board. There are two
possible ways to find the mystery weight:

1 You could construct a vector triangle with sides
T,, T, and W. If this is drawn to scale, then W
can be measured directly. (Alternatively, the
cosine rule could be used to calculate W.)

2 You could resolve the forces T, and T, into
horizontal and vertical components. The sum
of their vertical components must equal W.

Such an experiment was carried out twice, using the
same mystery weight, and the results in the table
were cbtained.

/N L.I'N i / degree & / degree

25 50 44 69

50 60 28 42.5
Questions

A1 Using the first set of results, construct a vector
diagram of the forces. Find the mystery weight
either by scale drawing or by calculation,

A2 Using the second set of results, find the
mystery weight by resolving forces vertically
and horizontally.

A3 What are the potential sources of uncertainty
in this experiment? How might you make the
experiment more precise?



The turning effect of a lorce m

ASSIGNMENT 3: FORCES IN WINDSURFING

Stretch and challenge at right angles ta the sail. When Hﬁi windsurfer
Windsurfing can be exhﬂaraﬂng Even staying this force keeps themebﬂsf‘d :;at (Figure A2) or e"l::
upﬂghtisaemsid&rahledlalhngeatﬁrst But lifts it out of the water.

experienced windsurfers (Figure A1) know how

to make use of the wind’s force and direction to force due

steer the board and Iiftittaraﬁucamedmgafﬂie to wind, F
water — speeds of up to 45 km h~'! are possible.

~weight of board, sail

Figure A2

Questions

A1 Resolve the force of the wind on the sail into

‘horizontal and vertical components.

A2

A e
B " the forces must obey. (oo

dism‘aeﬂ enough water to prm'iﬁe the lmthﬂﬁt ﬁa Exptam niiarhappemmmawﬂm{ component
mmﬁnmmmemufamm ﬁﬁmmmmmSﬂnﬁ%mrﬁrm
can only fioat when the board is moving, relying on ‘back further into the wind, and explain what

a component of the wind's force to stop them from ‘effect this has on the motion of the board.
sinking. The flow of air over the sail causes a force SN o S YO

— .

10.4 THE TURNING EFFECT OF A FORCE

A resultant force on an object will cause it to
accelerate, But even if there is no resultant force, the
object may still not be in equilibrium. Consider the
object in Figure 30. It is acted on by two equal but
opposite forces, so there is no resultant force, The
object will not have any linear acceleration — but it
will rotate if free to do so. Each of the two forces has a
turning effect.

Figure 30 Forces con couse obfects to tip or rotate. as wellas to
gecslenate i a staight line
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10 FORCES IN BALANCE

The moment of a force
This turning effect of a force is called the moment of , [
a force.

The size of the moment of a force about a point
depends on two things (Figure 31):

} the magnitude of the force, F

¥} the perpendicular distance, x, between the line of
action of the force and the point.

pivot
or fulcrum

lad

E Figure 33 The action of a lever depends on the mament of a force
The further fromn the pvot thal you con apply your force, the greater

\ x ihe turning effect
1
\\ You can calculate the turning effect of a force about
*0 any point, although in a real situation there is often a

Figure 31 The moment of the farce F about the point O s F = x pivot (sometimes called a fulcrum) or a hinge, about
which the object turns (Figure 33).

The transverse force of the wind acting on the sail in
Figure 32, for example, causes a moment. This acts to
tip the sail and mast, and the whole yacht, over. The moment of a force about a point is equal

to the magnitude of the force multiplied by the
perpendicular distance from the line of action of the

force to the paint.

The moment of a force is defined as follows.

moment [N m) = force (N) x perpendicular distance of
point from line of action of force (m)

The moment of a force has the unit newton metre (N m).

The turning effect of a force can be increased by moving
the force further from the pivot. It is the perpendicular
distance from the pivot to the line of action of the force
that is important; this is marked as d cos # in Figure 35.
If the line of action of a force goes through the pivot, it
will have no turning effect at all, as shown in Figure 34.

Figure 32 The force of the wind on the sail has a turning effect on the
yacht, which the crew try o balonce

(a) ()

Figure 34 VWhen cycling, it is important to fave the cormect pedating st (o get the mcdxmurh wemg effect I fa) the oroe passes through
the pivot and has zero tuming effect. In (b the force s at right angles to the cronk and the tuming effect of each force=F x length of crank
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QUESTIONS

22. Explain the following observations:

a. Two people can balance a seesaw, even if
one is much heavier than the other,

b. It is easier to undo a tight screw using a
screwdriver with a large-diameter handle.

¢. Old buses and lorries had very large
steering wheels.

23. Archimedes is reputed to have said, "Give
me somewhere to stand and | will move
the Earth”. Some sources helpfully add the
words "and a long encugh lever”. The Earth
has mass of about 6 x 10?%kg. Estimate
how long the lever would need to be, (You
will need to make some rather sweeping
assumptions; state these.)

24. The strongest, possibly heaviest, person
in the class tries to push open the door by
putting their hand as close to the hinge as
possible. The weakest, perhaps lightest,
person in the class can keep it closed by
pushing on the door, close to the handle,
with just one finger. Explain this by showing
some simple calculations.

25. Look at Figure 34,

a. Draw a diagram showing the pedals
when the crank is horizontal. Draw
in the direction that the force should
be applied to each pedal to get the
maximum turning effect.

b. Draw a diagram showing the pedals in
an intermediate position, with the crank
between vertical and horizontal. Again,
draw in the direction that the force
should be applied to each pedal to get
the maximum turning effect.

The principle of moments

There are likely to be several forces acting on an object
that could have a turning effect on the object. If the
object is in equilibrium, that is neither accelerating

nor rotating, these turning effects must balance. In
other words, the total clockwise turning effect must be
balanced by the total anticlockwise tuming effect. This is
the principle of moments, stated as follows.

The turning effect of a force

For an object to be In equilibrium, the sum of the
clockwise moments about any point must be equal
ta the sum of the anticlockwise moments about
that point.

‘\..-\.
o
_—

—,
=

Figure 35 Eatancing rmarments

Consider the balanced seesaw in Figure 35, Ifitis to
be in equilibrium, then the turning effects must add to
zero. First calculate the sum of the clockwise moments
about the pivot:

clockwise moment = [W, x y) + (W, x2)
There is only one anticlockwise moment:
anticlockwise moment = (W, x x)

For equilibrium, the moments must be equal:

(W, =)+ (W, x2) = (W, x x)

Worked example 1

Figure 36

The transverse force of the wind, F;, tends to tip the
windsurfing board in Figure 36 in an anticlockwise
direction. If the board is to stay upright, the windsurfer
has to apply a force, F, that has a clockwise moment.
The mast pivots freely where it joins the board. The
moments acting about that point are:

anticlockwise moment = Frxa
clockwise moment=F, x b

For equilibrium, the moments must balance, so
Frxa=F;xb
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10 FORCES IN BALANCE

It is important to remember that the moment depends

on the perpendicular distance from the force to the 27. Windsurfing boards use a daggerboard to
pivot. As the wind speed increases, a windsurfer needs help them to remain stable (see Figure 39).
to lean at an increasingly large angle into the wind. We Use the idea of moments to explain why
can see why this is if we treat the board and the surfer the daggerboard is useful.

as one object. The important external forces are the
combined weight of the board, mast, rig and surfer,
W,, and the force of the wind on the sail, F; (Figure 37).

‘k._‘_‘_____‘_
daggerboard

Figure 37 Leaning io bafance moments Figure 39

As F; gets larger, the anticlockwise turning moment

increases. To maintain balance, the windsurfer has to Couples and torques

increase the clockwise turning moement by increasing Pivots and hinges, such as the flexible joint where

the perpendicular distance, d, between the line of a mast joins a windsurfing board, are unlikely to

action of his weight and the pivot, by leaning out as be free of friction. The effect of this friction is to

far as possible. oppose rotation. It is known as a frictional torque.
A torgue may also cause rotation. When you grip

. 2 screwdriver to tighten a screw, you are exerting
a torgue on the screw — the thicker the handle, the

QUESTIONS bigger the torque you can exert because the force

applied is further from the turning point (the axis).

A torque produces or opposes rotation but does not

cause any linear acceleration.

26. In Figure 38, what is the maximum weight
that the crane can lift before the lorry begins
to tip?

Two equal forces that act in opposite directions

(Figure 40) cause no linear acceleration. However,

if they do not pass through the same point, they

both give rise to a turning effect, or moment. The
two equal and opposite forces are called a couple.

Together, they exert a torgue, or moment of a

couple, and cause rotation (Figure 41).

- 6.0m >

3.2
1.3m m FT

Figure 38
Figure 40 A couple
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Figure 41 Two equal and cppasite forces do not necessaniy
griarantes equiltbrum, Untess the forces are aligned, the system will
fend o rotate

The total moment produced by a couple is equal

to the magnitude of the force, F, multiplied by the
perpendicular distance, d, between the two forces (see
Figure 42).

The moment of each force
about O s F = %

The total turning effect,

or torgue, is

lex%:de

Figure 42 The moment of a coupie, or targue

The forces exerted on the pedals of a bicycle can
form a couple [Figure 34b), as can hands on a
steering wheel, An important example of a couple
is the turning effect produced in an electric motor.
Electromagnetic forces acting on each side of a
current-carrying coil form a couple, which tends to
make the coil spin.

7sin 25°

The turning effect of a force m

Worked example 2

Imagine a windsurfer trying to lift the rig and sail out
of the water (Figure 43). The principle of moments can
be applied. The mass of the rig on the board is 20kg
and its centre of gravity is 2.0m from the bottom end.
The rig is pulled into position using a rope, which is
connected to the mast, 1.5m from the bottom end,
and is initially at an angle of 25° to the horizontal.
There is a frictional torque of 50 Nm in the joint,

X, that holds the mast to the board. What force is
required to lift the rig from the horizontal?

The first step in all mechanics problems is to draw a
diagram [Figure 43) showing all the relevant forces.
The next step is to simplify the forces. In this case,
the tension, T, can be resclved into horizontal and
vertical components, (The horizental component of
the tension, T cos 25°, has no moment because it
passes through X.) We calculate the moments of the
forces about the joint, X. We get

sum of anticlockwise moments=(Wx 2. 0)Nm +
frictional torque

=(20=x9.81 x2.0)392+50=442Nm
and
sum of clockwise moments=Tsin 25°Nx1.5m
=0.634TNm
These moments balance when

0.634T=442 or T=442/0.634 =697N

The rig can be lifted when
T=7OON

Figure 43
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10 FORCES IN BALANCE

b. The force on the rope equals Fy, which exerts
Worked example 3 a moment Fg x 0.5 Nm. This must equal

600 Nm if the capstan turns at a constant rate.
So the force on the rope is

F.=1200N

c. We have assumead that there is no frictional
torque to be overcome.

d. Longer poles would mean a larger torque, and
hence a bigger force on the rope.

A capstan is a device that was used on old sailing e. No. Although the people each have to exert a
ships or in harbours, to raise the anchor, for example smaller force, they need to move further. Slncg
(see Figure 44). Suppose that just two men are work done = force x distance, the energy required
operating such a capstan in order to raise the anchor. would aF best‘ remain the jsame. In faFt, more will
They exert equal but opposite forces of 200N and be required since in practice there will be some
they are 3m apart (Figure 45). friction to be overcome.

a. Calculate the moment exerted by the people
pushing.

b. Calculate the force exerted on the rope to raise
the anchor.

¢. Why is the answer to part b likely to be
an overestimate?

d. What would be the advantage of making a
capstan with longer poles?

e. Does the use of longer poles reduce the energy
required to lift the anchor?

Figure 45

a. The forces exerted by the people pushing
constitute a couple. The moment of a couple
equals force multiplied by the distance between
the forces, so

moment=Fxd=200x3=600Nm
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10.4
The lurning effect of a force

QUESTIONS

28. Calculate the turning moments in situations a, b and ¢ in Figure 46.

{a) Tmu {b)

()

Figure 46

29. Calculate the unknown forces or distance in situations a, b and ¢ in Figure 47,
assuming a state of equilibrium in each case.

b
Al 25m 2.0m B

10m

¢ 01N
1

Figure 47

30. Explain why, in Worked example 2 (see Figure 43), the tension in the board rope
decreases as the sail is lifted to a vertical position.
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10 FORCES IN BALANCE

10.5 PROBLEMS OF EQUILIBRIUM

From everything that we have considered in sections
10.3 and 10.4, we now know that an object will be in
equilibrium, that is, not accelerating or rotating, if two
conditions are met simultaneously:

¥ The vector sum of all the external forces is zero.

¥ The sum of the clockwise moments about any
point equals the sum of the anticlockwise moments
acting about that point,

if we apply these conditions to an object in
equilibrium, we can often calculate unknown forces
or moments.

Worked example

A window cleaner of mass 55kg is three-quarters the
way up a uniform ladder of length 10m. The bottom of
the ladder is placed 2.0m from the bottom of the wall.
The ladder itself has a mass of 25kg.

R = contact force from the wall

Fyy= frictional force from the wall, acting (o stop

the ladder slhiding down the wall

Ry, = contact force from the window deaner,
equal to the weight of the window cleaner

W, = the weight of the ladder

F, = friction at the ground, acting to stop the

ladder slipping away from the wall
R = contact force from the ground

Draw a free-body diagram showing the forces acting
on the ladder, The wall is quite smooth, so that friction
there can be neglected. Calculate the size of the
frictional force on the ground that is just large enough
to prevent the ladder from slipping.

The forces on the ladder are shown in Figure 48.

Having identified the forces, we can now apply the
conditions for equilibrium. The first condition, that
the vector sum of the forces is zero, can be split into
two conditions.

1 The sum of the vertical forces is zero:
Fu+Re=W +Ry
Fu+R.=25x9.81 +55%x9.81 =785N
2 The sum of the horizontal forces is zero:
Fo=Ry
We are told that F,, =0, so these equations can be
simplified to

R,=785N  and  Fc=Ry
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In order to find F, and R,,, we need to apply the next
condition for equilibrium, namely that the sum of the
moments about any point must equal zero, It makes
sense to choose a point that eliminates one of the
unknown forces. So taking moments about the bottom
of the ladder:

sum of clockwise moments = (W, x 1.0m)
+(Ry % 7 X 2.0m)

sum of anticlockwise moments = Ry, x h

where h is the height of the top of the ladder. Since
the length of the ladder is 10m and itis 2.0m out
from the foot of the wall:

h?+2.02=10?

Problems of equilibrium m

h=+9 =9.8m

If the ladder is in equilibrium, these moments must
be equal:

Ry=xh=W =x1.0+R,x15
R, x98=25%x981x1.0+55%x981x15
R, x9.8 = 245.3 + 809.3
= 1959
Ry = 58 108N
This is also equal to the friction at the ground, so

Fo=108N

ASSICNMENT 4: BALANCING MOMENTS TO FIND THE DENSITY OF A LIQUID

(MS 0.1, MS 1.1, MS 1.5, PS 1.1, PS 2.3,
P53.2, PS 3.3, PS 2.3)

ol 5 ¥

O
Wy

pivot

Figure A1

The apparatus in Figure A1 can be used to find the
density of the liquid in the beaker. Two known weights
are suspended from the beam, which is pivoted as
shown. The weight W, is fully submerged in liquid.
When the beam is balanced, the anticlockwise
moment about the pivot equals the clockwise moment:

W, xx=Fxy
where F equals W, — U, and U is the upthrust.

Since all the variables are known except U, the
upthrust can now be calculated.

Archimedes' principle (section 10.2) states that the
upthrust is equal to the weight of fluid displaced,
and so, provided that we know the volume of W,
we can calculate the density of the liquid.

Questions

A1 Suppose that you are to carry out the
experiment described above, Unfortunately, the

only known weights available are two aluminium
spheres. You measure the diameter of each
sphere with vernier callipers and get 10.0cm for
both spheres. Find the volume of the spheres,
and estimate the uncertainty in the results.

A2 Calculate the weight of the aluminium spheres.
Density of aluminium = 2700kgm 5.

A3 The beam is found to balance when x=20.0¢cm
and y = 36.7 cm. Use these values to find the
force F.

A4 Find the upthrust U, and hence calculate the
density of the liquid.

A5 What is the uncertainty in your final answer?

A6 Compare your answer with the density values in
Table A1. Can you identify the liquid in the beaker?

AT Sugeest ways in which you might make the
experiment more precise.

Liquid Density / kgm™—
Acetic acid 1049

Linseed oil 929
Seawater 103

Brine (saturated salt solution] 1202

Styrene | s
Turpentine 868

Pure water BEF :

Table Al Derisity of sarme liguids ot 25 °C
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iii. Sketch the velocity=time graph for the
harizontal motion of the aircraft as it
accelerates from zero to its maximum
horizontal velocity.

c. State how a velocity—time graph could be
used to find the maximum acceleration.

AQA Jan 2012 Unit 2 O3

3. Ben is pulling a crate along the floar using a
rope tied near the top of the crate, as shown
in Figure Q3. An equal force of friction is
acting at the base of the crate.

Figure Q3

a. Explain whether or not the crate is
in equilibrium.

b. How could Ben pull the crate differently to
achieve a better result?

4. a. What could happen if the fork-lift truck
in Figure Q4 tried to lift a load that was
extremely heavy?

cenire
of gravity —_ | |
4
4
) >
1.0m -
centre
of gravity
¥
A
04m ' 06m
Figure Q&

b. What is the maximum load that could be
safely lifted by the truck, if the weight of
the truck is 2500N7

Practice guestions

5. This guestion is about the forces on the
human body in ballet.

Figure Q5

When ballet dancers are ‘en point’ (Figure Q5),
the contact area between their foot and the
floor is very small.

a. What forces are acting on the dancer in
the picture?

b. Draw a free-body diagram to illustrate the
forces on the dancer and explain what she
must do to maintain her balance.

¢. Figure Q6 shows the forces acting on the
dancer’s foot. Assume that the dancer has
a mass of 50 kg,

Figure O6

i. Calculate the size of the force N.

ii. By taking moments around an
appropriate point, find F,, the force in
the Achilies tendon.

iii. What is the size of the force F,?
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11 FORCES AND MOTION

PRIOR KNOWLEDGE

You will be familiar with the definitions of acceleration,
velocity and displacement and you will know how to
apply the equations of linear motion (Chapter 9) to
solve problems. You will be familiar with the formulas
for kinetic energy = 1 mv? and gravitational potential
energy = mgh

LEARNING OBJECTIVES

In this chapter vou will learn about Newton's laws of
motion, about momentum and impulse, and about the
concepts of mechanical work, energy and power.

(Specification 3.4.1.4 part, 3.4.1.5, 3.4.1.6,
3.4.1.7,3.4.1.8)

Britain's roads today are safer than at any time
since records began in 1926, That there has been a
dramatic reduction in road deaths since 1966, when
fatalities reached in the region of 8000 per year, is
partly due to general improvements in car design,
particularly in the performance of brakes, steering
and suspension systems. However, in recent years,
increasingly sophisticated safety measures have
been introduced with the aim of improving survival
in collisions. Crumple zones, safety belts and airbags
were all designed to reduce the force experienced by
the driver and passengers in a crash.

The emphasis has now turned to avoiding collisions
altogether, One simple way is to mark the carriageway
with chevrons, designed to keep cars a safe distance
apart, But some drivers ignore these. Eliminating
driver ‘error’ is the next challenge. About 70% of
accidents are due to the driver speeding, being

distracted, driving while tired or intoxicated, or
failing to see another vehicle. Automation seems to
be the answer. Cars are already being fitted with
automatic systems.

» ESC (electronic stability control) detects wheel
slide or spin and works with ABS (anti-lock braking
system) to get the car back under control.

¥ V2V is vehicle-to-vehicle communication of
position and velocity data, the idea being that cars
automatically take evasive action if necessary.

¥ Computer-controlled headlights can be linked to
car speed, the weather, road conditions and the
position of the steering wheel.

¥ Driver monitoring keeps an eye on driving
behaviour, concentration and facial expression, It
warms you if you are getting too tired to drive.

Soon there may be no need for a driver at all!
Prototype driverless cars are already being tested and
may soon be on the road (Figure 1).

Figure | Nissan plars io have the aitonomous Nissan Leaf an Saie

by 2020




11.1 NEWTON'S LAWS

Newton's first law

Head-on collisions are the most common cause of
severe and fatal injuries in car accidents. A front-end
crash into a stationary object at only 30kmh~!
[19mph) can cause serious injury to the occupants
of the car. Modern cars have a range of ‘occupant
restraint systems’ designed to decelerate passengers
in a controlled way. Without these, passengers would
carry on at their criginal velocity, until the steering
wheel or the windscreen decelerated them in an
abrupt and damaging way. It would be wrong to say
that the passengers are being hurled forward by the
force of the crash. Passengers continue at constant
velocity until a force changes their motion. The people
in the car are cbeying Newton's first law:

An object will remain at rest, or continue to move

with uniform velocity, unless acted on by an external,

resultant force

At first sight, many objects do not appear to obey
MNewton's first law. If you remove the driving force
from a car, it will not keep moving at constant velocity.
Turn off the engine and the car will quickly come to a
stop. This is because a combination of air resistance
and frictional forces make up the ‘external force’ that
brings the car to rest. On Earth, it is difficult to avoid
these forces; but in space, where there is negligible
resistance to motion, Newton's first law can be
observed more clearly (Figure 2).

I Zdems wma stroight ine, umiess i s aoted uoan by o e

Newton's laws

While forces such as friction, drag and gravity are
always present on Earth, in some cases they act
equally in opposite directions, and so cancel each
other out. In these cases, for example a skydiver
falling at terminal speed (section 9.6 of Chapter 9),
there is no resultant force and the object moves with
constant velocity in accordance with Newton's first law.

1. In a campaign to encourage people to wear
rear-seat safety belts, the Department of
Transport claimed that, in an accident,

“An adult passenger sitting in the back of a
car will be thrown forward with a force of 3
} tonnes. That's the weight of an elephant.”

Rewrite this safety warning so that the
physics is correct.

2. Car seats have head restraints, which
are designed to prevent neck injuries.
Why are they especially helpful in
rear-impact accidents?

Momentum

A guarter of all vehicle accidents invalve collisions
from the side. Many cars now have reinforced bars

in the doors to try to maintain a survival space after

a collision. The effectiveness of the bars depends on
how large the forces are. A greater force is needed to
stop a juggernaut moving at 100kmh~' than a bicycle
moving at 15kmh~',

Clearly, the size of the forces in any crash will depend
on both the mass and the velocity of the vehicles. The
relevant property is the product of mass and velocity,
which is called momentum:

momentum = mass x velocity

P =mv

Momentum is measured in kgms™. It is a vector
quantity.
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11 FORCES AND MOTION

Newton's second law

The more momentum an object has, the harder it is
to stop. If the ohject has to lose all of its momentum
in a short time, as in a crash, the force needed will
be greater. If the object loses its momentum more
slowly, as in a normal controlled braking, then less
force is needed. The resultant force on an object is
related to its rate of change of momentum. This is
stated in Newton's second law:

The rate of change of momentum of a body is directly
proportional to the external, resultant force acting
on it. The change of momentum takes place in the

direction of that force.

In symbols, we can write Newton's second law as

Ap _ Almv)
F oo AF or F A

Since the unit of force (newton) is defined as
I N=1kgms~? [see Figure 3), the proportionality
becomes an equality:

_Ap _ Almv
F"M or F= S

If the mass of the object is constant, Newton's second
law can be expressed as:

force = mass x acceleration
F=ma

If the mass of the object changes, as in the case of

a rocket using up fuel, it is necessary to use the full
statement of Newtan's second law, involving rate of
change of momentum. The mass of a car does not change
significantly as it is driven, so the law simplifies to F=ma.

We can use F = ma to calculate the average resultant
force required by a Lamborghini Diablo (Figure 4) to
achieve its acceleration. In Sl units:
_ =i

t
_218-0
T &09

=6.80ms™

a

Therefore, the average resultant force on the car has

to be
F

ma

1449 kg x 6.80ms”
= 9850 N

1]

A car is accelerating due to a force F. It starts with velocity v and after a time f it has a velocity v.

velocity, ums™'

-

mass, m

force, F
e e caten.

velocity, vms™'
—

mass, m

MNewton's second law says that force 15 proportional to the rate

of change of momentum.

We can express Mewton's second law in symbols:

The change in momentum is

5o, for a steady change over a time interval, 1:

If the mass of the object does not change we can substitute m

for my and my:

¥ V—u 3
Acceleration, @ = ——, 50:
r

Putting in a constant, k, we get:

One newiton is defined as the force that will cause an acceleration

of 1 ms~2 when it is applied to a mass of 1 kg. This means that k is

always equal to 1, 5o

Figure 3 Derving F=ma
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| Ap = ma¥ = mu
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Fgure 4 A Lomborghiy Diablo fas o mass of 4459 kg and can
accelerate from Glo 1008m b 27 8ms "} in4.09s

QUESTIONS

3. a. A cheetah can accelerate at 13ms 2 in
very short bursts. It has a top speed of
25.9ms"', From stationary, how long would
it take a cheetah to reach that top speed?

b. Estimate the force required for this
acceleration. Suggest the consequences for
the anatomy of the cheetah.

4, Estimate the force on a racing bicycle over
the first few metres of a race.

Resistive forces

In reality, the Lamborghini Diablo must provide a
larger driving force than 9810 N because it must also
overcome forces holding the car back. When a vehicle
is being driven on a flat, straight road, there are two
forces oppasing its motion (Figure 5):

» Air resistance — this drag force depends on the
size and shape of the vehicle, and is roughly
propartional to the squared speed of the car [see
section 9.6 in Chapter 9).

= Frictional force at the surface — this ‘rolling’ resistance
is roughly proportional to the speed of the car.

resultant forca, F —————s=

W air resistance, A

rolling - =
friction,

i |;_|r1-.-:r|g force, EJ_

The resultant force on the car, F=D -4 -/
When a car is travelling at constant velocity,
F must be zero, so 0 =4 + R,

Figure 5 Horizoniol forces acting on o moving vehicle

Hewtunls laws m

Forces in a crash
The forces that act on a car and its occupants
during an accident can be dangerously large. If the
Lamborghini (Figure 5) is involved in a crash, its speed
could drop from 60mph (26.8ms ') to zero in less
than one-tenth of a second. This is an acceleration of
V-u
e
0-26.28
0.1

-268 ms™

The average force F on the car is given by
F=ma

1449 x (-268)

-390000N = -3.9 x 10°N

]

The negative sign shows that the force acts in the
opposite direction to the velocity; it is a decelerating
force. The deceleration in this case is about 27
times the acceleration due to the Earth’s gravity, g.
The force on a passenger will be roughly 27 times
their weight.

QUESTIONS

5. Some people believe that a baby can travel
safely in a car if it is held by an adult.
Estimate the force needed to restrain a
baby in the event of a crash.

6. The Highway Code claims that it takes a
distance of 23 m to come to rest if you
make an emergency stop at a speed of
30mph (48.3 kmh™'), Of this, 9m is
‘thinking distance', before you apply the
brakes. What average braking force is
needed if the mass of the car is 1500kg?
(Hint: You will need to find the average
deceleration of the car.)

Reducing the force

MNewton's second law can be used to calculate the
force on a passenger in a car crash. During the crash
the force will vary, but the average force will be

o= final momentum — initial momentum
time taken to decelerate
_ Almv)
T At
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11 FORCES AND MOTION

The initial momentum depends on the velocity of the
car; the final momentum is zero. Therefore, all that
we can do to reduce the force is to increase the time,
At, over which the collision occurs. Design features
such as crumple zones (Figure 8), collapsible steering
columns and airbags all increase the time taken for
a passenger to come to a stop. Some people believe
that modern cars are ‘weak’ and too easily damaged in
a crash. In fact, they are designed so that the bonnet
and boot deform relatively easily. It is this ‘'weakness’
that saves lives.

Figure 6 Crumple zones rechice the deceleration of the passenger
aormpartment

7. Motorway crash barriers are designed to
deform as a vehicle hits them [Figure 7).
Use Newton'’s second law to explain why
this is safer than a rigid safety barrier.

254

Newton's third law

When a car hits a stationary fixed object, such as a
tree, the front of the car stops almost instantly. The
passenger compartment takes longer to stop: its
deceleration changes as the front of the car crumples
(Figure 8). For a car travelling at 60 kmh™' (less than
40 mph). the deceleration may peak at 60g but it is
likely to average about 20g over the duration of the
crash (around 100ms).

A
o™
~ 60 -
0
= 40 -
&=
¥ 20 -
L
(]
ﬂ | N | T T T T T T L | r="
0 20 40 60 B0 100 120

Time / ms

Figure 8 Deceleration of the passenger comportment dunng acrash

A seat belt can reduce the average deceleration on
the driver to between 10g and 15g. The belt achieves
this because of its elasticity. It stretches slightly during
the collision. The tension in the belt then restrains

the driver. As the driver is exerting a force on the seat
belt, the seat belt is exerting an equal but opposite
force on the driver (Figure 9). The seat belt exerts a
farce on each of its three mounting points, which in
turn pull back on the belt. These pairs of forces are
examples of Newton’'s third law:

When body A exerts a force on body B, then body B
exerts an equal but opposite force on body A.

This law is often quoted as 'Every action has an equal
and opposite reaction’, This can be misleading. It is
important to realise that the two forces, the 'action’

The belt exerts a force, F, an
each mounting point. These
exert an equal but opposite
force, R, back on the belt

The driver exerts a force, D,\
on the belt. The belt exerts %,
an equal but opposite force,
B, back on the driver,

Figure 9 Forces in o seat Delt system



Mewton's

and the 'reaction’, act on different objects. If the equal
and opposite forces acted on the same object, there
would never be a resultant force and, by Mewton's first
law, nothing would ever accelerate,

A contact reaction force was considered in section
10.1 of Chapter 10. But note that Newton's third law
is not only relevant when two objects are in contact, it
also applies when the interaction is at a distance, for
example due to gravitational attraction.

QUESTIONS

8. a. Sketch a parked car and draw in arrows
to show the forces acting on

i. the car
iil. t_ha Earth.
b. Carefully explain which pairs of forces
‘are equal according to
i. Newton's first law
ii. Newton's third law,
9. What force pushes a car forward as it
accelerates?

mt:mﬂnnmmmmmn

(MS 1.5, MS 3.2, MS 3.3, MS 3.4, PS 1.2,

'FS‘:‘&.&. PS2.3, m&i;#m PS 4. i

b3 o 5 it i i G
any external forces is difficult on Earth. Gravity, air
mmandﬁ'hﬁqnmaﬂmptML HMWP.
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aw can be expressed as:
rtional to the rate of change
of momentum

the mass is constant, as:
F=ma

or, in

Figure A1 Set-up for venifying Newtons secand kaw of mobion

Velocity / ms™

In this case, a known force can be applied to

the glider by hanging masses over the pulley
(Figure A2). The light gates measure the velocity of
the glider at two different times. The computer also
records the time between light gates, and therefore
is able to work out the acceleration.

A set of results for the experiment is shown in

Table A 1. The first calumn shows the mass hanging
over the pulley; the second column converts this to a
force in newtons.

Questions

A3 Copy Table A1 and complete it by calculating
force and acceleration values.

A4 Plot a graph of force on the y-axis against
acceleration on the x-axis.

A5 s this graph consistent with Newton's second law?
A6 Use the graph to estimate the mass of the glider.

A7 The graph is not a perfect straight line. Suggest
some reasons for this.

Mass /g Force / N _ t!'s a/ms
Light gate 1 Light gate 2
10 0.24 0.49 155
20 0.25 0.66 1.08
30 0.25 0.78 0.56
40 0.28 0.89 D85
50 0351 .55 076
60 0.34 1.08 0.70
70 0.44 1.18 0.62
80 0.55 128 0.56
90 0.66 1.38 0.52
Table A1
} forcar B

11.2 CONSERVATION OF LINEAR MOMENTUM
IN COLLISIONS

Consider the motion of a car in one dimension;

in other words, it is travelling in a straight line.

It has linear momentum, p = mv. If a moving car A is
travelling at high speed and crashes into a stationary
car B (Figure 10), Newton's second law can be
applied to both vehicles:

¥ for car A
change in momentum = force x time
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change in momentum = — force x time

Newton's third law states that both vehicles are
subject to the same magnitude force. The minus sign
shows that they act in cpposite directions (momentum
is a vector quantity). The time of impact is also the
same for both vehicles. Hence, the change in linear
momentum has to be the same size for each car.

This means that any momentum lost by the first car
will be gained by the second car. Therefore, the total
momentum before the crash will be the same as the
total momentum after the crash (see Figure 10).
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Buring the collision

Before the collision,
momentum = mu

Conservation of Linear momentum in collision

The force that acts between
the vehicles during the
collision causes A to lose
momentum and B to gain
momentum. The total

F e S the vehicles exert equal, momentum of the vehicles
MM but opposite, forces on does not change
each other mu = mvy + My
* —— — 73 Aftar t} ST
& — W ~g ler the coillsien,

Figure 10 Consenvation of momentum in a crash

In reality, external forces such as friction will slow the
cars down. But if there were no external forces, the
total momentum in the system would be the same
before and after the collision. This fundamental law
is known as the principle of conservation of
linear momentum:

The total linear momentum of a system does

provided that nc net external
force Is acting

not change

It is not always obvious that this law is being obeyed.
When a car's brakes are applied and it comes to rest,
where has the momentum of the system gone? The
answer depends on what vou regard as the system,

If you treat the car as the system, then its momentum
has not been conserved, but friction between the car
and the road is an external force. If you regard the
car and the road as the system, there are no
significant external forces, since the friction between
the two is now an ‘internal’ force.

The conservation law suggests that any momentum
lost by a car slowing down will be gained by the Earth.
Hitting the car brakes must speed up the Earth a little!
Of course, the reverse is also true; every time a car
accelerates away from the traffic lights it pushes the
Earth back the other way.

The principle of conservation of momentum applies

to all events, from collisions between galaxies to
collisions between subatomic particles, and everything
in between, including firework explosions (Figure 11)
and nuclear decay (Figure 12). In the absence of any
external forces, the total momentum before the event
is always conserved.

momentum = mvy + My,

¥ Y e
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avenwally pulling alf the pleces back to Ecarth)

Worked example

The principle of conservation of momentum is used
in particle physics to calculate the masses and
velocities of particles following a decay or a collision.
A simple case is the emission of an alpha particle
from a radioactive nucleus that is initially stationary
(Figure 12).

A nucleus of radium-226 decays to radon-222 by
emitting an alpha particle of energy 4.87 MeV. The
daughter nucleus, now of radon-222, will recoil as the
alpha particle is emitted. We can use the principle of
conservation of momentum to calculate the velocity of
the receil.
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Figure 12 Racliurn-226 emits an alpha particle as it decays o
radon-222.

The velocity of the alpha particle can be calculated
from its energy. The particle is emitted with kinetic
energy 4.87MeV =487 x 105x 1.6x 10°19)
=T7.79 % 10-'3], Using the formula for kinetic energy
(see section 11.4),

E, = tmv?
the velocity is given by

w—,FE' _ [2x7.79x10"
“\'m 6.64 x 107

=1.55%10"ms™

This is an approximate value, because as speed
approaches the speed of light, the kinetic energy
equation E, = Jmv? becomes inaccurate. This value is

about 5% of the speed of light, so the inaccuracy is
relatively small.

MNow applying the principle of conservation
of momentum:

momentum of the radium nucleus before
emission=0 kg m s’

total momentum after the emission =0 kg ms~'

So the recoil momentum of the radon nucleus must
be equal and opposite to the momentum of the
alpha particle;

[mass of radon nucleus) x (velocity of radon

nucleus) = (mass of the alpha particle) x (velocity of
alpha particle)

Given that the relative masses of the alpha particle and
radon nucleus are 4 and 222, respectively, we have:

7
recoil velocity of radon nucleus V = 4x1.53x1! -25232}‘ 10°

= 276kms™
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QUESTIONS

10. a. In action films, people who are shot are
often shown flying backwards from the
impact of the bullet. Is this likely, given that
the typical mass of a bullet is 0.04 kg and
its speed is around 300ms™'?

b. What would you expect to happen to the
person firing the gun?

11. During a spacewalk, an astronaut, of mass
60kg, becomes detached from the spacecraft
and is floating out into space. She has the
presence of mind to throw a spanner, of mass
1 kg, at a velocity of 4ms~'.

a. In which direction should she throw
the spanner?

b. Calculate her velocity after she has thrown
the spanner.

12. A stationary ice skater pushes his partner
away, and finds himself moving in the
opposite direction.

a. Which of Newton's laws predicts
this outcome?

b. Which law could be used to predict
the acceleration of each skater during
the push?

c. After he has pushed his partner away, the
skater glides at a nearly constant speed
across the ice without any effort. Which of
Newton's laws predicts this would happen?

13. A TV advert showed a car being driven off a tall
building and falling to the ground. How does
the conservation of momentum apply here?

14. A spacecraft of mass 1000kg is in deep
space, and travelling in a straight path at a
speed of 10ms~'. The controllers fire one
of the rockets at the back of the craft. The
burst lasts for .25, ejecting 100g of gas
at a speed of 2000ms~'. Describe in detail
how the motion of the spacecraft will be
affected during and after the event, (You
may assume that the mass of the spacecraft
remains unchanged during the event.)

——



11.3 IMPULSE

Some collisions are designed to create a large change
in velocity for one of the objects. For example, in
sport, a serve or return in tennis (Figure 13), ora
drive in golf or cricket, are often attempts to make the
hall travel as fast as possible. Newton's second law is
important here. Since force, F, is equal to the rate of
change of momentum, Ap/At, then rearranging gives

FAL=Ap = Almv)

Figure 13 The impulse changes the momentum of the ball

The quantity FAL is known as impulse of the force. Itis
the product of the force and the time for which the force
acts, and therefore has the unit newton second [Ns):

impulse = change in momentum

This refers to one object in a collision, since overall the
change in momentum is zero. The larger the impulse
on an object, the greater its change in momentum.

In the example of a golf drive, the initial momentum of
the ball is zero, so the momentum gained by the ball
is equal to the impulse. A golfer must try to maximise
the force and the time for which it acts. Typically,

a golf club exerts a mean force of 5KN on the ball

and the contact |asts for about 0.5ms. The impulse

is therefore

FAat=5KkMN % 0.5ms=2.5Ns

But we have assumed that the 5kN is a constant
force, acting throughout the 0.5ms. It is much more

Impulse

likely that the force varies during the impact, as shown
in Figure 14. If we consider a small time interval, At,
the force, F, is approximately constant over that time,
s0 the impulse is FAL. The total impulse during the
contact is the sum of all such small rectangles, which is
the area under the curve,

A
F..-."I"l
Hi == e st ‘\‘Y\““:‘f"—'- .
=
k] ! At
T "54.
'r'u--- A
e e e - - -y
5 : 1% .
: ' | ||'-‘.' :
i i
i ]
! \
: R
L& - 1]
4 | ®
0 BT 0.2 0.3 04 0.5 0.6

t/ms

Figure 14 A more realistic model of the force betye

i a ball during a dnve

f & golf el

As a first approximation, we could treat the graph in
Figure 14 as two triangles of height 10kN and base
0.25ms, So the impulse is approximately

2x4+%(10000 x0.25 % 1073) =2.5Ns

The change of momentum therefore equals 2.5NMs [or
2.5kgms™').

Because the ball was initially at rest, the change of
momentum, Ag, is also equal to the final momentum:

mv=25kgms"!

As the mass of the golf ball is around 50g, its final
velocity v is

Ap

Vo=t

m

25
- 0.050
= 50ms™'

15. In an annual egg-throwing competition,
players have to catch an egg thrown by their
partner without breaking it. The winning
pair will catch the egg safely over the longest
distance. Explain, in terms of momentum and
impulse, what the secret of success is!
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T e T e e R A S
16. A Powerball (a small, very bouncy ball] is placed

on top of a basketball (Figure 15). Then the KEY IDEAS
basketball is dropped onto the ground, When

the basketball hits the ground, the Powerball 3 Thﬁpl‘indple ﬁmﬂm{’fw

shoots up into the air. (This experiment must ‘momentum states:

be done outdoors,) Explain why this happens. The total momenturm of a system does not
change, provided no resultant external

» Impulse is defined as force x time for which
the force acts. It is equal to the change
in momentum of the object on which the

FAL = Afmv)

» The unit of impulse is newton second (N's) or
» The impulse of a varying force is the area below
the force—time graph.

Figure 15

17. Estimate the force exerted by the racket on
the ball when a tennis player returns a serve.

e—————————— =TT EISLAs. IRRE . .- 00 L DRSS = s BT ]
ASSICNMENT 2: CALCULATING THE IMPULSE WHEN A FOOTBALL IS KICKED

(MS0.3, MS0.4 MS 1.1, MS 1.5 MS3.1, MS Scientists of the Sports Technology Research Group
3.8,PS2.1,PS 23 UK at Loughborough University have studied how
footballs behave when they are kicked (Figure Al).
To simulate the large impulse during a kick, footballs
were fired at a steel plate attached to a force meter.
The results are shown in Figure A2. The force
between the ball and the steel plate increases after
contact as the ball deforms, reaching a maximum
value. The ball then returns to its original shape and
bounces away from the plate.

The mass of a football is around 500g. For each
impact velocity in Figure A2;

Questions
Al Estimate the total impulse during the collision.
A2 Calculate the change in momentum.

A3 Calculate the speed at which the ball leaves the
metal plate.

The mathematical model and the experiments are

BERre AL vien Svo4 ’Gb?:ﬂm" e i 'j often o transker s desjgned to investigate the behaviour of a real
rrvch mamentum as passitie (o the tall, and (o scoref football during a match,
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tuc experimental results. (Based on information from Loughborough University, Sports Bchinology Research
Group LK, reported in tournal of Sports Sclence and Medicine, Supplement 10: Gth World Congress an Science and Football, Januarny

{620, 2007"; published | February 2007

A4 Comment on the accuracy of the A6 How closely does the experimental set-up
mathematical model. mirror the real situation? Discuss any

A5 What are the advantages and disadvantages difierences that may be reievant,

of using a mathematical model to investigate a
football's behaviour?

1.4 ENERGY IN COLLISIONS

The study of collisions is very important in physics,
quite apart from its relevance to car crashes. On

a microscopic level, collisions between constantly
moving gas molecules help us to understand the
behaviour of gases, and it is collisions between
subatomic particles that have illuminated particle
physics. At the other end of the scale, astronomers
have learned much by studying the collision of comet
Shoemaker—Levy with Jupiter (Figure 16).

In general, in a collision, some of the kinetic energy
of the moving objects is transferred to other forms
of energy. The kinetic energy of a moving object
depends on its mass, m, and its velocity, v. The
expression for kinetic energy is Figure 16 Frogment K of Shoemaker—Levy hits Jupiter

= 1my?
E, = 1mn

]
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ns are described as either elastic or
ineMlistic. In an elastic collision, no kinetic energy

is lost, Collisions between molecules in a gas can be
treated as elastic. Some collisions between subatomic
particles are also elastic, such as those that take place
between neutrons and carbon atoms in the moderator
of a nuclear reactor.

In an inelastic collision, kinetic energy is transferred
to other forms (Figure 17). Collisions between
everyday objects tend to generate sound and heat
and are therefore inelastic. Car crashes certainly fall
into this category. Much of the energy is transferred
in deformation. Safety features such as crumple
zones and airbags [Figure 18] are designed so that
the kinetic energy is transferred with as little injury
to the occupants as possible. As the crumple zones
progressively collapse, the kinetic energy of the car
does work against internal forces in the metal and is
finally transferred as internal energy in the car body.

Before the collision

o=

“mass = 1050 kg

mass = 1200kg
velocity = 0 ms™!

After the collision

.Hglfm 18 Inacollision ey Hife ol b2 senved By o simall, gois

ere by a sudden deceleration, and

|'.||"I|.-"'lJ el |r-rl'l"l' :'.ll"l.ll WM (5 TK

i5 then chermically miflated ims. (It fakes boul 200 s
I btk your eye | As the o

gy of the driver is transferred lo the kinetic energy of the gas

T futs the airt v, (e s eao I'.".’“."."" and

It is important to remember that the conservation
of momentum applies to both elastic and
inelastic collisions.

Worked example

Suppose that, in poor visibility on a motorway, a

car runs into the back of another larger car that is
stationary, as shown in Figure 17. The first car is
moving at 22.2 ms ' (about 50 mph) immediately
before the impact and has a mass of 1050kg. The
larger car in front has a mass of 1200 kg. The
collision, the two vehicles are locked together, We can
use the conservation of momentum to calculate the
speed at which the two vehicles move immediately
after the collision.

The moving car's momentum before the collision =
1050kg x22.2ms™' = 2.33 x 10" kgms™' . The
car that is stationary before the collision has no
momentum. So the total momentum before the
collision is 2.33 = 10" kgms™'. Conservation of
momentum says that the total momentum after the
collision must also be 2.33 x 10" kgms™,

The vehicles are now locked together so that their
combined mass after the collision is m= 1050kg +
1200kg = 2250kg. Since

mcmentu[r]

velocity = e

the velocity after the collision is

, _ 2.33x10"
2250
= 10.4ms"' (23 mph)

The kinetic energy before the collision is entirely due
to the maoving car:

E =+mv?

= 4 %1050 % (22.2)
=259x10°) =259k)

After the collision:

E, =1 %2250 % (10.4)°
=1.22x10°) =122k}

So 137kJ of kinetic energy has been transferred to
thermal energy of the surroundings, or dissipated,
during this inelastic collision.
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QUESTIONS

18. State whether the following collisions are
elastic or inelastic, and explain your answer:

a. the collisions between air molecules in
a balloon

b. a tennis ball bouncing on the ground

c. a high-energy electron colliding with a
metal target in an X-ray tube.

19. In an experiment to measure the speed of
a pellet fired from an air rifle, a lead pellet
of mass 0.5g is fired into a Plasticine target
mounted on an air track glider. As the
pellet embeds itself in the Plasticine, the
glider moves off at a speed of 0.2ms™', The
combined mass of the Plasticine and glider
is 150g.

a. Calculate the velocity of the pellet.
b. Estimate the uncertainty in the result.

¢. What have you assumed in your
calculation?

d. If you were carrying out this experiment,
what steps would you take to make it
both safe and accurate?

11.5 WORK. ENERGY AND POWER

Work

It is obviously better to stop a car safely, before a
crash ever takes place. A reliable braking system is
the most important safety mechanism in a car. The
frictional forces need to be very large if the car is to
stop in a very short distance.

Work. energy and pawer m

We can calculate how much energy is transferred using
the concept of work, Physicists say that work is done
when a force moves through a distance. If you push a
car along a road, you have done some work against
resistive forces. If you lift a mass, you have done some
work against the force of gravity:

work done (J) = force (N) x distance moved in the
direction of the force [m)

W=Fs

where F is measured in newtons and s is the distance
moved in a particular direction, or the displacement,
in metres. The unit of work is the joule (1J=1Nm).

Although the force and the displacement are both
vector quantities, work is a scalar quantity (see
Chapter 9). If the directions of the force and the
displacement are at an angle &, the equation for work
becomes [see Figure 19]

W=Fscosg

There is no movement in the direction of

the vertical component, £ sin 8, so this part
of the force does no work. The tractor moves
a horizantal distance, 5. The harizantal
compaonent of the force is Fcos 8, so
the work done =5 x F ocos .

Figure 19 Work done by a force at an angle 8

Worked example 1

When the road conditions are good, a car travelling
at 70mph (31 ms') can usually be brought safely to
a halt in 75m. To calculate the work done, we need to
find the force required. The acceleration can be found
using one of the equations of linear motion:

vi=ut+2as

50
=t
a="7
Sincev=0,u=31ms'ands=75m:
37
9= "7x75m
=-6.4ms™
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For a car of mass, say, 1000kg, the average braking
force is given by

F

ma
1000 x 6.4
= 6400 M

The work done is therefore
W=Fs=6400xT75=480kJ

The method of calculating work in Worked example
1 is adequate for a situation where the force is
constant — but forces usually vary, To calculate the
work done by a varying force, we need to consider
small displacements, As, over which the force is
approximately constant, The wark done in moving
each small displacement, As, is equal to FAs, which
is the area of the strip shown in Figure 20. The total
work done is the sum of the areas of all such strips:

The total work done by a varying force is given by the
area under the force—displacement graph.

The work done in moving a distance As is FAS.
This i5 the area of the shaded rectangular strip
The total work done by the changing force in
maving through distance s is the area of all

such strips, that is, the total area below the curve.

-

Force /A N

Y

o : 5
Displacement/ m

Figure 20 Woark done by a varying force

Kinetic energy

In physics, an object is said to have energy if it can do
work, for example by lifting a weight. A moving car
has kinetic energy because of its motion. This energy
could be used to lift a weight, perhaps by pulling a
rope, passing over a pulley, attached to a weight. Even
light, a form of energy, can be used to lift a weight
(Figure 21].
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Figure 21 Sunight falting on the sofar paness on o Mars rover
generates an electric current, which is transferred as Kinetic enéergy in
a moton, witich operates a ebolic arm (o it a waight.

Whenever work is done, energy is transferred. When
a car slows down, work is done by the brakes against
friction and the car’s kinetic energy is transferred by
heating the brakes. The exchange is exact, so the rise
in internal energy of the brakes, air and road is equal
to the original kinetic energy of the car. This energy
balance applies to all situations and is summarised in
the principle of conservation of energy:

The total amount of energy in any isolated system
s constant.

It is important to stress the word ‘isolated’, because
energy can flow into or out of a system. We could not
apply the principle just to the car alone, because not
all of its kinetic energy transfers to the brakes; some
will be transferred to the air and the road as heat.

The kinetic energy, E,, of a moving object depends on
its mass, m, and its velocity, v, squared: E, = +mv’.
Assignment 3 addresses the derivation of this formula.

How much kinetic energy does a car travelling on the
motorway have? We need to know the mass of the
car and its velocity. A typical family car has a mass
of about 1500 kg. The speed limit on the motorway
is 70mph, which is 31 ms~! in SI units. The kinetic
energy of the car is therefore

E=3mvli=1%x1500x312=720k

How many times could we accelerate to this speed,
slow to a stop and accelerate to this speed again, using
just one litre of fuel? Vehicle fuel is a very concentrated
store of energy. This energy is transferred to kinetic
energy of the car by combustion of the fuel in the
engine, Each time the car slows to a stop, all this kinetic
energy is lost, transferred by heating the surroundings.
More fuel needs to be bumnt in the car's engine to
transfer kinetic energy back to the car. If the fuel has an



Work, energy and power m

energy density of 50 MJ per litre, one litre of fuel could I ZeEF T ies ~etblsi-—  maL/AlEaEE |
provide enough energy to bring the car back to 31ms™'

about 70 times. But we have not taken into account QUESTIONS

two important factors. 20. A recent road safety campaign had the

slogan “Kill your speed, not a child”. Most
children hit by a car travelling at 40mph
are killed, while those hit at 20 mph usually
escape with only minor injuries. Use the
idea of kinetic energy to explain why there
is such a major difference.

1 The work done by the car against resistive
forces. This depends on the velocity and the
design of the car, particularly the shape and
area of the front of the car. For a typical car
travelling at 70 mph on the motorway, this work
done against resistive forces amounts to about
15MIkm—". 21. a. "If you want to drive economically in city

traffic, you will need a lighter car. For

long-distance motorway driving, this is not
as important.” Explain why this is true.

2 The energy transferred as heat by the engine.
It is not possible to turn all the energy released
by burning the fuel into kinetic energy of the

car. In fact, only about 25% of the energy from b. Explain‘why rEd';":I"E your speed i
the fuel will end up as kinetic energy in the car energy in both city and motorway driving.
[see section 11.6). 22. In a chip factory, potatoes are being loaded
onto a conveyor belt at the rate of 200 kg per
If we consider just the energy required to accelerate minute. The conveyor belt is running at 3ms~.

the car to 31 ms™' and then brake to a standstill, we
can safely ignore the first factor, because the distance
travelled is small. But the second factor means that

a. How much kinetic energy is gained by the
potatoes in one minute?

a litre of fuel will accelerate a car to motorway speed b. Power is defined as energy transferred
only about 17 times (0.25 x 70). If fuel is £1.20 per per second. What is the minimum power
litre, every time you come to a stop on the motorway, of the conveyor belt?

and then speed up again, it costs about Tp. ¢. Why is this a minimum?

ASSIGNMENT 3: DERIVING THE EXPRESSION FOR KINETIC ENERGY

(MS 2.2, MS 3.1, MS 3.2, MS 3.12) and replace a by using v? = u? + 2as and the fact

Stretch and challenge that the final velocity v of the car is zero:

r % |
The kinetic energy of a moving car depends on its By m[”—z';"-"—-]s
mass and its velocity. We can find the relationship
by considering the work done against friction, F, as =—tmu’
a car brakes to a halt.

This is the kinetic energy lost by the car, and so its
Suppose that a constant frictional force, F, is used initial kinetic energy was
to slow the car down from initial velocity u to a final
velocity v = O (stopped) over a distance, 5. The work
done in terms of F and s is For general use, this equation is written with a v

W=Fs for velocity.

In an isolated system, all of this energy must have Questions ] ' .
come from the original kinetic energy, £, ofthe car, S50~ A1 What has been assumed in this proof?

E,=Fs A2 The formula for kinetic energy derived here,
Replace F using F = ma: E, = $mv’, works well for speeds that are
significantly lower than the speed of light.

E = mu?

E, = mas
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Einstein’s theory of special relativity gives the
following, which becomes important at speeds
approaching the speed of light:

* ]
e Lo

]
'
' (c)
where m here is the rest mass [which means the

mass measured in a frame of reference in which
it is stationary).

d

Gravitational potential energy

Figure 22 Work done eqquais gronatational potential enengy stoned

When a weight is lifted (Figure 22), work is done against
the force of gravity. The energy used to do this work

is stored. It could be transferred to another form of
energy, for example to kinetic energy, simply by allowing
the weight to fall down again. Energy stored in this way
is known as gravitational potential energy, £ .

The work done against gravity is
W = force x distance
= weight = height gained
= mgah

This is equal to the energy stored, so gravitational
potential energy

E, =mgAh

This assumes that the weight of the object remains
constant as it is lifted through a height Ah. On Earth,
this is only true for objects that are relatively close to
the surface. The Earth's gravitational field strength, g.
decreases with distance from the Earth’s surface, so

266

Use a spreadsheet to calculate values of kinetic
energy for an object of m = 1 kg and velocity
values from v =0 to v= 0.85¢, using both

the non-relativistic (low-speed) formula and

the relativistic formula. Plot a graph of kinetic
energy against velocity showing the relativistic
and the non-relativistic formulas,

A3 From your graph, at what speed does the
non-relativistic formula become more than
10% inaccurate?

that yvour weight gets smaller as yvou go higher. The
change is about 1% at a distance of 32 km above the
Earth's surface.

If a weight of ane newton {1 N) is lifted through a distance
of one metre (1 m), then one joule (1J) of work has been
done and 1J of gravitational potential energy is stored.

If the weight is then allowed to fall, the gravitational
potential energy is transferred as kinetic energy.

Worked example 2

A cricket ball is hit upwards so that it reaches a height
of 20 m. What speed is it travelling at on its way back
down just before it hits the ground?

As the ball will have zero velocity at its highest point,
we can assume that the ball has dropped from a
height of 20m. If we ignore energy losses due to air
resistance, then the gravitational potential energy has
all been transferred to Kinetic energy in the ball, so

mg Ah = +my’

|,-I'J = Eg.i".h
Cancelling m, V= .‘ig.ﬁh
v = 20ms™

Worked example 3

Cravitational potential energy can be a way of storing
energy on a large scale. The upper reservoir in a
hydroelectric power station holds water, which can be
released when electricity generation is required.

The reservoir behind the Picote Dam in Portugal
(Figure 23) holds 205000m* of water. When the
water is allowed to flow through the dam, it falls an
average distance of 65m and can be discharged at a
rate of 110m*s~!, which is 110000kgs™!, because
the density of water is 1000 kgm~3. How much
electrical energy could be generated every second?



Figure 23 A huge amount of gravitational potential energy can be
released by the Picote Dom

The mass discharged in one second is m = 110000kg,
so the gravitational potential energy lost in one
second is

E,=mgah=110000 x 9.81 x 65 = 7000000045

The energy transferred from gravitational potential
energy is 70000000J or 7 = 107J every second. If
this could be transferred entirely to kinetic energy
in the water, and then in turbines and generators,

T % 107 J of electrical energy could be generated
every second,

SO TR AR = £F o ==t VLIS o e
QUESTIONS

23. An ejector seat in an aircraft is designed
to fire the pilot clear of the aircraft in an
emergency. The combined mass of the seat
and pilot is 150kg and the height gained
on ejection is 20m. What is the minimum
amount of energy needed to achieve this?

24, Estimate the minimum energy needed every
second to drive an escalator that lifts people
between floors in a department store.

25. Estimate the impulse exerted by a
trampoline on a child landing on it and
being bounced back up. (You may want to
look back at section 11.3.)

Power

The 70000000 of electrical energy generated per
second at the hydroelectric power station in Worked
example 2 is the electrical power output. The power

Work. energy and power m

of a system is the rate at which energy is transferred,
or work is done:

work done _ AW
time taken At

energy transferred per second

power =

Power is measured in joules per second, or watts (W),

Worked example &

Most cars can manage a safe deceleration of around
1g (10ms™), For a 1000 kg car travelling at 70 mph
(31ms™"), what braking power would be required for
this deceleration?

The braking force is

F = ma
1000 =10
= 10000N

The distance needed to bring the car to a stop, once
the brakes have been applied, is known as the braking
distance, which can be found using:

Y=y’ +2as

L I
2a

Sincev=0,u=31ms'and a=-10ms-2:

¥

S =

_0-3F
SR T}
= 48m

The time taken to stop can be found from

v=Uu+at
_v-u
e a
0-31
E==21%
=3 1s
The braking power is then given by
_ work done
POWET = time taken
10000 % 48
h 31 '
= 155 kW

In reality, the situation is more complex. The safest
way of stopping a car is not usually applying the
largest possible force to the brakes — the wheels may
stop turning but the car might continue in a skid.
Maodern cars use an anti-lock braking system (ABS),
which automatically applies and reapplies the brakes,
briefly releasing them if the car skids.

267
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Maximum speed of a vehicle

The power of a car engine affects the maximum speed
of the car and the maximum force that it can exert on
the road. Because

work
ow = sl
e time
and
work = force x distance
then
_ force x distance
ekl time
B distance
= force = e
= force = velocity
P=Fv

For a given power, an engine can exert a large force
at a low speed, or a smaller force at higher speed.

A car's gearbox allows control of this balance. A

low gear results in a large force at a low speed,
useful for climbing a steep hill, whereas a high gear
produces a smaller force at a higher road speed,
useful for motorway driving, for example. Changing
gear cannot increase the power of the engine; in fact,
the apposite is true, because some energy will be
dissipated as heat in the gearbox.

QUESTIONS

26. A car has a mass of 1445kg and its engine
can deliver a maximum power of 112kW.

a. Estimate the maximum force that it can
exert at 20mph (32 kmh™') and at 40mph
(64 kmh™).

b. What else would you need to know
before you could estimate its maximum
acceleration at these speeds?

The forces that resist the motion of a vehicle increase
as the vehicle travels faster. Air resistance and rolling
(frictional) resistance combine to resist the motion of
a juggernaut (Figure 24). At steady speed, the force
driving the lorry forwards is equal to the resistive
forces on the lorry. So if the lorry is to accelerate,

the force supplied by the engine — and so its power
output — has to increase,
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Figure 24 The resistive forces on the juggermaot il it
IMGXITILT Speed

Table 1 shows how the total resistive force increases
as the lorry accelerates. Eventually, the tractive force
[that is, the driving force of the road on the wheels)
and the resistance will be equal again and the lorry
will move at a steady speed.

Road speed / kmh™'  Total resistive force / N
a0 43265
88 4740
96 5250
105 5805
13 6395

Table 1 Resistve forces on a 38 fonne juggermaul

When the engine reaches its maximum power output,
P aie It will no longer accelerate. The forward thrust
on the lorry, F, is then equal to the total resistive
forces, and the lorry will travel at its maximum
velocity, v,,,,,. The power developed is P, ,, = Fv, ...

The top speed is therefore

where Fis the resultant of all the resistive forces.

Worked example 5

Suppose a 38 tonne juggernaut like the one in

Figure 24 is travelling at a steady 80kmh™'. From
Table 1, the total resistive force at that speed is
4265N. The driver then pushes the accelerator pedal
further down. If the tractive force increases to 5250N,
what would the instantaneous acceleration of the

lorry be?




The resultant horizontal force on the lorry is
5250N - 4265N = 985N

QUESTIONS
From Newton’s second law: 27. a. Explain why a vehicle has a top speed.
S b. What determines the value of a vehicle's
M top speed? How could you increase the
985N
= e top speed?
38 x10° kg
= 0.026 ms™ Stretch and challenge
28. A cyclist changes to a lower gear, but
maintains her power output. Does the use
Worked example 6 of a lower gear:
For the lorry from Worked example 5, what is the a. increase the force exerted on the road by
output power of the engine at 80kmh~' and at the wheel
113kmh='? b. increase the speed of the wheel
The power can be calculated from power = force x C. increase the power of the bicycle?
\I'E:lﬂ'Cit}ﬁ At 80kmh!, tmrﬁﬂg to S1 units, Hnswer 'm" or 'no’ for each part and
_ 80kmh™ x1000m _ . explain why.
V= 3600 5 =22.2ms

power = 4265N = 22.2ms™
= 94 8B kW

At 113kmh-', using the same method, the power
is 201 kW, more than twice the output power at
80kmh~',

Worked example 7

The lorry from Worked example 5 is travelling at
113kmh~' when the engine cuts out suddenly, How
much work will the lorry do against the resistive forces
as it slows to 80kmh-'?

Since the resistive force varies as the vehicle slows
down, it is not possible to use the equation work =
force x distance directly. An easier approach is to say
that the energy to do the work comes from the kinetic
energy of the lorry.

The work done against resistive forces is equal to the
kinetic energy transferred from the lorry:
1
£ o= -z-m[u’ - v?)

%xsa % 10° % (31.42 =22.27)

=9.4 = 105)
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11.6 EFFICIENCY

The principle of conservation of energy tells us that
all the energy transferred to a machine, for example
a car {Figure 25}, must eventually be transferred out
again, since energy does not just disappear. However,
some of the energy may end up in a less useful form,
such as heat in the surroundings. The useful work
that can be done by a machine is measured, as a
fraction of the total energy supplied to it, by the
machine's efficiency.

Figure 25 The Volswogen XL, powered by o diesel—electric hijbrid
engine is chamed to be the worlds most efickent car It oo travel
31 3miles on one gatlon of fued (or 110 &m per litre], compared with
40 rilles per galion fora typical family car it s manufociured from
tighiweekght matenals, such as corton fibre 56 1 155 15 jusk J95 kg

The streamiined shope, Known as a tearoimg, the scissor doors and

=

carmens instead of wing mifrors are aff designed [0 reduce arog o o

gher lap speed for the same

i, This mot o

gives the car o

Iso

#
il

engine power bul ices the demand for fuel since the power

neaded is fess at alf rood speeds

Efficiency should not be confused with effectiveness,
ar power. It is the ratio of the useful work done by a
machine to the total energy supplied to it:

useful output work (or energy)

ey, = total input energy

If we consider the work done and energy supplied per
second, we can write:

useful output power
total input power

efficiency =

Efficiency may be expressed as a simple fraction, such
as 2/5, ar as a percentage, such as 40%, by multiplying

the above equations by 100, Because it is a ratio of two

values of energy (or power), efficiency has no unit.

For a simple device, such as a solar cell, efficiency is
easy to define. The useful output energy of a solar
cell is electrical and the input energy is the light
energy that falls on the cell. A modern solar cell is
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approximately 20% efficient: 20% of the light energy
falling on the cell is transferred to electrical energy.
What happens to the other 80% of the incident light
energy? Some may be reflected, and some absorbed
as heat, raising the temperature of the solar cell and
the surroundings. This energy has not ‘disappeared’,
but it is not what the solar cell is designed to produce,
so it is not referred to as 'useful.

During every energy transfer, some of the input energy
is transferred by heat (dissipated) to the environment

The bicycle is said to be the most efficient means

of transport that we have ever invented, with up to
99% of the energy transferred to the pedals being
transferred to the wheels. But to compare this
efficiency with motor-driven vehicles, we need to
include the efficiency of the human 'engine. Estimates
of the efficiency of the human body vary widely, but a
typical value for cycling is 25%. A physically fit cyclist
can sustain power outputs of around 100 to 200 W
for a reasonable length of time. A typical chocolate
bar can provide 1100 kJ of energy, which means that
one chocolate bar of fuel would keep the cyclist going
for (1100000 = 0.25)/(150 » 60) = 30.6 minutes,

29. Estimate how many times you would need
to walk up a flight of stairs to ‘burn off the
1100kJ of energy in a chocolate bar.

30. A wind turbine is operating at 60% efficiency
and generating 20 kW of electrical power.
a. What form does the input energy take?
b. What is the input power?
c. Why is it impossible for a wind turbine to
be 100% efficient?

31. The ‘recumbent bicycle' is the most efficient
bicycle design (Figure 26).

Figure 26 A recumbent bicyicle



a. ldentify the input energy and the output
energy for a person riding a bike.
b. Where do energy 'losses’ occur?

c. Outline how you could compare the
efficiency of different bicycle designs.

d. Considering that the recumbent bicycle
is the most efficient, suggest why it is not
more popular.

The useful output energy for a car is difficult to
calculate, It is the work done by the car in moving
from A to B, which is equal to the force exerted by
the car multiplied by the distance moved. But the
force exerted by the car will vary during the journey,
depending particularly on the car's speed and
acceleration. Figure 27 shows how the force could vary
for a short car journey. The car accelerates, quickly
at first, and then at a lower rate, until it reaches a
steady speed. The force provided by the engine is
greater at first, because it has to accelerate the car
as well as overcome drag and resistance forces. The
force reaches a steady value as the car is driven at
constant velocity.

1600

The input energy for a car comes from the fuel, usually
petrol or diesel. The total input energy is the volume
of fuel used in litres multiplied by the energy density of
the fuel in joule per litre.

Suppose that the car journey described in Figure 27
required 0.0275 litres of petrol with energy density of
26MJ per litre. Then

input energy = volume of fuel (litres) x energy density
of fuel (joule per litre)

= 356MJ x 0.0275litres = 0.99MJ

The output energy, given by the area under the graph,
is approximately equal to 300kJ. So

0.3 MJ
0.99MJ

0.3 or 30%

This is a typical efficiency for an internal combustion
engine (petrol or diesel) when it is used to power

a car. But a car journey, especially in city traffic,

has many stops and starts. The engine is still using
fuel when the car is staticnary, although the output
energy, and therefore the efficiency, has dropped to
zero. The overall efficiency of a journey can be as low
as 15%.

efficiency =

It

1400

1200 M/-\‘

- %

=
g 800 \
2 \

600

400

200

]
0 50 100 150 200 250 300 350 400 450
Distance f m

Figure 27 Force from car engine agomst distance groph for a short jourmey. The car accelerates over the frst 150 m and then drves at a

consiant speed,
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Improving energy efficiency in the future
Electric motors have several advantages over internal
combustion engines when it comes to powering a car.
Electric motors do not rely on getting hot in order

to work, they do not use energy when the car is
stationary, and some of the energy wasted in braking
can be used to recharge the car's batteries. Electric
cars can achieve efficiencies of around 80%, although
this ignores the efficiency of generating the electricity
used to charge the car's batteries.




Efflilen{'l—'l m

Questions

A1l What errors are likely to arise in this
experiment? Explain which of these are
random errors and which are systematic.

A2
A3
Ak

Estimate the uncertainty in the readings.
Calculate the uncertainty in the efficiency.

Suggest what could be done to reduce the
uncertainty in the final answer for the efficiency
of the motor,

ASSIGNMENT 5: PHYSICS AND ROAD SAFETY

(MS 3.1, MS 3.2)

There are several basic laws of physics that contribute
to our understanding of what happens during

road accidents. The initial and final velocities, time
taken, momentum, acceleration, deceleration, work
done (therefore energy transferred), kinetic energy,
potential energy and friction all have a part to play

in road safety. Designing safer cars requires a great
deal of data and a lot of complex calculations. Much
of the data is obtained by crash-testing cars in
carefully controlled conditions. The crash dummies
used today are very sophisticated, with between 50
and 60 sensors called accelerometers built into the
body. The principle used in accelerometers is that,
when a deforming force is applied to a silicon chip, its
electrical resistance changes. This change can be used
to produce the data as electrical pulses, which can be
analysed later. The same principle applies when the
accelerometer is used as a trigger to set off an airbag.

Questions

A1l How much kinetic energy does a driver of mass
S0 kg transfer if he decelerated from 13ms ' to
rest in a crash?

Draw a graph of force against distance to show
how the kinetic energy calculated in question
Al can be reduced to zero in these two

crash scenarios:

a. when the driver is using a seat
belt, which will move about 50 cm
before stopping

b. when the driver is not using a seat belt
and his head hits the dashboard; the
dashboard deforms by 0.5¢m as the
kinetic energy of the driver is reduced
to zero.

A3

Ab

A5

What conclusions can you come ta from the
calculations in question A27

Explain how crumple zones can help to save
the lives of car drivers and passengers.

In order to stop a car safely, a driver has to
consider two factors:

¥ The ‘thinking distance’ needed as the driver
reacts to the situation. An average reaction
time is about 0.7 s. During this time the car
can travel quite a distance.

» The 'braking distance' as the car decelerates
to a stop. On a dry road with good brakes, a
car would decelerate at 8.5ms™ .

Calculate the thinking distance, braking
distance and total stopping distance for the
following speeds on a dry road:

a. 13ms”’

b. 22ms”' (50 mph)

¢. 30ms™' (70 mph)

Put your results in a suitable table. Then
construct a graph of total stopping distance (m)

against speed (ms™') and work out the total
stopping distance for a speed of 15ms™’

A6 Prepare an illustrated presentation to be given

at an assembly in your school or college to make
students more aware of the dangers of speeding
on metorbikes or in cars. Use the information

in this chapter and from other sources such as
the Internet.
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12 THE STRENG

MATERIALS

PRIOR KNOWLEDGE

You will be familiar with the concepts of force,
work and energy, and will have some experience of
elastic materials.

LEARNING OBJECTIVES

In this chapter you will learn how materials behave
under stress, compare elastic with plastic behaviour, and

Ilnk this behaviour 'In"'nl'i-th thE structure 'D* I:hE l"I1atEria|. EQ.H'H’.Z I the mmvie 'S,Lh'ﬁem?a:.' )" Eﬁf{m””:m 5,[3;_1:, & PR
pale & Sy troiin with eight straings of sitk, each aboit Smn thick. Finakyear
(Specification 3.4.2.1,34.2.2) physics students from Lescester Uneeersity showed that the silk could

exisily withstond the 300000N force needid fo stop the from

Spider silk is a truly remarkable material (Figure 1).

It can be spun into a thread finer than a human hair
that is five times stronger than a similar steel thread,
Some spider silk threads can stretch to four times their
original length withoul breaking [Figure 2). Spider silk
is waterproof and keeps its elastic properties down

to temperatures as low as —40 °C. It has hundreds of
passible applications, from bullet-proof vests to artificial
skin, and from suspension bridge cables to unrippable
writing paper. There has been intense competition to
discover its exact structure and to develop production
techniques that do not require the slave labour of
millions of spiders! In any case, spiders cannot be farmed
like silkworms because they tend to eat one another!

So far, the silk has proved difficult to synthesise in

R L T—— . I—— R e

Figure 1 The golden orl spider prodices seven different kinds the laboratory, but genetic engineering may have the
af sl The langest strands in the wel are strong enough ta trap answer, Silkworms with spider genes are now starting 1o
simall bircls produce commercial quantities of this wonder material.
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12.1 HANGING BY A THREAD: DENSITY.
STRESS AND STRAIN

A spider can suspend itself on a thread that is only

a few thousandths of a millimetre thick. A human
abseiling down a cliff face needs something more
substantial (Figure 3). The most important physical
property of a climber’s rope is its strength, which is

a measure of the maximum force that it can support
without breaking. Ropes for rock climbing are usually
designed to withstand a load 25 times the climber's
weight. However, the rope must not be too heavy, or it
would be difficult to carry.

Figure 3 \Mountain climbers need ropes that are strang and gt
This requires @ matericl of losy density and high strength

An important property of a rope is its density, o. The
density of a material is defined as the amount of mass
in a given volume:

. mass
density = ———
ty volume

m

P=y

In Sl units, density is measured in kilogram per cubic
metre (ke m¥), though gram per cubic centimetre

v, stross and sirain ‘

([gcm™) is sometimes used. For example, at standard
temperature and pressure, air has a density of
1.29kgm™. Water has a density of approximately
1000kgmSor lgcm ™.

Worked example 1
A typical nylon cimbing rope has a density of

1130kgm™. If the rope is 50 m long and has a
diameter of 10mm, we can calculate its mass:

volume of a cylinder = ar'h
ax(5x107°)7 x50
393x10°m®

Il

Since mass = density = volume:

mass of the rope = density x volume

1130 x3.93 %107
4.44Kke

QUESTIONS

1. Show that 1000kgm ™ is equivalent to
lgem™.

2. The kilogram is defined as the mass of a
standard cylinder, which is kept in Sévres,
France. The cylinder is actually made of a
platinum=iridium alloy. If it was made of
pure platinum, what would its volume be?
(Density of platinum = 21450kgm ™))

3. Calculate the mass of water held in a
household hot-water tank. These are usually
0.5m diameter cylinders, about 1.0m high.

&, Estimate the average density of a bag of sugar.

5. Estimate the density of butter.

Under stress

We can assess the strength of a material using the
idea of tensile stress, o, applied to a material.
This is the applied tensile (stretching) force per unit
cross-sectional area [(normal to the force):

= force
cross-sectional area

tensile stress =

s
A
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force per unit area, rather than the force,

us to compare ropes made of different
materials, even if they have different diameters (Figure
4). Tensile stress has the unit newton per square
metre (Nm™) or pascal (Pa).

enab

These ropes are under the same tensile stress.

area Tﬂ.ﬂ\{ O S L T
1000 N —4—(’) ]—»—mm:r M
J
{I:LD\_I:?_.= @
A\ 104 A
100 N —=—%) }—=—100N

Figure & Tensile siress

The largest tensile stress that can be applied to a
material before it breaks is known as its ultimate
tensile stress (UTS). It is sometimes referred to as the
material's breaking stress. Materials with a high UTS
are referred to as ‘strong’ materials. The density and
UTS values of some materials are shown in Table 1.

Materijal Density / kgm™  UTS / MPa
Mylon 1130 a5
Stainless steel 7930 600
Carbon fibre 1750 1900
Kevlar 1440 3100
Spider silk (typical) 1250 850

Tabde 1 Density and ultimate tensile stress of some matenals

Kevlar [Figure 5] is a strong synthetic polymer — a
material such as rubber or polythene that is made
from long-chain molecules. Cables made from Kevlar
are so strong that they are used to secure oil rigs.

Figure 5 Bullelproof vests are currently made wsing layers of
Kevlar, In future L may be passible o make therm even siranger using
spider sk
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Worked example 2

We can use the equation for tensile stress to calculate
how thick a Keviar climbing rope would have to be to
support a load of 15000N,

From Table 1, the ultimate tensile stress of Kevlar is
3100 MPa. The cross-sectional area A of the rope is

found from
Al
a

~ 15000N
3100 % 10°Pa

4.84 x10°m’

n

The cross-sectional area of the rope is nr?, so this gives
r=1.24 %107 m. The rope would need to have a
diameter of only 2.5mm. A 50m length of this rope
would have a mass of only 0.35kg.

S = i - —— =

QUESTIONS

6. a. What is the maximum weight of a fish
that could be lifted out of the water
using a 2 mm diameter line made from
nylon (UTS = 85 MPa)?

b. If the fish struggles, the force on the line
may increase to five times its weight.
How thick will the nylon line need to
be now?

Taking the strain

The most remarkable property of spider silk is the
distance that it can stretch before it breaks. The
increase in length of a material, A/, caused by a tensile
force is called the extension. A rope’s extension
under a given load depends on the original length of
the rope. A long rope will stretch further than a short
one if they are subjected to the same force, so the
extension is usually given as a fraction of the original
length. This ratio is known as the tensile strain, &

g . extension
tensile strain = —————r

original length
E= T

Strain has no unit, because the extension and the
original length are both measured in metres.




Steel wire can undergo a tensile strain of 0.01 before
it breaks, and Kevlar can manage 0.04. The silk

from a spider has a breaking strain of between 0.15
and 0.30. This enables a web to absorb the kinetic
energy of an insect, transferring it to internal energy in
the web.

Spider silk is also highly elastic, meaning that after

a stretching force is removed it will return to its
original length. Many materials do not return to their
original length after being subjected to a strain. When
the tensile force is removed, the material remains
deformed. This is called plastic behaviour. For
example, putty and dough behave in this way.

We tend to classify materials as either elastic or
plastic, but many materials show both types of
behaviour depending on the stress applied. For

small values of stress, polythene behaves elastically,
returning to its original dimensions when the stress

is removed, Above a critical value of stress, known as
the yield stress, polythene begins to be plastically
deformed. We say that it has passed its elastic limit.
Materials that have large plastic deformations before
breaking are described as ductile. Materials that can
absorb a lot of energy before they break are referred
to as tough, Glass fibres can be extremely strong,
that is, they have a high ultimate tensile stress, but
they show hardly any plastic deformation before they
break, or fracture. Materials like this are said to be
brittle (Figure 6).

n Stress—strain curve for glass
300
£
'.'E 200 - Glass shows very little plastic
“ deformation before it fractures,
E 100 -
0 T —*
0 0.005 0.010
Strain
n Stress—strain curve for polythene
20—
&
=
? 10—
A Polythene may stretch up to.
three times its length before
it fractures.
0 T T
0 i 2 L :

Strain

Fgure 6 A comparison of giass (britte) and polythens (ductie) under
tensite stress

QUESTIONS

7. A 50m nylon rope will stretch about 7.5cm
when supporting an 80 kg man. What is
the size of the tensile strain?

8. Give an example of a material that is:

a. ductile
b. plastic
c. elastic
d. brittle
e. tough.

12.2 SPRINGS

Strength is not the only important property of a
climbing rope, It is important that the rope does not
stretch too much when the mountaineer is suspended
from it. The amount of strain caused by a given

stress depends on the stiffness of a material. Solid
materials resist being pulled apart, rather like a spring
resists being stretched. Stiffness is a measure of that
resistance. The stiffness of a tension-coiled spring can be
measured in a school laboratory (Figure 7).
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Bgure 7 Apparatus used fo investigate the extension af a looded spring

The force pulling down on the spring, F, is increased

by adding weights. As the force increases, the spring
extends further. The results (Figure 8] show that the
extension of the spring, Al, is proportional to the force
Fon the spring, F == Al until the force reaches a
certain value, known as the limit of proportionality.
If the force is increased still further, beyond the spring’s
elastic limit, the spring will be permanently deformed —
it will not return to its original length when the external
force is removed (see the black dashed line in Figure 8).

L

5.04

4.0+ elastic limit
hmit of

- Y proporticnality

Force, FAN

2.0+

1.0

T T T T -
0 0.02 0.04 0.06 0.08
Extension, A/ m

Fgure 8 Force—extension graph for a steel sprng. The gradient of
the straight-iine region giies the spring constant
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Robert Hooke (Figure 9) first proposed in 1678 that the
extension of a spring is proporticnal to the force exerted
on it. Hooke's law is not a universal law of physics, or
even of springs. But many springs, and elastic materials,
behave in this way until the force becomes large enough
to cause permanent deformation. The spring in Figure 7
follows Hooke's law up to a force of around 3 N. Below
this force, F == Al, and we can write

F=KAl
where k is a constant known as the spring constant.

The spring constant quantifies stiffness, and it has a unit
of newton per metre [Nm™'). As k =5, it is equal to the
gradient of a force versus extension graph. 5o, to find

the spring constant from the graph in Figure 8, we simply
calculate the gradient of the straight-line part (in red):

_ 3.0
0.028
=110 Nm™’ (to 2 5.f)

K

Fgure 9 A modern impression of Robert Hooke, who adhieved miuch
rriare thar the knw of spings thal bears his nome He davised the
WacLm pumps wsed by Robert Bodle In his work on gases. Hookes
rade tetescopes and obsened the rofation of Jupiter, He made
mcrosoopes and carned cul defared obsenvelions, wibch fed furn fo
support evolution, He did important work on grovitation and fght, and
played a keading role in rebicing Lendon after the Great Fire of 1665,

QUESTIONS

9. With reference to Figure 8, explain the
difference between the limit of proportionality
and the elastic limit.



The springs in a car suspension [Figure 10) are
compressed, rather than extended. Hooke's law still
applies in this case.

weight of car
on the spring 1

coil spring

Rgure 10 A fypical spring corstant for @ car syspension soring is
around 25 kN,

Strain energy

A stretched spring stores energy. This elastic strain
energy can be used to do useful work, perhaps to
close a door, or operate a clock mechanism. The
amount of energy stored is equal to the work done

in stretching the spring. In Chapter 11 you saw that
work done, W, is defined as force x distance moved
in the direction of the force, W = Fs cos & That
equation holds true for a constant force. But the force
required to stretch a spring varies with the extension.

(a)
i
= i
.
g
2
DIIIIIIIP!IIIIIII |l11||||||_-_
Extension, A/ m
{b)
F
firial < ,???
= o
e
[
a
=
i
0 =~

) "*"'Il'u'.ﬁl
Extension, A//m

Figure 11 Finding the work done in strelching & spring

sSprings

To calculate the work done in this case, we need to
consider a small change in extension, &, over which
the force can be regarded as constant (Figure 11a).
The work done in moving that small distance is

AW = F &l (which is the area of that small strip). To
find the total work done in stretching the spring, we
add together the area of all such strips (Figure 11b).
This is equivalent to the area under the force—
extension graph. So the total work done in stretching
the spring is AW =4 x F x Al . Conservation of
energy means that this is equal to the energy stored
in the spring. From Hooke's law, F,__ =k Al |, we can
combine these equations and calculate the energy
stored in a spring, of spring constant k and extension
A, using

E=1kA1?

This stored energy could be transferred as kinetic
energy (for example when a rubber band is used as
a catapult) or as gravitational potential energy (for
example in a pogo stick or trampaoline).

There are many types of springs (Figure 12). Most
obey Hooke's law for part of their extensible range,
though some never do. Some are designed to have
two linear regions of different stiffness.

Fgure 12 Springs came in alf shapes and sizes, They can adt in
tersion, compression or rotation (by exerting o restoring torgue when
twisted through an angie)

Worked example 1

A chest ‘expander’ is made from five identical springs
in parallel (Figure 13). When a force of 100N is
applied to the handle, the springs extend by Tcm.
Find the spring constant, and find the energy stored in
the springs when extended.

When the force on the handle is 100 N, that force is
shared by the parallel springs. Each spring is under
a force of 20N, which extends it by 1cm, so k=<
=20Ncm" or 2000Nm'.
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FAgure 13 Chest expander

The energy stored in each spring is E= ;.’!F Al
= :! * 20 » 0.01 =0.1J, s0 0.5] is stored altogether.

Worked example 2

Chris wants to increase the work he does in stretching
the springs of the chest expander in Worked example 1,
s0 he dismantles it and connects the springs in series
(end to end) instead. He secures one end to the wall and
pulls the other end with the same force as before, 100N.
Will this increase the work done?

The force of 100N is now applied to all the springs,
rather than shared across them. They each have a
spring constant of 2000Nm~', so they stretch by

100 _ :
5000 — 0.05m, or 5cm. The energy stored in each

springis § = 100 x 0.05=25J, sothatis 12.5J
altogether. The new arrangement means that 25
times more energy is stored by the springs in this
configuration than in the parallel configuration, so
Chris is certainly doing more work.

QUESTIONS

10. A spring is used to fire a toy rocket
vertically up into the air. The mass of the
rocket is 200¢g and when it is placed on
the spring, it compresses it by 15mm.
Assume that the spring obeys Hooke's law.
a. Find the spring constant.

b. The spring is compressed by another
20mm. How much energy is stored in
the spring?

c. Assuming this was all transferred to the
rocket, what is the maximum height of
the rocket’s flight?
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11. A spring balance used to weigh hand luggage
needs to weigh objects of mass between O
and 10ke.

a. Suggest a suitable value for the
spring constant.

b. The balance is used to weigh a mass of
5kg. What would be the uncertainty of
the measurement?

€. A student says that choosing a suitable
spring for a balance is a compromise
between the precision of the readings and
the maximum mass that can measured.
Is she right? Explain your answer.

KEY IDEAS

» Hooke's law for springs, force = extension,
applies to most springs, up to a certain force,
known as the limit of proportionality.

» Hooke’s law can be written as F= k Al, where K
is the spring constant, whieh measures stiffness
inNm'.

3 The work done in stretching a spring is equal to
the elastic smﬂn&nargymﬁ:dm the spring:
the energy stored in it, is equal to the area

12.3 MATERIALS IN TENSION

Whether an engineer is designing a bridge, an aircraft
or a humble shopping bag, it is vital to know how the
materials used will respond when subjected to a force.
Forces can act to stretch, compress, bend, twist or
shear an object [Figure 14), and there is likely to be
different values of strength and stiffness in each case.

@ bendmg B
lension  COMpression

¢ wm shear
Figure 14 How forces can oct o deformn an abyect



This section concentrates on the behaviour of
materials that are stretched by a tensile force. We say
that they are under tension. Some materials respond
in a similar way to springs when they are put under
tension. Metals, for example, tend to follow Hooke's
law up to a certain applied stress, after which they
become permanently stretched.

Samples of metal, in the form of a small bar, can

be stretched using a tensile tester (Figure 15). A
small bar is gripped between two jaws. A large

tensile force (or load) is gradually applied and the
extension at each load is automatically measured. For
some samples at low loads, a graph of tensile force
against extension produces a straight line [Figure

16). The sample follows Hooke's law. The load (F) is
proportional to extension [Af) or

F=kAl
As for springs, the constant, &, is measured in
Nm', but here k is referred to as the stiffness.
A large value of & means that the sample is difficult to
stretch, and it is said to be stiff. In Figure 16, sample
A is stiffer than sample B.

Figure 15 Lsing q lensile tester

Force /N

0 Extension / m

Figure 16 Behaviour of two metals under tensile ionoe

Materials in lension

4
- breaking point
[~
= I yield point
g 200 - limit of proportionality
“ 100
of—m —
0 0.005 0.010
Strain

Figure [7 Tipical stress—sirain graph for o metal wire

We cannot compare different materials this way
unless all the samples have identical dimensions. A
sample may stretch less than another one because

it is thicker, or shorter. We need to use stress (see
section 12.1) rather than force, and strain rather than
extension, to compare materials.

A stress—strain graph for a metal wire is shown in
Figure 17. The linear part of the graph still indicates
how stiff the material is, but note that the gradient
here is stress/strain rather than force/extension, This
ratio is known as the Young modulus.

tensile stress

Youn odulus = : :
€ modulu tensile strain

_ force + cross-sectional area
extension +length

Stress is measured in pascal and strain is a ratio

of two lengths, so the Young modulus is measured

in pascal (Pa), though typically the values will be of
the order of gigapascal (GPa). Values of the Young
maodulus for some materials are shown in Table 2. (The
value for some of these materials, rubber for example,
may depend on the applied stress.)

Material Young modulus / GPa
Carbon fibre 270

Steel 210
Kevlar 124
Copper Il_?_

Bone - 28
.Pa.l.ystyrene 5_8 i
MNylon 3['-}

Rubber " 0.02

Tabde 2 Tyoical values of stiffess of materials, in terms
af the Young modufus
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For a metal, the Young modulus does not remain
constant at higher values of stress. Beyond the limit
of proportionality (see Figure 17), stress is no longer
proportional to strain. At a slightly higher stress, the
metal begins to be permanently deformed - this is the
elastic limit or yield point. Metals obey Hooke’s law
over most of the elastic region, however, which means
that the limit of proportionality and the elastic limit
almost coincide. Some polymers, such as rubber or
silk, may be elastic right up until they break, but they
often do not obey Hooke's law at all,

Worked example

A 0.75m long copper wire of diameter 2 mm is used
to support a painting. The tension in the wire is 100N,
How much will the wire stretch?

The cross-sectional area of the wire is
arl=nx (1 x 10°9)2m?=3.14 x 10%m?
The applied stress is therefore

100
314 x10°

=31.8 MPa

stress =

The Young modulus of copper is 117 GPa, so

SUESS _117x10°Pa
strain
Therefore the strain is given by
31.8x10°
=
Strain = 7 x10°
= 272 10%
But because
extension  _ ...
original length
we have

extension = strain x original length

=272x10" x0.75
=2.04x10%m

or just over 0.2mm.

QUESTIONS

12.a. ﬁmWMWMam
of energy before it breaks. It is usually
mmwm

13.

b. Synthetic rubber is a tough material
that only follows Hooke's law for very
small deformations, Sketch a stress—
strain curve for such a rubber.

The graphs in Figure 18 show the stress—
strain curves for three different materials.

a. Which material is the stiffest?

b. Which material is the strongest?

¢. Which material is the most ductile?

d. Which material has the lowest yield stress?
e. Which material is brittle?

f. Which material is tough?

| f ¥ = fracture
= B X
i -
C
0 Strain .

Figure 18 Stress—strain cunves

14, A climber's rope needs to be strong, but

also light. The ratio UTS/p, where UTS is the
ultimate tensile stress [see section 12.1) and
p is the density of the material, is a useful
measure of strength per unit weight. Similarly,
the ratio (Young modulus)/p gives a measure
of a material's stiffness per unit weight. Use
these criteria, and the data in Tables 1 and

2, to suggest the most suitable material for a
climber’s rope.




REQUIRED PRACTICAL: APPARATUS AND
TECHNIQUES

Measuring the Young modulus of a metal wire

The aim of this practical is to arrive at an accurate
value for the Young modulus of a metal wire. The
Young modulus is defined as

stress

Young modulus = S iain

SO
stress = Young modulus = strain

If you plot stress (y-axis) against strain (x-axis), the
gradient will give the value of the Young modulus.

This practical gives you the opportunity to show that
you can:

» use appropriate analogue apparatus to
record a range of measurements (to include
length/distance) and to interpolate between
scale markings

¥ use methods to increase the accuracy of
measurements, such as use of a fiduciary marker,
set square or plumb line

¥ use callipers and micrometers for small distances,
using digital or vernier scales.

contral
wirg

spirtt level

control weight ———;

Rgure P1 Sexrle’s appartitus for measunng the stiffness of o wire

Required praclical m
Apparatus

The apparatus is assembled as in Figure P1. Two
identical wires, made of the material under test, are
suspended from the same support, The wires are held in
‘chucks’ at each end, which must be tightened carefully.
First, identical weights are attached to the bottom of
each wire, to pull the wires taut and remove any kinks.
Then one wire, the ‘test wire’, is loaded and its new
length is compared with that of the 'control wire' to find
the extension.

Safety considerations

The wires are often under significant tension and

do occasionally break, or pull out of the chuck.

Eye protection must be worn. The floor beneath

the weights should be protected by a padded
cardboard box, to prevent damage and to discourage
experimenters from standing too close.

Technique 1: Measuring the stress
Stress is defined as:

force

stress =
: cross-sectional area of wire

The wire is put under tension by hanging a mass, m,
on it. The force is equal tom = g.

. 2
The cross-sectional area of the wire = rr = I%—-.
where ris the radius and d is the diameter of the wire.

chucks

test wire
{about 2 m long)

chucks

micrometer

load, mog
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The diameter of the wire can be measured using a
micrometer screw gauge (Figure 11 in Chapter 1). To
allow for fluctuations in the thickness of the wire, the
diameter is measured at three different places along
the wire. At each of these points, two readings are
taken at right angles to each other in case the wire
has a non-circular cross-section. All six readings are
used to find the mean diameter of the wire.

Technique 2: Measuring the strain
Strain is defined as:

extension

strain = original length of wire

The extension of the wire is likely to be small and
therefore difficult to measure precisely. The extension
of the wire is often so small that the expansion
caused by temperature changes is of a similar
magnitude. Small movements of the support could
also be a problem. There are several steps that can
be taken to improve the precision and accuracy of
this measurement.

3 Use as long a length of wire as possible, so as to
increase the extension. Practically, this usually
means hanging the wires from a beam in the
ceiling of the laboratory. For a particularly stiff
material, for example brass, a thinner wire may
be needed.

¥ Two wires are used. One wire is put under tension
and extended (the test wire). Its length is compared
to a second wire (the control wire), which is hung
from the same support (see Figure P1). Any
sag of the support, or any expansion caused by
temperature changes, will affect both wires equally
and will therefore not be measured.

» Use the spirit level and the micrometer to measure
the extension. As each weight is added to the test
wire, a screw thread is used to bring the spirit level
back to the harizantal (Figure P2). A micrometer
scale measures the movement of the screw (Figure
P3). This allows measurement of the extension with
an uncertainty of +0.01 mm.

spirit level
adjusting
SCrewvy
thread

Figure P2 The spirit level armangerment

0.01 mm scale

Fgure P3 The micrometer scale for measuring the extension of the
fest wire

Technique 3: Taking the readings

Weights are gradually added to the test wire. After
each reading, the load is briefly removed and the
spirit level is re-aligned to check that the wire has not
been permanently extended, or slipped in the chucks.
Readings are taken over as wide a range of weights
as possible, Practically, the limiting factor may be the
elastic limit of the wire, or its breaking point. If neither
of these is reached, it is good practice to remove the
weights one by one and repeat the readings as each
weight is removed.

A set of readings for the experiment is shown in
Tables P1 and P2. The original length of thé wire was
2.00m.

Diameter of 1.03% 1.05 104 101 1.02 0S8

the wire / mm

Tabie P1




Required practical

Mass added/ Weight added/ Micrometer Extension / Stress /
kg N reading / mm m GPa Strain
0.00 0.00 0.02
0.10 0.98 0.04
0.20 1.96 0.06
0.30 2.94 0.08 %
0.40 3,92 0.10
0.50 491 0.12 =
060 5.89 0.14

0.70 687 020
0.80 7.85 0.22
0.90 8.83 0.24
1.00 9.81 0.26
1.10 10.79 0.28
1.20 .77 0.30
1.30 12.75 0.32
1.40 13.73 0.36
1.50 14.72 0.40

" 1.60 KR 0.44

Tabde P2 Dain for loading the fest wire

QUESTIONS

P1 Calculate the mean diameter from the
results in Table 1 and hence calculate the
mean cross-sectional area of the wire

P2 Copy and complete Table P2,

P3 Plota graph of stress (y-axis) against strain
[x-axis)

P4 Write a conclusion to explain the shape of
vour graph

P5 Lise your graph to calculate the Young
modulus for this material, and identify

the material by referring to Table 2 in
section 12.3




RGY STORED IN STRETCHED
ALS

In section 12.2 we saw that elastic strain energy Is
stored in extended (or compressed) springs. Stretched
materials, such as a guitar string or a rubber band,
also store elastic strain energy. The energy stored, E,
is equal to the work done in stretching the material
and (provided that the material follows Hooke's law) is
given by

= JFN
From this it can be shown that
£ per unit wiume=% % stress = strain
= 3 x Young modulus x strain?

Energy per unit volume is measured in the unit of joule
per metre cubed (Jm). (For the derivation of this, see
Assignment 1, which follows this section.)

This expression is only valid for materials that follow
Hooke's law. However, for all materials, the work done
in extending the material (which is equal to the energy
stored per unit volume of the material) can be found
by calculating the area below the stress—strain curve
(Figure 19]. If the material is tested to destruction, the
area below the graph is a measure of the material's
toughness — that is, how much energy it can absorb
before breaking.

3.6 4 y breaking point

3.4
3.2

Keviar

breaking point

Tensile stress f GPa
i 1

mokBEnDO
I

i 0.1

02 03 04
Strain

Figure 19 The area below the curve i equal to the energy stored per
unit volume a measure of ioughness
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In most circumstances, we can assume that all

the work done in stretching the material is stored
as elastic strain energy, and is then available to

do work. But in some cases energy is transferred
during the stretching as internal energy, raising the
temperature of the material. One example of this

is rubber. To demonstrate this to yourself, take a
rubber band, stretch it and then let it return to its
original size. Quickly repeat this a number of times
and then hold it to vour lips. You should notice how
warm it is. More work: is done in stretching a rubber
cord than is released when the cord is unloaded.
This type of behaviour is known as hysteresis

(see Figure 20). Each time the rubber is stretched
and released, some energy is transferred as internal
energy in the rubber,

Area A represents the energy transferred to
internal energy in the rubber band, in each
laading and unloading cycle,

50 y
z 40 : W
3] o
E 204 7 _«—*" unloading
104/
0+ . . . . -
0 0.01 0.02 003 004 005

Extension /m

Figure 20 Force-extension graph for bading and unioading a
rubber band, showing hysteresis, The same fovce can couse ivo
different extensions, depending on the histon of the sample

Most types of rubber obey Hooke’s law only over a
limited range of extensions. Rubber tends to stretch
easily at first and become much stiffer at high
extensions, so the expression for strain energy

(} = Young modulus = strain?) will only be
approximately correct over part of the cord’s extension.
However, we can find the work done in stretching the
cord by calculating the area below the force—extension
graph (Figure 20), plotted as the rubber is loaded.
[Alternatively, we can find the work done per unit
volume by calculating the area under the stress—strain
graph.] The elastic strain energy recovered is the area
below the curve as the rubber is unloaded. The area
between the two curves is the energy transferred to

the rubber as internal energy. The larger the area of
this ‘hysteresis loop’, the greater the rise in internal
energy of the rubber, and the hotter the rubber will get.
Rubber is said to be resilient if it has a hysteresis loop
with a small area.
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15. Spider silk is stiffer than rubber and has a
much lower resilience,

a. Explain what ‘lower resilience’ means.

b. What might a bungee jump be like if silk
cords were used instead of the usual
rubber cords?

16. Squash balls [made of rubber) are not very
bouncy when they are cold, but they get
bouncier as they are bashed around the
court. Sketch a force versus compression
graph for a squash ball when it is cold, and
one for when it has warmed up. Why does it
warm up in use?

17. ‘Sandbagging’ Is a variant on the bungee
jump, A jumper holds on to a heavy sandbag,
and then drops it at the bottom of the
bungee jump. This has been banned in some
countries, as it puts spectators and the jumper
in danger. Why is it dangerous to the jumper?

KEY IDEAS

» Elastic strain energy is stored in a stretched
material. '

» If the material obeys Hooke's law,

elastic strain energy stored per unit volume
=} x Young modulus x strain?

* For all stretched materials, the elastic strain
energy is equal to the area under the force-
extension graph.

» The energy stored per unit volume is equal to
the area under the stress—strain graph.

¥ For some materials, for example rubber, the
work done in stretching them is greater than
the energy transferred when they are unloaded.

ASSIGNMENT 1: UNDERSTANDINCG ELASTIC STRAIN ENERCY

(MS 0.1, MS 0.2, MS 0.5, MS 1.1, MS 2.2, MS
2.3, MS 2.4)

In this assignment you will be looking at the energy
transfers that occur in a typical bungee jump
[Figures Al and A2). As a bungee cord stretches,
the kinetic energy of the jumper is transferred

Figure AT Modern bungee fumping began on Apnif Feal's Day
1275 when sorme mvdmbers of e Ciefore Bongerous Sports Chila
jrmped from the 75 m bl Clifton suspension bridge in Brisiol

to elastic strain energy in the cord. Work is
done against the tension in the rubber cord,
and this is stored as elastic strain energy in the
stretched cord.

Figure A2 “The first hoif of the jump, when the cobile & siock. s

Forriingg, Y frese Bl for L t0 S0mL wath the grovind rushing up of
WO gt gn alaemng e Then dhe cabile begins (o strefoh and siow
your descent, The cormis get tghter, it gow siow to o stop and
Begin fo tcealamite back L. You get guite close to your orgmal
Felghit, beftre you start filing o,
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12 THE STRENGTH OF MATERIALS

The strain energy stored in a stretched cord
(that obeys Hooke's law) is equal to }F Al If
the cord was originally / (m) long and has a
cross-sectional area of A (m?), then its volume,
V(md), equals A = [

The strain energy stored per unit volume of the cord
is given by

253
e

w_
7=

>

% M
~|e

stress x strain

hbf— Rk R

% Young modulus x strain’

To complete the assignment, you will need to refer
to the data and assumptions in the box below, and
then answer the guestions that follow.

Data and assumptions
You may assume that:

¥ Cur poor bungee jumper has only one
cord attached.

¥ The bungee jumper's mass is T0kg.
» Air resistance can be neglected.

» The mass of the bungee cord and harness
| can be neglected.

¥ The Young modulus for the cord is constant
| throughout the jump.

¥ The cord diameter is 1.91 cm.

¥ The cord stretches by 100% of its length
under a load of 300kg.

Questions

A1 Describe the energy transfers that take place as

a bungee jumper leaps from a bridge, accelerates
downwards until the cord becomes taut, and then

is slowed to a halt.

A2 If the bungee cord is 30m long, how fast will
the bungee jumper be travelling when the cord
first becomes taut (that is, after falling 30m)?

A3 What will be the jumper’s kinetic energy at
that point?

A4 What is the jumper’s acceleration at that point?

A5 When does the bungee jumper begin to
accelerate back up? Explain why this is not
the same point at which the jumper’s velocity
changes to an upward direction.

A6 What is the Young modulus for the cord?

AT When does the jumper stop falling? What is the
overall energy change that has happened?

Stretch and challenge

A8 The elastic strain energy stored in the bungee
at the lowest point of the jump is

% = Young modulus x (%i : x V

where V is the volume of the cord (assumed
constant] and Al is the extension of the
cord. Assume that this is equal to the loss
in gravitational potential energy, which is
mgl&l + 30), and hence find how far the
jumper f&2lls.

A9 What is the maximurm upwards force acting
on the jumper, and the acceleration and the
velocity of the jumper at that time?

A10 What effect would air resistance and the weight
‘of the bungee cord have on the answer?

A11 Real jumpers have several cords attached,
often four. How would this change your answers
to A8 and A97
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8. Fig_ure Q6 shows that the Young modulus for
aluminium alloy is:
A 68.8 MPa
B 68.8GPa
C 68.8 kPa
D 688 MPa
Questions 6 to 8 relate to Figure Q6.

550
alumirum alloy
s =
% 275 L strong grey cast iran
= 5 magriesium alloy
pure aluminium
| | ] ] ] 1 1
4 G E e A -2 <28
Strain / 107

Figure 06

Stretch and challenge

9. This question is about the mechanical
properties of bone. Bone is a composite
material with two components — collagen,
wrﬂmisanmmn.andanﬁmmlwﬂing_
caicium phosphate and calcium carbonate.
The collagen provides a flexible framework,

296

32

while the mineral gives bones rigidity and

‘A long bone such as the femur (thigh bone)
contains two types of bone material —
cortical (or compact) bone and cancellous
[or spongy) bone. Cancellous bone is 25% to
50% as dense, 10% as stiff, but five times
as ductile as cortical bone. Cortical bone is
good at resisting torque, while canceilous
bone is strong against compression and
shear forces.

Compressive stress—strain curves for cortical
and cancellous bone

200 .
cortical bone (density 1.85 g cm™)
160
L]
< 120
g s
A cancellous bone
* (density 0.8gem™) =
0
0.00 0.05 0.10 0.15 0.20 0.25
Strain
Figure Q7
a. Explain what is meant by ductife and
describe how ductility is shown in
Figure Q7.

b. The text above states that cortical bone
is 10 times stiffer than cancellous bone.
Camwrﬂluﬂatlmsmmms.ustnz
dataﬁmnﬁgm'ea'l
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Praclice questions
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PRIOR KNOWLEDGE

You will have met electric current, potential difference
{voltage] and resistance in series and parallel circuits.
You will have constructed simple circuits and used an
ammeter and a voltmeter to measure current and
potential difference, respectively.

LEARNING OBJECTIVES

In this chapter you will learn about resistors, and how
they are combined in series and parallel circuits. You
will learn about current—voltage characteristics for
some commaon components, and about the property
called resistivity.

(Specification 3.5.1.1, 3.5.1.2, 3.5.1.3 part, 3.5.1.4)

ELECTRIC LIGHT has its defects ... The intense shadows
fand] the unsteadiness of the light. [It] fias an unfortunate
hahit .;1Jr mishehaving .l,'_,'-.'['g.':l'.r.: feen 1t is most wanted . .. ”.‘.?:'i'_".
have tried the gkt and abandoned it .., but the brilliancy
of a well-fighted room is simply enchanting. Its cleanfiness
is ane :_,Ir'” ¢ great merits. Tt enits io smokg. Al _*r-";"-u_r-m
more work fas been got out of the men; the electni f-rq;-"ir will

pa '.'_,n',:rr' r.f.-.':'a_"ln". ., i this point alone.

ngm.' Extront frae dryarticie By the sfectricel ergin

Hi Presaca in "B Nttt )

New technology always has its teething problems
Despite Mr Preece's concerns [Figure 1}, the
incandescent (hot filament) electric light bulb was
an invention that really did change the world. Two
men, Thomas Edison in America and Joseph Swan
in Britain, claimed the invention as their own. Both
men held patents and were ready to use the law to
establish precedence. But which of them had the

original ‘light bulb’ moment?

Swan demaonstrated his light bulb in Newcastie in
February 1879, He passed an electric current through
a thick carbon rod inside an evacuated glass bulb

[see Figure A1, Assignment 2, Chapter B). The carbon
emitted an impressive bright light, but the bulb had

a less than impressive lifetime. Edison demonstrated
a very similar lamp later that year in the USA. But
Edison had realised that a much thinner filament was
the key to success. His bulb lasted longer. Wisely, the
two inventors settled for a joint venture, and in 1883
The Edison-Swan Electric Light Company was founded.

Mow, more than 130 years later, the incandescent
bulb is being retired. Too inefficient and prone to
failure, it is being replaced by the light emitting diode
(LED). LEDs have a longer lifetime and are much more
efficient, though new technology always brings new
concerns (Figure 2).

[LED streetfights have] ... a blue-rich colour mix fike
moonlight or bright daylight, which many people find
unpleasant. [They| spread light across the street, creating
glare for pedestrians and drivers [and] making the night
sky so hright it washes out the stars, Blue Light can also

suppress melatonin production ... affecting sleep and

hehaviour,




13.1 ELECTRICAL POWER AND ENERGY

Lighting accounts for about 20% of the world's
electrical energy demand. A change to LED lighting
(Figure 3) would dramatically reduce that. (LED stands
for light emitting diode = see section 13.5.] LED bulbs
use much less electrical energy per second to produce
the same amount of light as incandescent light bulbs
(Figure 4). The electrical energy transferred per
second is the electrical power of the bulb:

electrical energy transferred
time taken

power =

The amount of energy transferred is measured in
joules (J), and power is measured in joules per second

or watts [W).
i

Fgure 3 LED iight butbs now come in many shapes and powers, and
are getting mare and more eficlent

A typical incandescent light bulb used for room lighting
would have a power of 100 W. If the light bulb is on for
8 hours, it would transfer 8 x 60 x 60 x 100 =3 MJ
of electrical energy to light energy and thermal energy.
Unfortunately, around 95% of the electrical power
supplied to an incandescent light bulb goes directly

to heating the surroundings, rather than illuminating
them. In contrast, an LED bulb with a power of only

18 W will provide the same output of light, and the
latest types of LED lamp may need only 7 W.

Brightness 220 400 700 900 1500

W AW BOW 75W 100W
8w 28W. 42W 53w TOW

oo o

AW BW 10W 13W 18W

Figure 4 The electrical power required from diferent bufbs to give the
sarne Brightniess of ight (values of brightness given fn the umit lumen)

Electrical power and energy m

Table 1 shows the power of different types of LED
light, used for very different lighting purposes.

Device Power
LED power indicator on TV 5 mw
LED table light 10w
LED car headlight 40w
LED street light T0W

" LED stadium floodlight | kW

Table T Typical input electnical power for diferent LED fight sources

The joule is rather a small unit when it comes to
measuring domestic energy demand, An alternative
unit of energy is the kilowatt-hour (kWh). Thisis a
power of 1 kW transferring energy for 1 hour:

1 kWh = 1000 W = 3600s=3.6 MJ

Efficiency

The efficiency of an electrical device measures how
much of the electrical energy supplied is transferred
into a useful form:

useful energy output
electrical energy input

efficiency = x100%

ar

useful power output

efficlency = oo tical power input

» 100%

For example, an incandescent light bulb transfers
electrical energy into light and heat. However, a 100 W
light bulb transfers only about 5 W as useful light
energy — the rest is transferred to the surroundings as
heat. The light bulb is therefore 5% efficient. An LED
light bulb is typically around 25% effident.

QUESTIONS

1. A typical family uses about 1000 kWh of
energy every three months. How many
_joulesof energyisthat? =~ == === 0000

2. a. An electric light bulb has a power of
100 W. If it is left on all day (24 hours),
how much energy does it transfer?
Give your answer in joules and in
kilowatt-hours.
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13 ELECTRICITY 1

...........................................................................................................................

b. The same amount of light would be
emitted by an 18 W LED lamp. How
much energy would that transfer in a
day (in J and in kWh]?

3. An electric car has a nickel-metal hydride
battery pack, which has a capacity of
26.4 kWh.

a. How many joules of energy is this?

b. If it ran for 3 hours, what would its
average power be?

&, The latest type of LED tube lamp is twice
as efficient as the fluorescent tubes it is
designed to replace. Estimate how much
money you might save in a year if you
replaced one 80 W fluorescent tube in
your kitchen.

sccond orwatt (W,

» Electrical energy is often measued in kWh:
TkWh=36 x 10°0.

9 Thie efficiency of an eiectrical dev

13.2 ELECTRIC CURRENT

Charge

Electrical devices work when an electric current passes
through them. Electric current is a flow of electric
charge. Charge is a fundamental property of matter,
like mass. We know that different particles have
different masses, which are all affected by gravitational
force. In a similar way, particles can carry different
amounts of electric charge and are affected by
electrical force. But there is an important difference.
Unlike mass, charge can be positive or negative, Two
particles that carry the same sign of charge will repel
each other; two particles with opposite charges will
attract each other,

These electric forces between charges keep atoms
stable and hold atoms together as molecules, Atoms
have negatively charged electrons, which are attracted

300

to the positively charged nucleus of the atom. Atoms
as a whole are electrically neutral, but they can
become ionised. If an electron is added to an atom,
a negative lon is formed. A positive ion is created

by taking an electron away from a neutral atom. The
size of the force between charged particles such as
ions depends on the magnitude of the charges, which
we measure in the unit coulomb (C). The charge of
one electron is —1.6 = 10~ C, Charge is given the
symbol Q.

Conductors and insulators

The flow of electric charges through a material is
called conduction. A material that does not readily
conduct electricity, such as glass, plastic or air
(Figure 5), is known as an insulator. An insulator
has no charges that are free to move through it. The
electrons in its atoms are tightly bound, which means
that a relatively large amount of energy (on an atomic
scale] is needed to free one electron from the atom
so that it is mobile and can take part in conduction.
In glass, this would take around 3 eV of energy for
each electron.

Flgure 5 Air s a good electrical frsulatar, 1t will conduct anly if the
fores are great enough to jonise the afoms, The potential diference

fsee section 135.5) has to be very high — around three miflion volts per

frieine

It is possible to add extra electrons, or remove them,
from an insulator, to leave it with a net charge. This
is easily done by rubbing two insulators together.
When you brush your hair, or rub a balloon on your
jumper, or even stroke the cat, you will remove
electrons from one surface [leaving it positively
charged) and add them to the other (making it
negatively charged). The charges will remain on the
surface, and the two surfaces will then attract each
other. Objects that carry similar surface charges,
either both positive or both negative, will repel each
other [Figure 6).



Fgure 6 Hair that fias ganed o net charge will meoe! hair that fas
Ihe same charge

5. How many electrons are needed to make a
charge of one coulomb {1 C}?

6. Explain why the text describes the removal
of electrons by rubbing insulators together
as “easily done”, although “a relatively large
amount of energy” is needed to free electrons
in an insulator to form an electric current.

An electrical conductor allows charges to pass
through it. Metals are good conductors principally
because some of their atomic electrons are free to
move around between the atoms. It is possible to add
charge to a conductor, such as the metal dome on a
Van de Graaff generator (Figure 7), and the charges
will move and distribute themselves over the surface.
If there is a conducting path to earth available, the
charge will leak away.

Current

The effects with balloons, hair brushes, lightning
and a Van de Graaff generator, described above,
are due to objects gaining a net charge, They are
referred to as electrostatic phenomena — there is
no continuous flow of charge. When charges do flow
continuously, like electrons around a closed loop

of conducting wire, it is referred to as an electric
current. Any movement of charged particles is an
electric current. It could be a flow of electrons in

a metal wire, or positive and negative ions moving
through a battery, or a beam of protons in an
accelerator. The size of the current, /, is given by the

Eleclric curren!

Figure 7 A \Voin de Graalf generator (s designed to charge up a melal
derne When o large enough charge has accumulated, a spark will
Jump to @ nearby comductor such as the smatler metal sohere here
discharging the Van de Graoff,

amount of charge, AQ, passing a point in a given
time, At. Current is the rate of flow of charge:

| = AQ
At

Electric current is measured in ampere or amp (A).
In a circuit with a current of one ampere (1 A), a
charge of one coulomb (1 C) passes a given point
every second.

The direction of a current is conventionally that of
positive charge — that is, current goes from a positive
terminal to a negative terminal, Electron goes in a
conducting circuit of metal wire that is actually in the
opposite direction [see Figure 11).

[— 'H -

! MR, - F= = e

Lo el vt |
QUESTIONS

7. Acurrent of 0.25 A flows through a table
lamp. If the lamp is on for an hour, how
much charge will have flowed through it?

B. The electron beam in a cathode ray
oscilloscope carries a current of 0.1 mA.
How many electrons strike the screen
per second?
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Blectrolyie — —

i

Fdlyle

. E boone cell
copper —ﬁ
&

Figure 8 (o) Vbita published details of his battery in 1800, This was the first device capabie of delivering o
coftinuous electric curmant fo a circuit, (b It consisted of discs of copper and zine separated by felt soaked
in salt water, Each pair of discs constituted an efectrolytic cell. Volta's battery led to the discovery of the
electrolysis of waler, and of a number of chemical elements, such as calciurn and rrognesitm, Wla's
batter U and s descendants remained the oIl Liscbile SoHFee of electricel power until the first practical

dynomos appeared i the 18705

Figure 9 Different types of battery for different portable devices, ond a car battery

Electric circuits
An electric current will be set up in a conductor if
there is

» an energy source (a cell or a Van de Graaff generator,
for example) pushing charge through it and

¥ a continuous conducting path (a circuit) around
which the charges can flow.

A battery can be used as the energy source o
maintain a current, A battery (as Volita's original
battery in Figure 8) is formed from a number of
connected cells. A chemical reaction in the cell
produces electrical energy, which results in a

current flowing in an external conducting circuit,

The ‘batteries’ that we buy for our portable gadgets
(Figure 9a) are properly called 'cells’ A car battery
(Figure 9b) is accurately named, because it is usually
six cells connected together.
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A conducting circuit can be formed by connecting
various conducting components, such as lamps and
resistors, with metal wires. Figure 10 shows the circuit
symbols used for the components needed at AS level.

A simple electric circuit can be formed with a cell,

a bulb and some wire. An ammeter can be added

to this circuit to measure the current. The simplest
arrangement is a single loop (see Figure 11), These
components are said to be in series; the components
are arranged one after the other, with no alternative
current paths.

Conservation of charge in a circuit

In a series circuit, the magnitude of the current must
be the same all around the circuit (Figure 12a); current
does not get ‘used up’ The charge that flows into any
point in a circuit in one second must equal the charge
per second that flows out of the point. In a series



Electric current E

T —_— Thelse ideas ai?cut the cantf‘nuity of currernt‘ ar
S the 'conservation of charge’, are summarised by
Kirchhoff's first law, which states that the total
——O—0— switch (closed) ——— fuse current entering any point in a circuit must equal the
total current leaving that point (Figure 13).
—| — cell

@

larmp

voltmeter

junction ly  currents

—I I--—I — battery in

ammeter

total current entering junction =
—@ diode total current leaving junction
currents

oo out

—{_ }— resistor

.’1+.I'2+f3=F4+15

—ﬁ— variable resistor

4‘;4[7 thermistar
LED e == S RaS S T

Figure 10 Circuit symbais QUESTIONS

9. a. Look at the circuit in Figure 14. Write

> down one equation that shows how
corventional current

the currents in each branch, /, to I,
& filarnent
L electron flow |  lamp ® are related.
F G

ceﬁ
KB
ammeter
Figure 11 Current in g simple senes circuit

LDR Figure 13 Conservation of charge in o circuit [Kirchhoifs first kiw)

SNCRCRS

circuit there are no alternative paths for the current to
take. An ammeter, used to measure current, will record
the same reading wherever it is placed in the circuit.

A circuit, or part of a circuit, where there are e is

alternative paths for the current to take is known as a b. Suppose ammeters were connected in
parallel arrangement (Figure 12b]). The current will the circuit in Figure 14 at points A, B,
divide between the two (or more) paths, but the sum C, D and E. Say whether or not each of
of the currents in the parallel sections must equal the these statements is true, and explain
total current flowing in the circuit, yOur answer.

i. The current at A is greater than at B.

iil. The current through D is equal to
the current through C.

-fil., - Ammeter E will read almost zero.
iv. Ammeter E will show the same
current as ammeter A.

The current is the same At junction P, the 3 A current v. The current through ammeters C
everywhere in a series cirguit.  splits into 2 A and 1 A currents, i
and D will add together to the same

At Q, these currents recombine.
as the ammeter reading A.

Frgure 12 (o) A series ond (b a paraile! arrongerment
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13.3 POTENTIAL DIFFERENCE

The energy needed to push current round a circuit can
be provided by a battery. The battery transfers energy
to each charge through a chemical reaction, pushing
negative charges ‘uphill' towards the negative terminal.
This energy is then transferred in the circuit as the
charges flow round and back to the positive terminal.

The amount of energy that is transferred when a
charge moves between two points in a circuit is known
as the potential difference, or pd, although often
the term ‘voltage' is used. Electrical potential difference
is analogous to gravitational potential difference. When
a mass drops from a height, its gravitational potential
energy is transferred to kinetic energy as it falls. The
further the height through which the object falls, the
greater its final velocity and the higher the energy

with which it hits the ground. In the same way, a larger
electrical potential difference increases the energy that
is transferred as a charge moves through it:

The potential difference (pd) between two points
is defined as the work done (or energy transferred)
per unit charge passing between the points.

The unit of potential difference is the volt (V). When a
charge of one coulomb (1 C) passes through a pd of
one volt (1 V), it does one joule (1 J) of work:

potential difference (V] = Wgr:; rl:lgc;n;:]
L
V= Q
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Worked example

A potential difference of 2.0V is applied across an
LED, causing a current of 20 mA to flow through

it. After 10 minutes, how much charge has flowed
through the LED? How much energy is transferred as
the charge flows through the LED?

Charge that has flowed is
AQ=!x At=20 x 1073 x 10 x 60=12C

Energy transferred = work done = QV
=12 « 20=24J

Potential difference is measured using a voltmeter
connected in parallel with the component. A voltmeter
measures a difference between two points, so it needs
to be in parallel, connected across a component
(Figure 15), whereas an ammeter is placed in the
circuit, in series. Ammeters and voltmeters can be
assumed to have no effect on the circuit — they have
effectively zero and infinite resistance, respectively
(see Assignment 1).

voltmeter

'
®

=
cell °5

ammeter

An ammeter is placed in series A voltmeter is placed in paralfe/
to measure the current flow
through a bulb.

Figure 15 Measurement of current and potentiol diference

across a bulb.

QUESTIONS

10. If 30 C of charge per hour flows through
an LED with a pd of 2 V across it, how
much energy is transferred?

11. A 12V battery is used to power a series
circuit containing a light bulb and a motor.
A voltmeter placed across the bulb reads
4.0V. An ammeter in the circuit reads 3.0A.
a. vmatismemtﬁauﬁﬂmwm
~ the motor?

b meWxsmmm _
mhaﬁw :

. What is the power of the motor?

to measure the potential difference




Conservation of energy in a circuit

Consider a charge moving round the series circuit

in Figure 16a. As it moves round the circuit, it gains
energy from the battery and transfers energy as light,
movement and heat as it passes through the bulb,
motor and resistor. The principle of conservation of
energy tells us that the total energy transferred by
the charge must be equal to the energy it gained in
the battery. So the sum of the energy transferred by a
charge as it passes through each component must be
equal to the energy transferred to the charge in the
battery. (In practice, there would be a small energy
transfer across the connections and leads, but this
can usually be neglected.) The energy transferred to
each charge in the battery or power supply is known
as the electromotive force or emf. This will be
considered further in Chapter 14, So, because energy
is conserved, we can write:

The sum of the pds around a circuit is equal
to the sum of the emfs of the batteries
(or other power supply).

This is known as Kirchhoff's second law. It is
the principle of conservation of energy applied to
electrical circuits — it says, in simple terms, that the
energy gained by a charge as it passes through any
batteries or other energy sources is equal to the
energy transferred by the charge as it flows around
the circuit.

Mow consider the parallel circuit, as in Figure 16b,
where there are two possible alternative paths. The
potential differences across the two paths are equal.
Because the start and end points of the two paths are
the same, the potential difference must be the same,
whichever route is taken by the charge.

(a) Potential differences across series
circuits simply add up.

1.5V —
1.5v4 —
1.5v1 —
15V -[-

Figure 16 Fotentiol diference in ja) serfes and {b) paraliel circults

Potential diffarence m

QUESTIONS

12. a. What would the potential difference be
across each of the resistors in Figure 177
1.5V

0.30AY A030A

Figure 17

b. What current flows through
resistor R;?

¢. How much energy (in joule) is
transferred by one coulomb of charge
as it flows through

LR,
ii. R,
iii. R5?
d. How much energy (in joule) is
transferred each second in
L R,
ii. R,
iii. R
iv. all three resistors together?

e. How much energy (in joule] is
transferred each second by the cell?

{b) Potential differences across parallel
components are equal.

b -
=

pd=6V 6V t6v

— |1 1] 1
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Power, potential difference and current

The power delivered to a component depends on

the potential difference across the component and

the current through it, The definitions of current and
potential difference can be used to derive the equation
for electrical power.

w oW ,_Q
From P_[ V_D |f-4E
we get
_aqv 1tV
iy e
50
= |V

power = current x potential difference

The energy transferred by a component is power x
time, so

energy transferred E= IVt

This formula P = [V can be applied to any component
in a circuit, or to the whole circuit. For example, the
formula is important when selecting the thickness

of cable or the appropriate fuse. A fuse is a device
containing a wire that breaks when too much current
flows in the circuit, An electrical plug used in the UK
for mains electricity contains a cartridge fuse. This
must be of a type, or rating, suitable for the appliance
in use. The standard ratings for cartridge fuses in a
three-pin plug are 3 A, 5 A and 13 A. These are the
current values that will melt the fuse.

Worked example

A table lamp has an LED light bulb rated 18 W. What
size of fuse should be chosen for the plug?

The domestic mains voltage in the UK is 240 V, so the
current passing through the light bulb is

{=P . 1BW
-V 240V

The smallest possible fuse that will carry the reguired
current should be chosen, so a 3 A fuse should be used.

= 0.075A

QUESTIONS

13. Work out the current drawn by a 1400W
vacuum cleaner connected to the 240V
mains. What fuse would you use for the
vacuum cleaner?

14. Electric showers are high-power
appliances, typically 7 kW. Work out the
current supplied to an electric shower.
Why are electric showers not connected
via a standard three-pin plug?

15. Estimate the amount of energy used by
an electric toaster that draws a current of
5 A to make two slices of toast.

KEY IDEAS

3 The potential difference (pd), V. between two
points in a circuit is defined as the work done
[or energy transferred) per unit charge ;:casshlg

between the points, V = -'a-

» Potential difference is measured using
a voltmeter connected in parallel with
the component.

» Around any closed loop of a circuit, the sum of
the emfs provided by power sources is equal

to the sum of the pds across the components
[‘lﬂmhht#ﬁ'smmlimn]

» Electrical power, P=/V.

ASSIGNMENT 1: READING THE METER
(MS 1.1, PS 2.3, PS 3.3, PS 4.1)

Ammelers and voltmelers

Ammeters measure the current that flows through

a dircuit, so the circuit needs to be broken to put an
min The meter should not change the current
&ism‘k:mmmm ideal ammeter has zero
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resistance. Putting an ammeter across a battery is
effectively a short circuit; a large current will flow

K : iy ﬁﬁa&.nr-l.\ w Ja B ﬁi.e :
-pﬂmﬁal Mmammmﬁmm

should not allow any current to twvm the



component, so, ideally, a voltmeter will have infinite
resistance. Putting a voltmeter in series with the
circuit would effectively switch the circuit off.

There are two types of ammeter and voltmeter:

» Analogue meters use a moving coil attached to a
pointer that moves in front of a scale.

» Digital meters are electronic devices that have a
digital display,

Analogue melers

Analogue displays may seem old-fashicned but they
still have their place. It can be easier to get a quick
picture of the information from a set of dials than from
an array of numbers. When the reading is fluctuating,
for example when taking a measurement of the
potential difference generated by a wind turbine, you
may need to estimate its average value. This can be
easier to do with an analogue meter (Figure Al).

Fgure AT Anonoiogue metir

The uncertainty in reading the scale on an analogue
meter may be taken as the smallest scale division.
It is important to view the scale from the correct
position to avoid parallax errors (see Chapter 1),
Some meters have a mirror behind the scale. The
correct viewing position is where the pointer is in
line with its image, The meter may have a zero
error; this can often be corrected by turning the
adjusting screw with a small screwdriver.

A meter can cover different ranges, for example
with an ammeter by using different connections
or by adding resistors in parallel, called shunts.
A meter has to be connected so that the black

terminal is closest to the negative side of the circuit.

Digital melers
Digital meters (Figure A2) have replaced moving-coil
meters in most scientific work because they are

easier to read accurately. They usually, but not
always, give a more accurate and precise reading.

Er

Figure A2 A digital miultimeter can be used as an ammeter; a
voltrmeter o aresislance meter The dial in the cantre i used fo
select e correct finction and range

The uncertainty in a digital display is often taken

as +1 in the last displayed digit, though this is an
overestimate of their accuracy. The manufacturer's
data will often give the expected accuracy and the
resolution. For example, from the data in Table A1,
a reading of 32.4 (1 would have an uncertainty of
0.4%, which is 0.13 (1. The meter has a resolution
of 0.1 O on its most sensitive resistance setting, So
when we add these, the total uncertainty is 0,23,
giving a reading of 32.4 (+0.2) (0.

Voltage Current Resistance
{dc) {dc)
Maximum 1000 v 10°A [or 50 M2
reading 20 A for
- _ 20 s max.)
Resolution 1004V 00ImA 010
Accuracy  0.1% 0.4% G.ﬂ'f!i;__

Table A1 Mulisreter rontiaciirer's gata, The resolution s the
simiodiest piossibie change that the meter edn show That s+ in
thhe firal chight, e he imast serisitae setting. The accurdcy tells you
Ricwy clese ol can expect Your reading to be o the e value

It is important to select the correct range on a digital
meter. You should always choose the most sensitive
range possible, making sure that your maximum
expected reading is less than the maximum available
on the range. Typical ranges on the ammeter setting
might be marked 2 mA, 20 mA, 200 mA, 2 A and
20 A. These represent the maximum values of current
that can be read on each range. If you expect your
maximum reading to be 38 mA, you should choose
the 200 mA range. If you do not know the likely
maximum reading, it is good practice to start on a
high current range (20 A} and turn the dial down as
appropriate — you will blow fewer fuses that way!
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Questions

A1 If you were using the multimeter described above,

what would the uncertainty be in readings of
a. 0.5 mA

b. 100 V (assuming the resolution on this
range=0.1V)?

A2 The range switch is marked 600 mV, 6V,
60V, 600V, 1000 V. Explain what these
values indicate.

A3 The headlights on your car have stopped
working. How could you use a multimeter to find
the fault?

A4 A small potential difference arises when there is
a temperature difference between two junctions
of two different metals, This is known as a

13.4 RESISTANCE

NC I

a“__ 0 positive metal ion

= free electron

ol @ @)oo ||

0\0/0/0

Electrons break loose from their parent atoms,
leaving a ‘gas’ of free electrons in between paositive metal ions

Figure 18 free electrons i o metal

Metals are the most common conductors used in
electrical circuits. They have free electrons that can
move between the fixed, positively charged metal

ions. The free electrons move randomly at high speed
(Figure 18), rather like the molecules in a gas. But
when a potential difference is applied to the metal,

the negatively charged electrons accelerate towards
the positive connection. If they were in a vacuum, the
electrons would continue to accelerate unimpeded, but
in the metal they collide with the paositive ions (Figure
19). During each collision, some of the electron’s
kinetic energy is transferred to the lattice of positive
ions, increasing its vibrational energy. This raises the
temperature of the metal, If the energy transfer is large
enough, the conductor may get hot enough to glow
red, or even white. This is the basis of the incandescent
light bulb, as well as other electrical heating
appliances, such as kettles and toasters (Figure 20).

thermocouple. For a specific thermocouple,

you are told to expect a potential difference of
0.05 mV for every degree (°C], and at 20°C the
pdis 1.109 V.

a. What would be the uncertainty in this
reading [assume you have the voltmeter
described above)?

b. The temperature rises to 30°C. What
reading would you expect to get on the
meter? What uncertainty would the
reading have?

c. What change in voltage reading do you get
when the temperature goes from 20°C to
Z0°C? What is the percentage uncertainty
in your answer?

d. Comment on your answer to c.

I

electron path through a metal wire

Figure 19 When an efectnc current fows through a wirg, the molion
af o frea electron is mther ke a pinball making it foMUoUs way
through a pinball machine, undergoing many colisions on ifs way
The mnstontaneots velooly of an efectron i hundreds of Kilbmetres
per-second, but the average velodly of the electrons towands the
pasitne terminal, the ‘drift velocity’, /5 only a few millimetres per
Secaond,

Figure 20 Eizctrons flow through the nichrome nibbon that forms the
heating efement it a toaster Electrons transfer energy to the atoms in
the mchrome, which becomes very hot



e Ohm's law must be stated very cautiously:

QUESTIONS

16. “If the average velocity of electrons in an
electric current is only a few millimetres
per second, why do the lights come on
instantly when | press the switch?”

17. “If the electrons in this metal pen are
whizzing about at hundreds of kilometres
per second, why is there no electric
current flowing?"

18. Explain why increasing the current
through a wire makes the wire get hotter,

Resistance and Ohm's law

The collisions that occur between electrons and

the lattice of positive ions in a metal wire slow the
electrons and so reduce the total charge that flows
past any paint in one second. The wire is said to offer
resistance to the current.

A potential difference, V, is needed across a conductor
to maintain a current, /, through it. The ratio of
potential difference to current is the resistance of

a conductor:

. _ potential difference
resistance = SETET

Resistance is measured in the unit ohm (symbol (J;
a Greek capital omega), named after Georg Simon
Ohm, who showed (in 1867) that the current through
a metal conductor was proportional to the potential
difference across it. This simple rule holds for metals
and a few other substances, referred to as ohmic
conductors, but only under limited conditions.

The rule breaks down if the temperature changes.
Other physical conditions, such as light intensity,
pressure, strain and magnetic fields, can also affect
the resistance of some materials. There are some
light bulbs) for which the prﬂpurtionalit'i.}'dues not
work at all. These are called non-ohmic conductors
(see Assignment 2).

Provided that temperature and other physical
conditions remain constant, the current through a
conductor is proportional to the potential
difference across the conductor.

The relationship is shown in Figure 21,

I A

resistance wire at
constant temperature

—{__}—

=¥

0.0

Flgure 21 An chimic conductor ghies an (-V graph that & a stmight
line through the onigin.

Resistance is always defined as the ratio of potential
difference to current, R = = , even when the ratio

does not remain constant with changing potential
difference or current.

A resistance of 1 2 needs a potential difference of 1 V
to maintain a current of 1 A through it. Table 2 gives
approximate values of resistance for some conductors.

Electrical conductor Resistance

1 m of overhead power supply cable 0.00005-0.0005 (3
| m loudspeaker cable =005 0

1 m of AV [audio-visual) cable =50}

A loudspeaker T0

Light bulb filament [cold) 1002

Light bulb filament (hot) 150 &

Human body (hand to feet) 1 k(2

Voltmeter 100 MO

Table 2 Typical values of resistance

Resistors are components made to provide a fixed
value of resistance in a circuit. They come in all shapes
and sizes [Figure 22]. The cheapest type is a film of
carbon coated onto an insulator. These can range in
resistance from millichms to megohms, although they
cannot carry large currents. Other resistors are coiled
wire, which can carry larger currents without melting.
Variable resistors are also commonly used.
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Figure 22 Different types of resistor

Your resistance

The electrical resistance of the human body is given
as approximately 1 k2 in Table 2, but this is just a
typical value. The actual resistance depends on the
person, the path taken by the electric current, and
whether the skin is wet or dry. Suppose that a person
gets an electric shock from the 240 V mains. The
current passing through them could be

v 240
I'= 7= 1500 = 9-24A

This is enough to cause a painful shock, and possibly
enough to stop them breathing.

S e === - T
QUESTIONS

19. In a stereo music system it is important
that the resistance of the speaker cables
is low. Why?

20. Use the information in Table 2 on the
previous page to calculate the potential
difference across | km of power supply
cable when the current is 10A.

21. The potential difference across a heating
element is 4.0V when the current is
6.0A. What will the potential difference
be when the current is 9.0 A? What have
you assumed?
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13.5 CURRENT—VOLTAGE CHARACTERISTICS

Non-ohmic conductors have /-V graphs that are not
straight lines. We will consider the behaviour of

¥ an incandescent (filament] lamp
¥ a semiconductor diode.

The shape of the graph for an incandescent filament
lamp is shown in Figure 23a. The filament lamp is
clearly non-chmic since the resistance varies with
current. This is because of the temperature change as
the current increases.

A semiconductor diode has a very high resistance
below about 0.7 V, but a low resistance above 0.7 V.
The shape of the graph is shown in Figure 23b.

() {b)
Ik ld

semiconductor
filament lamp diode

- .

/ 0,0 v l 0,0 v

The lamp filament gets hot,
so Ohm's law does not apply.

Figure 23 The |-V graphs for fal o flament famp and [B) @
semiconductor diode Note ihar 1=V characterishics are usually,
Bt rot aiways, plotted with current on the y-auds. Be aware of this
especially if wou are asked (o calculate resisiance

Y

A dinde conducts electricity
in a more complicated way.




Currenl-voltage characteristics m

Most electrical components work in the same way
no matter which way round they are connected in a
circuit. However, a diode has the unusual property
that its polarity makes a difference — in other
words, it matters which way round it is connected in
the circuit. A diode is normally connected with the
cathode on the negative side of the circuit (Figures
24 and 25). This is called ‘forward-biased’ and

anode - cathode

anode /r.\ cathode
N
Figure 24 A diode fias a band marked on it ko mark the cathode

The circuit symibol for o diode clearly shows the direction of
conventional current condlicted by the diode.

s e )

-
Forward bias:

Q|9 S;“nijeucts ‘
A

BY BY
e i

Figure 25 Forward bias and reverse bios of o diade

Reverse bias:
7 diode does not
conduct

(e
=

carresponds to the upper-right section of the -V
graph in Figure 23b. A diode connected the opposite
way round is said to be ‘reverse-biased’ and it will
not conduct until the potential difference across it
reaches its breakdown voltage of 50 to 100 V — see
the lower-left section of Figure 23b. The diode will
then be permanently damaged.

Figure 26 shows different types of light-emitting
diode (LED), and the circuit symbol for an LED. Like

other types of diode, LEDs need to be forward-biased
to conduct. When they conduct, they emit light

of a particular colour. Figure 27 shows the /-V
characteristics for different colour LEDs.

The diodes are constructed from a semiconductor with
other materials added in a process called doping. The
doping affects the wavelength of light emitted, and the
I-V characteristic.

ARARIAR

Figure 26 Lighi-ermitting diodes [LEDs] and the circuit symbol

T
IRIIEN,

20

10

0 1.0 20 30 40 50 VY

FRgure 27 The -V characteristics for forsard-biased LEDs of
clifferent cofours

QUESTIONS

22. This question refers to the LED
characteristics in Figure 27.

a. What is the resistance of a green LED
at 2.0V?

b. What electrical power would the green
LED have at 2.0V?

¢. What would you expect to happen to
a blue LED if it was placed in a circuit
with a potential difference of 12V
-across it?

in
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d. A 12V supply is connected in parallel with
red, vellow and green diodes [see Figure
28). The resistors in series with each LED
are needed to limit the current through
the LED and so prevent it being damaged.

i
P12y
B red( * ye[luw green

Figure 28

i. The current through each LED is to
be limited to 20 mA. At this value of
current, what will be the pd across each
LED? (Refer to Figure 27.]

ji. Calculate the required value of each
resistor.

jii. The same LEDs are connected with a pd
of 2.0V across each one. What would
you expect to happen?

ASSIGNMENT 2: FINDING THE /-V CHARACTERISTICS OF ELECTRICAL COMPONENTS

MS1.1,M53.1, M53.2, M5 3.4, P5 2.2, PS
23, PS2.4 PS3.1,PS32 PS33,P54.1)

The aim of this experiment is to investigate how

the potential difference across a component affects
the current that flows through it, and therefore to
see whether a component is an ohmic or non-ohmic
canductor. We need to be able to vary, and measure,
the potential difference across the component and
measure the resulting current that flows through it.
A suitable circuit is shown in Figure A1,

vaniable supply
,' iﬂ :

connect component
here

e

@
\V)

Figure A1

The component we will consider is a 1 m length of
uninsulated nichrome wire. This must be prevented
from coiling up on itself and short-circuiting. The
wire can be taped to a meter ruler or made into a
coil by wrapping it carefully around a pencil. Since
it is important to keep the temperature constant,
spreading it out into a straight line on a ruler will be
a better solution, as it will help to dissipate the heat
ﬁusad byr the current through the wire.

is important to keep the current low, so as to keep
the tanmeraune constant. The resistance of 1.00m
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of 0.21 mm diameter nichrome wire is 31.5 (L.

So, to keep a maximum current of less than 0.2 A,
the potential difference will have to be

V=IR-0.2 x 31.5=6.3 V. We should aim to take
around 10 readings between 0 and 6 V.

Sample results are shown in Table A1.

Potential difference /V  Current / A

0.0 0.02

05 1 0.04

1.0 005

q5 0 0.07 STy
FHTRe. ] 0.09

25 on

30 R
35 . . O

40 0.16

45 0.18 oL
5.0 0.19

55 0.21

60 0.23

Table Al

Other components can be tested in a similar circuit.
An incandescent filament lamp will be marked with
its working potential difference and the electrical
power at that voltage. Wcally this will be (12 V,

36 W). Readings should be taken at values of

potential difference between 0 Vand 12'V.
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13.6 COMBINING RESISTORS

In many circuits there are combinations of resistors in
parallel and in series. In order to calculate the current
through the circuit, we need a way of calculating the
total resistance of a combination of resistors.

Resistors in series

The pd across the chain of resistors is the
sum of the pds across each of the resistors.

| total pd |
|- |
—
! I f /
Ry Ry Rz
e le Lo |
e 1w

Figure 29 Fotential difference across resistors in series

The same current passes through all resistors in a series
circuit. The potential difference across the whole series
is the sum of the potential differences across each
resistor (Figure 29). This arrangement could be replaced
by a single resistor of resistance R; that would pass the
same current for the same total potential difference:

; total pd
total resistance T

The total resistance of a number of resistors in series
is the arithmetic sum of the individual resistances.

Resistors in parallel

We can assume that the connecting wires in circuit
diagrams have no resistance. Therefore, the potential
difference across each resistor in parallel is the same

[Figure 30).

Combining resistors m

Parallel resistors have the same pd across them,
The total current / is the sum of currents through
each of the resistors.

Figure 30 Potentiol difference across resistors in paraflel

total resistance = m%%m

Rearranging,
v
| =
R,

But the total current [/ is the sum of the currents
through each resistor, Therefore, we find that

F=h+ldy+1y+-

g WL M
= R‘ e R! + F!_-i-
50
vV Vv VvV VvV
RERTR TR
Dividing throughout by V gives
1 1.1 1 .
T e L R — =l |
Ry R R, K,

For just two resistors, the formula
R =R
= R +R,

is often easier to use, but it does not extend simply for
more resistors.
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Worked example 1

A heater is to be made from 3 ) and 6 () heating
elements (A and B, respectively) operated from 12 V
battery. Different powers could be obtained by using
just one element or by combining the two in series or
in parallel. What would be the power in each case?

There are four possible values, as shown in Figure 31
and summarised in the table.

1single A 30 - M3 =43 W
2singleB 60 144/6 =24 W
Jinseries 6+3-90 144/9 =16 W
s I (O
bt s 7 ik
Ri=20Q 14472 =72 W
iR [
| — |
—1 | = |
A B
1 2
12V 12V
[+ |+
34l
30 62 II
A B [
3 B 4
12V 12
| lidi
|1 I3l
Figure 31

Worked example 2

Real circuits can consist of a mixture of series and
parallel elements. Suppose that a series arrangement
of resistors, say heating elements, is connected in
parallel with another heating element (Figure 32)
Calculate the current /.

heater elerrents

640
heater element
i &
T |

163

= 12N
i |

T -

-

Fgure 32 A series—paraliel combinaticn

First, deal with the series elements. These simply add
together, so the resistance of the top branch is 9 (0.

314

Then add the parallel parts together. The total
resistance is given by

1 ] 1
—_ = =
RT 1 E
_ 1 _1+9_ 10
“90 12 90 9
R; = E:_ﬂ =0.900
X
s0 I = R
12V
= 5904 - 13.3A
QUESTIONS
23. Find the current in each of the circuits in
Figure 33.

(&)

A = dimmer resistor, resistance set at 10 £
L = dashboard light, resistance 5 £2 at this setting
M = heater fan motor, resistance 30

Figure 33

24. Find the potential difference marked V in
each of the circuits in Figure 34.

— |51
w
=

- <




KEY IDEAS
» For resistors in series: Ry = B, + R; + Ry + -

S | sl e
Rkl ot e N Pl T ey

» For just two resistors in parallel: R, = R

13.7 POWER AND RESISTANCE

The batteries in an electric vehicle could all be
connected in series or in parallel. The total energy
storage in either case would be the same, but the
potential difference across the batteries would be
different. The series arrangement would lead to a
higher potential difference and would therefore be
more dangerous for service engineers (Figure 35),
because high voltages can cause severe electric shocks.
The same power could be delivered to the motor by
connecting the batteries in parallel. Since power is

P =1V, a lower potential difference would necessitate a
much bigger current. This current would cause heating
of the connecting wires. Would this be a problem?

To resolve this, we need to calculate the power
dissipated in the non-negligible resistance, R, of
the connecting wires. It is often convenient to use
equations that relate power and resistance directly.

We know that
P=IV and V = IR

¥

o
Lo

I ]

Tev

BxEV 1T Saidentical

=168Y | :
batteries

in series
motor (M)
4V

=

el ~ i =l

seres
Bgure 36 Alfernative bathery arrangements

Power and resislance m

Figure 35 ' need to connect fots of batteres together or use in o
protolype electnc oon Should | connect them ol in senes and risk
@ dangerously gl voltage? O woud it be better to put them in
paroiial, and have very high currents?*

Eliminating V gives
P=IxIR
P=1IR

Eliminating / instead gives

¥
P=Llwl

V?
e X

The alternative arrangements are shown in Figure 36,
Suppose that the wires connecting the battery to the
motor have a resistance of R = 0.005 () and that the
power reguired by the motor is 6 kW,

The & V battery modules could be connected
in series, giving an overall pd of 168 V, or in
parallel, giving an overall pd of 6 V. Energy
will be transferred as heat when a current
passes through the resistance, R, of the
conneacting wires.

24 identical batteries in paralle|

parallel

315



13 ELECTRICITY 1

In the series case, the potential difference of the E=—-— _—- —— —————— <+ -}
battery is 28 x 6 V = 168 V. To deliver 6 kW requires
a current of QUESTIONS

_P 25. The engineer suggests a compromise

=W arrangement of batteries in series and

_ Efgng _257A parallel, as shown in Figure 37.

a. Calculate the efficiency of energy

Then the power lost in the wires is transfer for the same system using this

arrangement of batteries.
P=IR b. Comment on the safety and suitability
= (35.7A) % 0.0050 = 6.4W of the proposal.

The efficiency of power transfer is Each cell has a pd of 6V

6000W - 6.4 W
6000W
= 0.999 or 99.9%

efficiency =

QiualTe

aanalR;

s ]
s [ Fe

In the parallel case, the potential difference of the
batteries is 6 V. To deliver 6 kW requires a current of

T—s

P
v
=§—qg3-ﬂ=lﬂﬂﬂﬁ

Then the power lost in the wires is
P=FPR
= (1000 A =0.005Q = 5000W

The efficiency of power transfer is:
6000W -5000W

efficiency = ——&500wW 13.8 RESISTANCE AND RESISTIVITY

=0.167 or 16.7%

: : 3 The resistance of a length of wire depends on its
It is clear that the series arrangement is preferable, length, /, and its cross-sectional area, A. Using the

d?SPitE'mE risfl;i E'ff elecﬂ;i;shm:k‘ The Eergm?tic model of resistance arising from collisions between
ggfg:ance in efficiency (18.7% m‘:?’a : Lo _ electrons and lattice ions (section 13.4), we can
.9%) could be overcome by making the connecting deduce the following (Figure 38):

wires much thicker, but this would add weight and
cost more, ) Resistance is proportional to length, because

doubling the length would double the chance
of collision for any given electron (think of two
identical resistors in series):

R =

» Resistance is inversely proportional to cross-sectional
area, because doubling the area would double the
number of moving electrons, thereby doubling the
current and halving the resistance (as with two
identical resistors in parallel):

1
R“H




> ———
3
=
= ——————— -
8
Tl
=
o
g o ——————
"
L)
b
o
£ ™ — -

Figure 38 Resistance and dimensions

Combining these relationships gives

!
Roc?‘;-

We can write this as

/
R=px;

where pis a constant called resistivity, which
depends on the material used and on the temperature.

Ifyou set =1 mand A= 1 m?, then the resistivity,

2. can be thought of as the resistance of a standard
size sample of material of unit length and unit area of
cross-section. Rearranging the equation above gives
an equation for resistivity p:

RA
o
Resistivity has the unit QO m.

Good conductors are bad resistors and vice versa.
We sometimes talk about 'conductance’, which is the
inverse of resistance, and when comparing materials
use the concept of conductivity:

conductivity = FeSStVItY

Conductivity has the same unit as %. thatis, Q7' m=1,

but instead of this the unit siemens per metre, S m™',
is used. (The siemens is the unit of conductance,
(2!, originally given the name ‘mho’ (‘ohm’ reversed)
but renamed after the German scientist Werner

von Siemens.)

Table 3 gives typical resistivity values of different types
af material.

Order of magnitude of

Type of material resistivity / 0 m

Resistance and resistivity m

Metal 107
Semiconductor -104
Insulator =101

Table 3 Typical resistivityy values

Worked example 1

Nichrome wire can be used in a heating element for a
toaster. A 100 cm length of wire of diameter 1.22 mm
has a resistance of 0.50 0). What is the resistivity

of nichrome?

Area = mir!
=1 -(0.61-10"m)®
=1.17-10%m?
50
RA
=
0500 %x1.17x10°m?
- 1.00m
=58x%x1070m

Worked example 2

We can use values of resistivity to evaluate alternative
materials for use in connecting cables. Suppose the
connecting cable from a storage battery in a solar cell
array to a house is 3.5 m long. The wire must have

a resistance of less than 0.001 0. How would the
diameters and masses of copper and aluminium wires
compare? [See Table 4 for data.)

Material Resistivity/(0m  Density / kgm™?
Copper 1.7 %10% 8930
Aluminium 2.7x10" 2;1'10

Table 4 Resistivity and density data

For copper:

= ...|=£

_1L.7x10%0m x3.5m
0.0010

=595x10°m’

and
A=T1r

;  5.95x10°m?
F i — R —
mn
r=0.00455m

50 diameter = 0.0087m = 8.7mm
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Also I s = e =

mass = density % volume QUESTIONS
= 8930kgm™® x5.95x10"m’ x3.5m

- 1.9kg 26. a. Two connecting wires, X and Y, are

made of copper. X is twice the length of
Y and it has twice the diameter. Which
wire has greater resistance?

A= b. Calculate the resistance of Y if it
_2.7x10°Qm x3.5m is 2.00 m long and its diameter is

Similarly, for aluminium:

0.90 mm. (Refer to resistivity data in

=95x1 Sf::ﬂ Tane )
¢. What is the resistance of X?
giving radius = 0.0055 m, diameter = 11 mm and 27. A sample of resistance wire has a
mass = 0.90 ke. resistivity of 5.00 x 10~ Q mand
The poorer conduction of aluminium can be a diameter of 0.50 mm. Calculate
compensated for by making the aluminium cable the length of wire needed to make a
about 25% thicker than copper cable. The aluminium resistance of 10.0 Q2.

cable would still be lighter. Although this results in

a mass saving of more than 50%, the manufacturer
would need to take into account the cost of
manufacture and other properties (ease of connecting,
flexibility, corrosion resistance, etc.) of the materials
before making a decision.




REQUIRED PRACTICAL: APPARATUS AND
TECHNIQUES

Determination of the resistivity of a wire
The aim of this practical is to measure the resistivity of
a metal, in the form of a wire, Since

R:Pk’i

a series of readings of resistance, R, for different
lengths of wire, /, will allow a graph to be plotted
of resistance (y-axis) versus length (on the x-axis).
This should vield a straight line, with a gradient
that is numerically equal to o/A. A measurement
of the cross-sectional area, A, of the wire will allow
calculation of the resistivity, .

The practical gives you the oppartunity to show that
you can:

} use appropriate analogue apparatus to record a
range of measurements (to include length/distance)
and to interpolate between scale markings

¥ use appropriate digital instruments, including
electrical multimeters, to obtain a range of
measurements (to include current, voltage
and resistance)

» use callipers and micrometers for small distances,
using digital or vernier scales

¥} correctly construct circuits from circuit diagrams
using DC power supplies, cells and a range of
circuit components, including those where polarity
is important.

Apparatus

The circuit in Figure P1 is used to measure the
resistance. A micrometer screw guage such as that in
Figure P2 is used to measure the diameter of the wire.

Required practical m

Refer back to Figure 11 in Chapter 1 for a reminder of
how to read the scale,

Figure P2 A micromeler screw gauge

Technique: Measuring resistance

In order to measure the resistance of the metal wire,
you need to measure the current through the wire and
the potential difference across it. A variable resistor

is used to vary the potential difference. If you choose

a value that is too low, it may lead to significant
uncertainties in potential difference and current. If you
choose a value that is too high, the current will cause
heating in the wire, which will affect the resistance.

The procedure is to set the crocodile clips 1.000m
apart (Figure P1) and take readings of the current
and potential difference, The ratio of these readings
Vil gives the resistance. The clips are then moved to
0.900m apart and the readings are repeated, This
process is repeated down to 10 cm or so, taking care
to adjust the potential difference to limit the current.

When there is only a short length of wire between the
clips, the current could be large, which could cause the
wire to get hot. This is a safety hazard with a risk of
burning your fingers. In extreme cases, the wire could
melt rapidly and spit, so goggles should be worn.

It is sensible to repeat the whole process several
times, since there is a random error in reading the

P
)

1.000 m \
fichrome wirg (T
.

—

variable resistor

..-.|%

battery L

voltmeter

Figure P1 The arrangernent and the circuilt. The nichirorme wire is attoched to a metre rule, for example
With crecir stickyy tape, and with o crocodile chip at each end, The length of wire between the crococtite clips

shenild beexactly 1.000 m.
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13 ELECTRICITY 1

Length/ m Current/ A Potential difference / V Resistance /1
+0.00Tm +0.01 A +0.1V {imean value)
1 2 3 1 2 3
1.000 030 0.31 0.34 10.1 9.9 100 |316
Tabie P1

length between the crocodile clips, and the resistance A graph of resistance against length is drawn. A
of the connections that are made may vary each time. sample one is shown in Figure P3.

A possible structure for the results table and a sample
first set of results is shown in Table P1.

Resistance against length for nichrome wire
35

30 A

25+

20 4

15

Resistance /(3

10

0 0.200 0.400 0.600 0.800 1.000 1.200
Length / m

Figure P3
Technique: Measuring cross-sectional area

Several readings of the diameter of the wire should be QUESTIONS

taken using a micrometer (Figure P2). Some sample P1 Calculate the gradient of the graph in
readings are shown in Table P2, The readings were Figure P3

taken at three different points along the wire and in

; S P2 Find the mean cross-sectional area of the
two perpendicular directions.

wire from the data in Table P2

P3 Use these values to calculate the resistivity

Diameter / mm e S
N of nichrome,

020 0.18 0.22

= — _— P4 Estimate the uncertainty in your value for
0.13 0.20 0.24 the cross-sectional area,
Table P2 P5 Estimate the uncertainty in your value for

the gradient of the graph.

Re-state the resistivity of nichrome,
complete with your estimate of its
uncertainty,




Practice questions
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ELECTRICI

PRIOR KNOWLEDGE

)

You will be familiar with the concepts of current
potential difference and resistance. You will know
how to use meters to measure these in a circuit, and
will understand the difference between series and
parallel circuits.

LEARNING OBJECTIVES

In this chapter you will learn what is meant by the
electromotive force of a power supply and the effect of
its internal resistance. You will learn about the effect of
temperature on the resistance of circuit components,
and about the design and applications of potential
divider circuits. You will also meet the concept

of superconductivity.

(Specification 3.5.1.3 part, 3.5.1.5, 3.5.1.6)
A satellite photograph of the Earth at night {Figure 1) is

an illuminated map showing the distribution of electrical
power in the world. Europe and the USA are ablaze

with artificial light. Africa is largely dark. Throughout
much of that continent electricity is a rare and valuable
commodity. In east Africa, less than a quarter of

the people in Kenya, Rwanda and Tanzania have an
electrical supply, while in sub-Saharan Alrica as a whole
600 million people have no access to electrical power.

Solar pawer could change all that. Small-scale
installations of photovoltaic cells [Figure 2) coupled
with rechargeable batteries have a huge impact on
village life in rural Africa. As well as providing light at
night, solar panels also provide power for irrigation
pumps that deliver clean water. This improves the
village crops, reduces the risk of disease and relieves
women of the daily burden of carrying water.

i e e —

;ﬁ

Some experts predict that solar power will be

the world's number cne method of generating
electricity by the year 2050. African sunshine may be
contrnbuting to UK electrical power long before that,
A scheme to generate 2 CW of electrical power from
a huge Tunisian solar power plant has been proposed.
This could be supplying 2.5 million British homes

by 2017,




14.1 ELECTROMOTIVE FORCE AND INTERNAL
RESISTANCE

All electrical power supplies produce a potential
difference between a pair of terminals, when
connected into a circuit. A typical AA cell claims a
potential difference of 1.5V at its terminals, and, if
you measure the potential difference supplied by a
new cell with a digital voltmeter, it will read 1.5V.
But this is true only when the cell is not being used
to supply a current. As soon as the cell is connected
into a circuit, perhaps to light a torch bulb, the
potential difference shown on the voltmeter will
decrease (Figure 3). It seems that some potential
difference has gone missing. This is often referred to
as the "lost volts.

V=15V

L L
\ |

& —

Fgure 3 When the switch s apen, no cument flons and the vollmeler

recids 1.5V When the switch is closed, current flows and the
voiltrneter reading decreases to 1.3V

The ‘'missing’ potential difference (pd) is across the
resistance of the cell itself. It is not possible to make
a power supply (a cell or generator, for example]
that does not have its own electrical resistance.

This is known as the internal resistance (r) of the

power supply.

An ideal power supply produces a potential difference
that we call the electromotive force or emf [see
section 13.3 of Chapter 13). It is this emf, symbol £,
that gives each coulomb of charge the energy required
to keep the current flowing:

“E

¢=3
where £ = emf, E =energy transferred to charge
and Q = charge. However, when current passes

through any real power supply, it transfers some
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energy by heating the internal resistance of the cell.
So, although we cannot measure it directly, there

is a potential difference V, . across the internal
resistance. The potential difference that we can
measure at the terminals, V. is less than the emf
of the cell:

V

o T V

int res

When the current through the cell is /, the potential
difference across the internal resistance is equal to Ir,
and therefore

Vi = E— I

In circuit diagrams and calculations, we can treat a
real power supply as if it were an ideal power supply,
of emf &, in series with an internal resistor, r, as in
Figure 4.

In a battery, this would i
be the resistance of (i
the plates, terminals

and electrolyts,

internal resistance, r [] .

This 15 the enengy per { emf, £

coulomb transferred in
the chemical reaction
inside the battery.

Figure & Internail resstance and e

If a supply produces a current / in an external circuit of
total resistance R (as in Figure 4), then V= /R and
the equation V., = & = Ir becomes

e
IR=E-Ir
or
E=IR +1)
which is
E=Vim + Viners

This is a statement of the conservation of energy in
the circuit, or Kirchhoffs second law (see section 13.3
of Chapter 13).

The terminal potential difference of the power
supply, Vi, depends on how much current, /,

is flowing. The larger the current, the larger the
potential difference across the internal resistance,

Ir, and therefore the lower the potential measured
at the terminals of the power supply. The potential
difference measured at the terminals is only exactly
equal to the emf when there is no current flowing.
Table 1 summarises the differences between emf and
terminal pd.

. T




Electromolive force and internal resistance

Emf Terminal pd
Meaning, energy per coulomb  energy per coulomb
interms of  produced by cell delivered to crcuit
energy (power supply) components
How it is voltmeter reading voltmeter reading
measured across cell terminals across cell terminals

when no current is
Flowing

when current is
flowing

Table T The differences between emi and terminal pd

Worked example 1

The service battery in an electric vehicle is used to
operate the lights, fans, radio, etc. [see Figure 5).

‘-
45 A
itch
FaR switches
fan
_E_ lights heater
| Q

service battery
Figure 5

The current through the service battery varies, depending

on which devices are switched on. Suppose 4.5 A flows
through a battery with an internal resistance of 0.2 (0
and an emf of 12 V. How efficient is the battery at
transferring energy to this current?

We have
v

Ingres

=Ir
=45A x0.20
= 0.9V

and

Vo = €=V

Intres

=12V -09YV
=11.1V

For every coulomb of charge that flows through it, the
battery produces 12 J, but only delivers 11.1 1. The
efficiency is therefore

efficiency = 11—12—]i = 0,925 =925%

14.1

Worked example 2

A photovoltaic cell (solar cell) acts as a source of
emf. The potential difference measured across the
terminals of the cell is 5.0 V when 1.2 mA flows
but drops to 1.8 V when 3.0 mA flows. What is the
internal resistance of the cell?

Using E= V,

) term
two equations

E£=50+00012xr
£=18 + 0.0030 =r

+ Ir for the two situations, we have

Eliminating £ from these gives

E0+00012%xr=18+0.0030xr
50-18=00030xr-0.0012 %r
32=00018 % r

and so the internal resistance of the cell is

32
0.0018

=177701 = 1.8k

QUESTIONS

1. a. Acell has an emfof 1,2V, Itis used
to provide a current of 1.0 A, How
much energy will the cell transfer in
one minute?

b. If the cell has an internal resistance of
0.1 (3, what will the potential difference
at the terminals be?

¢. What is the efficiency of energy transfer
to the drcuit?

2. You may have noticed that the headlights
go dim and the stereo fades when the
starter motor of a petrol-engined car is
switched on. Explain why this happens.

3. The current through an electric vehicle's
main storage battery is 120 A, the
terminal pd is 168 V and the internal
resistance 0.1 ), What is the emf?

4. A car battery delivers 112 W of power to
a 7.0 () resistor. The emf of the battery is
30 V. What is the internal resistance?

325



14 ELECTRICITY 2

ASSIGNMENT 1: INVESTIGATING THE EFFICIENCY OF ELECTRICAL

ENERCY TRANSFER
(MS 3.1,M53.2, M5 3.9, PS2.2, PS 3.1, PS 3.2)

When a power supply delivers current, some energy

is transferred as heat in its internal resistance, This
energy is dissipated within the power supply, and is not
available to be useful in the external circuit. Thisis a
source of inefficiency. Whether we are using a battery
to power a torch, an amplifier to run loudspeakers,

or a generator to drive a pump, we want to make the
energy transfer as efficient as possible, and to minimise
the energy wasted in the intemnal resistance.

We can model the real situation by the circuit
in Figure A 1. The load resistor R represents the
intended application.

()

=

i

— Y
=TEERE, 4

Figure AT

Rearranging the previous equation for the emf, the
current in the circuit in Figure Al is
AR
[R+r)
The power dissipated in the internal resistance is

fr= rx—sz
(R +r)

The power in the external resistor is

P=R :n:"'::—z
(R+r)
We want to find out how efficient our circuit will be
in delivering power to the external resistance. |s
there an optimum value for R? There is more than
one way to tackle this problem. We will consider
two methods.

Method 1 asks you to make a mathematical model
using a spreadsheet.

Method 2 involves calculus to find the maximum
value of a function. If you are studying A-level
Mathematics and you have used the quotient rule
for differentiation, read through this method.

Method 1: Using a spreadsheet and

a graph _
The power in the external resistor is given by

P=REUR + 1)?

The variation of P with R can be modelled by using
a spreadsheet to carry out many calculations

with different values of R. This is your task in

this assignment.

Questions

A1l Setup a table in the spreadsheet, as shown
in Figure A2, with one column for external
resistance R and one for power P. Put values
for R into column A and put in column B
the formula for the power in R. You also
need to put in values for emf £ and internal
resistance r. Here these are in cells E3 and
E2. Experiment with the values of R, £and r.

—

A B C D E
1 External resistor R Power in R Gradient
2 10 =(SES3Y “A2/([A2 + SES2)"2) = [B3-B2)/(A3-A2) II'ItRE'S_ 50
3 20 =(5ES32)*AS/{[A3 + 5E52)" 2] = [E'{I-'_BS}"[.'H\'EP.‘!\.SJ EMF 12
T | 30 =(5ES 37 " Adl{[AG + SES2)" 2 = [B5-B4)/(AS-A4)
“5_ &0 = (SE$3%) " AG/(AS + BES2)" 2] = [B&-B5)/(AG-AD) i

Figure A2 Cell references with' S signs in them are absolute; they alwaus refer to the same cefl, Cell references without $ signs

in rﬁem are felative.

326



A2 Find which value of R gives the maximum
value of power by plotting a graph of
power P versus resistance R. Use the
spreadsheet to plot a scatter graph of
column A against column B. If there is
a 'best’ value for R, where the power in
R is a maximum, the graph will change
direction at that point, and the gradient
of the graph will be zero. (See Figure A3
under Method 2 below.) A third column of
the spreadsheet, column C, can be used
to calculate the gradient. This is done by
finding the difference in the y-value (in this
case B) divided by the difference in the
Xx-value (in this case R). Look in this column
for the sign of the gradient changing from
positive to negative,

A3 What is the condition for maximum power?

A4 What are the practical implications of this
result? For example, what would it mean for
an amplifier driving a loudspeaker?

Method 2: Using calculus
Stretch and challenge

We need an equation that links the useful power, P,
to the value of the external resistor, R, We can then
differentiate this to find out how P changes as R varies.

In calculus, dP/dR is the rate of change of P with R.
This is the gradient of a graph of power (y-axis) against
external resistance (x-axis). We are looking for the
value of R that makes P a maximum. At the maximum,
the gradient will be equal to zero (Figure A3),

Vi

maximum

¥

gradient= 0

= gradient = 0

gradient minimm

Bgure A3 The rote of change of aiunchion 5 zere al armaamim
and at arminimue,

We differentiate the expression for power in the
external resistor using the guotient rule. This rule is:
ify= £ where uand v are functions of , then

dy _ vdu/dx — udv/dx
de ve

So in our case
dP vdu/dR —udv/dR

darR = Ve
Start with the expression for power:
- _RE
(R+ry

We put u=RE? and v = (R + 2. Then

dP _ (R+ Y€ -2RE’ R +1)
dR (R+r)

The expression for dP/dR will equal zero at a
maximum (Figure A3). Equating dP/dR to zero gives

R+ N261=2REZR + 1)
Cancelling the commaon factors gives
(R +r=2R
R=r
This is the condition for the power to be a maximum.

A further challenge

Actually, from the maths above, when R = r, leading
to zero gradient, the power could be a maximum or
a minimum (see Figure A3). To confirm that it is a
maximum, we need to consider the gradient of the
curve on either side of the point where R =r. If the
gradient is positive for R < r and negative for R > r,
the graph will have a maximum at R = r. We
examine the sign of the gradient when the
resistance R is a small amount, Ar, more than or
less than r. Thus

dP _ (R+rVE -2RENR + 1)
dR (R+r)

For R < r, R=r— Ar, the gradient is

dP _ (r=Ar+ P& - Ar —Ar)E(r = Ar +7)
dm [r=ar+/s)

gradient =

This is positive if
(2r — AN?E? > 2(r — AnE?(2r - Ar)
Cancelling common factors gives
(2r=An > 2{r- AN
2r—Or > 2r=2A0r

which must always be true, so the gradient is
positive here.
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Measuring the emf of a cell

The emf is equal to the terminal potential difference
when there is no current. When a high-resistance
digital voltmeter is connected directly across the
terminals, the terminal pd measured will be almost
equal to the emf. A digital voltmeter might have a
‘lead-to-lead’ resistance of 10 M(), Suppose this
was used to measure the potential difference at

the terminals of a rechargeable cell, emf 1.2 V and
internal resistance 30 m{l.

E=12V

r=30mi

—

O

R =10ME52
Figure 6 Measuring the pd across a cell an open circurt

The total resistance of the circuit (Figure 6) equals
10 MY + 30 mQ), which is effectively 10 M(), so the
current through the circuit is

’s%ﬂuﬁﬁi‘ﬂ‘z x 107 A
The potential difference across the internal resistor is
therefore

Virl m—.-.'r:].: x 1077 x 30 x 10°%
=36 = 10%Vor3.6nV

This is a difference from the true reading of only
3 % 1077 %,
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QUESTIONS

5. a. What would the percentage error be if
the digital voltmeter used in Figure 6
were used to measure the emf of a solar
panel (a series of connected solar cells)
whose emf is actually 21.5 V with an
internal resistance of 6.9 (17

b. An analogue voltmeter is used instead,
so as to observe a changing potential
difference. It has a resistance of 200 (0.
How would this affect your answer to
part a?




REQUIRED PRACTICAL: APPARATUS AND
TECHNIQUES

Investigation of the emf and internal resistance

of a cell

The aim of this practical is to find the value of the emi

and the internal resistance of a cell, by measuring the

variation of terminal pd with current.

The practical gives.yoll the opportunity to show that

YOou Carg .

¥ use appropriate digital instruments, including
electrical multimeters, to obtain a range of
measurements [current, voltage)

¥ correctly constriet circuits from circuit diagrams
using DC power supplies, cells and a range of
circuit components, inCluding those where polarity
is important

¥ design, construct and check cireuits using DC power
supplies, cells, and a range of circtif components.

Apparatus
The circuit shown in Figure P1 is used.
| emfe o,
Sy B
\ e D
ey variable
& V KE 4 resistor
N
{ A
g

Figure P1 The circuit

It is not essential to use digital meters, although these
are likely to give higher precision. The variable resistor
R i5s a rheostat {Figure P2).

Figeire P2 A thiessial Bas o Siding connection o vary the armount of
resniance wire in the clroiat,

Technique

The current through the circuit is varied by altering
the variable resistor. A series of readings is taken of
current, [, and terminal potential difference, V.

The circuit should be switched off whenever readings
are not being taken. This is particularly important for
low values of the variable resistor. This is because a

Reguired practical

relatively large current is flowing in the circuit, which
will have two effects:

¥ The current will tend to heat upsthe internal resistor

and change its resistance,
» The battery may begin to run down, which would
also increase its internal resistance.

MNote that the internal resistance of a rechargeable cell
can be very small. If such a cell’s terminals were to be
short-circuited, perhaps with a piece of copper wire,
this could lead to a very high current. It is possible
that the cell might become so hot that the casing
might burst quite violently. In this case, or in any case
where the electric current is large, it is a good idea to
connect a fixed series resistor into the circuit, thereby
limiting the maximum current.
Comparing V = £ — Ir with the equation of a straight
line y =mx + ¢, we see that if V is plotted on the
y-axis and [ on the x-axis, the graph should be a
straight line with gradient —r and intercept &.
The readings shown in Table P1 were taken using an
AA cell.

Current /A  Terminalpd/V
0.75 0.75
0.50 1.00
038 1.13
0.30 1.20 |
0.25 1.25 ]
0.21 1.29
0.19 1.31

0.17 1.33 ]
0.15 1.35
0.14 1.36

Table P1

QUESTIONS

P1 Plot a graph using the data in Table P1 and
use it to calculate the emf, £ and the internal
resistance, r.

P2 Estimate the uncertainty in the readings of

current and potential difference.

P3 This experiment could be carried out for
any power supply, If you were to do this
experiment to find the emf and internal
resistance of a solar [photovoltaic) cell,
explain what further steps you would need to
take to get repeatable results.
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14 ELECTRICITY 2

14.2 RESISTANCE AND TEMPERATURE 2 T

A solar cell, or photovoltaic cell, transfers light 10.0 - Vi
energy to electrical energy [Figure 7). The electrical platinum
power output depends on the intensity of light

energy falling on the cell each second. The efficiency
of the energy transfer depends on the type of

cell and the conditions. Solar cells become less
efficient at higher temperatures. One reason for
this is that the electrical resistance, particularly of
the metal wires and connectors, tends to increase

-
with temperature. / P o = ol

i ——

2.0 —F =

8.0 /

/ aluminjum _~T
4.0 7

Resistivity / 107 Gm

0 100 200 300 400 500 &0d
Temperature / K

Figure 8 Change in resisovity with lemperature for different metals
Nete that the sceale on the X-0x1s Shows absonile lermperciure (3ee
saction 14.4), that is, in kehin (K] rather than degrees Celsius [°C)
Remember that to comvert from Gelsius to kelvin, wou must add 2 7.3
A change in femperature of [ °C s exactiy equialent o a change
of | K

Fgure 7 The iatest solar panels [arrays of sofar cells) can achieve
efficiencies of up to 46% under ideal conditions

6. Use your knowledge of metals and the

Resistivity in metals is caused by the interaction graph in Figure 8 to support your answers
of moving electrons (the current) with the fixed to the following questions.

positive ions of the metal. As the temperature a. Which metal would you choose as a

of the metal increases, the electrons lose more connector in an electronic circuit? Explain.

energy in these interactions, so the resistance
of a metal component will increase as it gets
hotter. The relationship is approximately linear,
that is

b. Which metal would you use as a
temperature sensor in an electrical
resistance thermometer? Explain.

change in resistivity = change in temperature

R e —— Tl = — = = =7
This holds for most metals, at least for small

temperature changes, although the change in KEY IDEAS
resistivity per unit temperature rise depends on the 5 The resis of metals | £ot 3 the
particular metal (Figure 8). b m'mimm tl'.le e
electrons lose more energy in collisions with
positive ions.
» For a particular metal,
change in resistivity = change in temperature
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ASSIGNMENT 2: INVESTIGATING THE CURRENT SURCE THROUGH
A FILAMENT LICHT BULB

(MS 0.1, MS 0.2, MS 0.4, MS 0.5, MS 1.1, MS » The small cross-sectional area [remember that
1.4 MS23 MS31, MS35 PS1.2,PS2.1,PS R = pl/A). The wire used has a diameter of less
3.1,PS$3.2) than 50 pm.

¥ The very high operating temperature. The
filament of an old-fashioned light bulb is
probably the hottest thing in your house. The
working temperature is around 2600 °C (around
2900 K).

Questions

Al The resistance of the light bulb described
above is measured with a multimeter on
the resistance setting, when the bulb is off,

, and found to be 45 (). Estimate the rate

Figure A1 Fiament bulbs sometimes hunm’ The coils genertie of change of resistance with temperature

magnetic fiekds, which can set the filament vibrating. for the tungsten filament, that is, (change

in resistance)/(change in temperature],
assuming this is linear. This will be in

units of ohm per degree Celsius ((2°C™)

The current that flows through the tungsten filament

of an incandescent light bulb (Figure A1), when . £
r¢h vin (C2 K='), whi

it is working normally, at its stated potential and ':x;,ﬂr;: :::li:ent[ il

power output, can easily be calculated. For a 100 W j

incandescent light bulb that is designed to operate A2 Someone suggests using the filament, with

in a UK home, a resistance meter, as a thermometer. What
e Fﬂ“'_’f | _p i 100 i do you think of the idea?
potential difference V=~ 240 A3 Using the figures given above, calculate the
resistivity of tungsten at
The resistance is then
a. room temperature (bulb off)
R - _‘}’: .g% - 5800 b. its operating temperature (bulb on).
When the filament light bulb is first turned on,
This high resistance is due to several factors: its resistance is low, and a large current will flow,
» The surprisingly long length of the filament. up to 10 times the current that flows when the
There Is arcund 1.5 m of tungsten wire in a bulb is at working temperature, This transient
standard 100 W light bulb. It is formed into a coil ~ €Urrent surge can be investigated using a data
of more than 1000 turns, so that it will fit in! logger in conjunction with a current sensor (see
G Figure A2),
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14 ELECTRICITY 2

poterntial
divider

current
SBNs0r

to computer

:

The range of the current sensor has to be chosen
carefully. As always, the most sensitive range
available is preferable, though the current through
the bulb must not exceed the maximum on the
chosen range. Remember that the initial surge
current might be 10 times the steady current.
The sampling rate needs to be chosen. The
interesting part of the experiment is over

in less than two minutes, and the samples
should be around 10 ms apart. So the memory
in the data logger needs to hold about

2 x 600 = 100 = 12 000 data points.

Questions

A4 Figure A3 shows the results of two
experiments to monitor the current through
a bulb as it is switched on in a mains (240 V)
circuit. Describe and explain the common
shape of the graphs.

A5 The two graphs in Figure A3 show the
transient behaviour of two filament bulbs
of similar construction, though they have

o Lo
data logger i

Figure A2
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............................................................................................................

4 100 W bulb
3
5z
E
=
i
------------------------------ 0.43 A
U T T T T T L
1] o.M 0.02 0.03 0.04 0.05
Time /s
500 W bulb

0 0.02 0.04 0.08 0.08 1.0
Time/s

Fgure A3 The current surge through two different filament Bulbs

different electrical power ratings. What are
the differences between the two graphs?
Can you suggest any reason for the
difference in behaviour? You should make
your answer guantitative.

A6 When incandescent bulbs fail, that is, the
filament breaks, it is often in the first second
after turning them on, Suggest why this
might be.

A7 Owen suggests that the initial current surge
is wasteful and expensive in terms of the
greater amount of electrical energy used.
He says that it would be cheaper to leave
the lights switched on all the time. Do some
quick calculations to persuade him that he
is wrong!




14.3 SEMICONDUCTORS

Materials that are good electrical conductors, such
as metals, have charges that can move relatively
freely. Insulators, such as glass or ceramics, have
no mobile charges, There is an intermediate class
of materials in which there are a limited number
of mobile charges. Materials such as these are
known as semiconductors. Examples are silicon
and germanium.

Table 2 shows the resistivity of various materials at
room temperature,

Material Resistivity / (0 m at 20 °C
Silver 1.59=10-8

Copper 1.68x10°8

Gold 244 % 10-8

Aluminium  2.82x10°8 i
Tungsten 560108 g
Platinum 1.06 =107 E
Constantan ~ 4.90x 107

Nichrome 1.10=10-6

Gallium 1.00x10-%to 1.00 x 108 2
arsenide g
Germanium  4.60x 10! E
Silicon 6.40x 107 E
Drinking 2.00x 10' to 2.00 x 103

water

Deionised 1.80= 105

water

Glass 10.0 % 10'° to 10.0x 10'* E
Hard rubber 1.00x10'% =
Wood (oven  1.00x 10'% to 1.00x 10'6 E
dry)

Air 1.30x 10'® to 3.30 x 106

Table 2 The resilivity of some materials at a temperature of 20 °C

As a semiconductor is heated, some of the vibrational
energy is transferred to atomic electrons, some of
which become free to move through the material.

As the temperature increases, the number of mobile
charge carriers increases, so the resistivity of a
semiconductor tends to decrease as the temperature

Semiconductors

increases. The rate of change in resistivity with
temperature is much greater than that for a metal
(that is, it is a large negative number).

Thermistors

Semiconductors are used to make electrical
components called thermistors (Figures 9 and 10).
These are resistors designed to change their resistance
with temperature. Thermistors whose resistance drops
as temperature increases (Figure 11) are known as NTC
(negative temperature coefficient) thermistors.

Figure 8 Some different types of thermistors

A

Figure 10 The circuit symbol for a thermistor

Effect of temperature on resistance

1000
800
thermistor C
- thermistor B
S 600
[= ¥
=
B
a
g 400 \ \
khenni'smrﬁ-. \pl_atinum \
500 wire
' \..__________ '-‘____________—_—
0 50 100 150

Temperature / °C

Fgure 11 The fall in resistance of different NTC thermistors with
temperaivire, and the rise in resistance of platinum melal o
comparison
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There are several important uses for NTC thermistors:

) as thermometers, in cars for example, to check that
the engine coolant is not overheating

» as thermostats in domestic appliances, such as
fridges, toasters, hairdryers and coffee makers, to
sense and control the temperature

¥ in circuits to prevent a current surge when the
circuit is first turned on, because NTC thermistors
have a high resistance when they are cold, but as
current flows through the thermistor it will heat up.
its resistance will drop and more current will flow.

Light-dependent resistors (LDR)

There are some semiconductors, including silicon
and germanium, whose resistivity depends on the
intensity of the light to which they are exposed.
Electrons in the semiconductor absorb energy from
light, and, as the light intensity increases, more

electrons become mobile and the resistivity decreases.

A circuit component designed so that its resistance
changes with incident light intensity is called a
light-dependent resistor (LDR). The circuit symbol
for an LDR is shown in Figure 12, Light-dependent
components are often made from semiconductors
mixed with small amounts of another substance, such
as gallium arsenide or cadmium sulfide.

N

5

Figure 12 The circuit symbol for an LDR. Sometines
the symbol {5 drowe withotat the circle

LDRs are used to automnatically turn on lights, for
example, street lighting, night lights and in offices, when
it becomes dark. They are also used in motion-activated
security sensors (Figure 13] and in alarm devices to
detect when a light beam has been interrupted. A type
of intruder alarm system, for example, uses laser beams
that are directed at LDRs. If the beam is interrupted,
the light falling on the LDR is reduced and its resistance
increases, which triggers an alarm.

Sinure 13 The device beneath the security lamp contaiis o
=+ sgnsar and an LOR. When sormeone passes e senson
-waf to b an the farmp, but anly i i 5 deark emough
"M i be above O Cartamn vae

fee

TR TS e e A e e
QUESTIONS

7. An NTC thermistor of type A shown in
Figure 11 is connected in series with a
cell of emf 1.5 V and negligible internal
resistance. What current will flow in
the circuit when the temperature of the
thermistor is
a.0°C
b 2572

8. Which of the thermistors shown on the
graph in Figure 11 would make the best
thermometer (o replace a mercury-in-glass
thermometer (range O to 100 °C)? What
else would you want to know about
the thermistor before you used it as
a thermometer?

9. The resistance of an LDR in the dark is
1 MQ. In bright light, the resistance drops
to 5 k(2. The LDR is connected in a circuit
with a cell of emf 1.5 V and negligible
internal resistance, and a sensitive
ammeter. What current would you expect
to measure on the ammeter:

a. when the LDR is in the dark

b. when a strong light is incident upon
the LDR?




Superconductors m

ASSIGNMENT 3: INVESTIGATING AN NTC THERMISTOR

MS2.1,M53.1,M532,MS3.12,PS 1.2,
PS2.1,PS3.1,P5352, P54.1)

In order to find how the resistance of an NTC
thermistor is affected by temperature, the
thermistor is heated in a beaker of distilled
water (Figure Al). An electric immersion heater
[or Bunsen burner} may be used to heat the
water. Stirring the water is important to make
sure that the temperature is uniform throughout
the beaker,

clamped thermometer

thermistor

Readings of temperature and resistance may

be taken as the water heats up, but it is easier
to keep the temperature uniform as the water
cools — since cooling is (usually) a slower process
than heating.

14.4 SUPERCONDUCTORS

When a metal is cooled, the vibrations of the positive
ions are reduced, conduction electrons lose less energy
in collisions with the ions and so the metal's electrical
resistivity decreases (section 14.2). In the early 20th
century, physicists were speculating about what would

happen to electrical resistance at very low temperatures,

specifically as the temperature approached absolute
zero, that is, zero on the 'absolute temperature’ scale
or kelvin scale, 0 K, equivalent to =273.15°C,
Some scientists, including Lord Kelvin, argued that

A sample set of results is given in Table Al.

Temperature / °C Resistance / {}
100 12.3
90 15.5
80 19.8
70 255
80 335
50 44.7
40 a 0.7
30 84.2
20 119.4 h
10 173.6
Table A1
Questions

Al Plot a graph of temperature [x-axis) against
resistance (y-axis).

A2 The resistance of the thermistor when it is
in the air in the laboratory is 100 (). What
is the temperature in the laboratory?

A3 Discuss the errors that might arise in
the experiment and describe the steps
that could be taken to make sure that
temperature and resistance measurements
were as accurate as possible.

Stretch and challenge

A4 Theory suggests that the relationship
between resistance, R, and absolute (kelvin)
temperature, T, is an exponential formula:

REE”r

How could you test whether or not this
is true?

the electrons would become less mobile and perhaps
stop moving altogether. This would mean that all
materials would be perfect insulators at O K. Others
suggested that electrical resistance might continue to
decrease as the temperature dropped, and perhaps

the resistance might disappear altogether. Kamerlingh
Onnes, professor of a cryogenics laboratory in Leiden,
held the latter view. In 1908 Onnes had won the race to
liquefy helium gas (see Figure 14). In 1911 he was using
liquid helium to investigate the electrical conductivity

of mercury at low temperatures, down to as low as 4 K

(~269 °C),
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After 1911, other metals, for example lead and tin,
were shown to have superconducting properties,
though the transitions happened at different critical
temperatures. It later became apparent that it was
not only metals that could show superconducting
properties. In 1986, superconductivity was
discovered in the ceramic material yttrium barium
copper oxide, known as YBCO (Figure 16].
This excited tremendous interest, as its critical
temperature was around 100 k. Although still guite
cold by everyday standards, this is well above the
temperature at which nitrogen liguefies. Liguid
nitrogen is much cheaper and easier to work with
- ' C than liguid helium. This has raised the possibility
i B RS LIRS RSt LiNesen of finding a material with a critical temperature
oned rather ramode o everyooy con L Bt the prach Qs ! .
" from supertonductivity to t above ‘room’ temperature, one that would be

i # superconducting without cooling, This would bring
enormous practical benefits, for example cables with
no power losses and smaller, faster computers that
did not overheat,

mas] flask. This picture shows James Dewar, wifa imvent

WO LILITTT |'.'I 5 K iz e 'III 1

[
5

Onnes made a remarkable discovery — when the
mercury was cooled to just 4.2 degrees above absolute
7ero, its electrical resistance abruptly and totally
disappearad. Onnes realised that this was not just a
continuation of the gradual reduction of resistance

on cooling. It was a change of phase, like freezing or
boiling, that occurred at a specific temperature, known
as the critical temperature, 7 . Below its critical
temperature, mercury becomes a superconductor,

a material that has absolutely no electrical resistance
whatsoever (Figure 15). An electric current, once started,
in a circuit made of superconducting material would
persist indefinitely, without the need of a power supply.

0.15 -
Figure 16 The structwre of a YECO crystal that is
superconducting below 125 K Roam-temperature

0.125 e "-{ S LD vy Was Ge hieved in 2014 in o modified
r*”f YeCo 1. Laser pulses were used to alter the structure
I i ¥ te ercanauctiv T 1ste] ¢ '|'".f_.' faor a fev
0.0} 7 ROsecand

o 1

2 |

] 1 ; ;o

§ 0.075 | E— i The mechanism of conduction in a superconductor

= ' is now understood to be completely different from

o 0.0 i that in an ordinary conductor. Electrons move around

J T 2

i in pairs, with energy being passed from one to the
! other and back again, but the electrons do not

0.025 F interact at all with the positive ions in the crystal
lattice. Electrons are not scattered by the lattice and

0.00 L - — l— do not transfer energy to it, so there is no resistance

40 A1 42 43 44 to their motion.

Temperature / K

Figuire 15 A repfotfing of Cnes” results showing the
mercuny

superconducinve ransition of
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Applications of superconductors
Superconductors have the property of excluding external
magnetic fields. This behaviour, known as the Meissner
effect, was discovered in 1933, If a superconducting
material is placed in a magnetic field, and then cooled
below its critical temperature, it will eject the magnetic
field from itself (except in the outer few nanometres). The
superconductor in effect ‘repels’ the magnetic field and so
can lead to magnetic levitation (Figure 17).

Figure [7 The Mefssner effect

In another form of magnetic levitation, powerful
electromagnets with superconducting windings create a
magnetic field strong enough to suspend a train above
the track, reducing friction enormously (Figure 18).

Figure 18 Magley magnetic fevitation] frains have proved
conroversial, The Shamghal Tonsmpid shown here is the fastest
cofrimercial troin in operation and hoas o top speed of 430 km b,
But owify twio such rains have been built anywhere in the worild.

Powerful superconducting electromagnets are

also used to steer protens around the huge circular
tunnel at the LHC {Large Hadron Collider) at CERN
(see Figure 4 in Chapter 3). But they are also used
much closer to home — they produce the strong

Supercenductors m

magnetic fields inside MRI {magnetic resonance
imaging) scanners (Figure 19). Large concentric coils
of superconducting material, niobium titanite, are kept
cool using liquid helium. A tank containing around
1000 litres (1 m*) is needed, and it has to be kept
below 4 K. The coils and helium, cooled below 4 K,
are thermally sealed at the time of construction, and
should stay at that temperature for their operating
lifetime of about 10 years. It would take very little
energy (a few microjoules) to raise the temperature of
the helium above the critical temperature of the coils.
The coils would then lose their superconductivity, heat
up rapidly and very quickly boil the helium. There are
safety measures in place to prevent this happening.

Figure 19 MR! scanners require strong magnetic fields that can
only be generated efficiently by superconducting electromagnets.

Electric motors and generators also rely on coils

of wire to carry current and generate magnetic
fields. Energy is transferred as heat in these coils
due to their electrical resistance. Coils made from
superconducting material, with no resistance and

so no heating effect, would directly save energy.
Superconducting materials are capable of carrying
high currents through a small area, so the coils
would be thinner and much lighter, which would also
improve the efficiency of a motor or generator.

The world's first commercial superconducting power
transmission cable came into use in 2014 in Essen,
Germany. The cable is cooled by liquid nitrogen and
carries a current five times larger than that in the
traditional copper cables it replaced. The energy losses
are minimal, Around 7.5% of the UK's electrical energy
is currently wasted as heat in the wires and transformers
of the distribution system. If the transmission cables
could one day be replaced by superconducting cables,
the energy savings would be huge. There would be less
need to transmit power at very high voltages and so
fewer transformers would be required.
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QUESTIONS

10. Explain why there is enormous interest
in finding a superconductor with a critical
temperature above about 290 K.

11. Why is it an advantage to use superconducting
coils in the electromagnets of an MRI scanner?

e e e e
KEY IDEAS

lﬁmermnﬂucﬁngmaterialshavem
mmmmgl m-uladbelmthelr
critical temperature.

» The critical temperature is different for different
superconducting materials.

H] Summmﬁngcablesaanmwge
mrmmsnim mmmm%mm

14.5 THE POTENTIAL DIVIDER

Getting the right potential difference

Power supplies, such as solar cells or batteries, tend
to generate a fixed potential difference. This will

not necessarily be the right size for our application,
so we need a way of providing a variable potential
difference. We can use a potential divider to select
an appropriate fraction of the power supply's terminal
potential difference. The potential divider is, at its
simplest, just two resistors connected in series across
the power supply (Figure 20).

Figure 20 A peienticl aivider circuit

338

If the voltmeter in Figure 20 has a very high
resistance, we can assume that no current flows
through it. So then the same current, /, flows through
both resistors:

v V.

n

S

In Figure 20, V_, is the pd across resistor R,:

V., = IR,

out

Substituting for [

Y
I.,.l’wt = m-‘-‘( R,
R

SRR

The voltage is divided in the same ratio as
the resistors:

V... _ output resistance
'ﬁ_ ~  total resistance

Worked example 1

Suppose we want to run a 6 V device froma 12 V
supply (Figure 21).

Figure 21

In this case, the resistance R, is no longer just

the 10 Q resistor of the potential divider. It is
connected in parallel with the output device, which
has a resistance of 6 (1. The resistance of this
combination is



The potential divider is now effectively made up
of two resistors, R, =10 0 and R, = 3.75 Q0.

The output potential difference (across the device)
will be

o
"R+ R,)
395
(3./5+10] ~

V,, =V

o

=12 % 3.3V

This is not sufficient to operate the device properly.

We need to adjust R, so that the combination of it
and the output device has the same resistance as
R,. Or we could make R, a variable resistor, and
turn the resistance down to 3.75 Q, when it will
equal the resistance of the combination of R, and
the output device. The use of a variable resistor as
R, in a potential divider is a common arrangement
in sensor circuits, which will be considered in the
next section.

The potential divider

QUESTIONS

12. Write down the output voltage of the
potential dividers in Figure 22,

() ()

104 10 k2

-
=i
LY

1na 5 kil

. =

(i (d)

Figure 22

13. Suppose that you plan to apply the
potential from the circuits in Figure 22
to a device with a resistance of 10.0).
How would that affect your answers to
question 127

ASSIGNMENT &4: ANALYSING THE USE OF A POTENTIAL DIVIDER

(MS3.1,MS3.2,PS1.1,PS1.2,PS2.1,PS22,
PS3.1,PS3.2 PS4.1)

In school physics laboratories, students often use
large rheostats (see the Required Practical) to vary
the potential difference across a component. They
can be connected in two different ways.

¥ As a variable resistor [Figures Ala and A2a).
As the sliding contact is moved, the effective
resistance of the rheostat is changed. As the
resistance changes, the current through the
circuit is changed, which in turn alters the
potential difference across the component (in
this case a buzzer).

} As a potential divider (Figures A1b and A2b). As
the sliding contact is moved, it changes the ratio
of the resistances R, and R,, which varies the
potential difference across the buzzer,

We want to find out which method gives the
biggest variation of the potential difference across
the buzzer,

(al

(o] ¥

Fgure A1 Tivo wals of conrecting o rhecsio
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(a) (3] 12V
RS By,
(v)
b
X Z
12V "_I-;
) Cr
buzzer ,
A | [
A IE
v O o
. N_ A N

Figure A2 The b circuit arrangements

Suppose that the cell has an emf of 12 V and an
internal resistance of 1 () and that the resistance of
the buzzer is 100 (1. The rheostat has a resistance
that is variable between 0.5 (2 and 16 (1.

Questions

A1 For each circuit arrangement (a} and
(b) in Figure A2, calculate the maximum
and minimum potential difference across
the buzzer. Which is the
better arrangement?

Streich and challenge

A2 Use a spreadsheet to plot graphs showing
how the potential difference across the

buzzer varies as the resistance of the
rheostat is changed from 0.5 to 16 (1, in
arrangements (a) and (b).

A3 Use your spreadsheet to investigate how
the two arrangements would work if the
resistance of the buzzer was:

1.1 6
2.1000 0}
It would be helpful to plot graphs of

resistance against the potential difference
across the buzzer,

A4 Write a brief paragraph to summarise
your findings.

Sensors in potential divider circuits

Electrical methods of measuring are increasingly
important. One of the main advantages is that the
measuring instrument can be ‘remote’, so, for example,
you do not need to be able to see the central heating
boiler to know if the water is too hot or see the fuel
tank to know if the fuel in your car has fallen to a low
level. Such measurements make use of sensors.
Electrical readings can be logged automatically, or
used to trigger a light, a heater or an alarm.

Many sensors rely on a change of resistance to make
their measurement. These sensors are often used

in a potential divider circuit. In order to measure
temperature, an NTC thermistor is used as one of the
resistors in the potential divider. As the temperature
increases, the resistance of the thermistor falls (Figure
23), so that there is a smaller fraction of the potential
difference across it. The temperature at which V.
switches a device connected to it can be set by
adjusting the value of the variable resistor.
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A thermistor provides
a pd that depends
on temperature.

-

=

Viapply T

Resistance of
thermistor / ki

100
Temperature / “C
Figure 23 The patential difference of the supply Ve, ., 1s shared

aerss the thermistor and the vanicbie resision. As the temperaliine
increases, V,, ncreases

o

Despite the curved resistance—temperature graph, the
thermistor can be quite a useful ‘linear’ sensor, Over

a limited temperature range — when the resistance of
the thermistor is around the same size as the resistor =
the potential divider's output rises roughly linearly
with increasing temperature. A potential divider circuit
such as that in Figure 23 could be used to turn on



heaters if the temperature drops too low [Figure 24].
This ‘turn-on’ temperature is adjustable using the
variable resistor. A similar circuit, using an LDR rather
than a thermistor, can control lighting levels.

Figure 24 A thermistor in o potential divider cirout can be used o
control the temperature of o greenfouse

Worked example 2

An electrically operated garage door is convenient but
potentially dangerous. It needs to stop descending if
someone is in the way. Design a circuit using an LDR
in a potential divider circuit that gives a high voltage
when a light beam is blocked. The resistance of the
LDR is about 50 k) in the dark.

We need to use the LDR in series with a resistor of
comparable resistance to that of the LDR in the dark
[see Figure 25); or this could be a variable resistor of
suitable range. A light beam is shone onto the LDR,
which keeps its resistance low. Most of the potential
difference is then across the series resistor, and the
output voltage is low, that is, close to 0 V. When the
beam is interrupted, the resistance of the LDR goes
high. Now maost of the potential is across the LDR
and the output voltage is high — closer to the supply
voltage, 9 V in Figure 25. This ‘high’ voltage can be
used to operate a switch that turns the motor off,

10k0 D
O |

Figure 25

Qi

The potential divider m

NS

JESTI

14. A student wants to design a biscuit tin

15.

16.

with an alarm that sounds when the tin
is opened. Explain how she could achieve
this using an appropriate sensor and a
potential divider.

Design a circuit that gives an output
voltage of 3 V when the temperature of
the room is 25 °C. Refer to Figure 11 for
relevant data.

ang ci |-_-".=:'[-i :._-_;'-\.'

The thermistor in the circuit in Figure 26
has a resistance—temperature relation
as shown in Figure 27. The circuit is

to be used as a sensor to measure the
temperature of hot water in a domestic
central heating system.

12V O
Vout
ovVo
Figure 26
100
2}
2 8o
T 704
5 504\
£ so "‘\
g % N
E 30
i
£ 1o &
0 il g
=20=10 0O W 200 30 &0 50 B0 70
Temperature f "C
Figure 27
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A gy

9. Read this extract, taken from a presentation

by the Superconductivity Council, and answer
the guestions that follow.

Superconductors offer the promise of important
major advances in efficiency and performance in
electric power generation, transmission and storage;
medical instrumentation; wireless communications;
computing; and transportation, that will result

in societal advances that are cost effective and
environmentally friendly.

Superconductors differ fundamentally in quantum
physics behaviour from conventional materials in the
manner by which electrons, or electric currents, move
through the material. It is these differences that
give rise to the unique properties and performance
benefits that differentiate superconductors from all
other known conductors,

Zero resistance to direct current
Extremely high current carrying density
Extremely low resistance at high frequencies
Extremely low signal dispersion
High sensitivity to magnetic field
Exclusion of externally applied magnetic field
Close to speed of light signal transmission
From Present and Future Applications:

Superconductivity,
CSC Council on Superconductivity e 2009 CCAS

NS A ok N N

S

Practice

o
( || J63000
e
a I"'IIIE|IJ'|
3700 {3
gND 0 0V o—
€C gy D gyo- l
3700 0 200 €
O Vi f O Vour
|| } 63008 ;,f’J
“ :
ovVo O ovo o
Figure Q5

. In 1811 the Dutch physicist Kamerlingh
Onnes was investigating the conductivity
of mercury at low temperatures when he
discovered superconductivity. Most metals
conduct better at lower temperatures.
Explain why this is, and explain what
was remarkable about Onnes's results
for mercury.

b. Teams of scientists around the world are
searching for a material that has a critical
temperature above 273 K (0 °C). Explain
why this would be such a great prize.

¢. Explain why superconducting coils are
used in MRI scanners.

d. Electric motors rated at 750 kW and
above consume 25% of all electricity
generated in the USA. The use of
high-temperature superconductors could
substantially reduce energy losses, Explain
how the use of superconducting windings
can make the motor more efficient.

tretch and challenge

e. The USA generated 4.2 x 10'? kWh of
electrical energy in 2012. If the use of
superconductors can improve the efficiency
of a motor by 2%, how much energy might
be saved in a year in the USA?
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NSWERSTO
QUESTIONS

1 MEASURING THE UNIVERSE

' L]
2.
3.

7.

27 x 10° Hz (hertz) or 27 MHz
149 600 000 000 m=1.496 = 10" m

Tirne equals distance divided by speed. So for a
classroom about 30 m long:
time=30/3 = 10% =10"s=100ns or 0.1 ps

To avoid any changes in mass due to adsorption of
gas molecules, finger marks, and so on.

This shape has the smallest surface area for its
volume, except for a sphere ... and we would
not want it to roll away! The metal alloy is very
non-reactive, and does not oxidise,

Volume=mrth =472 = 10~ m?
Mass = 1 kg
So density = 1/{4.72 x 10-5=2.119 = 10 kg m~

Advantage: convenient, easy to use, familiar to all.

Disadvantage: arm length is variable, and you might
have to buy a length of carpet from a man with
short arms!

The speed of light is now defined as this value, so
this is one value that has no uncertainty,

1 Pa=1kgm's?
Work = force = distance, 50 1 J=1 kgm? s

. a. Mo. There is no reason why the readings

should fluctuate.

b. Mow it is worth taking lots of readings, or a
'big’ reading of lots of ball bearings, to find
an average.

12.

13.

14,

15,

16.

17T.

The wire could vary in diameter along its length,
and it might not be perfectly circular.

a. You could be weighing an armount of sugar to the
nearest 0.01 g, so the readings are precise, but
you forget to subtract the mass of the container,
[(Or the balance did not read 0.0 g before the
start of your readings — a zero error.]

b. You could measure the textbook, for example,
with a ruler marked in cm. Your answer would be
accurate, but not precise,

Pulse about 80 per minute, so 0.75 s apart.
Resolution of time keeper = £0.75 5

The time of one oscillation = 2/0.75 = 2.67 pulses;
so 3 pulses + 1 pulse (2.25 + 0.75 s), which is
about 33% percentage uncertainty.

The time of 10 oscillations = 20/0.75 = 27 pulses
% 1 pulse, giving a time of one oscillation as

2.7 pulses + 0.1 pulse, which Is a percentage
uncertainty of 0.1/2.7 = 3.7%.

Find the mass of 100 blackcurrants and divide
by 100.

It makes no sense to give a result more precisely
than the original measurement. You should write

121.3 £ 0.1 g. unless the scatter of results
was larger,

a. Width=192 + 0,1 ¢m
b. The book is much wider than it is thick, There is
amuch greater percentage uncertainty.

€. Measure the thickness [not including the
covers) and divide by the number of leaves (half



the number of pages). It would be the same
percentage uncertainty as the thickness of the
book measurement.

18. The measurements of length, breadth, and
so on contribute 15% to the uncertainty; the
measurement of mass contributes only 1%. It would
be better to improve the resolution of your length
measurement,

19. Measure the length of the cube three times at
different parts of the cube, and find the mean.
Repeat for the other dimensions,

20. Suppose you use 100 mil of ethanol in a measuring
cylinder. Resolution is at best 1 ml, probably 2 ml
when you take into account the curved surface of
the water (meniscus), Weigh on a top-pan balance
giving 140 £ 1.0 g, and with the empty container
60 + 1.0 g, so the mass of the ethanol is 140 - 60
=80+ 2¢

Density =miV=80/100=08gmlI~' or 0.8 g cm™3
or 800 kg m~2. Uncertainty in volume = 2%,
Uncertainty in mass = 2/80 = 2.5%. 5o uncertainty
in density = 4.5%

Ethanol density = 800 + 36 ke m~® [or round to
BOO £ 40 kg m™%)

21. There is a systematic error that affects all the
readings from 60 drops onwards, perhaps due to
a zero error on the balance, or to an additional
unnoticed mass.

2 INSIDE THE ATOM

a. This showed that the particles in cathode rays
were present in all matals.

b. This showed that the ‘electrons’ were the same in
all metals.

2. The charges in the atoms in his body were repelling
the charges in the wall, In one sense, the General
does not even touch the wall,

3. A football has a radius of about 11 cm, call it 0.1 m.
Electron orbits have a radius that is 100 000 x the
nuclear radius, which would give a radius of 10 km:
the orbit would take them, for example, through
Hyde Park in Central London.

=19
& +1.602=x 107" C =9578 x 10" Ckg!
1.6726 x 107" ke .

5. 92 protons, 92 electrons and 235 - 92 =
143 neutrons

12,
13,

15,
15.
IEi

17.

18,

19,

146 neutrons in the nucleus. It is slightly more
massive.

hydrogen +9.54 = 10" Ckg'; helium +4.80 =
107 C kg lithium +4.11 = 107 € kg'; beryllium
+#4,27 = 107 Ckg'; boron + 4.36 = 107 C kg!

A larger nucleus means that some protons will be
outside the range of the attractive nuclear force,
but still repel each other due to electric force. More
neutrons are needed to hold the nucleus together.

Short range (< 3 fm) attraction between all
nucleons; very short range [ < 0.5 fm) repulsion
between all nucleans.

The electric and magnetic fields were not strong
encugh to deflect the alpha rays by very much due
to its relatively high momentum.

Charge = + 2e; mass = 1 6u assuming the mass of
the electrons are negligible; so specific charge

=2 x 1607 » 10-1%/16 = 1.66 = 10747 =12
x 107 Che!

5 000 000 = 10 =500 000 ion pairs

Qutside the boady an alpha particle would not
penetrate the outer layers of skin {although very
close contact would cause burns).

Am = “FINp+ ja (or JHe)
'€= "IN+ B (or je)

Alpha particies are heavily lonising, have a relatively
large momentum, and are not significantly deflected
by collisions with atomic electrons; therefore they
make straight, thick tracks. Beta particles have far
fewer collisions in the same distance and are less
massive, and are easily deflected by collisions with
atomic electrons, especially when they have slowed
down; therefore they make thinner tracks, often
with a change of direction, especially at the end of
the track.

1IMg = TiNa+ ‘B (or je)

A proton in the parent nucleus has changed into a
neutron in the daughter, so that the proton number
has decreased by one, but the nucleon number has
remained the same,

Proton: strong nuclear, weak nuclear,
electromagnetic, gravity

Meutron: strong nuclear, weak nuclear, gravity

Protons repel each other by the electromagnetic
force. They attract each other by the strong nuclear
force, Electromagnetic repulsion has a much longer
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range than the strong nuclear attraction, which
drops to zero when nucleons are more than 3 fm
apart. Two protons, one on either side of a large
nucleus, will still repel each other through the
electromagnetic force, but are too far apart for the
strong interaction to hold them together. Sa, the
nucleus becomes unstable,

20.

Probably, yes, The weak interaction is very short

range {1078 m) but its strength is 105 of the
strong interaction, while gravity has a strength of
only 10-3% that of the strong interaction. Also, the
weak interaction is the only interaction that can
change the nature of a particle (for example. n—=p
in beta decay).

21. a. Gravity plays very little part in atoms and

348

nuclei. The gravitational force between the
electron and the proton is around 10-*7 times
the electromagnetic force. Gravity would

have to become hugely stronger to have any
major impact,

Stronger gravity on the scale of the Universe
could mean smaller stars. A denser star would
mean more fusion reactions happening more
guickly, Stars would use up their supply of
hydrogen more quickly and have a shorter
lifetime, perhaps too short for life to evolve on
any suitable nearby planet. At the end of their
lives, stars might form neutron stars and black
haoles more readily.

Stars would attract one another more strongly,
g0 galaxies could be smaller and more dense,
Calaxies in their turn would attract one another
more strongly, so that we might be living in a
contracting Universe, or it may have contracted
too fast to allow us to be here at all.

Muclei would be held together less strongly;
larger nuclei would not be stable against fission,
The periadic table would have fewer elements.
There may be just hydrogen if the strong force is
not large enough to support fusion. There would
be no stars in that case.

If the weak interaction was much weaker,
radioactive decay would be less likely, the fusion
of two protons [vital in stars) might not occur
and there would be no stars. A longer range
and stronger weak interaction might lead to
more decay, with the Universe made of hydrogen
[protons).

Mote: It has been argued that the relative

‘strength’ of the fundamental forces is fine-tuned;

any small variations would result in a very

different Universe where life could not arise,

However, It has been possible to create a
theoretical model of a Universe that has no weak

force at all, and still has stars, galaxies, etc.
{Naturally, other constants have to be altered to

make this work.]

3 ANTIMATTER AND NEUTRINOS

1. 100%10" x1.6x10""=1.6x10 3
2. a. Energy released = 200 » 106 x 1.6 x 10712

iC.

=32 x 100"J

11 600 kWh = 11 600 = 1000 = 60 = B0 =
4,176 = 10" needed

(4.176 » 100 Jy(3.2 x 107" Q)=

1.3 = 10% reactions

The mass of uranium used for each l_”ea::t'rnn s
approximately 235 = 1.68 x 10727 kg but we
need 1.3 = 10" of these, so that is 0.0005 kg,
ar half a gram.

This is an underestimate because we have
assumed that the energy transfers are all 100%
efficient. But nuclear power stations are at best
353 efficient and there are further losses in
generation and transmission before it gets to

the household.

48]

Enough to power an LED light bulb for 10 s or to
fire 2 cherry tomato 200 to 300 m in the air!
Physicists were amazed that this energy could be
obtained just from one proton.

& a 188 <« 1078 kg

b.

0.114 u or approximately 0.1 u, about one-tenth
the mass of a proton

5. a. 200MeV=3.2 x 107" J, which is 64 million

b.

€.

times as much as the chemical reaction.
26 MeV=4.16 = 10-'2, about 8 million times
the energy from the chemical reaction.
Chemical energy/ke =

(0.5 x 10°18)/(2.99 x 10-%) =

LT ox 107 J ket

Fission energy/ke =

[3.2 = 10°"/235 « 1.67 = 10727 =
8 x IUISJ]"LE"

Fusion energy/ke =

(4.16 x 107'3)[4 x 1.67 x 10777 =
62 = 10" ) kg



1.

10.

11.
Izi‘

1&.

15.

17.

o W

It is difficult to store antimatter in a container made
of matter since it would be annihilated if it came
into contact with the container.

E=held
=(6.63 x 1073 x 3 » 108)/(480 = 1079
=814 x 1079 1=2,59 eV

a. 511 keV=511000 = 1.6 = 1012
=R.176 x 10°14]

F=Eh=1.23 x 102 Hz

b. A=cf=3 x 109/(1.23 = 10%)
=2.43 » 107" m

a. f=cli=(3 » 10%/(532 x 1079
=564 x 10" Hz

b. E=hf=3.74 = 107'%1=234¢V

¢. Each photon carries 3.74 = 10-'9J. The energy
through 1 cm? is 50 = 10-%Jin 1 5. Therefore,
there must be 1.34 = 10'* photons per second.

2.47 = 102 Hz

Charge has to be conserved. Making a single
slectron would create charge, whereas in pair
production there is no change in net charge.

He was correct in saying that a neutrino is emitted
in beta decay and that it is electrically neutral.
However. its mass is much smaller than that of
the electron, and may be zero (although the latest
measurements suggest not).

The neutrino is not charged, whereas the
electron is.

High hydrogen content means lots of protons for
the reaction with antineutrinos.

A nuclear reactor releases lots of p-particles and
(hence) antineutrinos from fission reactions and
from the decay of radioisotopes created by fission.

A positron, an electron neutrino and
muon antineutrino.

4 THE STANDARD MODEL OF PARTICLE

PHYSICS

1. a. 1% 0+ [-1); forbidden; charge is not conserved
b. (=1} + (1)=(=-1) + (1) charge is conserved
. (=0 + (1] = (-1 + 1+ [-1); forbidden: charge is
not conserved

2. None are forbidden:

a. 1 =1 + 0; baryon number is conserved
b, 1+1=141+1#[=1; baryon number
Is conserved
. 1+ 1=14+ 1+ 0 + 0; baryon number
is conserved

3. a. 0+ 0 # -1+ (-1 forbidden; strangeness is

not conserved

b. 0 + O0=1 + (- 1); strangeness is conserved

€ 1+ 020+ (-0 forbidden; strangeness is
not conserved

d. 0=1 + [=1); strangeness is conserved

e 00 + [=1); forbidden; strangeness is
not conserved

&, The kaon decay contravenes the conservation

of strangeness, and therefore has to take place

by the weak interaction. Such decays have much

longer lifetimes.

5. a. 0¥ B 5 x forbicdden; strangeness

not conserved

b. O+ Bx 5§+, forbidden; baryon number
not conserved

c. Ov Bv 5+ allowed

d. Qv Bv S+ allowed

e. Ov Bx 5§ forbidden; baryon number
not conserved

f. Ov B= § x:forbidden; baryon number and
strangeness not conserved

6. a. not allowed; neither L, nor ,f_ﬂ is conserved
b, aliowed
c. allowed

7. Students’ own answers

8. u d d neutron
213 —1/3 —1/5 0
B 113 13 LT
5 0 0 0 0
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10.

12.

13.

u d d antineulron

Qg =3 113 113 ]

B i3
5 0

=1/ =1 =1
0 o] 0

A meson is a quark [strangeness 0 or —1) and
an antiquark {strangeness 0 or + 1) combined.
A baryon is made up of three quarks, so can
have strangeness of any sum of 0, + 1 and -1,
eg 0+ 1 + 1,ar(=1) + =1) + (=1),

e

-ﬂﬁ"
i;

i

Gravity and electromagnetic forces both have infinite
range. Thelr bosons are massless. Gravity is anly
attractive, whereas electrormagnetism is attractive
and repulsive because two different charges, plus and

minus, exist.

They only interact with matter via the weak
interaction [very short range) and gravity (a
weak force).

a. electromagnetism

b. strong interaction

€. weak interaction

5 WAVES

A wave does store energy. For example, a wave

on a string stores energy in the form of potential
energy [gravitational potential energy and/or elastic
potential in the string) and kinetic energy. But it is
not a complete answer. A brick thrown through the
air is also a mobile energy store, The student could
have said: “A periodicfregular disturbance which

is a mobile energy store.” Or at least something
about transporting energy ... but not matter,

350

3.

sl

Distance along rope /em

There is no force between adjacent people. Mo
energy is being transferred along the wave.

a. The particles in a solid are closer together, and
the forces between them are sironger.

b. Sound is a mechanical wave — there has to be
something to vibrate! Light can travel through a
vacuum but sound cannot.

It is difficult to shake a liquid from side to side; the
layers of water shear, and slide past one another.
In fact, there are ‘internal’ waves deep below

the ocean surface. These long-wavelength waves
appear at the boundaries of the layers of water of

different density.

You need to show that the air moves backwards
and forwards when the sound waves pass. A candle
flarne in front of a loudspeaker works well at low

frequency. Perhaps you could use a video camera,
and slow playback to slow the action down at the

higher frequencies.

Place a source of sound in a bell jar and use a
vacuum pump to remove the air. For best resuits
the sound source should make as little contact with
the jar as possible, so the sound is not transported
out of the jar. It is usually suspended from a thread.

All EM waves move at the same speed in a vacuum.
al

Displacement / cm

A Distance / cm

b. See diagram,
€. See diagram.

d. Instantaneously at rest at its maximum leftward
displacement. Will then move right, towards its
equilibrium position,

fA=150msoA=100m



11.

12.

13,
14.

15.
16.
17.
18.

20.

21,

a. 1.5

1.0

0.5/\ /_\
c, Br\ﬂ“
VE\ViEY,

=05

Displacement / m
e ]
—
[+]

-1.0

=15

b. See diagram.

a. 2m radians = 3607, somG& =30 °
b. Thisis 1/12 ofacycle, s0 1112 =025 m

Period = 1/frequency = 1/256 = 3.91 ms

In one hour there are 60 = 60 = 3600 seconds, so
frequency = 1/3600 =278 = 10~% Hz

b, 90° €. T2
330/256=1.29m
3« 1081500 =200 kHz

a. f=1/T=500 Hz
b. The gradient of the dispacement-time graph at

a %

any point gives the velocity.
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Sound cannot be polarised as it is a longitudinal
wave; the vibrations are only in one direction.

Liquid-crystal displays emit polarised light. If
my Polaroid sunglasses only admit light that is
polarised in a parpendicular plane, no light will
get through.

Light reflected from the road and from the sky
will be partially polarised. Stress patterns in the
windscreen can rotate the plane of polarisation;
wearing Polaroid sunglasses reveals these areas
of stress,

Some of the light in the reflection is polarised
parallel to the surface of the sea. Wearing polarising

22,

23,

25,
3
2
e
W R
g § &£ F & 1 & 1oz 2 4 2

glasses that only admit vertically polarised light will
tut out the glare. Tilting your head [and the glasses)
changes the plane of polarisation that the glasses
admit and so allows more or less of the refiected
light into your eyes.

If the car windscreen and headlights had opposite
polarisations, you would not see the headlights of
approaching cars. This might not be a good ideal

A polarising windscreen alone might cause
problems. If you wore Polaroid sunglasses and
tilted your head, no light would reach you through
the windscreen.

There are two forms of the same sugar molecule,
These have exactly the same atoms but arranged
in a slightly different way; these are called
stereoisomers. Natural sugar contains only one
farm of this molecule, which rotates the plane of
polarisation of light to the right. Artificial sugars
have bath types of molecule, so there is no net
rotation. Bacteria have evolved to digest only the
natural ‘right-handed’ sugar, so they leave behind
the other ‘teft-handed’ type.

0.1s
58
3
2 0D2s
¥
F Sk X 3 W Gk 3 W E e
3
2 03s
e -
|1//1
H & & 4 & 1, @ 1 % @ 5 B

25, Estimates: length of string is about 75 cm; mass is

about 5 g; tension is about 100 N,

Fa 1 || 100
~ 2x0.75Y0.005 / 0.75

= 0L66 x 10-/150
= 80 Hz
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26. The frequency of the first harmonic will be the same,

but the note is not pure — there are additional
harmonics present. The strengths of the harmonics
present are different for a violin than for a guitar.

27. Frequency is proportional to 1/, and / probably
shortens to about % of its length; therefore
fincreases = & to 800 Hz,

28. Twice the frequency. Touching it creates a node
in the middle, not an antinode, so the second
harmonic will be heard.

[
29, f= w.l'!:'-‘. . 5o f decreases by a factor of /5. But

f e +/T. 50 tension will need to double to keep [
the same,

30. Frequency is inversely proportional to length. 5o
quarter-length strings will play notes four times
the frequency. The tension in the strings could be
reduced by a factor of = 1/16; or the mass per unit
lenigth could be increased by = 16; or she could
increase the mass per unit length by a factor of = 4,
and decrease the tension to = 1/4 of its usual value,

31. a. For the first harmonic the length of the pipe is
equalto 42. S0 A=60ecm=060m. f=c/l=
330/0.60 = 550 Hz

b. If the pipe is closed at one end, for the first
harmonic the pipe length is equal to A/4 so
A=120cm=1.20m.

F=clfi=330/1.20=275 Hz
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6 DIFFRACTION AND INTERFERENCE

1. The microphone would detect a series of quiet
and loud points. A quiet point would occur when
there was a difference of an odd number of
half-wavelengths between the distance travelled
by the two sound waves. A loud point would occur
when there was a difference of a whole number of
wavelengths between the two waves. For example,
in the middle of the speakers each wave has
travelled 5.0 m and there would be a loud point.
At 475 m from one speaker, and 5.25 m from the
ather, the path difference is half a wavelength and
the microphone would detect a quiet paint.
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2. a A=wsiD=05 = z 0/5.0=1550=03m
f=clk=330/0.3=1100 Hzor 1.1 kHz
b. Since w = AD/s, the three possible changes
are: increase the wavelength (lower frequencyl:
increase the distance between the observer
and the loudspeakers; or move the speakers

closer together.

3. The speakers are not playing the same note.
In stereo music reproduction the speakers play
different versions of the same recording, thereby
giving the impression of depth. Reflections from th
walls and ceilings would also make it difficult to find
a place where the sound exactly cancelled out.

&. a. Assuming you are about 1 m away, then
w=DAs=1 = Al =450 w=d=cf=
330/1000 = 0,33 cm.

b. Not as many reflections from walls and 50 on to
complicate the interference pattern.

¢. You hear a low-frequency note as well as
the 1 kHz signal. The two sound waves will
sometimes be in phase, giving constructive
interference, and sometimes completely out of
phase, giving destructive interference. This is a
phenomenon known as ‘beats’.

5. Because fringe separation depends on wavelength,
and the wavelength range in the electromagnetic
spectrum goes from hundreds of kilometres to
billionths of a metre,

6. Put the slits closer together; move the screen
further away.

7. a. The car passes through positions of cancellaticn
and positions of strong signal.
b. Using ¢ = (4 gives A= 100 m. Using 5/d = Diw
gives w = 100 = 10 000/1000 = 1000, so the
car passes through a maximum every 1.0 km.

8. There are areas where the signal cannot penetrate
sufficiently, and areas where two or more signals
(because of reflections] interfere destructively.

9. The reflector increases the signal strength by
reflecting back a wave that constructively interferes.
The reflecting sheet also stops the aerial picking up
stray waves that have bounced off buildings behind
the aerial. This prevents ‘ghosting’

10. The aerial receives two radio waves, one direct from

the transmitter and the other reflected from the
aircraft. The two waves interfere. As the aircraft



i

12

1.

15.

16.

flies aver, the path difference between the e riclio
waves changes, o that they are sometimes in phase

and sometimes out of phase with each other Thiy
jeads to a fluctuating signal

Nodes would be Y54 apart,
A=(3 o« 10M2.4 « 109 =0125m=125em
Nades would be 6.25cm apart,

Low frequency sounds have longer wavelengths,
They can diffract more around the head and the
shadawing effect is reduced,

The wavelength of radio waves used for TV s if = (%
<« 108 ms 'WE00 = 10% = 0.5 m, The wavelength
of medium-wave radio waves is

(3 » 10°ms {1000 » 10% =300 m, There is

much more diffraction with the longer ‘medium-wave'

radio and so reception Is possible in the *shadow' of
a hil,

Blue light has a shorter wavelength, so there will
be less diffraction. The central maximum will be
narrower and the secondary fringes will be narrow
and close to the central maximum,

The wavelength of these microwaves is 4= ¢/f =

(3 x 108ms"M10 = 109 Hz) = 0.03 m or 3 cm,

a. The pap Is much larger than the wavelength, so
there would be little diffraction, and microwaves
would be detected mainly in the region opposite
the gap.

b. The gap is now a similar size to the wavelength.
The microwaves would be significantly diffracted
and would be detected well inside the region of
geometric shadow,

The Interference pattern for two slits has the
diffraction pattern for one slit superimposed on it
[see diagram). In some places the light from slit A
and the light from slit B have a path difference of
a whole number of wavelengths, and are in phase,
If the two-slit interference was acting alone, there
should be a maximurm, but light is also being
diffracted by each single slit. When the single-slit
diffraction pattern has a minimum, there will be no
bright interference fringe.

17.

19.

20.

Light intensty

AT

Light ntensty

Radio waves have a much longer wavelength than
light waves, and so a radio telescope needs 1o
have a much larger aperture to reduce difffaction
problems and be able to ‘see’ more detail,

In the central maximum, there is no path
difference between the light paths from each
slit. All wavelengths are in phase and so all
constructively interfere,

The distance between each line Is o = 1/200 000
=5 » 10" m, The maximum number of diffracted
beams can be found by putting #= 907, that is,
sin #= 1, Into the equation n = (d sin #)/A. This
givesn=(5 = 1075 » 1}/600 « 1077 = B.33. 50
there are eight beams on each side of the central
maximum, so 8 = 2 = 16, plus the rero-order
central maxirmum, making 17 diffracted beams

in total,

a. A CD stores data in lines {actually a spiral
track) of pits. These act as lines in a reflection
diffraction grating,

b. Shine a white light on the CD [or use a laser).
Choose a colour and estimate the wavelength
(between 400 nm for violet and 700 nm for
deep red) and estimate the angle, # between it
and the incident light beam.

Use d = ndisin @ For example, for red,
d = 650 nmisin 25° = 1.5 pm, that is, about
670 000 lines per metre, or 660 lines per mm
[actual separation = 1.6 pm].

¢, DVD result = 0,74 pm. Tracks are closer
together, as more data needs to be stored,

dauble=slit interfergnce patlem

gingle-slit diffraction pattem
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21.

a. Wavelength of sound = 330 m s~ '/330 Hz =
1 m, so for the first order, d = Alsin & To get
#= 30", need d = 2 m. A fence with gaps every
2 m would work.

b. A column loudspeaker, used for speech in a public
space, is similar to a grating as there are many
coherent sources, one above the other, The sound
spreads out horizontally but not much vertically so
the sound does not bounce off the roof too much,

7 REFRACTION AND OPTICAL FIBRES

1.

2.

Light obeys the law of reflection, but because the
surface is not smooth, the normal lines will not be
parallel to each other, The rays of light from your
face are scattered in many different directions (see
diagram]. This Is referred to as diffuse reflection.

N7 N\

diffuse reflection
{rough surfaces)

specular reflection
(smooth surfaces)

With lateral inversion, no true inversion has taken place,
because each point on the image is actually opposite
the carresponding point on the ohject. It is just that you
are facing the mirror. If you stood with your back to the
mirror and raised your right hand, so would your image.

3. The amount of light reflected, or transmitted,

&,

depends on the refractive indices of the two
materials involved, which depend on

= the wavelength of light
= the angle of incidence and
s the polarisation of the incident light beam.

[For ordinary glass at normal incidence, about

4% of the incident light is reflected from the

first air-to-glass boundary. There will be another
reflection at the glass-to-air boundary. A small
fraction of the incident light will undergo several
reflections, which is what causes a repeated edge to
the image that is noticeable in a thick mirror.)

sheet of glass

audience
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‘ gpparant
real depth
depth| ¥ &
L object swimming pool floor

image of
ghost

8, As the waves reach the beach, the water gets

shallawer and the wave speeds drops. The
wavelength decreases. Refraction gradually changes
the wave's direction. See diagram.

shoreline

veloeity decreasas
so wavelength
decreases

water starts to
become shallower

crests of waves
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10.

1.

Frequency Is determined by the source and cannot
change. Imagine what would happen if it did. Think
about light waves entering plass — sunlight through
a window, for example. Suppose the requency

in glass was less than in air. More waves per

second would enter the glass than would leave it.
contravening the principle of conservation of energy,

a.

lighit ray

b. n, sin & =n, sin &, so sin &, = (1/1.4] sin 35" =
0.41,50 8, =24.2°

¢. See diagram.

d. See diagram, Objects seen through the window
may seem to have blurred or multiple edges. The
partial reflection is weak, so that it only becomes
obvious for a brightly lit object with a dark
background, say a streetlight at night. Thicker
window glass would increase this effect.

N

b,

a8

a.

Light rays are refracted towards the normal as
they enter the lens and away from the normal
as they leave. The curvature (shape) of the lens
means that parallel light rays will converge to

a point.

A higher refractive index would slow the light
mare and refract it through a larger angle. at
both surfaces of the lens, bringing the light rays
to a focus in a shorter distance.

Blue light would be refracted more as it entered
the lens and as it left. The blue rays would come
to focus nearer to the lens than the red rays,

The lens would disperse the colours in white
light, Different colours would come to a focus
at different points, meaning that the image
will have coloured edpes. [This is known as
chromatic aberration.)

Reflected light is not dispersed, and all colours
[wavelengths) are reflected in the same way,
whereas refraction depends on wavelength.

Ratio
n,/m,

Refraclive
index

Medium for
light path
through the eye

Air 1.0003

1.38

Cornea 1.376

0.97

Agqueous humour 1.536

1.05

Lens 1.4

0.96

Vitreous humour 1.337

b. At the cornea.
€. The ratio of (refractive index of cornea)/

13. a.

(refractive index of water) = 1.376/1.33 = 1,034,
much less than the ratio between the cornea and
air, so less refraction takes place and light rays
will not come to a focus. Gopgles trap air and
restore the air—cornea boundary.

The ratio of the refractive indices is 1.40/1.60 =
0.875.

b. Using Snell's law, [n,/n,) sin & =sin &, a ray

incident at 50° would refract at 42.1°, so it
would strike the wall at (90° — 42.1°) = 47.9°.
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4. a,

b.

15, a.
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The critical angle for diamond is given by sin f=
H2.42=0.413,50 8. =24.4",

This low critical angle means that light will
reflect many times inside a diamond. Even when
light strikes a face at an angle less than the
critical angle, much of the light will be internally
reflected. The net result will be a small amount
of light escaping from each face of the diamond,
making it sparkle.

& = sin~'[(1/1.4] sin 50°] = 33.2°
& =sin"'[1.4 sin 26.8°] =39.2°

If the angle of incidence on the glass—air
interface is 507, then by the geometry of the
prism the angle of refraction at the air-glass
interface must have been 10°. The original angle
of incidence (air to glass) is given by sin @, =
1.4sin 10°%, 50 8, =14.1°,

The angle of incidence at the glass—air boundary
[50°) is greater than & for glass, which is given
by ¢ =sin™'(1/1.4) = 45.6°. So the ray is totally
Iinternally reflected at the glass—air boundary.
This reflected ray strikes the bottom [horizontal)
face of the prism at an angle of incidence of
107, This is less than the critical angle, so the
ray is refracted out of the prism at an angle of
sin~'[1.4 50 10*) = 14.1°,

16.

17.

18,

20.

21.

The critical angle at the boundary would be almast
50°. because sin ¢ =1/, would be very nearly

1. so the difference in path length between the
It:;ngest path {when light is incident at T.hf: core —
cladding boundary at the critical angle; I = C]_and
the straight-through path i5 as small as possible,
and hence the time delay between different modes

is also as small as possible,

The speed of light in the fibre is v = i

~1.875 » 108 ms-', and Figure 28 shows that,
for every unit along the fibre, the eritical angle path
is 1.0667 units. S0 times are: straight-through path
of 1 km. time = sfv = 5.333 x 1078 s; longest path,
time = 1.0667 km/v = 5.689 * 10-5 5. The time
delay per kilometre is therefore 0.356 us.

From the answer to question 17, over a 10 km
cable there would be a time delay of 3.56 ps. You
could not transmit pulses with a period langer than
this. The maximum frequency is therefore f= 1/T =
281 kHz. (This would be unacceptably low — real
fibre-optic cables have very close refractive indices
for core and cladding to minimise the time delays.)

Using i = ¢/v and time = distance/speed, the times
for the two colours are 164,04 and 164.00 ps.
The difference of arrival times is therefore 0.04 ps,
or 40 ns,

Between 800 and 500 nm, around 1300 nm and
between 1500 and 1700 nm.

As a result of dispersion, pulses broaden, that
is, they spread aut over time, The further they
travel, the more spread out they become, and
eventually they will merge with the preceding or
following pulsa.

8 SPECTRA, PHOTONS AND WAVE-
PARTICLE DUALITY

2.

a, Rigel has the higher surface temperature
since it appears blue, rather than red
as for Betelgeuse. Blue light has a
shorter wavelength, which indicates a
higher temperature,

b. The size of the star and its distance from us,

Objects with a high surface temperature emit
strongly across the whole spectrum and appear
white to our eyes.

Flash of lightning (blue-white, =30 000 K): surface
of the Sun (=5800 K); filament of a car headlight
bulb {white, =3000 K} heating element of a
toaster [red, =900 K); central heating radiator



[iﬁfr&fﬂd- =340 K). The objects with the highest
surface temperature emit more of thejr light at
chort wavelengths.

4. No,the Moon's surface is not hot: it js simply
reflecting the white light from the Sun. The Jink
hetween temperature and wavelength applies
to light that is emitted from a surface, not
reflected light.

5, Inan old-fashioned (cathode ray tube) television
set, electrons accelerate across the tube and coflide
with atoms in the phosphor coating on the back of
the screen. Electrons in the atoms of the phosphor
coating gain energy from these collisions and are
excited to higher energy levels. As these electrons
return to lower energy levels, they emit light. In some
cases the atoms in the phosphor coating are jonised.
Electrons from higher energy levels then fall into the
gaps left by the emitted electron, and light is emitted,

6. During the day, atoms in the stars absorb energy
from light. This lifts some of the electrens into
higher energy levels. As the electrons return to
lower energy levels, they emit light. When all the
atoms are in the ground state, that is, all their
electrons are in their lowest energy levels, no
mare light is emitted. Torch-light excites some
of the electrons back into higher energy levels,
The gradual nature of the emission suggests that
electrans can spend some time in the excited states,
and do not instantly return to the ground state.

7. a. 3 eVis not enough to excite the atomic electron
to a higher energy level. No energy is transferred
to the atomic electron, and the incident electron
seatters off the atom without losing any energy,
This is called elastic scattering.

b. 11 eV is more than enough to excite the
atomic electron to the next energy level. If that
happened, the incident electron would have
11 =[=3.4 = [=13.6)] = 0.8 eV left in the form of
kinetic energy.

€. 15 eV is enough energy to ionise the atom,
totally removing the electron. There would be
15 - 13.6 = 1.4 eV left, which would be shared
between the two electrons as kinetic energy.

8 a F=hc/Ai=(6.63 x 10*Js x 3 x 108ms™")
(400 = 1079 m)=4.97 = 107%%]
Divide by 1.6 % 10-'? to convert the answer to
electronvolt, giving 3.11 eV, This is the smallest
amount of energy that can be transferred at this
wavelength: it is the energy of one photon of this
violet light.

10,

11.

i2.

13.

b. Electromaenetic radiation energy can only be
absorbad in multiples of this value, 5o the next
largest energy transfer =2 = 3.11 =6.22 eV.

€. The one after that equals 9.33 eV and so on

a, The Planck constant is a very small number,
5o that typical photon energies are a few
electronvolts, which is a very small energy on a
human scale,

b. Suppose that the Planck constant were so
large that photon energies were of the order
of millijoules (mJ) or joules (J), rather than
electronvolts (aV). A joule of energy is sufficient
to lift a | N weight through a height of 1 m.
You would be able to feel the photons arriving.
Having a torch shone in your face might
be a more painful experience than it is at
the moment,

{Asicle: I the Planck constant only increased by

a few powers of 10, then it is unlikely that any
atoms would be left in the Universe. The ionisation
energy depends on 1/h?, so atoms would lose their
electrons easily. The atomic radius also depends on
h?, 50 any surviving atoms would be huge!)

a. Three (from level 3 to 2, from level 3 to 1, and
from level 2 to 1).
b. Fromlevel 3to 1: AE=—1.5-[-15.6)
=12.1eV=194 x 1018, s0
_Eml,ﬁfmw"‘_ 10" H
B8 ey ke

Similar calculations give frequencies of 4.59 x
10""Hz and 2.47 x 10'S Hz.

The largest possible energy change is 13.6 eV. This
gives i=91nm.

a. Most of the UV radiation that leads to a suntan
is absorbed by the phosphor and the glass tube.

b. Use more mercury atoms in the tube, and
possibly increase the tube current, so that
there are many collisions between high-energy
electrons and mercury atoms. This will lead
to more UV emissicn. Do net use a phosphor
that absorbs UV, and use guartz, rather than
glass, for the tube, Though, since UV leads to
premature aging and cancer of the skin, perhaps
none of these is a good plan!

The phosphors are carefully chosen to give a
balance of red, green and blue light, to give the
impression of white, So-called ‘daviight’ lamps have
phosphors whose emission spectrum s broadly
similar to the Sun's.
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14,

15.

16.

17.

19.

20.

21.

The gaps between slectron energy levels (in a
gas), or between energy bands (in a solid or liquic)
determine which photons can pass through and
which can be absorbed. If the photon's energy
matches an energy gap, it will be absorbed, and
the material will be opaque to that wavelength.
Ordinary glass has no energy gaps that match
photon energies in the visible range, so it is
transparent to visible light.

The lines of colour that form the emission spectrum
reveal the energy levels corresponding to the
allowed orbits in the atam.

The electrons in atoms that absorb light must
be in a lower energy state before they absorb
any photons. Cocler atoms will have fewer
excited electrons,

Without strong sunlight, the heat of the flame will
excite some of the electrons in the sodium atoms
to a higher energy level. These emit yellow light as
they return to the lower energy level. With strong
sunlight shining through the flame, there is more
absorption in the sodium vapour. This makes the
lines look darker,

The photoelectric effect is the emission of electrons
from the surface of a metal, Shining light on a metal
may knock electrons out of the surface and so
reduce the excess negative charge. If the cap was
positively charged, that is, if there was an electron
deficiency, any photoelectric effect would simply
increase the positive charge (though this would be
difficult since the electrons would be attracted more
strongly to the surface of the metal in this case].

Photans of ultraviolet light have sufficient energy to
remove electrons from the zing, thus removing the
excess negative charge, which allows the gold leaf
to fall.

A photon of red light does not have enough
energy to eject an electron from the surface of
the zinc. Bright red light simply means more
low-energy ‘red’ photons, none of which can cause
photoelectric emission.

The photoelectric effect depends crucially on the
frequency of incident light, Below the threshold
frequency, no photoemission occurs, no matter how
intense the light. I the light has a frequency higher
than the threshold frequency, photoemission will
occur [and the brighter the light, the more electrons
will be ejected, but Table 1 does not show this),
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22.

23,

2.

25.

26.

The coconuts in their holders represent electrons
held into the surface of a metal. The ping-pong balls
represent low-energy photons of light that are below
the threshold frequency. These do not have enough
energy to remove the coconut (electron) from the
holder (surface). The hullets represent high-energy
photons of light that are above the thrashold
frequency. A single bullet {photon) has sufficient
energy to knock a coconut (electron) from its holder

(surface).
a. There is no effect.

b. There is no effect.

¢. Faint blue light would cause some photoemission,

d. Bright blue light would cause more
photoemission — more electrans would be
gjected from the surface,

e. There are no electrons in a and b. In cand d, the

maximum kinetic energy of the emitted electrons

is not affected by the brightness of the light.

Walking speed, v =2 m s’

Mass, m = 60 kg

Momentum, p=mv=120kgm s

A=hip=6.6 10-3%/120=5.5 = 100%m
Diffraction is only noticeable if the gap or obstacle
s approximately the same as the wavelength 4, so
that would need an extremely small doorway.

The wavelengths are too large to be diffracted by
the crystal structure.

It gets smaller (because the wavelength
gets shorter).

9 THE EQUATIONS OF MOTION

1l

2.

Momentum and electric current are vectors,
Density, temperature, and power are scalars.

Average speed = [45 = 1.6 = 1000070 = 60] =
17ms™

Average velocity =
(144 % 1.6 = 10000/(70 <« 60)=55ms"’
on a bearing (estimatad) of 280°

Mo, this is not possibie. [You would need to find a
route shorter than a straight line!}

Velocity Is a vector quantity. The direction is
important. Since a runner’s direction is constantly
changing as she runs around the track, velocity is
also constantly changing.



e

9.

10.

12.

a, average speed = (total distance)/time =
10000/1813.74=5513 ms!

b. average velocity = displacement/time = 0 m <!
She Is running at a constant velocity of 1] ms-!.

The runner with the highest average speed wins.
They will cover the distance in the shortest time

It is the instantaneous speed at the mament of
take-off that determines the length of the jump. The
average speed of the run-up is not impartant.

a.-2 + - =-4ms!

b. The answer is the same as in part a because B s
at rest relative to O.

CFEN+EFA+ =)+ -=-Tme!

No, not in any absolute sense. An object can only
be stationary when compared to something else.

a. At 10 m s, Initially, the ball, you and the guard
are all at rest in the same frame of reference.
b. At20ms!

€. At10 + 40=50ms!

Exactly where you started. You were at rest with
respect to the Earth when you jumped up. Nothing
has happened to change your horizontal velocity,

Galileo wrote “A Dialogue Concerning the two chief
world systems” in which he staged the debate
between the heliocentric (Sun-centred), Copernican
solar system and the geocentric (Earth-centred),
Aristotelian model favoured by the Church. In it

he imagined a ship sailing smoothly along on calm
seas at steady speed. He imagined someone on the
ship watching water drip from a hottle, butterflies
being released on deck and fish swimming in a tank
and claimed that these would behave in exactly

the same way as if the ship were stationary. This
argument served to show that the objections to

the movement of the Earth were unfounded. (The
geocentric argument in the book was made by a
character named Simplicio, which may not have
endeared Galileo to the Church.)

4.

e

Take 15[.2) paces on a bearing of 172°.
15. a. 40ms ' at 49" to the river bank

b. 27.8B minutes

c. 30° to the river bank

d. 55.7 minutes

shot velaoity
=125ms"’

honzontal component
=125c0541°=943ms!
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17. a.

Angle to the Horizanlal Vertical
harizantal / velocity / velocity /
degree ms™ ms™

i 20 18.8 6.8

i 30 17.3 10.0

Hii 40 15.3 12.9

iv 50 12.9 153

v 60 10.0 17.3

vi 70 6.8 188

vii BO 35 19.7

b. The optimum angle to achieve the greatest range

can be deduced to be about midway between

0 and 90 (in fact it is 45°). The reasoning is that,
at 20°, for example, although the horizontal
velocity is greatest, the small vertical velocity
means that the time of flight will be short, And
at 80° the high vertical velocity means that the
ball stays in the air for a longer time but the
horizontal velocity is low so that the ball does
nat travel very far,

Ay _ 320 - 1.6x10°

_ar i3
F-M ms

19, Assume that a car starts from rest and reaches

30 miles per hour in around five seconds. 30 mph
=13.3ms", so acceleration= 13.3/5 = 2.7 ms™%.
Any value in the regionof Il ms 2 to5ms?

is reasonable.

20, Just after the ball is dropped, its velocity and

21,

acceleration are downwards, After the ball

has bounced, the velocity is upwards but the

acceleration is still downwards [due to gravity).
Before bounce After bounce

|

acceleratmnl l-.remmty |®| lacceleratnun

[veiucity

Ve isrriiiiiiiiiisss

a. Distance travelled cannot be negative, because
direction is not relevant. The graph cannot
have a negative gradient, as this would mean
the distance travelled is getting less as the

journey progresses,
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22.

b. The graph would be the same as Figure 23 as far
as t = 5 s Then, rather than decrease. it would
increase in an upward curved ling to reach a
maximum value of 16 matt= 10 s

Average velocity = [4-6)/5 = ~3 ms-'. The actual

(instantaneous) velocity at £=55 is [pss than the
average, At t= 10 s the actual velocity is greater

than the average.

23. a. 45

4.0
- 35
=30
—~ 25
2.0
15
1.0
0.5

m

Velac

U T T T T L] T T
0 10 20 30 40 50 &0
Time /s
Uniform acceleration has been assumed at the
beginning and end.

b, 250

Displacement f m
52 &8 &

in
=
i

Ll

/0

10~ 9 10 20 30 40 50 &0
=30 Time /s
a. Acceleration is the slope of the graph.
0= % =4ms-2
b. Distance covered is the area under the graph. Do
this in two stages, from 0=2 s and from 2-8 s,
The total distance = !'[2 xB]+[B=xBl=5m

70



27.

1 -
E |
A :
. I Time /s
[:T)
% |
a |
(=1 [
-10F '
I
I
I
™ i
E
= 2+
:_5 Time /s
s
o
E
§
o Time/s
g
o T
Acceleration is due to gravity only
-u_ 75-0Q

v
Use ﬂ'=—f—'— o.0008 = 150 000m ﬁ_lpnhiﬁ
is 15 000 times the acceleration due to gravity!)

a. 5=120mu=0,v=15ms-1,t=7.a=7
Usevi=u? + 2ms

225=0+ 2 xax 120
205 _

=0
=094 ms?
b. 5=? u=15ms' v=0,t=30sa="7
Tofind o, use v=u + at
0=15 +a = 30
=15=30a
=-0.5ms?
'E::ﬁndﬁ,:.ﬁe:':zé[u-l- )t
s=3 x (15 +0) x 30=225m
So the total distance travelled = 235 + 120 =
345m

For the whole jump (up and down), s=0,u=17,
v=?t=20=-98] ms?2

There are too many unknawns here. We need at
least three values to solve the equations, So divide
the jump into two parts, up and down.

29,

32.

33.

Up; At the top of the jump, the instantaneous
velocity is zero. Then

5=3,u=?v=0,1t=20=-98Ims?

Use v! = u? + 2as, giving
O=u? + 2 x[-981) x 3
=589

u=767Tmsg"!

This is the take-off speed. We can use this to find [,

V=
using t = —— , 50
siNg a

p=0-167 -1.67
- =981 ~ 93l

Down: We can treat this in the same way, except that
now u =0 rather than v, but as the second part takes
exactly the same time as the first, t = 0.78 5,

Total time in the air= 1,56 5

=1{.785

a. Uses=ut + }ut", but because s = Oms',
s=4a?,s05= 4 x 9.8] x 352=60m

b. If the potholer was using a stopwatch, he might
manage +0.1 s, which is approximately 5%
uncertainty, so 60 + 2 m.

c. At adepth of 60 m, the sound would take about
60/340 = 0.18 5 to reach the potholer. This is
comparable to the uncertainty, so the speed of
sound should be taken into account.

a. The bag falls with you at the same rate, g, as this
is independent of mass. So to anyone in the lift,
the bag appears to 'Mloat’

b. Zero. They are falling too, at the same rate as

you. 50 the contact force between vou and the
scales drops to zero.

To reduce drag and thereby achieve a higher
top speed.

A mouse has a relatively large surface area to
weight ratio. Air resistance s equal to the weight
at a low speed. The mouse'’s terminal velocity is
small enough not to be fatal, This is not the cage
for the rat. the man nar indeed the horse, for which
air resistance would equal weight at progressively
higher speeds. Terminal velocity would be

precisely that!




54. Atthetopofthejump: v = Oms-! u=

4.8 ms-', acceleration s due to gravity and acts

the larger the vertical component, the longer the
flight lasts. The range is equal to the horizontal
component = time. Too steep a trajectory leads
to a flight that lasts a longer time, but travels
nowhere. Too shallow a trajectory leads to a flight
that does not last long enough to get anywhere

. Firing from a height means that the time of flight
is extended; the maximum range is achieved by
using a smaller angle.

The towers are in compression — pulled down by the
cables, and pushed up by the ground.

down,a = -9.81 ms-2, 2. a W=mg=800 x 981 =785N
Rearrange v? = pu? + Jas to give 128 l
b_ g.'ﬂl:ﬂ?‘ L Eﬁ‘iﬁ = 1.6ﬂ N kg‘
- Y. A i
5='”J” =-§] Fé%}i =—$g-’g-=1.1?rn 3. A A
- x(-9.81)  -13. | contact force from
_ ) . river bank
This is the height gained by the centre of mass,
50 add 0.95 m to give a height of 2.12 m for _ contact force from persor
the centre of mass. [A top-class athlete will jump weight of bridge (= weight of person)
with his or her centre of mass as close to the bar Y
as possible.) : o
&. Prof. H is right, since without friction between
35. a. Consider vertical motion first. Use s = ut + jat’ your shoes and the floor, you could not gain any
to find the time of flight. Since the jumpers move horizontal speed. Of course, if you did manage to
horizontally at first, u=0ms~', so get moving, you would just keep moving. so maybe
%367 Prof. G has a point, though school corridors would
. ’ ra
t= J: = T I 23535 be a nightmare,

. 5, On astraight, level road, increasing the weight
Horizontal distance must be at least 8.22 m, so would increase the normal contact force and
horizontal velocity must be at least therefore friction would increase, making skidding
822 _:sams less likely. If the car was turning a cormer, more
2.53 ’ i hit

mass would need a larger frictional force to push |
b. Horizontal velocity is approximately constant = round the corner, so more likely to skid
3.52ms™ 6. Actual contact area could be 0.01% of 4 cm”, say
Vertical velocity is 4 % 10-8m2
v=u+at=0+9.81x233 welght
=22.9ms R 3
i . weight =density = g = V
Use scale drawing [or Pythagoras’s theorem] to - 8000 x 981 x 8 x 10-6=0628 N
combine these.
so pressure at points of contact = 0.628/(4 = 107°)
Final velocity =232 ms-"at81.2% to 16 = 105 Pa=16MPa
the horizontal.
. A izontal component = €os 45% = .
3 T;T:n i i b. Because the normal contact force is now less
: ieht. t d
Vertical comm nt = 100 sin 45° = 70.7 m s-! than the weight. Surfaces are not presse
) together as hard.
b. The vertical component sets the time of flight, so
8.

10 FORCES IN BALANCE

1. The cables are in tension — pulled down by the
weight of the road, and held up by the towers.
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_ Boats must displace their own weight of water in
order to float. In this case, the volume of water that 17.
the boat must displace is eight times the volume of e
steel used in its construction, e ;::3

13

contact force
; from road

Liquids do not compress very much, so that the
density of sea water is similar at all depths. But gases
do cOmpress. The density of the air is much greater at
cea level, than, say, at 15 km up in the atmosphere.

. Probably the vertical forces of weight (acting 18. fiieth

downwards) and contact force from the floor and/ i

or chair (acting upwards) ... that could be it, unless

you are outside in the wind,

weight

. Buoyancy (upthrust) (upwards), weight (downwards) contact

and drag (downwards). force
. Weight (downwards), contact force from the road

(upwards), force from tow-bar (forwards) and drag

(air resistance and rolling resistance) (backwards).
. These forces should be marked: lift (upwards), weight e :;,TEE ;Ti;:ﬁg:: ks

{downwards), thrust (forwards) and drag (backwards). b

_ a. At maximum thrust, the aircraft will accelerate
until the drag equals the thrust. The drag, and
hence the value of the top speed, will depend
on the shape of the aircraft, the air density (so
altitude) and the weather conditions.

b. The lift depends on the density of air (and so the
altitude) and the speed of the alrcraft. As the
aircraft climbs, the air gets less dense, reducing
lift. Eventually, even at top speed, the liftis
equal to the weight and the aircraft cannot climb
further (other factors are the angle of attack of

the wings, the area of the wings, the shape of the
he weight of the aircraft).

wings and aircraft, and t

c. Tension in cords, and tension in elastic/rubber
suspending it.

d. 4 tension
| in suspension

tension in cords

Z/777 777l
W = child weight e, First, treating the whele baby plus harness as
N = narmal contact force one object, the tension force F in the elastic/
rubber suspending the bar is:

F = friction acting on child
14 x 9.81-10=12TN

Fs'l!ﬂ"i' 2g—1ﬂN=
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s no power steering. As in b, the

The component of the tension T in the two cords, c. There wa . o
acting '"'EI'T'FE-EI"}' downwards, is 2T cos 307, This Jarge radius of the steering wheel amplifie o
must equal 127 N [upwards). 5o A
Spendleta 23. Say Aristotle has a mass of Bt}. ke, e_md assume that
LRSS he can exert a force equal to his weight and that for
i = g
. Zeos30™ = 120 this very rough estimate g = 10N ke~'. Then
fqﬂgu_ire_d _6x 10 _ 24107
- Ry T Torce exerted 80
\\ ’f so that ratio is needed on either side of the lever,
B -
: /(\ d If the Earth sits at one end of the lever, and the

fulcrum is one Earth radius away, the other side of
the lever must be 7 = 10?7 Earth radii=5 = 10%%m
long fabout 10 million times the Galactic radius).

\
\
AT

24. I the strong person pushes, say, 1 cm from hinge,
ion i and the weak person pushes, say, 75 cm away

e t"?“s_"’“ g from the hinge, then the strong person needs a

o force of over 75 times that of the weak person to

R = normal contact force
i ' ‘win' This is very unlikely!
W = skier's weight wi ry

. 5. &
b. Parallel to the slope [upwards positive) the forces o
are T cos ¢ =W sin 8 —F.
Perpendicular to the slope (upwards positive) the
forces are R, T sin ¢, —W cos &
c. For equilibrium along the slope:
b.

F + Wsin 8= T cos ¢
For equilibrium perpendicular to the slope:
R+ Tsind=Wcos @

21. 0 15" = N =94
1000g » cos N BON {You would need to have cleats, that is, pedals

1000g = sin 15° =F=25340 N fastened to your shoes, to be able to exert a force

22. a. Moments can be equal even if the forces Upwards:on the: pedal.)

(weights) are not: the lighter person needs to sit 26. W x 1.5=20000 = 3.2=42 700N
further from the pivotl.
: : 27. The transverse force of the wind tends to tip the
b. A larger-diameter handie provides a greater board gver. The resistive force of the water on the
turning effect (see diagram) and hence a greater daggerboard helps to balance this

force on the screw,
2B. a. Treating this as a couple:

handle '! % . i blade moment = force = perpendicular distance
diameter - ‘+— diameter

=10N = 030m=30Nm
b. mement = force x perpendicular distance

mMoment of couple = applied force

* handle diameter =30N % 0.20m=10Nm

€. moment = force » perpendicular distance
=50N = 0.70m=35Nm

= force on screw « screwdriver blade diameter

If the diameter of the handle is 5 times that of
the blade, your applied force will be magnified
5 times.
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29, a. anticlockwise moment = clockwise maoment
X x25=600 = 2.0
X=1200125=480 N
b. anticlockwise moment = clockwise mament
1000 « 10=X % 2.0

X=5000N
¢. anticlockwise moment = clockwise moment

0.1 75401 %x25=0.1 x »
x= 0.75+0.25)
0.1
30. As the mastis lifted, the angle increases from 25°
The component of T perpendicular to the mast also
increases. The moment of the weight decreases,
because the perpendicular distance to X decreases,

11 FORCES AND MOTION

1. In ahead-on collision, the front of the car is rapidly
brought to a halt. Any rear-seat passengers will
continue at their original velocity until acted on by
a force, in accordance with Newton's first law, It
may take a force equal to the weight of an elephant,
say 3“{:{}:} M, to stop them, Without rear-seat
safety belts, this force could be provided by the
front-seat passengers.

=10¢em

2.  When a car is hit from behind, it Is accelerated
forwards. The car seats will accelerate with it,
pushing a passenger’s body forwards. Without an
external force to accelerate it, a passenger's head
will retain its original velocity, lagging behind the
rest of the body, until the muscles of the neck pull it
forwards. This results in ‘'whiplash’ injuries. A head
restraint provides an external force and accelerates
the head at the same rate as the body.

3. aa-B20 5442
so At = 2 s approximately
b. We need to estimate the mass of a cheetah -
perhaps a little less than an adult human,
say 50 kg. So F=50 » 13=650 N,
An acceleration of 13 m 572 will mean more force
on the cheetah than would arise from its own

weight. so cheetahs have bones with a larger
cross-sectional area to make them stronger.

&. A bicycle goes from 0 to 15 km h™! in less than
10 m. Using v? =u? + 2as gives acceleration =
1 m s~ (professional cyclists achieve almost double
this). Soforce=ma= 100 kg = 1 ms?=100N.

Using F=ma, F= 10 kg « 200 ms 7 = 2000 N
This is close to the force required to beat the world
welghtlifting record. It would be impossible for an
adult to provide this force to restrain a baby in

a crash,

5=33-9=14m v=0msandu=
l:_f-_Bé:-cIﬂDﬂ} e |3.£HTI§'I

3600
USiI‘Iﬁ W=yl &+ 208,

=W - y?)f2s = %— -6.4ms?

Since F= ma, F= 1500 = 6.4=2600N

The crash barrier takes time to deform. This
extends the duration of the collision. Force = rate
of change of momentum (Newton's second law], so
if the momentum change takes place over a longer
time, the force is reduced.

a i AR, forces on

the car

COL TR T7T 7777777777
1rwl:

W, = gravitational pull of the Earth on the car

[the car's weight]

R, = contact force of the Earth's surface on
the car

il We forces on

the Earth

Re
W = gravitational pull of the car on the Earth

R = contact force of the car on the Earth's
surface

b. I. Because the car and the Earth are in equilibrium,
Mewton's first law says that there must be no net
force, 50 Re = W and R, = W,

fi. Newton's third law says B, = R and W = W,
The forces in these equations act on
different objects.

A car's wheels are turned by the force provided by
the engine. The wheels push the road backwards via
the friction between the tyres and the road surface.
The road exerts an equal but opposite force on the
car [Newton's third law). It is this force that pushes
the car forwards.
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10. a. The momentum of the bullet is 0.04 kg =

12.

13.

300ms ' =12 kgms". If the victim has a
mass of 80 kg, then, in the absence of any
external forces, such as friction, the victim
should move backwards at a speed of 12/60 =
1/5=02ms"'. This is hardly flying backwards,
and in reality the external forces would prevent
much movement,

b. The shooter should recoil with the same momentum
as the victim, in the opposite direction,

a. She should throw the spanner away from
the spacecraft. She would gain an equal but
opposite momentum towards the spacecraft.

b. Momentum of the spanner equals 1 = 4 =
f kg m 5!, The astronaut has an equal but
opposite momentum, 4 =60 = v, s0v=
460 = 1/15=0.07 ms™'. (This is quite slow but
she should get back to the spacecraft before her
oxyeen 15 used up!)

a. Newton's third law. As skater A pushes skater
B away, skater A will experience an equal but
apposite force from skater B

b. Mewton's second law. If you knew the force on
the skater and their mass, you could calculate
the acceleration using £ = ma.

c. Mewton's first law. An object will travel at
constant velocity, unless acted upon by an
external, resultant force.

Consider the vertical motion to begin with. At first,
the car has no vertical momentum, But as it falls,

it accelerates, gaining momentum. This does not
contravene the conservation of momentum, as
gravity is an external force. If we included the Earth
in the ‘system’, then gravity becomes an internal
force, and we have to consider the momentum of
the Earth, which is equal and opposite to the car's
momentum at all times. The Earth actually comes
up to meet the car, but since the Earth's mass is so
much greater than the car's mass, its velocity will be
very much smaller than that of the car,

A similar argument can be made for the horzontal
momentum. As the car accelerates forwards, it
pushes the Earth backwards. Again, the total
momentum is always conserved.

14&. As the rockets fire, the spacecraft accelera

17.

tes in

the opposite direction. The total momentum ::I’Ithe
gas ejected from the back of the spacecraft during
the burn is 0.1 kg = 2000ms ' =200kgm kA
The spacecraft will gain this extra momentum in

the other direction: 200 = 1000 x V.50 it will
travel 0.2 ms-' faster after the burn. To sum up:
the spacecraft moves at a constant velocity of

10.0 m s~ until the rockets fire, when it accelerates
uniformly to a speed of 102 m s’ I, and then it
maintains this new velocity.

The eggs need to be accelerated and decelerated
gradually. ‘Soft' hands are needed, that is, the eggs
have to be caught with your arms at full stret;h

and then slowed down gradually. The change in
momentum |s unavoidable, but the rate of change
of momentum can be reduced. The impulse {force =
time] is fixed by the speed and the mass of the egg,
but a smaller force applied over a langer time will
provide the same impulse, and there will be less

¢hance of the yolk being on you!

The basketball has a large mass compared to the
Powerball, When the haskethall bounces on the
floor, it changes direction and so collides with

the Powerball. In this collision, the basketball will
transfer some of its momentum to the Powerball,
which has a relatively low mass and therefore gains
a high velocity.

The speed of the ball before hitting the racket can
be estimated as 200 km b,

This is (200 = 10860 x 60) m s~'. Converting its
mass to kilograms (60 = 1072 kg), its momentum
before it hits the racket is

(60 = 1073 x 200 = 10%)/(60 = 60) kgms™'=
Z33kgms.

Assume mormentum afterwards is the same
magnitude, but in the opposite direction.

The change in momentum

=2 » 353 =6.66 kg ms'. The impact time is
about 5 ms, so the force = 6,66/0.005 = 1300 N,

a. Elastic. If the collisions were inelastic, the
molecules would lose kinetic energy, move maore
slowly and so the gas would cool spantaneously,

b. Inelastic. A tennis ball loses height with each
bounce and is therefore losing kinetic energy.

€. Inelastic. Some of the kinetic energy of the
electron Is transferred to the energy of the X-ray.



19. a. Momentum before collision = mass of pellet »

velocity =0.5v ke ms!

Momentum after collision = 1505 « 0.2 =
201 kems!

These must be equal, so v=30.1/05=60ms"!

b. The uncertainty in the mass of the pellet and
glider could be around + 0.1 g, but this is less
than 0.1%, The uncertainty in measuring the
velocity of the glider depends on the precision
of the measurement of the flag. Estimate
this as # 1 mm, for a flag of length 5 cm, so
approximately 2%,

€. We have assumed that there were no
external forces acting so that conservation of
momentum applies,

Ensure that the rifle is held firmly in a clamp and
aimed at the Plasticine, [A |aser beam could help
vou to align the rifle.) You should ensure that

no other students can enter the firing area. You
could wear goggles if there is a risk of ricochet.

B

Repeating the readings would help to reduce the
random error.

20. Kinetic energy is proportional to velocity squared,

so doubling the velocity means that the car has
four times the kinetic energy, which would be
transferred, partly to the child, in a collision.

21. a. Incity traffic, you are accelerating and braking

frequently. Energy is being transferred from the
fuel to increase the kinetic energy of the car,
which you then transfer by heating the car’s
brakes. Since kinetic energy is proportional to
mass, a lighter car reduces the energy required
and hence the cost. During motorway driving,
there are (it is hoped) long periods of driving
at constant speed. [Energy is being transferred
as work against resistive forces, mainly drag.

A car with a smaller frontal area and more
streamlined shape will reduce energy demands
and hence cost.)

b. Reducing your speed helps in both cases. In the
city, since kinetic energy is proportional to v?,
cutting your speed reduces the kinetic energy
that you lose each time you brake. On the
motorway, resistive forces also depend on v2,
50 cutting your speed will reduce the work done
against these forces.

22. a. Every minute 200 kg of potatoes are accelerated

from 0 to 3 m s, which is
E = 3mvl=j x 200 x 32=900J

23.

24,

25.

26.

27.

b. 900/60=15J5

¢. The belt will be working against friction, 50
energy will be transferred as heat, and not all the
energy will go into moving the potatoes.

The minimum energy is the gravitational potential
energy at the height to be gained:

E?: mgfh =150 = 9.81 = 20=29 4001

Suppose that the height between floors is 5m

and the escalator has steps 0.3 m high, so that
there are 16 steps between floors. Suppose the
escalator has one person on every step. Taking their
average mass to be 60 kg, the escalator has to lift
1000 kg [neglecting its own mass). Say it takes 20 s
to move between floors. The gain in gravitational
potential energy is

E,=mgAh= 1000 = 9.81 = 5=49 000

But this is in 20 5, soin 1 5 energy needed = 2500 J.

Impulse is equal to change in momentum. First
estimate the mass of the child. sav 30 kg, and the
height fallen as 2 m.

Loss of potential energy = mg Ah, which has been
transferred to kinetic energy = y mv?. Equating
these gives ' =2 = 9.81 = 2=40,s0v =
63ms'.

Just before hitting the trampoline, the child's
momentum is 30 = 6.3 ke ms~'; and just after

it, neglecting the effect of any external force, the
momentum will be =30 =« 6.3 kg m 57!, equal but
in the other direction (assumning an elastic collision).

Impulse = change in momentum =2 « 30 = 6.3 =
FB0kems' =580Ns

a. Power =force = velocity, so
F=Plv=112000/8.9 = 12.6 kN at 20 mph

F=Plv=112000/17.8B=6.3 kN at 40 mph

b. To find acceleration, we need to use a= Fim, but
F is the resultant force. We need to know the
resistive force acting to find the resultant force.

a. Drag increases with speed (proportional to
v? at higher speeds), Eventually, the resistive
forces are as large as the maximum force that
the vehicle can produce. The vehide can no
longer accelerate.

b. Maximum force (torque) provided by the engine,

By improving the shape [asrodynamics) of
the vehicle.
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28,

29,

32.

a. Yes. Lower gear means greater torgue and so

greater force on the road and lower velocily (power =

Fv; at constant power if F increases, v decreases).

b. No. As in a, the cydist will pedal faster with
reduced force whereas the bike will exert greater
force at lower velocity

€. No. Gears cannot add energy: in fact. due
to Iricticn, the output power is likely to
decrease slightly.

The typical weight of an adult is, say, 650 N; height
of a flight of stairs is, say, 3 m. So potential energy
gained = work done in climbing stairs = mg Ah =
650 x 3=1950J.

—TI 155::50::-0 = 564 times

a. Kinetic energy of the air (wind)

20kW
b. 06 =33 kW

c. Toget all the Kinetic energy would mean actually
stopping the wind that blew through the rotor
blades. This would bulld up as a high-pressure air
‘wall' and the wind turbine would stop working.

a. Input energy = food; output energy =
kinetic energy and any gain in gravitational
potential energy

b. Heat in the human ‘engine’, friction at the pedats,
gears, axles and so on

c. You would probably need a closed laboratory
with a rolling road or a fixed frame in a wind
tunnel, for each bike. All energy inputs would
be monitored closely (incidental heating, food,
and so on). Different designs could be examined
under identical circumstances.

d. The low road position means that traffic cannot
see vou and you are at the same level as most
exhaust pipes. It is difficult to climb hills, and
carrying panniers can be difficult.

3.0 gallons = 13.64 litres, so the power input s
15.64 = 38.6 =526.5 MJ per hour

Output power =30 kW = [30 x 80 = 60) kJ per
hour = 108 MJ per hour

108 _
526.5 ek
Simply comparing the energy used is not enough.
You need to take into account the number of

Efficiency =

passengers and the distance travelled. You
would need to compare the energy used (joules)
per passenger per Kilometre, so joules per
passenger kilometre,
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12 THE STRENGTH OF MATERIALS

Tv

1 FLE.—- 101:“}2-_‘ ]ﬂ‘g.
s0 1000 kg = 1000 x 103=10°¢g

Im=100cm=107cm
1 m*=100 = 100 x 100 cm® = 108 cm®

So 1000 kg m* = 105 g/10% am” = | g cms

Volume = mass/density

= 1/21 450 =47 » 105 m?

Cylinder volume = mir?h = = (0.25) =
1.0=0.196 m?

Since mass = volume » density, then mass of water
=0.196 = 1000 = 196 kg

Sugar comes in | kg bags that measure about
20em » 10 em » 5cm = 1000 cm®. This gives
an average density of 1 ke litre™' or 1 g cm™ or
1000 kg m~3. (The published density of granulated
sugar is 1.59 g em™?, so there is a significant
amount of space hetween the granules.)

A pack of butter has a mass of 250 g and measures
about 10 cm = 6cm = 4.5 cm = 270 cm?, which
gives a density of 25001270 = 0.93 g cm™, (The
actual density of butter is 0.94 g cm™ + 15%
depending on water content.)

a. F=Ao=mn x “ x Iﬂ_!}? = B Iﬂ5=257N
[so a fish of mass approximately 27 kgl

b. F=267 = 5=1335N

A= Flo = 1335/(85 = 105
=15.7 = 107% m?, so diameter = 4.5 mm

lor by ratios)
Strain = extensionfength = (7.5 x 107350 = 1.5
w 1073
a. Copper
b. Blu-tack, Plasticine, clay
c. Rubber band
d. Glass, ceramics
e, Rubbers, alloys, composite materials
The limit of proportionality is when Hooke's law no
longer applies (where the force—extension graph
ceases to be a straight line through the origin). The

elastic limit is the highest stress before permanent
deformation takes place.



10. a k=FA=(0.2 x 98115 x 10-5)-
121 Nm'

b. E= k017 =05 x 131 x (0.035)2 - 0,080 |

c. mg Ah=0.080 ), 50 Ah=0.0810.2 « 9.8 -
4.1 cm

11. a. Maximum load = 100 N, an extension of 5 cm
would be manageable and this would give
ascaleof 1 mm=2 Nor 200 g. Need k -
100/0.05 = 2000 N m-T,

b. Uncertainty of about 200 g, 505 + 0.2 kg,
which s a percentage uncertainty of 49,

. A high spring constant would mean that a | arge
mass could be weighed without stretching the
spring too far, but this rather ‘stiff spring would
not be very sensitive. So the student is right,

12. a. The material absorbs the energy by deforming,
doing work against internal forces. Work =
force = distance, so a long extension ar a
relatively high force will do a lot of work,

The area below the stress—strain curve is a
measure of toughness, So high strength (high
stress before breaking) combined with long
ductile region (large strain before breaking) lead
to high toughness,

b. Sketch should show straight-line region only near
the origin, and breaking point at high value of
stress and high value of strain, The actual shape
for synthetic rubber is shown here,

Stress

Strain

13. a. B b. A A d. C
f. B (and C to some extent]

e A

14. Specific strength of Kevlar is 2.15 MPa kg~' m?.
Specific stiffness of Kevlar is 86.1 MPa kg™' m®,

Specific strength of carbon fibre is 1.09 MPa kg™! m?,

Specific stiffness of carbon fibre is 154 MPa kg™' m3,
Kevlar is the better choice,
Although carbon fibre is stiffer, it is not as strong.

15.

16.

17.

a. Lower resilience means a larger hysteresis loop,
that is, more energy is transferred as heat in
the material,

b. The lower resilience of silk cords would mean
that more energy is dissipated, so there would
be fewer bounces than using rubber cords.
Because silk is stiffer, it would mean that the
cords would stretch less and would decelerate
the jumper more quickly.

The graph for the cold ball is a hysteresis loop
with a large area; the graph for the warm ball is
a hysteresis loop with a smaller area. Initially the
ball is cold and riot very bouncy, so each collision

Is inelastic and energy is transferred to the ball
as heat,

cold  warm

Force

Compression

Increasing the mass of the jumper means that the
cords stretch further, and more energy is stored

as elastic strain energy. When the bag is dropped
at the bottom of the jump, the mass is decreased,
and so the jumper rebounds much higher, possibly
crashing into the platform they left only a brief
moment earlier,

13 ELECTRICITY 1

1.
2.

1000000 = 60 = 60=36 =« 10°)=360C)
@ 100 x 24 « 60 x 60=86 = 10% )
0.1 = 24 =24 kWh
b. (18/100) x 8.6 = 105=15 = 105
(18/100) x 2.4 = 0.43 kWh
a. 264 » 1000 x 60 x 60=95MJ
b. (95 = 109/[3 = 60 = 60) or 26.4/3 = 8.8 kW
The fluorescent tube uses B0 W power. You would
need only half of that with the new LED tube, so
40 W. Estimate that the light is on for 3 hours per
day. Energy per day =0.040 kW = 3h=0.12 KWh

per day. Multiplying by 365 gives 44 kWh per year,
which is about 10p = 44 = £4.40 per vear.

1.6 = 107" =6.25 x 10'® electrons
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Absolute zero Zero on the
kelvin scafe of temperature: the
lowest possible temperature,

at which there is zero kinetic
energy of the particles (except for
quantum-mechanical motion),

Absorption A process in which a
photon of light may interact with
an electron in an atom, in glass for
example, and be absorbed.

Absorption spectrum Dark lines at
specific frequencies on an otherwise
continuous bright spectrum.

Acceleration The rate of change of
velocity: the change in velocity in
unit time: unit m 52,

Accurate Describes a reading that
is very close to the true value,

Activity The number of

emissions per second from a
radioactive source, measured in
becquerels [Bg); 1 Bg = 1 emissicn
per second.

Aerofoil The curved shape of a
wing as seen in cross-section,

Air resistance A force that acts to
oppose motion through the air.

Ampere (amp) The Sl unit used
to measure electrical current;
symbol A.

Amplitude The maximum height of
a wave, or the largest displacement
from equilibrium.

Angle of incidence The angle
with the normal (perpendicular to
the surface) at which a ray strikes
a surface.

Antimatter The term used to
describe matter composed of
antiparticles; it is created by
high-energy collisions or particle
decays but exists only in small
amounts in the observable Universe.

Antineutrino The antiparticle of
a neutring; emitted during the
process of beta decay,

Antinode A point on a stationary
wave where the displacement is
maximum.

Antiparticle A particie that is
identical in mass to another, more
common particle, but opposite

in other properties, e.g. charge,

baryon number, strangeness. A bar
over the particle's symbol indicates
that it is an antiparticle.

Antiphase Two points on a wave,
Or points on two waves, are in
antiphase if their vibrations are
180° out of phase with each other,

Archimedes' principle A law
stating that the upthrust on an
object is equal to the weight of fluid
displaced by the abject.

Atomic mass unit A small unit
of mass used in nuclear physics
defined as 1/12 of the mass of a
carbon-12 atom; symbol u.

Attenuation The reduction of
intensity as a wave travels through
a material.

Attenuation coefficient A measure
of the attenuation of waves caused
by the absorption of energy as they
travel through a medium; measured
in decibels per kilometre,

Baryon A particle (a type of
hadron) made up of three quarks,
e.g. a proton,

Base units The seven basic S| units
of measurement: metre, kilogram,
second, ampere, kelvin, mole,
candela,

Bending losses Attenuation in an
optical fibre when light strikes the
cladding at an angle smaller than

the critical angle, causing it to not
be reflected back into the core,

Bohr model A model of atomic
structure in which electrons travel
round the nucleus in a number

of orbits at fixed distances from
the nucleus.

Breaking stress The maximum
stress (force per unit area) that
a material can withstand before
it breaks.,

Brittle Describes a material that
does not deform plastically before
it fractures,

Cathode rays The rays emitted
from the cathode in a low-pressure
gas tube; shown to be fast-moving
electrons by J.J. Thompson.

Centre of gravity The point at
which the weight of an object can be

taken to act; an object will balance
if it is supported at its centre
of gravity.

Centre of mass The point at which
the mass of an object can be taken
to be concentrated; in a uniform
gravitational field, this is the same
point as the centre of gravity.

Charge A fundamental property of
matter; charged objects experience
electrostatic forces. Charge may

be positive, zero or negative; unit
coulomb, C,

Chromatic dispersion The

splitting of waves into different
component wavelengths during
refraction, e.g. producing a coloured
spectrum by a prism: also called
material dispersion.

Cladding The outer covering of an
optical fibre that confines the light
to the core,

Closed polygon of forces The
result of the vector addition of all
the individual forces on an object in
equilibrium (zero resultant force).

Coefficient of friction The ratio

of the frictional force (the force
required to start or maintain
relative motion) between two
surfaces to the normal contact force
between them.

Coherent Describes waves that are
in a constant phase relationship
[and, in the case of transverse
waves, have the same polarisation);
the waves necessarily have the
same frequency.

Component A vector can be
considered made up of two
perpendicular components; the
vertical component, for example, is
the part of the vector that acts in a
vertical direction. Also, an electrical
device in a circuit in which energy
is transferred.

Compression An object in
compression is under the influence
of forces that tend to squash it.

Conduction [electrical) The flow of
electric charges through a material.

Conductor (electrical] A material
that allows an electric current to
pass through it
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Conductivity A measure of how
well a material conducts electricity;
the inverse of resistivity; unit 0’
m'orSm'.

Conservation of charge The total
charge before and after a reaction
between particles is always the
same, Also, the rate of flow of
charge into a circuit junction must
equal the rate of flow of charge out
(Kirchhoff's first law),

Constructive interference
Interference between waves that
results in an increased amplitude.

Contact force An electromagnetic
force exerted when two solid
surfaces touch each other; also
known as the ‘reaction’

Core The inner layer of an optical
fibre, made from very pure glass,
along which light is transmitted.

Cosmic rays High-energy particles
from space that travel close to the
speed of light.

Coulomb The unit of measurement
of electric charge, symbol C,

equal to the quantity of charge
transferred in one second by a
current of one ampere.

Couple Two equal, opposite and
parallel forces, not in the same ling;
causes a turning effect.

Critical angle For a ray of light
moving from an optically dense
medium to a less dense medium,
the maximum angle of incidence at
which refraction takes place; above
the critical angle all the light |s
internally reflected.

Critical temperature The
temperature below which a material
becomes superconducting, i.e. its
electrical resistivity drops to zero,
{The term ‘critical temperature’ can
also refer to a gas, when it is the
highest temperature at which a gas
can be liguefied.)

Current Electric current, /, is the
charge that passes a point in unit
time: | = AQVAL; unit A,

Daughter nucleus The nucleus that
remains after radicactive decay has
taken place.

De Broglie wavelength Particles
exhibit wave-like behaviour with a
wavelength equal to filp, where /i

is the Planck constant and p is the
particle's momentum. This is known
as the De Broglie wavelength.
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Decay The change that occurs
in an unstable nucleus when it
emits radioactivity.

Decibel A unit of measurement
for the ratio of intensities of sound;
abbreviated to dB.

Density The mass per unit volume;
symbol L: unit kg m.

Derived units Units of measurament
that can be defined in terms of the
seven base units of the SI system,
eg. 1 newton (N)=1kgms=,

Destructive interference
Interference of waves leading to
decreased wave amplitude, or
complete cancellation.

Diffraction The spreading out of
waves after passing through an
opening or around an obstacle, to
occupy areas that would otherwise
be in shadow.

Diffraction grating A grating of
many narrow slits, each causing
diffraction. These diffracted waves
each then interfere.

Diffraction grating formula The
formula used to relate the path
difference of diffracted beams to the
distance between each slit, 4, in a
diffraction grating: d sin 8 = ni.

Diode An electric circuit device
made of semiconducting material
that has low resistance for current
in one direction (when forward
biased) but very high resistance for
current in the opposite direction
[when reverse biased).

Displacement A vector quantity
describing the difference in position
of two points; SI unit m.

Dissipation A process in which
energy is transferred without
accomplishing useful work.

Drag A resistive force, such as air
resistance, which acts to oppose
mation in a fluid,

Ductile Describes materials that
show extended plastic deformation
and become elongated under
tension; a ductile metal can be
drawn out into wires.

Dynamic friction The frictional
force between two surfaces in
relative motion; it acts to oppose
the sliding.

Efficiency The ratio of useful
energy transferred (or work done)
to total input energy; or the ratio of

useful output power to input power.
Efficiency is always less than 1.

Elastic Describes a material that
returns to its original dimensions
after a deforming force is removed.
Also, describes a collision between
objects in which no kinetic energy is
transferred to other forms.

Elastic limit The maximum tensile
force at which a material behaves
elastically, i.e. returns to its original
dimensions after the force is removed,

Elastic strain energy The potential
energy stored in an elastic material
that has been stretched; it is equal

to the work done in stretching.

Elasticity The property of a
material that returns to its original
dimensions after a deforming force
is removed.

Electromagnetic (EM)
spectrum Electromagnetic waves
ordered according to wavelength
and frequency, ranging from
low-frequency radio waves to
high-frequency gamma rays.

Electromagnetic force The force
that acts between all charged
particies, for example holding
atoms together and binding atoms
into molecules.

Electromotive force (emf) The
energy transferred by a power
source to each coulomb of charge,
equal to the potential difference at
the terminals of the source when no
current is flowing; unit volt, V.

Electronvolt A unit of energy,
equal to the energy transferred
when an electron moves through
a potential difference of 1 V;
abbreviated to eV,

Electrostatic Describes electric
phenomena such as static charges,
in which there is no continuous flow
of electric charge.

Emission spectrum The range of
wavelengths emitted by a luminous
source; it may be a line spectrum,
a band spectrum or a continuous
spectrum.

Energy level diagram A graphic
representation of the possible
values of orbital electron energy, in
the Bohr model of the atom.

Energy quantum [plural
guanta) Discrete packet of
radiation energy; now known as
a photon.



Equilibrium A state describing an
object that is stationary or moving
at a constant velocity,

Exchange particle A virtual
particie that transfers force
between two subatomic particles;
for example the virtual photon is
the exchange particle that transfers
electromagnetic force; also called a
gauge boson,

Excitation The process of raising
an atom to a higher energy level,
for example by a collision with a
free electron or the absorption of a
photon raising an orbital electron to
a higher orbit.

Extension The increase in length of
a material caused by a tensile force.

Flavour A word for the type of
quark; may be up, down, top,
bottom, strange or charm.

Fluorescence The emission of
ultraviclet light by a material as a
result of its atoms being excited or
ignised.

Fracture The breaking of
brittle materials.

Frame of reference A set of
imaginary axes that define the
position of a body in space
and time.

Free fall A state in which the only
force acting on an object is the
gravitational force.

Free-body diagram A simplified
picture of a physical situation that
shows all the relevant forces acting
on a body.

Frequency The number of
oscillations, or waves, in one
second:; unit hertz, Hz.

Frictional force A resistive force
between two solid surfaces in
contact with each other, which
opposes relative motion,

Fringe separation The
distance between adjacent
light and dark fringes in a light
interference pattern.

Fringes Bands of maxima and
minima intensity produced by
light interference.

Fundamental particle A particle

without any known internal
structure, e.g. the electron,

Fuse Electrical device for limiting
the size of a current in a circuit.

Gauge boson A virtual particle
that transfers force between two
subatomic particles; also called an
exchange particle.

Gluon The gauge boson that
transfers the strong nuclear force
between quarks.

Gravitational field strength The
gravitational force that acts on an
object per unit mass; unit N kg~'.

Gravitational potential energy The
energy stored by a mass due to its
position in a gravitational field; in a
uniform field of field strength g, the
gravitational potential energy of a
mass m that is raised by a distance
Dh is given by E, = mg Ah.

Graviton The gauge boson that
transfers the force of gravity
between particles with mass.

Gravity The force of attraction
between all objects due to their mass;
the strength of gravitational attraction
depends on the mass of the bodies
and the distance between them.

Ground state An atom in its
ground state has all its electrons in
their lowest possible energy level; it
cannot emit any photons.

Hadron Any particle composed of
quarks; hadrons are divided into
two subgroups — mesons [with

a quark and an antiquark) and
baryons [with three quarks, or
three antiquarks).

Harmonics The different
frequencies at which stationary
waves are set up in a system, e.g.
on a stretched string.

Hooke's law A law stating that, for
an object under tension such as a
wire or a spring, the extension is
proportional to the applied force.

Huygens' construction

A geometrical construction showing
that every point on a wave front
may itself be regarded as a source
of secondary waves.

Hysteresis When a physical
quantity, such as the extension of a
sample of material under tension,
depends on what has previously
happened to the sample.

Impulse The impulse of a force, F,
is equal to Ft, where t is the time for
which the force acts. Impulse has
units of Newton seconds, Ns,

GLOSSARY

In phase Two points on a wave, or
paoints on two waves of the same
frequency, are in phase if they are at
the same point in their cycle at the
same time,

Inelastic Describes a coellision
between objects in which some
or all of the Kinetic energy is
transferred to other forms.

Inertia The resistance of any object
to a change in its state of motion.

Instantaneous velocity The
rate of change of displacement,
as measured over a very small
time interval.

Insulator (electrical) A material
with very few mobile charges,
which therefore has a very high
electrical resistivity.

Interference The superposition
of waves that leads to a change in
amplitude; may be constructive or
destructive,

Internal resistance The intrinsic
electrical resistance between

the terminals of a power supply,
which reduces the terminal
potential difference when a current
is delivered.

lon An atom or molecule
that has gained or lost one or
more electrons.

lon pair The positive and negative
ions produced when enough energy
is applied to a neutral atom.

lonisation The removal of electrons
from an atom, or the addition of
electrons to an atom.

Isotope Atoms of an element

can exist in different forms, called
Isotopes, which have the same
number of protons and electrons
but different numbers of neutrons.

Kelvin scale The ‘absolute
temperature’ scale that has its zero
at absolute zero; a temperature
difference of 1 kelvin (1 K) is equal
to a temperature difference of 1 °C.
Temperature T in K = temperature #
in Celsius + 273.15.

Kilowatt-hour The energy
transferred by an electrical
appliance of power 1 kW used
for 1 h.

Kinetic energy The energy of a
mass m moving with velocity v,
given by £ = amv?,
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Kirchhoff's first law A law that
states that the sum of currents
at a junction is zero (charge

is conserved).

Kirchhoff’s second law A law that
states that the sum of the emfs

is equal to the sum of the pds
around a closed circuit loop (energy
is conserved).

Laws of reflection The principles
explaining what happens to light
when it hits a reflective surface: (1)
when measured from the normal,
the angle of incidence equals the
angle of reflection; (2] the incident
ray, reflected ray and the normal all
lie in the same plane.

Lepton One of a family of
fundamental particles; the electron,
muon, tau particle and neutring are
all leptons.

Lepton number Leptons have
lepton number 1 and antileptons
have lepton number -1,

Electron lepton number, muon
lepton number and tau lepton
number are all conserved in any
particle reaction.

Lift The upward force that keeps
aircraft in the air, resulting from the
aircraft wings travelling at speed
through the air.

Light-dependent resistor (LDR) A
device in an electric circuit whose
resistance falls as the light intensity
falling on it increases.

Light-emitting diode (LED)} A
semiconductor diode that emits
light when it conducts,

Limit of proportionality The
maximum force on a spring or
elastic material for which Hooke's
law applies; for greater forces the
extension is no longer proportional
to the force,

Limiting static friction The
maximum frictional force
between two surfaces; an applied
force greater than this will
produce motion.

Line spectrum An emission
spectrum that is a series of sharp
bright lines of specific frequency,
against a dark background,

Linear momentum The product

of the mass and the velocity of an
object moving in a straight line; p =
mv; a vector guantity; unit kg m s-',
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Linear motion Motion along a
straight line; the "equations of linear
maotion' are applicable to linear
motion with a constant acceleration.

Longitudinal wave A type of wave
for which the direction of oscillation
is parallel to the direction of
propagation (travel) of the wave,
e.g. asound wave,

Magnitude A measurement of the
size of an object; a scalar quantity.

Mass—energy The combined
mass and energy of a subatomic
particle; the total mass—energy in
an interaction is conserved.

Material dispersion The splitting
of waves into different component
wavelengths when passing through
a material, such as an optical
fibre, because of their differing
refractive indices; also called
chromatic dispersion.

Mechanics The study of forces
and motion.

Medium A material through which
a wave passes.

Meson A particle (a type of
hadron) made up of a quark and
an antiguark.

Modal dispersion The broadening
of light pulses transmitted by

an optical fibre, because of rays
travelling along different paths

in the fibre having different
journey times.

Moment of a couple The turning
effect of a couple: the product of
either of the forces of a couple by
the perpendicular distance between
them: it is either clockwise or
anticlockwise; unit M m; also known
as a torque,

Moment of a force The turning
effect of a force; the moment of

a force about a point is equal to

the product of the force and the
perpendicular distance from the line
of action of the force to the point; it
is either clockwise or anticlockwise;
unit N m,

Momentum See linear momentum.

Monomaode Describes an optical
fibre with a very narrow core,
designed to carry a single ray;
usually used for transmission over
longer distances.

Multimode Describes an optical
fibre designed to carry multiple

light rays or ‘'modes’ at the same
time; usually used for transmission
over shorter distances.

Muon An unstable heavy leptan,
with charge —1e and mass

200 times greater than that of
an electron.

MNeutron number The number of
neutrons, N, in a nucleus; N=A -2,

Newton The S| unit of force; 1
newton {1 N) is the force that will
accelerate amass of | kgat 1 m s,

Newton's first law A law stating
that an object will remain at rest,
or continue to move with uniform
velocity, unless acted on by an
external, resultant force,

Newton's second law A law
stating that the rate of change of
momentum of a body is directly
proportional to the external,
resultant force acting on it. The
change of momentum takes place in
the direction of that force,

MNewton's third law A law stating
that when body A exerts a force

on body B, then body B exerts an
equal but opposite force on body A

No-parallax Describes a method
for locating an image in a
plane mirror.

Node A point on a stationary wave
where the displacement is zero.

MNon-uniform acceleration
Varying acceleration: the velocity
changes by different amounts over
equal time intervals.

Normal A line drawn or imagined
at right angles to a surface, for
example, in optics, at the point
where the incident ray meets it.

Normal contact force An
electromagnetic force exerted
when two solid surfaces touch each
other; when no friction is involved,
this is 'normal’: at right angles o
the surfaces.

Nuclear atom A model of the
structure of an atom proposed
by Rutherford, in which electrons
orbit a positively charged
massive nucleus.

Nucleon Any proton or neutron in
an atomic nucleus.

Nucleon number The total number
of pratons and neutrons in a
nucleus: also referred to as the
mass number; symbol A.



Mucleus The positively chargad,
dense matter at the centre of
every atom; consists of protons
and neutrons.

Ohm Unit of electrical resistance;
symbal (1,

Ohm's law A law that states that
the current through a conductor
is proportional to the potential
difference across it, provided the
temperature and other physical
conditions stay constant.

Ohmic conductors Materials that
follow Ohm's law, e.g. a metal at
constant temperature,

Optically dense A material with a
high refractive index, in which light
travels at a significantly lower speed
than in a vacuum.

Outlier An experimental
observation that lies outside the
main group of results.

Pair production A process in which
a photon’s energy is manifested

as the masses of an electron and

a positron.

Parallel Describes an electric circuit
arrangement in which components
are connected across one another,

Parent nucleus The nucleus of a
radioisotope that emits radiation
and decays to the daughter nucleus.

Path difference The difference in
the distance travelled, for example
by twa waves, in which case it is
often expressed as a fraction of the
wavelength, A,

Period The time taken to complete
one complete cycle of an oscillation
of rotation; symbol T,

Phase difference A measure of
the difference in motion of two
points on a wave, or of points on
two waves of the same frequency,
in terms of a fraction of a cycle;
usually expressed as an angle
where 360° is one full cycle; e.g.
two points in antiphase (with equal
but opposite displacements) have a
phase difference of 180°.

Phosphorescence The delayed
or-prolonged emission of visible
light by a material, as a result of
its atoms being left in an excited or
ionised state,

Photoelectric current The number
of electrons emitted per second
from a surface by photoemission.

Photoelectric effect The liberation
of electrons from a metal surface
exposed to electromagnetic
radiation of frequency above

a minimum.

Photon A quantum of
electromagnetic radiation; it carries
an amount of energy, E, that depends
on the frequency, f, of the radiation.
E = hf, where h is the Planck constant.

Pivot A point, or hinge, about
which an object turns; also called
a fulcrum.

Planck constant Electromagnetic
radiation, of frequency f, is quantised
in photons of energy, E = hf, where h
is the Planck constant. h = 6.626 =
10-3 Js,

Plane polarised Describes a
transverse wave whaose oscillations
are confined to just one plane.

Plastic Describes a material that
is permanently deformed after an
applied force is removed.

Polarised See plane polarised.

Polarising filter A filter that
polarises light by allowing
transmission of only waves with
oscillations in a particular plane.

Polarity An electrical component
with polarity has a positive and a
negative terminal, or pole, so the
way it is connected in a circuit is
important.

Polymer A material made up of
long-chain molecules, e.g. rubber
or Kevlar.

Potential difference (pd) The
(electric) potential difference
between two points in a conducting
circuit is the energy transferred per
unit charge moving between the
points; symbol V; unit volt, V.

Potential divider A pair of resistors
that divide input pd in the ratio of
the resistors.

Power The rate at which energy
is transferred or at which work
is done, measured in joules per
second, or watts, W.

Precise Describes a reading that
can reliably be given to several
significant figures.

Principle of conservation of
energy A fundamental law stating
that the total energy of a closed
system is constant.
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Principle of moments A law stating
that if an object is in equilibrium,
the sum of the clockwise moments
about any point must equal the sum
of the anticlockwise moments about
that point.

Principle of superposition The
principle that when similar waves
meet the total displacement

is the vector sum of the
individual displacements,

Principle of conservation of
linear momentum A fundamental
law stating that the total linear
momentum of a system does not
change, provided that no net
external force is acting on it.

Progressive wave A travelling
wave, which transfers energy from
one place to another,

Projectile metion Motion in two
dimensions where the vertical
motion is subject to gravity.

Proton number The number of
protons in a nucleus, also called the
atomic number; symbol Z.

Pulse broadening A feature of
modal dispersion, in which short
pulses sent from a transmitter
spread out by the time that they
reach the receiver, reducing the
quality of the signal.

Quantised A quantity is quantised
if it can take only discrete values;
e.g. charge cannot take any value
but has to be a multiple of the
charge carried by an electron.

Quantum (plural quanta) A
discrete ameount of a physical
guantity, such as energy or charge.

Quantum number A number that
describes a quantity that can only
take certain discrete values, e.g.
lepton number in particle physics.

Quark A fundamental particle that
Is not observed in isolation but
always In a combination of three

(to make a baryon) or two (a quark—
antiquark pair to make a meson);
quarks have a baryon number of
1/3 and they carry fractional charge
(£ 25 or +1/3 of the charge of

the electron]. '

Radian The angle subtended when
the arc length is equal to the radius;
| rad=57.3",

Radioisotope A form of a nucleus
[see (sotope) that is radioactive.
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Random error A type of
experimental error that fluctuates
about the mean, causing readings
to be randomiy too high or too low.

Real image An image formed by
the convergence of rays of light; it
can be formed on a screan.

Refraction The change of direction
of waves that results from a change
of speed.

Refractive index A measure of
how much light slows down In a
medium, compared with its speed
in a vacuum. The absolute refractive
index of a material is the speed of
light in a vacuum divided by the
speed in the material; it is always
greater than 1; it has no unit.,

Relative atomic mass The average
atomic mass of an element, taking
into account the relative abundance
of the isotopes of that element.

Repeatable Describes a
measurement that is consistently
achieved when an experimenter
repeats it.

Reproducible Describes a
measurement that can be
reproduced in different laboratories
using different technigues.

Resilient Describes a material that
can undergo repeated deformations
without transferring a significant
amount of energy as internal energy.

Resistance [electrical] The
resistance of an electrical companent
is defined as the ratio VI, where V

is the potential difference across

the component and [ is the current
through the component,

Resistivity Resistivity, p, is a
material property which quantifies
the material's ability to oppose an
electrical current. For a sample

of material of resistance, R,
cross-sectional area, A, and length,
I, the resistivity is given by p=AR/I ;
unit 0 m,

Resistor A component in an
electrical circuit that provides a
fixed value of resistance,

Resolution The resolution of a
measuring device is the smallest
increment in the measured
guantity that can be shown on
the device. The resolution of an
optical instrument is its ability
to distinguish very close objects
as separate.
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Resolving The splitting up of a
vector into components, usually two
perpendicular components,

Resultant The vector sum of two or
more vector quantities. A resultant
force is the single force that has the
same effect as all the forces acting
on an object.

Scalar A physical quantity that

has magnitude but ne direction.
Mass, speed. temperature and
potential difference are examples of
scalar guantities,

Scattering The dispersal of a
stream of particles or light rays in
different directions.

Scientific notation A system of
writing large or small numbers as
numbers from 1 to 10 muitiplied
by a power of 10; e.g. in scientific
notation 5000=5 = 10* and
0.005=5 x 10°% also called
standard form.

Semiconductor A type of material

with electrical conductivity between
that of metals and insulators; it has
a limited number of mobile charges.

Sensor A device used to measure
a quantity through electrical
readings, often relying on a change
of resistance; e.g. a light-dependent
resistor or a thermistor,

Series Describes an electric circuit
arrangement in which components
are connected one after the other.

S| The international system of units
of measurement, all defined in
terms of seven base units.

Snell's law A law that states

that the refractive index of a
material is equal to the ratio of sin
{angle of incidence] to sin (angle
of refraction). The angles are
measured from the normal.

Spark chamber A device
for detecting the paths of
high-energy particles.

Specific charge The charge-mass
ratio of a particle; unit C kg™,

Speed A measure of how fast an
object travels: distance travelled per
unit time: unit ms™'.

Spring constant The force
needed to stretch a spring by unit
extension: k = force/extension;
unit N m-'; it is a measure of the
stiffness of the spring.

Standard form See
sclentific notation,

Statics The branch of mechanics
that deals with forces in equilibrium.

Stationary wave A non-progressive
wave formed when two progressive
waves of the same frequency

travel in opposite directions and
superpose, e.g. on a fixed stretched
string: characterised by nodes

and antinodes.

Step-index fibres Optical fibres
made up of two layers of glass [core
and cladding) of slightly different
refractive indices.

Stiffness The resistance
to extension of a material
under tension.

Strain See tensile strain.

Strangeness A conserved,
quantised quantity carried by
the strange quark, which has
strangeness S=-1.

Stress See tensile stress.

Strong nuclear force One of the
fundamental forces; it acts between
nucleons over a very short range
and holds the nucleus together; also
called the strong interaction.

Superconductor A conductor
that has zero resistance at a
temperature below its critical value.

Systematic error A type of
experimental error that leads to
results that are consistently too
high or too low, due to factors
such as instrument error or poor
experimental design.

Tangent A straight line on a graph
or plane that touches a curve
without intersecting it.

Tensile strain The extension per
unit length; has no unit.

Tensile stress The force per unit
cross-sectional area that is tending
to stretch an object.

Tension A force that acts to
stretch an object, e.g. a tow rope
would be ‘Iin tension’; also called a
tensile force,

Terminal speed The top speed of
a falling object, reached when the
opposing forces of weight and drag
are equal.

Thermistor An electrical sensor
that detects temperature change by
a change in its resistance.



Threshold frequency The
minimum frequency of incident
electromagnetic radiation for which
photoelectrons are liberated from
the surface of a metal,

Torque A turning effect: the
moment of a couple about a point;
unit N -m.

Total internal reflection When light
is incident on a boundary between
an optically dense medium and

one that is less dense, for angles of
incidence greater than the critical
angle all the light is reflected back
into the denser medium.

Tough Describes materials that
can absorb a lot of energy before
they break.

Toughness A measure of how much
energy a material can absorb in
deformation before breaking.

Transverse waves A type of wave
for which the oscillations are at
right angles to the direction of
wave travel,

Two-source interference

formula The formula for the fringe
separation w in an interference
pattern due to two coherent
sources: w = ADvs; where 4 is the
wavelength, D is the distance from
the sources to the detector, and s is
the distance between the sources.

Ultimate tensile stress See
breaking stress.

Uncertainty A measure of the
precision of experimental results;
may be expressed as a percentage
of the value.

Uniform acceleration Constant
acceleration: the velocity changes
by the same amount over equal
time intervals.

Upthrust The buoyancy force on
an object in a fluid, due to the
difference in fluid pressure on the
top and bottom surfaces of the
object.

Vector A physical quantity that has
a direction as well as a magnitude.
Force, velocity and electric field
strength are examples of vector
quantities

Velocity The rate of change of
displacement: the change of
displacement in unit time; unit
ms.

Vernier scale A moveable scale
that allows a fractional part on the
main scale to be determined.

Virtual image An image caused
by rays that do not converge,; the
image can be seen by the eye but
not formed on a screen.

Virtual particle A very short-lived
particle, only observable by its
effects, such as an exchange particle
{gauge boson) that mediates
interactions between particles,

GLOSSARY

Watt A unit of power, equal to a
rate of energy transfer of 1 joule
per second; symbol W,

Wave—particle duality The
concept that electromagnetic
energy and matter particles
both exhibit wave-like and
particle-like properties,

Wavelength The distance travelled
by a wave in one period of
oscillation; the length in space of
one cycle.

Weak interaction A fundamental
force that acts between all
particles over a very short range:
it is responsible for radioactive
beta decay.

Work The work done is the energy
transferred when a force moves
through a distance in the direction
of the force; W = Fs,

Work function The minimum
energy required to remove a
photeelectron from the surface of
a metal.

Yield stress The minimum
tensile stress at which plastic
deformation occurs.

Young modulus The Young
Modulus, E, is a measure of the
stiffness of a material that is under
tensile stress, It is the ratio of
tensile stress / tensile strain. It has
units of Pascals, Pa.
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DATASECTION

FUNDAMENTAL CONSTANTS

Quantity Symbol Value Unit
speed of light in vacuo € 3.00 = 108 ms™'
charge of electron (magnitude) e 1.60 x 10-19 c
the Planck constant h 6.63 x 103 Js
electron rest mass m, 911 x10°% ke
“electron specific charge e/m, 176 x 10" Ckg!
.pmt;nrestmass mpn 167(3) x 1077 kg
?mr?nn speéﬁcdlarge e/m, 958 x 107 Ckg™!
neutron rest mass m, 1675) x 1077 kg
gravitational field strength g 981  Nkg”'
acceleration due to gravity g 9.81 ms?
SI UNIT PREFIXES AND SYMBOLS

Multiptication factor Prefix Symbol

1000 000 000 000 1012 tera i

1000 000 000 10° giga c
1000 000 106 mega M

1000 10° kilo K

0.01 = 10~ centi ¢
0.001 105 milli m

0.000 001 106 micro m

0.000 000 001 - 10~ nano n

0.000 000 000 001 10-12 pico p

0.000 000 000 D00 001 105 femto f




GEOMETRICAL EQUATIONS

circumference of circle = 2nr

area of circle = rir?

surface area of cylinder = 2nrh

volume of cylinder = rnir’h

surface area of sphere = 4mr?

volume of sphere =% nre

arc length = r# (#in radians]

sin? @ + cos? 6= 1

for small angles, sin #= tan #= &in radians

equation of a straight line y =mx + ¢
(m = gradient; ¢ = y intercept)

FUNDAMENTAL PARTICLES
Class Name Symbol Restenergy/
MeaVy
phioton photon Y o
lepton [electron) Ve 0
neutring
muon neutring Vi 0
electron et 0.510999
muon pt 105,659
meson e 139.576
mmmeson (pion) ——
i 134,972
K 493 821
~ K meson (kaon] ——
Ko 497762
baryon  proton b 938.257
neutran n 939,551
PROPERTIES OF QUARKS
Type Charge Baryon number Strangeness

u -+§e -Fjg 0

d -5 + 0

1
3

5 —ie +% =1

7] M

Antiquarks U, d, § have opposite signs.

PROPERTIES OF LEPTONS

Lepton number

particles
antiparticles

e v, g v |+

et ¥ pe _tr‘--l

PHOTONS AND ENERGY LEVELS

photon energy E = hf = hefh
in photoelectric effect Af=¢ + £, .
energy levels hf=E, — E,

de Broglie wavelength A = hip = himv

WAVES

wave speedc=fl

f= 1T [where T = period)

for first harmonic on a string

F=(1/21) \/(Tiy)

interference fringe spacing w = AD/s
diffraction grating formula d sin 8= ni
refractive index of substance n=c/c,
law of refraction n, sin &, = n, sin @,

for critical angle sin & = n,/n, forn, > n,

MECHANICS

v = As/At

a=Avitt

v=u + at

5= + vt

vi=u? + 2as

s=ut + Yhat?
momentum p = mv
F=Ofmvl At

for constant m, F=ma
impulse F At = A(mv)
work done W = Fs cos @
E, = Yamv?

AE, = mg Ah
38




power P= AW/AL = Fv
moment = Fd
efficiency = useful output power/input power

density p=m/V

Hooke's law F = Kk A/

tensile stress = F/A

tensile strain = Alif

Young modulus = tensile stress/tensile strain

energy stored E= "2 F Al

I =AQiAt

V=wiQ

R=ViI

resistivity o= RA/l (where / = length)

resistors in series Ry, =R, + Ry, + Ry + ...

resistors in parallel R, = 1/R, + 1/R; + 1/R; + ...

P=VI=PR=VIR
emf = E/Q
=R + 1)



INDEX

A

absolute uncertainty 13
absolute zero 335
absorption 149
absorption spectra 172
acceleration 195-6, 198-9,
200, 202
due to gravity 204-8
accelerometers 273
accuracy 11-12
active noise control 97
activity of a radioactive source
35
addition of vectors 191, 192-3
aerofoil 228
air resistance 205, 209,
229,253
effect on projectile motion
214-15
air track 255—6
airbags 262
aircraft
lift 228-9
safety 1534
ALMA [Atacama Large
Millimetre Array) 160
alpha (u) particles 37
energy 53
radioactive decay 35-6,
257-8
Rutherford scattering
experiment 30
aluminium 317-18
ammeters 304, 306-8
amplitude 87, 174
analogue meters 307
Anderson, Carl 47-8, 55
angle of projection 215-16
annihilation 48-51
antibaryons 69
antileptons 56, 57
antimatter 44, 45, 47-57
annihilation 48-51
pair production 49, 50,
51-2

antimesons 69, 70
antimuons 57
antineutrinos 37, 53—4
antineutrons 48, 52
antinodes 98, 99, 120
antiparticles 47
antiprotons 48, 52, 69, 70
antiquarks 52, 69
anti-reflective coatings 121
anti-strange quark 69
antitaus 57
Archimedes' principle 228
astronomy 160
athletes 187
atoms 21, 24—43
Bohr model of the atom
163-5
fundamental interactions
38—40
measurement of atomic size
9,15
nucleus 30-34
plum pudding model 29
radioactivity 34-8
Rutherford model 30
structure 25-30
atomic mass unit 32-3
atomic number (proton
number) 31
attenuation 149
attenuation coefficient 149
average speed/velocity 189-90

B
baryons 62, 63, 65, 69
baryon number, conservation of
65—6
base units 7-8
batteries 302
in series and in parallel
315-16
see also cells
Beamon, Bob 212
Becquerel, Henri 34-5
bending losses 149

best-fit line 18, 19
beta (B) particles 35, 37, 64

energy 53

exchange particles in beta

decay 74-5

Big Bang theory 44
bits 152-3
blue sky research 58
Bohr, Niels 163-5
Bohr model of the atom 163-5
Bolt, Usain 187, 190
bottom quarks 72
bouncing ball 200-201
Boxing Day tsunami 82
braking power 267
breaking point 285
breaking stress 280
bridges 222, 223, 232, 233
brittleness 281
bubble chambers 35, 64
bungee jumping 291-2

C

cable-stayed bridges 222, 223,
232, 233
capstans 242
carbon isotopes 33
cars
braking power 267
crashes 253—4, 262
efficiency 270, 271, 272
maximum speed 268-9
safety features 250, 251,
254, 262, 273
suspension springs 283
cathode rays 25-6, 27, 178
see also electrons
cells 302
internal resistance
324,329
measuring emf of
328, 329
see also batteries
centre of gravity 224
centre of mass 212, 224
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INDEX

CERM 77
LEF 45, 50
LHC 46, 61, 77-8
charge 300-301
conservation of 64-5,
5302-3
charm 71-2
chromatic dispersion 148-9
Clifton Suspension Bridge 222
cloud chambers 35
coefficient of friction 225-6,
235-6
coherent bundles 154
coherent sources 114, 116
collisions 251, 253-4, 256-63
conservation of momentum
256-8
energy in 261-53
impulse 259-61
communication systems 154
compact fluorescent light bulbs
169, 170, 289
components of vectors 193—4,
2324
compression 223, 227, 284
conduction 300
conductivity 317
conductors 301, 308, 309, 333
superconductors 355-8
conservation
of charge 64-5, 302-3
of energy 45, 64, 175,
178-9, 264, 305
of momentum 49, 64,
256-8, 262
conservation laws for particles
64-8
constructive interference
114, 115
contact force (reaction) 224-5
continuous spectra 162, 166-7
copper 317-18
corpuscular (particle) theory of
light 177
cosmic rays 45, 47-8, 55, 62
couples 240-42
Cowan, Clyde 53—4%
critical angle 145, 146
critical temperature 336

384

crumple zones 254, 262
Curie, Marie 35
Curie, Pierre 35
current 301-4
measuring 304, 306-8
power, potential difference
and 306
surge through a filament
light bulb 3351-2
current—voltage characteristics
310-13

D

dark matter 5

data transmission 152-3

de Broglie wavelength 175-81

decibels 149, 150-51

deflection tube 28-9

delay between hearing and
seeing 104-5

density 279
of a liquid 245

derived units 7, 8

destructive interference 114, 115

Dewar, James 336

diffraction 112, 122-8
electrons 180-81, 182
light 112, 123-8
and resolution 125
X-rays 128

diffraction gratings 125-8, 130
reflection gratings 127,

153—4

diffraction grating formula
126-7

digital meters 307

diodes, semiconductor
310-11, 312

Dirac, Paul 47

discharge tubes 25-6

discussions 58

dispersion 127
in an optical fibre 148-9

displacement 188, 199,
201, 202

displacement—distance graphs
87-8

displacement—time graphs
88-9, 196-8, 200, 201

distance 188
down guarks 69-71
drag forces 209, 229
see also air resistance
ductility 281
dynamic friction 225, 226

E

Earth, diameter of 20
earthquakes 91-2
echo method for speed of sound
105
Edison, Thomas 298
efficiency 270-73
electric motors 272-3
electrical devices 295
electrical power supplies
325, 326-8
Einstein, Albert 5, 45, 175,
178-9
elastic collisions 262
elastic limit 281, 282,
285, 286
elastic materials 281
elastic scattering 164
elastic strain energy 2834,
290-92
electric circuits 301-3
conservation of charge
302-3
conservation of energy 305
series and parallel 302-3,
313=16
symbols 303
see also current; potential
difference; resistance
electric fields
effect on alpha, beta and
gamma radiation 37
electrons in 26, 28-9
electric motors 241, 272-3
electrical energy 299-300, 305
efficiency of energy transfer
325,326-8
electrical power 299-300, 306
and resistance 315-16
electromagnetic force 38, 39,
40,73,75
electromagnetic spectrum 161



electromagnetic waves 85-6
see also under individual
types
electromotive force ([emf) 305
and internal resistance
324-9
measuring 328
electrons 32, 57
atomic structure 25-30
beta particles 35, 37, 53,
64, 74-5
Bohr model of the atom
163-5
charge on 26
diffraction 180-1, 182
energy levels 163=5,
168-70, 172
free electrons in a metal 308
photoelectric effect 173-9
positron—-electron
annihilation 48-50
specific charge 25-6,
28-9
electron antineutrinos 56, 57
electron capture 75
electron diffraction tube
180-81, 182
electron neutrinos 56, 57
electron—proton collisions 75
electronic timers 105
electronvolt 45-7
electrostatics 300-301
electrostatic forces in the
nucleus 31, 32
electroweak theory 40
emission spectra 160, 161-3,
165, 166-7, 168-9
endoscopes 154
energy
in collisions 261-3
conservation of 45, 64, 175,
178-9, 264, 305
efficiency of energy transfer
270-73, 299, 325,
326-8
elastic strain energy 283=4,
290-2
electrical 299-300, 305,
325, 326-8

of emitted alpha and beta
particles 53
gravitational potential
266-7
kinetic 261-3, 264-6
mass and 45-7
power see power
work and 264-7
energy levels 163-5,
168-70, 172
equations of linear motion
202-3
equilibrium 230-34, 244-5
moments and 239-40,
244-5
error bars 18, 19
estimation 20
exchange particles 73-6
excitation 164
expanding Universe 5
experimental error 10-11

F

falling objects 20412
Faraday, Michael 40
Fermi, Enrico 20
Feynman, Richard 24
Feynman diagrams 73-5
filament bulbs see incandescent
(filament) light bulbs
Fleming’s left-hand rule 48
fluids, forces in 227-9
fluorescent lamps 169-70, 299
football 260-61
forces
acting on an object 223-7
calculations 231-4, 244-5
conditions for equilibrium
250-31
deformation of materials 284
and equilibrium 230-34,
244-5
in fluids 227-9
free-body diagrams 229-30
fundamental 38-40, 73-5
impulse 259-61
moments 237=43, 244-5
and motion 250-77

INDEX

and rate of change of
momentum 252—-4, 256
resistive 253
resolving 232-4
statics 222-49
tension see tension
force board 236
force—extension graphs 282
forward bias 310-11
frame of reference 191
free-body diagrams 229-30
free fall 204-8, 211-12
frequency 88-9
fundamental 99, 100,
101, 103
harmonics 99-100, 101,
102, 103
variation of frequency of
stationary waves on a
string 101-2
frictional force 225-6,
255-6, 253
fringe separation 114, 116, 117
fundamental forces/interactions
38-40, 73-5
fundamental frequency 99, 100,
101, 103
fuses 306
fusion, nuclear 39-40, 45

b
Galileo 12, 211-12
gamma (y) radiation 35,
37.38
gauge bosons 61, 62, 63,
13-6
Geiger, Hans 30
Gell-Mann, Murray 66, 69
general relativity 24
Gianotti, Fabiola 61
Glashow, Sheldon 40
glass 281
refractive index 140, 143-4
gluons 74, 75
gold leaf electroscope 34, 173—4
gradient of a graph 16, 18
Grand Unification Theories
(GUTs) 40
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graphs 16-19
motion 196-201
plotting 17-19
gravitational field strength 223
gravitational potential energy
266-7
graviton 75, 78
gravity
acceleration due to 204-8
fundamental force 38, 39, 75
ground state 163, 164

H
hadrons 62, 63-7
interactions and
conservation laws 64-7
structure 69-70
halogen lamps 170, 171, 2959
hammer, throwing the 215-16
harmonics 99-100, 101, 102,
103
helium
atom 33
emission line spectrum 162
Hertz, Heinrich 173, 177-8
Higgs, Peter 61
Higgs boson 57, 61
Hodgkin, Dorothy 128
Hooke's law 282-3
Huygens' construction 122, 126
hydroelectric power 266-7
hydrogen
atom 32, 33
Bohr model of the atom
165-5
isotopes 33
line spectra 162-3, 168-9
hysteresis 290

I
images
quality of 112, 152-3
real 157
virtual 136, 137
impulse 259-61
incandescent (filament] light
bulbs 170-1, 298, 299,
310, 312

386

current surge in 351-2
incoherent bundles 154
inelastic collisions 262
inelastic scattering 164
instantaneous acceleration 196
instantaneous speed/velocity

190
insulators 300-301, 333
interference 113-21

diffraction grating 130

light 113, 115=17

microwaves 118, 119

sound 114, 118, 119

and stationary waves 119-20

in thin films 121

water waves 115, 117-18

Young's double-slits

experiment 116, 129-30
intermediate vector bosons 40,

14,75
internal resistance 324-9
International Space Station 205
Internet 135
ions 34, 300
ionisation 34, 35, 37, 38,

164, 300
isotopes 33

radioisotopes 35

K

kaons (K mesons) 66, 70
kelvin scale 335
Kevlar 280, 290
kinetic energy 264—6
collisions 261-3
of electrons emitted by the
photoelectric effect 175
Kirchhoff, Gustav 172
Kirchhoff's laws
first law 303
second law 305, 324

L

Large Electron Positron collider
(LEP) 43, 50

Large Hadron Collider (LHC) 46,
61, 77-8

lasers 129-30

laws of reflection 136
Lenard, Philip 178
lens anti-reflective coatings 121
leptons 55-7, 62-3, 67-8
quark-—lepton symmetry
71-2
lepton number, conservation of
67-8
levers 238
lift force 228-9
light
corpuscular (particle) theory
of 177
diffraction 112, 123-8
interference 113, 115-17
optical fibres 135, 144-55
polarisation 93, 94, 96
reflection 92, 136-8
refraction 92, 138-44
stationary light waves 107,
108
total internal reflection
145-9
wave theory of 115-16,
174,177,178
light bulbs 169-71, 298, 299
light-dependent resistors (LDRs)
354, 341
light-emitting diodes (LEDs)
170,171, 298, 299, 311
limit of proportionality 282,
285, 286
limiting static friction
225, 226
line spectra 125, 162-3, 165,
168-9
linear motion equations 202-3
liquids, density of 245
longitudinal waves 85

M

maglev trains 337
magnetic fields
effect on alpha, beta and
gamma radiation 37
electrons in 26, 28-9
magnetic levitation 337
Marsden, Ernest 30



mass

conservation of mass—energy

in particle interactions 64
and energy 45-7
measuring in terms of the
electronvolt 46-7
mass number (nucleon
number] 32
materials 278-97
density 279
energy stored in stretched
materials 290-92
investigating stress—strain
behaviour 293
springs 281-4
stress and strain in ropes
279-81
in tension 284-93
material dispersion 148-9
maximum speed of a vehicle
268-9
measurement 5-23
accuracy, precision and
uncertainty 11-12
combining measurements
13-15
estimation 20
experimental error 1011
graphs 16-19
scientific notation 6
units 7-8
mechanical waves 85, 86
medical endoscopes 154
Meissner effect 337
mercury 335-6
mesons 62, 63, 65, 69, 70
metals
free electrons 308
superconductivity 335-6
wires see wires
micrometer screw gauge 15, 319
microwaves 103-4
interference 118, 119
polarisation 96—17
Millau viaduct 222
Millikan, Robert 5, 26,
175-6, 179
modal dispersion 148
moments 23743

calculations 244—5
couples and torques 24042
density of a liquid 245
principle of 239-40
momentum 251
conservation of 49, 64,
256-8, 262
motion 187-221
acceleration see acceleration
equations of linear motion
202-3
falling objects 204-12
forces and 250-77
graphs 196-201
Newton's laws 251-6
projectiles 212-17
scalars and vectors 188-90
vector arithmetic 191-4
velocity see velocity
work, energy and power
265-9
motion sensor 204
MRI scanners 337
muons 55-6
muon antineutrinos 57
muon neutrinos 56, 57

N
neutrinos 44, 52-5, bb
experimental evidence for
53-4
Super-Kamiokande
experiment 54-5, 63
neutrons 32, 52, 69
decay of 63, 70-71
neutron number 32
Newton, Isaac 115, 177
Newton's laws of motion 251-6
first law 251, 255
second law 252—4, 256
third law 254-5
nichrome wire 312-13, 319-20
no-parallax technique 137
nodes 98, 99, 120
non-uniform acceleration 198-9
NTC [negative temperature
coefficient) thermistors
334, 335, 340-41

INDEX

nuclear fusion 39-40, 45
nucleons 32
nucleon number (mass
number] 32
nucleus 30-34
discovery of 30
radioactive decay 35, 36,
37,38
structure 31-3

0

Ohm's law 309
ohmic conductors 309
oil drop experiment 9
Onnes, Kamerlingh 335-6
optical activity 94-5
optical density 140
optical fibres 135, 144-55
applications 1534
attenuation 149
dispersion 148-9
total internal reflection
145-9
orders of diffraction 126
Qrion Nebula 160
oscilloscope 105, 106
outliers 18

P

pair production 49, 50, 51-2
parabolic path 212, 213
parallel circuits 303, 305
batteries 315-16
resistors 313-15
particles 61-81
classifying 62
exchange particles 73-6
hadrons 62, 637, 69-70
history of particle physics
16-8
leptons 55-7, 62-3,
67-8
quark model 68-72
timeline of particle
discovery 62
path difference 114, 123
Pauli, Wolfgang 53, 54
Pepper's ghost 137
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INDEX

percentage uncertainties 11,
12, 13=14

period 88-9

permanent deformation 282,
286

phase difference 87-8

phosphorescence 169-70

photoelasticity 94-5

photoelectric effect 173-9

photons 73, 75, 167-73
annihilation and 48-50
photoelectric effect 174-5,

178-9

Picote Dam, Portugal 266—7

pions (pi mesons) 69, 70, 13-4

pipes, sound waves in 103

pixels 152-3

Planck, Max 167

Planck constant 49, 167-8

plane mirror 136-7

plane polarisation 93

plastic deformation 281

plastic materials 281

plum pudding model of the
atom 29

polarisation 92=7

polarising filters 93, 96

polarity 310=11, 312

polygon of forces 231

polythene 281

positrons 37, 47-8, 57, 75

positron=electron annihilation
48-50

positron emission tomography
(PET) scanning 51

potential difference (pd) 304-8
current—voltage

characteristics 310-13

terminal pd 324-5
see also electromotive force

{emf)
potential divider 338-42
power 267-9
electrical 299-300, 306,
315-16

power transmission cables 337

powers of ten 6

practical skills 2—&
assessment of 3—4

388

see also required practical

activities
precision 11-12
prefixes 6

pressure in a fluid 227-8
principle of conservation of
energy 264
principle of conservation of
momentum 256-8
principle of moments 239-40
principle of superposition 97
progressive waves 83-90,
98-9
projectiles 212-17
protons 31, 32
decay of 40, 63
quark structure 69, 70
proton number (atomic
number) 31
pulse broadening 148

0

quantum numbers 65

quantum theory 24

quarks 52, 68-72

quark—lepton symmetry 71-2

quotient rule for differentiation
326-7

R

radio waves
interference 113-14
polarisation 93—4, 95
radioactivity 34-8
alpha particle decay 35-6,
257-8
radicisotopes 35
radium-226 36
rainbows 147
random errors 10
ray diagrams 136
reaction (contact) force
224-5
real images 1357
recoil velocity 257-8
reflection 92, 136-8
total internal reflection
145-9

reflection diffraction gratings
127, 153-4
refraction 92, 138-44
refractive index 140-41,
1454
Reines, Frederick 53—4
relative atomic mass 32-3
relative velocity 191-2
repeatability 11
reproducibility 11
required practical activities 4
acceleration due to gravity
207-8
frequency of standing waves
on a string 101-2
interference effects
129-30
investigation of emf and
internal resistance 329
resistivity of a metal wire
319-20
Young modulus 287-9
resilience 290
resistance 308-10, 315-20
internal 324-9
power and 31516
and temperature 330-32
thermistors 333—4, 335
resistive forces 253
see also air resistance;
frictional force
resistivity 316-20, 333
of a metal wire 319-20
variation with temperature
330
resistors 309-10
in series and in parallel
313-15
variable 329, 339-40
resolution 12, 112
diffraction and 125
resolving vectors 193—4
forces 2324
resonance tube 1067
Richter scale 91, 92
reverse bias 311
rheostats 329, 339-40
see also potential divider;
variable resistors



road safety 250, 273

ropes 279-81

Royds, Thomas 36

rubber 290, 281-2

Rubbia, Carlo 40

Rutherford, Ernest 10, 35, 36
alpha scattering

experiment 30

Rutherford model of the

atom 30

S

Salaam, Abdus 40
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